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Abstract

Pore-forming toxins (PFTs) are vital in both Prokaryotes and Eukaryotes and make up
30% of all bacterial toxins identified to date. Members of the ClyA family of «-PFTs have
been found with one (ClyA), two (e.g YaxAB, XaxAB, PaxAB) or three (Hbl, Nhe, and Ahl)
protein components that make the active pore. Pore structures are known for the bipartite
family members, but only soluble structures (NheA, Hbl-B and AhIC) of the tripartite toxins,
(the most complex system within the family), have been solved. As such, there is a pressing
need for more structural and biochemical data to fully understand tripartite pore activity and
assembly.

The structure determination of A. hydrophilia AhlB in both soluble and pore forms as
well as soluble AhIC head mutants have shown that AhIB is able to form pores (the first
pore structure from a tripartite o.-PFT), and also allowed roles to be proposed for both the
B and C components of the Ahl toxin. TEM studies of Ahl pores, together with detailed
biochemical studies of the activity of the AhlA, AhIB and AhlC components, has shown that
AhIB, AhlIBC and AhlABC pores can form, and identified three features common to all ClyA
family o-PFTs.

Characterisation of a second ClyA family tripartite o.-PFT, Smh from Serratia marcescens,
has shown that structures of SmhA and SmhB are well conserved with AhlB and NheA
allowing identification of a latch which must be broken for the soluble to pore conformational
change to occur. Having determined structures for all three components of Gram negative
tripartite -PFTs, a structure-based model of a complete pore has been constructed. Finally,
although the Smh proteins share high structural similarities with both the Ahl and Nhe

systems, biochemical assays show assembly mechanisms have diverged within the family.
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Chapter 1

Introduction

1.1 Thesis introduction

Pore-forming toxins (PFTs) are used by both eukaryotic and prokaryotic organisms to disrupt
biological membranes, acting as both offensive and defensive mechanisms. Their ability
to undergo large scale conformational changes from soluble to membrane proteins as well
as the variation in pore assembly adopted by different organisms makes them interesting
candidates in the study of how proteins can interact with, and disrupt, membranes. The
fact that PFTs are virulence factors in many antibiotic-resistant pathogenic bacteria also
makes them important antimicrobial targets. In addition, an increasing understanding of these
bacterial toxins has led to a range of biotechnological applications. This chapter explores
the current understanding of Bacterial PFTs, beginning with a broad introduction to the
family, before focusing specifically on the ClyA family of a-PFTs, which are the focus of

the research undertaken.



2 Introduction

1.2 Biological membranes

1.2.1 Properties of phospholipids and their assembly in an aqueous en-

vironment

Biological membranes can contain three types of lipids, these include phospholipids, gly-
colipids and sterols (Watson, 2015). All of these groups are amphipathic and consist of a
hydrophilic head and hydrophobic tail. Both phospholipids and glycolipids use saturated and
unsaturated fatty acids as a hydrophobic tail, with the chemical composition of the fatty acids
playing an important role in membrane fluidity (Watson, 2015) (Figure 1.1A). Sterols are
found mostly in eukaryotes and employ steroid rings to provide their hydrophobic domain
(Watson, 2015)(Figure 1.1A). The hydrophilic head group varies between lipids, in the case
of glycolipids, the sugar group is highly diverse and can act as a marker, such as an antigen,
or provide a recognition site for membrane binding proteins, for example, the PFT aerolysin
uses glycosylphosphatidylinositols as receptors for assisting pore formation (Watson, 2015;
Wu and Guo, 2010). Due to their amphipathic nature, biological lipids arrange themselves
in one of three structures, micelles, lipid bilayer sheets or lipid bilayer spheres (liposomes),
when exposed to an aqueous environment (Watson, 2015) (Figure 1.1B). Due to the two fatty
acid chains of a phospholipid or glycolipid being too large to pack easily into a micelle, they
more readily form lipid bilayers making them perfect for biological membranes (Berg et al.,

2012).
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Figure 1.1 Characteristics of biological membrane lipids. A) Schematics of the structures
of the three main types of membrane lipids. B) Membrane lipids can arrange themselves
into three structures in an aqueous environment, micelles (top left), bilayer sheets (top

right), and bilayer spheres (liposomes, bottom). Hydrophilic heads are shown as blue circles,
hydrophobic tails as yellow lines.
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1.2.2 Cell membranes as selectively permeable barriers

A cell membrane acts as a barrier between the interior and exterior of a cell. A lipid bilayer has
low permeability to ions and most polar molecules, with the exception of water (Figure 1.2A)
(Watson, 2015). The cell membrane controls the movement of ions and small molecules
in and out of the cell, maintaining a favourable environment inside the cell for chemical
processes to take place and allowing chemical signalling between cells, as well as generation
of electrochemical gradients for energy generation (Nicholls and Ferguson, 2013). To do this
a cell membrane contains many integral and peripheral membrane proteins,(Figure 1.2B)
(Munro, 2003; Watson, 2015). Chain length, head group, and ratios of sterols:phospholipid:
glycolipids, all affect curvature, fluidity and permeability of the membrane and can generate
microenvironments in the membrane which concentrate certain proteins in certain regions
(Munro, 2003). Integral membrane proteins interact with the hydrocarbon chains of the
bilayer using either hydrophobic or amphipathic o-helices or B-barrels, (Figure 1.2C).
Disruption of the cell membrane by these integral membrane proteins can allow the movement
of ions and other impermeable molecules across the membrane by the formation of channels
or pores. Channels allow movement of these molecules in a controlled manner such as
sodium/potassium pumps, while pores allow movement in an uncontrolled manner and can
be both pathogenic, by destroying the osmotic balance in the cell, and non-pathogenic, which
allow removal of toxins from the cell without the disruption of osmotic balance (Castillo

et al., 2015; Munro, 2003; Watson, 2015).
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Figure 1.2 Characteristics and organisation of biological lipid bilayers. A) The perme-
ability coefficient of different small molecules and ions across a bilayer. B) Schematic of a
cellular membrane showing common molecules found within the membrane. Membranes
concentrate a range of proteins, both integral and peripheral, including glycoproteins for
signalling and cell adhesion and channels for import and export of important molecules from
the cell. Cholesterol phospholipids and glycolipids all regulate membrane permeability and
fluidity. C) Diagram showing the charge density over a lipid bilayer. Area between white
lines at +14 A and -14 A show the region of highest hydrophobicity in the bilayer with the
black circle illustrating how an amphipathic a-helix could insert into a lipid bilayer, the blue
line represents the hydrophilic surface, and yellow represents the hydrophobic surface of the
helix, figure was adapted from (Peraro and van der Goot, 2015)
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1.3 Bacterial pore-forming toxins

Pore-forming toxins are membrane disrupting peptides found in many pathogenic bacteria
including many of the antibiotic-resistant Enterobacteriaceae, and are often one of the major
contributors to their virulence, making up 30 % of all bacterial toxins (Los et al., 2013).
Enterobacteriaceae have recently been classified as critical in the WHO priority pathogens
list for R&D of new antibiotics (WHO, 2017). Understanding how these PFTs work is
therefore of great importance in the development of new antimicrobial therapies.

All PFTs promote infection by disrupting the cell membrane, puncturing a hole in the cell
membrane, altering the permeability of the membrane, to disrupt osmotic balance, depolarise
the membrane, or insert a secondary intracellular toxin, often leading to the death of the
target cell, allowing colonisation of the host (Los et al., 2013; Peraro and van der Goot,
2015).

A remarkable feature of PFTs is their transformation from soluble proteins to transmem-
brane proteins. PFTs are secreted by the bacteria as water-soluble generally monomeric
proteins, before undergoing a conformational change and oligomerisation at the host cell
membrane to create a membrane-spanning pore (Cosentino et al., 2016). The trigger for
these conformational changes can be caused by a range of events including receptor binding
(protein or lipid), proteolysis, and in some cases lipid composition. The trigger however for
many PFTs is still unknown (Rojko and Anderluh, 2015; Tanaka et al., 2015; Wu and Guo,
2010; Young and Collier, 2007).

There are two main classes of PFTs, categorised based on the secondary structure
motif used to span the membrane, a-PFTs use a-helices while B-PFTs use -barrels (Fig-
ure 1.3)(Cosentino et al., 2016; Peraro and van der Goot, 2015). Within these two classes,
there are many types of PFTs, which vary by family, stoichiometry and receptor binding type.
Many more structures of both the soluble and pore forms of B-PFTs have been determined

than a-PFTs, this is due mostly to the greater stability of their f-barrel membrane domain.
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As o-PFTs form much less stable pores, indirect biochemical methods have historically been
employed to study their mechanisms of assembly, however recent developments in cryo-EM
have resulted in the determination of new ¢-PFT structures (Brduning et al., 2018; Cosentino

et al., 2016; Schubert et al., 2018; Tamm et al., 2004).
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Figure 1.3 The two classes of PFT. 3-PFTs (top) use 3-barrels to span the membrane, while
a-PFTs use a-helices (below). Membrane spanning regions highlighted by black boxes,
with protomers shown in different colours.
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1.3.1 Role in Bacterial infections

In vivo studies with PFTs show these toxins can aid in bacterial infection in one of two
ways. The first way is by disrupting the host immune system. Nhe and Hbl in Bacillus
cereus induce a strong inflammatory response causing serious tissue damage, LLO in Listeria
allows internalisation in the host cell by breaking down phagosomes, while YaxAB from
Yersinia enterolitica directly targets and kills immune cells (e.g. macrophages) (Fox et al.,
2020; Gonzalez et al., 2008; Mathur et al., 2019; Wagner et al., 2013). The second method
is to damage the host epithelial and endothelial barriers and thus allow the bacteria to
enter different organs and spread through the host during early infection. In Streptococcus
pneumoniae the PLY toxin has been shown to disrupt alveolar-capillary boundary allowing S.

pneumoniae to enter the blood stream (Gonzalez et al., 2008).

1.3.2 General pore assembly mechanism

As all PFTs share the same requirement of overcoming the membrane barrier, all families
have a common mode of action; the soluble protein will bind the membrane, oligomerise and
undergo a conformational change to penetrate the membrane (Peraro and van der Goot, 2015).
There is great diversity, however, in the mechanisms used in pore formation by different
PFTs even within the same family and as such there are a variety of ways by which the above
mentioned steps are achieved (Peraro and van der Goot, 2015). These include three general

mechanisms (outlined in Figure 1.4);

* Soluble protein binds the membrane followed by pre-pore formation then membrane

penetration, forming the active pore.
* Soluble protein binding followed by membrane penetration and oligomerisation.

 Pore assembly in an outer membrane vesicle (OMYV) followed by fusion of this OMV

with the host membrane.
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Figure 1.4 Mechanisms of pore formation. A schematic showing the different stages of
pore formation. A) inactive soluble protein binds to the host cell membrane by interacting
with either protein receptors or glycolipid receptors. The inactive protein is activated and will
either insert into the membrane then assemble into a pore by oligomerisation, or oligomerise
on the membrane surface forming a pre-pore before membrane insertion. The complete pore
allows the flow of small molecules, water or a secondary toxin across the membrane. B)
Alternatively, the pore assembly mechanisms described in A can occur at the bacteria cell
membrane, where the active pores are enclosed in an outer membrane vesicle which fuses
with the host cell membrane delivering the active pore.
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1.3.3 Excretion of the PFT from the bacteria cell

To date, four methods have been identified by which PFTs are excreted by the bacterial
cell. One is by outer membrane vesicles (OMVs), while the remaining three are by bacterial
secretion systems (Dongre et al., 2018; Fagerlund et al., 2010; Wai et al., 2003).

Pores have been observed to be excreted by OMVs, such as in the excretion of cytolysin
A (ClyA) from Escherichia coli, and Vibrio cholerae cytolysin (VCC) (Elluri et al., 2014;
Wai et al., 2003). ClyA is present in the periplasm as a soluble monomer, these monomers
then assemble into inactive pores in the membrane of OMVs, which then associate to the
target membrane by an as yet unknown mechanism. In the case of ClyA, it is believed
that the OMYV provides a favourable environment for disulphide bond reduction. In soluble
ClyA found in the bacterial periplasm, the disulphide bond between Cys 87 and Cys 285
prevents the formation of an active PFT. Once in the OMYV, the disulphide bond is reduced
and ClyA undergoes a conformational transition and oligomerisation to the active pore, which
is delivered to the host cell membrane (Wai et al., 2003; Wyborn et al., 2016). These OMVs
containing ClyA pores have been visualised using AFM and electron microscopy (Wai et al.,
2003)(Figure 1.5A).

Aerolysin, like ClyA, is found as a soluble monomeric protein in the periplasm. This
soluble monomer is then transported across the outer membrane to the extracellular space by
the type II secretion system, where it then migrates to the host cell membrane and assembles
into the active pore (Alouf et al., 2015).

Another method by which PFTs are excreted is the Sec pathway. The unfolded protein
polypeptide containing a signal sequence is transported across the bacterial cell membrane
by the ATPase SecA and the SecYEG channel (Green and Mecsas, 2016), (Figure 1.5B).
In the case of the ClyA family tripartite toxins Nhe and Hbl from Bacillus cereus, all three
proteins contain a Sec like N-terminal signal sequence. Mutation of this signal sequence

prevented secretion, as did the addition of SecA inhibitor azide (Fagerlund et al., 2010). It is
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as yet unknown whether Nhe and Hbl then assemble into inactive pores in MVs like ClyA or
migrate to the host cell as soluble monomers before assembling into pores like Aerolysin.
More recently, a close homologue of the ClyA family toxins, motility associated killing
factor A (MakA) from the motility-associated killing factor operon of V. cholerae, was
observed to be excreted by the flagella T3SS (fT3SS), with the energy for translocation
provided by the proton motive force. MakA was visualised within the flagellar export
channel, mutations in the flagellar gene flha (encoding the regulator of early flagella genes)
reduced secretion of MakA, suggesting it is recognised as an early secretion substrate by the
flagella T3SS (Figure 1.5B). This represents a previously unidentified secretion system of

bacterial toxins (Dongre et al., 2018).

1.3.4 Membrane receptors and PFT binding

For PFTs that are excreted as soluble proteins from the bacterial cell, these soluble proteins
must have a means of attaching to the target cell membrane while the hydrophobic region of
the protein is still hidden in the core of the soluble protein. To be able to target a specific
cell membrane, and recognise self from non-self, PFTs interact with a range of membrane
receptors including sugar, lipid and protein receptors (Peraro and van der Goot, 2015).
Figure 1.6 shows examples of PFTs and their interaction with the cell membrane.

Some PFTs interact with specific protein receptors on the host cell membrane. For
example, a-haemolysin (Hla), a B-PFT from Staphylococcus aureus, has been shown to use
ADAMIO as a cellular receptor for binding to the target membrane. As well as acting as a
cellular receptor ADAMI10 has also been shown to be required for the heptamerisation of
Hla. Adam10 is only found in certain membranes (for example it is found on the surface of
rabbit erythrocytes but not human), and the requirement for this receptor in toxin assembly
explains the species-specific target preference shown by Hla (DuMont and Torres, 2014;

Geny and Popoff, 2006). Other examples of interactions with different classes of protein
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Figure 1.5 Export and membrane recognition of PFTs. A) ClyA is exported from the
bacterial cell as assembled pores in OMVs. Atomic force microscopy of a bacterial cell
surrounded by OMVs (left) and negative electron microscopy of ClyA pores in OMV (right),
(image adapted from (Wai et al., 2003)). B) Left, B. cereus tripartite toxins are exported via
the Sec system as an unfolded polypeptides, these then fold into soluble proteins on reaching
the extracellular space. Right, a homologue of the tripartite Nhe toxin, MakA is exported
through the flagella T3SS, electron microscopy showing localisation of MakA in the flagella,
black dot shows immunogold labelled MakA (image adapted from (Dongre et al., 2018).
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include aerolysin (in all Aeromonas species), which interacts with the GPI anchor of GPI
anchored proteins as well as to the N-linked sugar domain, leading to very high-affinity
interactions (Peraro and van der Goot, 2015).

Other PFTs have been shown to favour certain lipids or lipid environments. Both EqtlI
(from Actinia equina) and Lysenin produced by earthworms (Eisenia fetida) are B-PFTs
which are sphingomyelin (SM) specific toxins. It has been found that although both interact
with SM, lysenin prefers clustered SM while Eqtll prefers dispersed SM and as such bind
different regions of the cell membrane (Bhat et al., 2013; Makino et al., 2015). Actinoporins
(from Sea anemones) also bind SM, however, the addition of cholesterol improves binding,
this is likely due to cholesterol promoting phase separation making SM more accessible
(Rojko et al., 2016). These three proteins show that although they all need SM there is also a
requirement for these lipids to be in a specific lipid environment in the membrane.

Cholesterol is also directly involved in membrane interaction in several PFTs, including
Aerolysin, CDCs and ClyA, which interact with the 3’-OH and steroid rings of cholesterol.
In cholesterol-dependent dependent cytolysins (CDCs), removal of 90 % of erythrocyte
membrane cholesterol led to <0.1 % of the CDC, perfringolysinO’s (from Clostridium
perfringens), original lytic activity (Giddings et al., 2003). Cholesterol has also been shown to
play an important role in stabilisation, and activation of the o-PFT ClyA. (Sathyanarayana et
al., 2018). Cholesterol has been proposed to be the mechanism by which ClyA can recognise
self from non-self as bacterial membranes do not contain cholesterol while mammalian cells
do. The requirement for cholesterol to stabilise the N-terminal helix of ClyA and activate the
pore acts as a control mechanism to prevent lysis of the bacterial cell when assembling in
the outer membrane for transport in OMVs. On reaching the host membrane the presence of
cholesterol stabilise the N-terminal helix, activates the pore and lysis occurs. (Sathyanarayana

et al., 2018).
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Figure 1.6 PFTs recognise and bind to the membrane via proteins, sugars and lipids.
Interaction sites of different PFTs are highlighted.
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1.3.5 Pore assembly

Once PFTs have bound to the target membrane they must next undergo a conformational
change to expose their hydrophobic domains, insert into the membrane, and oligomerise. As
explained above, the order in which this conformational change and oligomerisation occurs
varies between toxins. Generally the 3-PFTs oligomerise at the membrane surface before
inserting their hydrophobic domains into the membrane, while the o-PFTs tend to insert into
the membrane before oligomerisation (Cosentino et al., 2016).

PFTs can assemble into:

1. Barrel-stave pores (e.g ClyA, aerolysin), with hydrophilic residues on either side of
the membrane and in the pore lumen, and hydrophobic residues partitioning the lipid

from the solvent and forming an enclosed pore.

2. Protein lipid pores (e.g fragaceatoxin C (FraC) from Actinia fragacea), made up of

alternating lipid and protein (Cosentino et al., 2016) (Figure 1.7).

Aerolysin is an example of a B-PFT barrel-stave pore. Like most 3-PFTs a pre-stem-loop
(Figure 1.7) is extracted and anchors the protein to the membrane, this must then join with
other pre-stem-loops of other protomers to form a pre-pore structure on the membrane
surface, before undergoing a final large conformational change to insert its B-barrel into
the membrane,(Figure 1.7) (Iacovache et al., 2016). ClyA, like aerolysin, is a barrel-stave
pore, which undergoes a large conformational change from soluble to pore form (involving
60 % of the residues). However, ClyA is an o-PFT and inserts into the membrane before
oligomerisation. The conformational change results in a hydrophobic section becoming
exposed and inserting into the membrane, acting in a similar way to the stem-loop of aerolysin.
At the same time, the N-terminal helix swings through 180 degrees to span both leaflets of the
membrane. The oligomerisation of a number of protomers then creates the final active pore

(Figure 1.7)(Roderer and Glockshuber, 2017). A detailed outline of these conformational



1.3 Bacterial pore-forming toxins 17

changes is shown in Figure 1.8. The final stoichiometry of the ClyA-family a-PFTs has
been shown to vary, with ClyA forming 10-13mer pore, equally some 3-PFTs such as the
anthrax toxin have also been shown to vary in size.The diameter of each pore also plays an
important role in what can pass through these PFT. CDCs are examples of large B-PFTs
(diameter 200-300 A) which allow movement of proteins as well as ions across the target
cell membrane (Reboul et al., 2016). The ClyA family of a-PFTs, however, is comprised of
pores ranging from 12 A (Hbl) - 50 A (Nhe) in diameter, much smaller than CDCs, and have
only been observed to allow the flow of ions such as K+ through the membrane (Eifler et al.,

2006; Mathur et al., 2019; Wagner et al., 2013; Young and Collier, 2007).
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Figure 1.7 PFTs assemble to form a diverse range of pore types. Orange represents the
extracellular domain, while membrane spanning domains are shown in green. A) 3-PFT,
aerolysin forms a pre-pore on the membrane before insertion of the 3-barrel membrane-
spanning domain. B) a-PFT, ClyA, inserts into the membrane before oligomerisation. C)
The protein-lipid pore, FraC dimerises on the membrane surface before forming a nanopore
with alternating protein and lipid molecules. Yellow spheres represent detergent
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Figure 1.8 Conformational changes during soluble to pore transformation. Like most
PFTs, a large conformational change occurs in the transition from soluble to pore for both
ClyA (left) and aerolysin (right), membrane regions shown in green, and exposed in the pore
conformation.
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1.3.6 Cell response to PFT attack

Puncturing of a mammalian membrane by PFTs triggers a counter-attack by the host in the
form of the inflammatory response, as well as membrane repair mechanisms. NOD-like
receptors in the cytoplasm of mammalian cells can recognise PFT inserted in the membrane
and activate the pro-inflammatory response, including the production of IL8 which recruits
neutrophils to clear the bacterial infection (Gonzalez et al., 2008). K* efflux caused by the
ClyA family PFTs also triggers the inflammasome. Over-activation of the inflammatory
response can, however, be detrimental to the host, in the case of B.cereus, efflux of K* by
Nhe and HBL toxins result in over-stimulation of the inflammatory response and devastating
tissue damage (Fox et al., 2020; Mathur et al., 2019). Cells targeted by PFTs are also able to
repair their membranes, three mechanisms have been proposed by which membrane repair is
triggered by PFTs, these include the activation of the p38 mitogenic kinase pathway, calcium
influx and a less-understood mechanism whereby the pore is closed by constriction of the

transmembrane region of the pore (Gonzalez et al., 2008).

1.4 The ClyA family of PFTs

The ClyA family of a-PFTs is made up of single (ClyA ), two (YaxAB, XaxAB and PaxAB)
and three component (Nhe ABC (Nhe), HbIL1L2B (Hbl), and AhlABC (Ahl)) members,
(Structures, PDB codes and bacterial species are listed in Table 1.1 (Beecher et al., 1995;
Briuning et al., 2018; Lindbick et al., 2004; Oscarsson et al., 1999; Schubert et al., 2018).
Although these members share low sequence identity (18-40 %), their shared structural
similarities (rmsd Co 2.4-3.8 A) allowed for them to be classified as a new -PFT family
(Briuning et al., 2018; Fagerlund et al., 2008).

All members of the ClyA family confer lytic activity following pore assembly on the

target cell membrane. Structures of both the soluble protein and assembled pore have been
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solved for the single component ClyA toxin as well as the two component YaxAB and XaxAB
toxins (Brduning et al., 2018; Eifler et al., 2006; Schubert et al., 2018; Wallace et al., 2000).
Together with biochemical assays these structures have provided a good understanding of
the activity and assembly of both the single and two component members of the family. To
date, for the tripartite members of the ClyA family, only the soluble structures of the A
component of the Nhe toxin (NheA) and the C component from the Hbl toxin (HblB) have
been solved (Ganash et al., 2013; Madegowda et al., 2008), and thus a large amount of the
current knowledge of these tripartite systems has been gained from in-depth biochemical
analyses.

The method of export, however, of these ClyA family proteins from the bacterial cell is
not well understood. As discussed in Section 1.3.4, ClyA is found in the periplasmic space
as a soluble monomeric protein which then assembles into an inactive pore in OMVs which
deliver it to the target cell membrane. The proteins of both Nhe and Hbl are transported
across the inner membrane by the Sec secretory system, however, the method by which they

are delivered to the target membrane is as yet unknown.

1.4.1 Cytolysin A (ClyA)

ClyA is found in many pathogenic species of Salmonella, E. coli, and Shigella. As ClyA
shared no homology to other haemolysins it was classified as a new family of cytotoxin
(Libby et al., 1994). Studies in Salmonella typhi showed that mutation of the cl/yA gene
resulted in a reduced invasion of human epithelium cells and growth in macrophages, It was
therefore proposed that ClyA was an important virulence factor which aided colonisation
of the host (Fuentes et al., 2008; Libby et al., 1994). Further to this ClyA was shown to
be expressed in anaerobic conditions in pathogenic strains of E. coli and was cytotoxic to
macrophages and lysed mammalian cells (Oscarsson et al., 1999), further highlighting the

importance of ClyA in pathogenicity.
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Table 1.1 Members of the ClyA o-PFT family.

Structure name Bacterial species | PDB Mono, bi | Soluble or Pore

code or

tripartite

CytolysinA (ClyA) E.coli 1Q0Y Mono Soluble
ClyA pore E.coli 2WCD Mono 12mer-Pore
Yersiniaa - Y. entrerocolitica | 6EK7 Bi Soluble
xenorhabdolysin
(Yax) A
YaxB “ 6EK8 Bi Soluble
YaxAB “ 6EL1 Bi 10mer-Pore
Xenorhabdus o - X. nematophila 6GY8 Bi Soluble
xenorhabdolysin
(Xax) A
XaxB “ 6GY7 Bi Soluble
XaxAB “ 6GY6 Bi 13mer-Pore
Non-haemolytic B.cereus 4K1P Tri Soluble
enterotoxin (Nhe)
A
Haemolysin BL B.cereus 2NRJ Tri Soluble
(Hbl) B
Aeromonas Aeromonas 2H2E Tri Soluble
haemolytic toxin hydrophila

(Ahl) C
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Structure and assembly of ClyA

ClyA, like all PFTs, is first expressed as a soluble protein, where the hydrophobic regions
used to span the membrane in its pore conformation are hidden within the core of the soluble
protein. Soluble ClyA is composed of a 5 helical bundle tail domain, and a head domain
made up of two short a-helices and two small B-strands (-tongue) which is connected to
the tail domain by two long &-helices that span the length of the protein (a3 and a4). The
B-tongue is entirely hydrophobic and folds so that the hydrophobic residues pack against o1,
a3, a4 and the short helices within the head (Figure 1.10), hiding them from the solvent.
The N-terminal helix (oc1) is amphipathic, again packing to hide its hydrophobic residues
within the core of the protein against a2, a3, o4, and o5 (Figure 1.9) (Wallace et al., 2000).

In the pore structure of ClyA the head domain has undergone a conformational change
with the B-tongue now providing a hydrophobic, 14 A helix-turn-helix extension to o4
and a5, long enough to extend through a single leaflet of the membrane (Figure 1.10A).
al is now able to swing down into a position previously occupied by the head domain,
forming an extension to 2 with a kink at the membrane interface. The N-terminus packs
its hydrophobic residues against the hydrophobic helix-turn-helix and the lipid tails of the
membrane (Figure 1.10B). This results in an entirely helical final pore conformation, with
exposed hydrophobic domains. This protomer oligomerises to form the pore, with the
N-terminal amphipathic helix spanning both leaflets of the membrane and providing the
hydrophilic lumen to the pore (Mueller et al., 2009).

These structures, together with studies of the assembly dynamics of ClyA (Roderer
and Glockshuber, 2017), have allowed for a pore assembly mechanism to be proposed,
whereby ClyA forms a molten globule intermediate state on its transition from soluble to
pore form (Benke et al., 2015). As described above the pore conformation is stabilised
by cholesterol in the membrane. Once in the pore conformation, protomers dimerize and

associate with existing oligomers forming a sealed pore via extensive surface interactions



24 Introduction

with neighbouring protomers (Benke et al., 2015). While it is clear that the N-terminal helix
provides the transmembrane spanning region of the ClyA pore, it is less clear what the role of
the B-tongue is. Three outward-facing hydrophobic residues in the -tongue were mutated
to polar residues, abolishing activity and preventing ClyA binding the membrane (Wallace
et al., 2000), leading to a proposition that the 3-tongue anchored the soluble ClyA monomer
to the membrane. However, more recent studies using both mutations and deletions of the
B-tongue have disputed this finding, showing ClyA can still bind the membrane, but with
severely impaired activity, suggesting instead that the B-tongue is needed to maintain the
open conformation of the pore (Fahie et al., 2018). It is possible that the 3-tongue may

enhance binding to the membrane as well as maintain the open pore.
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Figure 1.9 Soluble ClyA hides it hydrophobic residues in the - tongue and N-terminal
helix. Green shows the membrane-spanning domains, while hydrophobic residues are shown
in white. Hydrophobic residues in the - tongue and N-terminal helix are hidden within the
core of the soluble protein.
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1.4.2 Bipartite ClyA family of «-PFTs

The bipartite ClyA family members were first identified in the insect pathogen Xenorhabdus
nematophila, a potent killer of many insects. Knowledge of its toxins could therefore provide
important insights for the development of new pesticides. The XaxAB cytotoxin was shown
to be made up of two proteins (XaxA and XaxB), both of which were required for cytotoxic,
and haemolytic activity. Furthermore, inactivation of the XaxAB toxin resulted in complete
loss of cytotoxic activity in X. nematophila (Vigneux et al., 2007). Further bipartite toxins
have been identified in many Enterobacteriaceae, including Yersinia enterocolitica (YaxAB)
and Photorhabdus luminescens (PaxAB). As with XaxAB, both YaxAB and PaxAB conferred
cytotoxic activity to cells in their host organism, but only if both proteins are expressed

simultaneously (Wagner et al., 2013; Zheng et al., 2012).

Structure and assembly of the Bipartite o-PFTs

The pore structures of YaxAB and XaxAB form the same oligomeric structures containing
8 — 12 dimers of the A and B proteins (Brduning et al., 2018; Schubert et al., 2018). These
bipartite YaxAB and XaxAB pores share many similarities to the ClyA pore. The B compo-
nent contains an amphipathic helix-turn-helix in its membrane-spanning head domain and
fulfils the role of the N-terminal helix in ClyA, forming the hydrophilic lumen of the pore
(Figure 1.11A)(Brduning et al., 2018; Schubert et al., 2018). The A component provides the
short hydrophobic helix-turn-helix, which would span a single leaflet, in the same way as
the B-tongue of ClyA (Figure 1.11A)(Briuning et al., 2018; Schubert et al., 2018). These
features resulted in YaxAB and XaxAB being classified as members of the ClyA-family
(Briuning et al., 2018; Schubert et al., 2018). The dimer itself is held together by two inter-
faces between A and B, one in the tail by a close network of polar and hydrophobic residues
and the second at the head between well conserved hydrophobic residues (Figure 1.11B). The

interface between neighbouring dimers is found at a hydrophobic patch in A and B located at
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the juncture between the neck and tail (Figure 1.11B)(Briuning et al., 2018; Schubert et al.,
2018).

The soluble structures of YaxA, YaxB, XaxA and XaxB, have also been determined. All
A structures and all B structures share the same overall fold. The A components consist of a
5 helical bundle tail domain, with two extended helices (neck) connecting the hydrophobic
head domain to the tail (Figure 1.12A). Unlike other PFTs, the A component is in an almost
identical conformation in both the soluble and pore structures. In the crystal structures of
YaxA and XaxA, the hydrophobic residues in the head domain are exposed to the solvent,
rather than hidden within a B-tongue as seen in ClyA. Only a slight twist in the head domain
helices are required to allow it to pack against the hydrophobic residues of the B component
head domain in the pore (Figure 1.12B). There is no major conformational change to expose
the hydrophobic residues, posing the question of whether this exposed head conformation
is an intermediate, and the soluble conformation is similar to that of ClyA (Bréuning et al.,
2018; Schubert et al., 2018). The B component of these bipartite toxins like the A component
contains a five-helical bundle tail domain and two extended helices (neck) connecting the
head and tail domains. In the B component, however, the head is comprised of 2 short
a-helices (rather than a B-tongue) which pack perpendicular to the neck helices, allowing
the hydrophobic residues of this head domain to be hidden from the solvent in a new fold
not seen in ClyA (Figure 1.12A) (Bréduning et al., 2018; Schubert et al., 2018). In the B
component only the head domain undergoes a conformational change with the two short
helices in the head straightening, this results in the extrusion of the hydrophobic residues of
the head for insertion through both leaflets of the membrane (Figure 1.12B)(Bréiuning et al.,
2018; Schubert et al., 2018).

Liposome float assays with YaxA and YaxB have shown that YaxA can bind membranes
alone, while YaxB cannot bind unless YaxA is present. This together with mutagenic

analysis of the hydrophobic head of YaxA, which showed that removal or addition of polar
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residues to the head significantly reduced haemolytic activity, suggested that A plays a role
in both recruitment of B to the membrane and stabilising the pore form of B, similar to the
B-tongue of ClyA. Furthermore, premixing of YaxA and YaxB resulted in no binding of
either component to the membrane, instead an off-pathway soluble complex was formed.
A mechanism of pore assembly for bipartite a-PFT's has thus been proposed whereby the
A component binds the membrane first, followed by the B component, these dimers then
oligomerise to the final pore, with possible off-pathway soluble complexes also being formed
(Brduning et al., 2018).

Regulation of expression of the YaxAB toxin is controlled by the transcriptional regulator

RovA (responsible for temperature-dependent expression) (Wagner et al., 2013).
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Figure 1.11 The YaxAB pore. A) The pore structure of YaxAB (blue, YaxA, orange, YaxB)
shows packing of the hydrophobic residues of A against those of B, and facing the exterior
of the pore. Green shows the membrane-spanning domains, while hydrophobic residues
are shown in white. B) The YaxAB dimer has three interfaces, I - polar and hydrophobic
residues, II- hydrophobic residues (left), and between dimers, III- hydrophobic patch (right).
YaxA, blue, YaxB, orange.
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Figure 1.12 Structures of The bipartite toxins show different mechanisms for conceal-
ing the hydrophobic heads and pore assembly to ClyA. Green shows the membrane-
spanning domains, while hydrophobic residues are shown in white. A) YaxA crystal structure
shows the hydrophobic head is exposed to solvent in the soluble conformation (left). Soluble
XaxB crystal structure shows a novel fold used for concealing the hydrophobic residues. B)
The bipartite toxins undergo much smaller changes, with no major conformational change

seen for the A component.
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1.4.3 Tripartite ClyA family «-PFTs, NheABC and HbIL1L2B

Of all the members of the ClyA family o-PFTs, the tripartite o.-PFTs are the least well
characterised due to the lack of structural information. This has led to detailed biochemical
analysis of the family to try and elucidate the pore assembly mechanisms, and has shown that
although both Nhe and Hbl are tripartite a-PFTs they have adopted different mechanisms of
pore assembly.

The first tripartite ClyA family o-PFT to be identified was the Hbl toxin in diarrheal
food poisoning strains of B. cereus, which was shown to possess haemolytic, cytotoxic
and vascular permeability activity (Thompson et al., 1984). The Hbl toxin was identified
as the virulence factor responsible for fluid accumulation in rabbit ileal loops and the key
virulence factor for diarrhoea in B. cereus (Beecher et al., 1995). After a large food poisoning
outbreak in Norway a second tripartite ClyA family «-PFT was also identified in B. cereus.
The strain of B. cereus isolated from this outbreak, however, did not contain the Hbl toxin,
instead only a non-haemolytic cytotoxin named Nhe (Lund and Granum, 1996). Both of
these toxins are composed of three proteins, namely Hbl-L1, Hbl-L2, Hbl-B for the Hbl toxin
and NheA, NheB, and NheC, for the Nhe toxin. In both cases, it was shown that all three
proteins were required for cytotoxic activity, and EM has shown the formation of pores in
liposome membranes (Fox et al., 2020; Lindbick et al., 2004; Mathur et al., 2019; Tausch
et al., 2017). Furthermore, the ratio at which these three proteins are present has a direct
effect on the activity of the toxin, a feature of the tripartite toxins that will be described in
more detail below (Lindbick et al., 2004; Tausch et al., 2017). Recent studies of the Nhe
and Hbl tripartite a-PFTs show that both can activate the NLRP3 inflammasome leading to
septic shock in mice, and inhibition of this response prevents lethality, demonstrating the
importance of this toxin family in bacterial pathogenicity (Fox et al., 2020; Mathur et al.,

2019).
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Transcription of the Nhe and Hbl operons has been shown to be regulated by a number
of global regulators and 5° UTRs to fine-tune expression (Bohm et al., 2016). Among the
regulators are PIcR (activated by the onset of stationary phase), and CodY (nutrient responsive
repressor). The presence of CodY suggests a possible nutrient regulation mechanism for the
Nhe system, indeed strong activation of Nhe and Hbl resulted from depletion of free amino

acids (Bohm et al., 2016).

Structure of Hbl-B and role in pore assembly

The structure of the soluble Hbl-B protein is currently the only known structure for the Hbl
toxin. Although sequence identity between ClyA and Hbl-B is low (32 %) both proteins
share a common structure with a f3-tongue containing head domain (Madegowda et al.,
2008)(Figure 1.13A). Like the other ClyA family o-PFTs, Hbl-B has a five helical bundle
tail domain and a head domain comprised of two short helices and a -tongue. Like in ClyA
the B-tongue domain contains a 17 residue hydrophobic segment, however the head domain
of Hbl-B makes significant interactions with the tail domain unlike in ClyA, where these
interactions are minimal (Figure 1.13A). Based on the structural similarities in the head
domains of both ClyA and Hbl-B it was proposed that a similar conformational change occurs
whereby the B-tongue refolds into an extended helix-turn-helix exposing the hydrophobic
residues, allowing interaction with the membrane (Madegowda et al., 2008).

For pore formation, Hbl components must assemble sequentially with an obligatory
binding order of HbIB - HbIL1 — HbIL2 (Figure 1.13B). Hbl-B has been shown to be able to
bind membrane alone, similarly to YaxA and XaxA (Brduning et al., 2018; Schubert et al.,
2018). Priming of the membrane with B is a crucial step in pore formation and it has been
shown that high amounts of L1 or L2 do not advance pore formation if insufficient B is
bound to the target membrane. Further to this, excess of L1 or depletion of B hindered pore

formation, while L2 did not seem to be crucial. Finally excess of L1 or L2, or depletion
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of B resulted in a reduction in toxic activity. These results led to a proposal that a ratio of
1:1:10 =L2: L1: B is required for fastest pore formation and 1:2:2 is required for maximum
cytotoxicity (Jessberger et al., 2019). The inhibitory effects seen with excess L1 and L2 and
the requirement for excess B could be explained by the formation of off-pathway complexes
observed to form between L1 and B, and L2 and B, similar to the soluble off-pathway YaxAB
complex. It is proposed that naturally, most Hbl-B is bound in soluble complexes with L1 or
L2 and likely acts as a control to pore assembly (Jessberger et al., 2019; Tausch et al., 2017).

A mechanism for Hbl has recently been proposed where Hbl-B binds to the target
membrane as the first step. This is the crucial and rate-limiting step in pore formation and
occurs in a few minutes. Free Hbl-L1 then binds B followed by L2 forming the final pore,

these two processes are rapid once Hbl-B has bound (Jessberger et al., 2019).

NheA structure and the role of each Nhe component in pore formation.

NheA is the only component of the Nhe system with a known structure. It shares very low
sequence identity with ClyA as well as Hbl-B (20 % and 18 %, respectively). However,
as observed with the other family members it shares a very similar structure, again with a
five helix tail domain and a B-tongue containing head domain (Figure 1.14A). In NheA the
B-tongue is significantly larger than both that of Hbl-B and ClyA, however it packs closely
against the tail as in Hbl-B (Figure 1.14A). In addition, the -tongue is amphipathic, not
hydrophobic as previously described in Hbl-B and ClyA. It was therefore proposed that the
B-tongue in NheA could undergo the same conformational change as in ClyA to form two
significantly longer amphipathic a-helices that could traverse the membrane (Ganash et al.,
2013).

Monoclonal antibody binding studies with NheA have revealed that NheB is the only
binding partner for NheA, as NheA is only present on the cell surface when NheBC com-

plexes are present, not when NheC is bound to the membrane alone (Didier et al., 2016).
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Figure 1.13 Structure of Hbl-B and activity assays for the tripartite Hbl toxin. A) Hbl-B
hides its hydrophobic head within a 8- tongue motif in the same way as ClyA. Green shows
proposed membrane-spanning domains, while hydrophobic residues are shown in white.
B) Activity assays for Hbl. When Vero cells are lysed propidium iodide (PI) is released,
the level of PI is measured by fluorescence counts. Lytic activity is only seen when cells
are preincubated with L1+B before the addition of L2 (Left) or when proteins are added
sequentially in the order of B-L1-L2 (right). (Figure adapted from (Jessberger et al., 2019).
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Furthermore, NheB binds to NheA via the N-terminus, and the conformational transition
from soluble to pore in NheA occurs about the C-terminus (Didier et al., 2016). It has
previously been shown that a ratio of NheB: NheC of between 50:1 and 5:1 is optimum for
cytotoxicity, due to the formation of NheBC complexes in solution that prevent the binding
of free NheB to the membrane to form an active pore. However, these NheBC complexes can
bind to the membrane and are more stable than NheC binding alone, it is therefore vital that
a balance between complexed NheB and NheC, and free NheB is maintained. This allows
stable binding of NheC in complex with NheB to the membrane, followed by the subsequent
binding of free NheB to this complex, forming intermediate small transmembrane pores
(Heilkenbrinker et al., 2013; Zhu et al., 2016). The ratio of NheB: NheC is also important for
ensuring the optimum binding of NheA to the membrane, as increasing the concentration of
NheC reduces the presence of NheA at the membrane (Heilkenbrinker et al., 2013; Lindbéck
et al., 2010). For the Nhe system, it is clear optimum pore formation occurs with reduced
NheC. The 109 nucleotide non-coding region between nheB and nheC contains an inverted
repeat which results in reduced translation of NheC, Granum et al. (1999). However similar
regulatory elements are yet to be identified in other ClyA family tripartite PFT operons.
Following the monoclonal antibody studies of NheA, a detailed assembly mechanism
was proposed for the Nhe toxin. NheA is present in solution as single molecules, while
NheB and NheC form complexes with some free NheB being present. The BC complexes
bind to the membrane and recruit further NheB forming small permeable pro-pores, finally,
NheA binds to NheB in the pro-pore and undergoes a conformational change centring
around the movement of the C-terminus leading to full pore formation and death of the cell

(Figure 1.14B)(Didier et al., 2016).
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Figure 1.14 Structure of NheA and proposed mechanism for pore assembly. A) Crystal
structure of NheA shows a large 3- tongue motif, with two amphipathic - strands. Green
shows proposed membrane-spanning domains, while hydrophobic residues are shown in
white. B) Proposed Nhe assembly mechanism. NheB and NheC form complexes in solution
before oligomerisation and pro-pore assembly in the membrane, followed by binding of
NheA to NheB and a conformational change leading to membrane disruption.
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1.4.4 The Ahl toxin from A. hydrophila

More recently, work by Jason Wilson at the University of Sheffield has identified other species
of bacteria that contain possible ClyA-family tripartite -PFTs (Wilson, 2016). The Ahl toxin
from A. hydrophila, a pathogen which causes fatal haemorrhagic septicaemia in farm fish
(Hatha et al., 2005), contained three proteins AhlA, AhlB and AhlC, which although share
very low sequence identity (<40 %) to Nhe shared almost identical hydrophobicity plots and
were all found in a single operon (Figure 1.15A). The three Ahl proteins were purified and
haemolytic assays showed all three were needed for lysis (Figure 1.15B) and further to this
pores were observed by negative stain electron microscopy when protein was incubated with
liposomes, confirming that the Ahl toxin was indeed a tripartite o-PFT(Wilson, 2016). The
Structure of AhlC was solved, showing a tetramer of AhlC in the extended pore conformation
observed in ClyA, YaxAB and XaxAB pores, with the hydrophobic heads hidden within
the tetramer rather than in a B-tongue (Figure 1.15C)(Wilson, 2016). Analysis of the self-
rotation function (SRF) of data collected from crystals of AhIB showed a 10-fold symmetry,
suggesting that AhlB alone may be able to form a pore structure (Figure 1.15C) (Wilson,
2016). Both of these results show new features not previously observed in the Nhe or Hbl

toxins.
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Figure 1.15 The Ahl toxin from Aeromonas hydrophila. A) Hydrophobicity plots of Nhe
and Ahl A, AhlB and AhIC (top to bottom), dashed box shows hydrophobic regions. B)
haemolytic assays showing % lysis for each Ahl protein incubated with erythrocytes alone
and in combination. C) Crystal structure of AhlC, shows a tetrameric assembly with each
AhIC chain in an extended conformation, with the hydrophobic heads hidden within the
tetramer. D) Self rotation function for AhlB, showing sections for Chi= 180°, Chi = 36°,
Chi =72°, and Chi = 108°, generated with a radius of integration of 30 A, and a resolution
cut-off of 3 A. In the Chi = 180° section, peaks are present at omega = 0 and phi intervals of
36 °. All figures were adapted with permission from (Wilson, 2016)
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1.5 Targeting PFTs for Antimicrobial therapy

As shown in the previous sections PFTs play an important role in disrupting the immune
response and early colonisation, during bacterial infection. Key examples being LLO which is
needed for escape from the phagosome by Listeria, PLY, which disrupts the alveolar-capillary
Juncture allowing Streptococcus pneumoniae to spread ultimately into the bloodstream,
and Nhe and Hbl, from B.cereus, which destroy epithelial cells and induce septic shock
(Gonzalez et al., 2008; Mathur et al., 2019). Targeting these toxins for antibacterial therapy
will therefore likely slow or even prevent early colonisation and spread giving the immune

system chance to clear the infection (Escajadillo and Nizet, 2018).

1.6 Biotechnological applications of PFTs

Due to the abundance of PFTs in nature and their ability to create a channel across a
membrane, as well as their variability in terms of different size, conductance and mechanisms
of pore formation, they offer an exciting target for biotechnological applications. Almost all
biotechnological applications for PFTs exploit the ability to apply a voltage across the pore
and then measure the change in current as different molecules are passed through the pore
allowing characterisation of a range of different molecules (Wang et al., 2018).

As discussed in section 1.3.5, the diameter of different PFTs varies significantly and also
determines what can pass through them, whether this is proteins or ions. This difference in
size is taken advantage of when selecting a PFT for a specific biotechnological application.
When sequencing DNA or polypeptides the diameter of the transmembrane pore lumen
must be small enough to tightly fit a single nucleotide or amino acid allowing the small
change in current to be measured as each residue passes through. As described below
a-haemolysin and FraC have the perfect diameter pores for DNA sequencing and Peptide

sequencing respectively (Franceschini et al., 2013; Huang et al., 2019, 2017). For measuring
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single-molecule kinetics (e.g. enzyme kinetics), the pore must have a large central cavity
able to be easily mutated to allow for successful trapping of single proteins of interest, the
large extracellular domain of the ClyA family proteins make them ideal for this role. The
cylindrical shape of ClyA also makes it a good candidate for biotechnology applications as
the current through a cylinder can be easily modelled (Willems et al., 2019). Finally, in all
cases, the PFT chosen must readily assemble into a stable pore (Maglia et al., 2010).

Since it was established that ss-DNA could be translocated through a ¢-haemolysin pore
(Franceschini et al., 2013), PFTs are now widely established as a method by which to rapidly
sequence DNA on a small scale at low cost. Through engineering the lumen of the pore, as
well as coupling of the pore to secondary DNA binding proteins (e.g. DNA polymerase),
DNA can be threaded through the pore at 100-200bp per second, slow enough for current
detection technologies to easily measure the distinct current fingerprint of each nucleotide
(Wang et al., 2018).

More recently, focus has turned to exploiting PFTs for detection and analysis of proteins
as well as peptide sequencing. It has been shown that by altering the charge of the lumen of
ClyA, different proteins can be trapped within the pore and the length of time the protein is
trapped can be increased. This will allow enzymatic reactions on a single molecule level to
be observed, by measuring changes in current through the pore as conformational changes
occur in the trapped enzyme (Huang et al., 2017). Furthermore, aerolysin pores have been
used to measure single amino acid differences in short polypeptides, building a basis for
the possibility of peptide sequencing using PFTs (Ouldali et al., 2020). FraC nanopores
have also been successfully engineered to allow the discrimination of peptides and proteins
from 25kDa down to 1.2kDa by measuring nanopore currents, and were able to measure
differences in the presence or absence of a single tryptophan. If the speed of translocation

of peptides can be controlled, as with DNA sequencing, it is feasible to believe that FraC
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nanopores or aerolysin could be used for peptide sequencing in the near future (Piguet et al.,

2018).

1.7 Aims of this thesis

Although a large amount of biochemical and kinetic data has been obtained on the two tripar-
tite ClyA family a-PFTs identified in B. cereus, there is only limited structural knowledge
of the components, and thus a full understanding of these toxins remains elusive. Both
Nhe and Hbl are important virulence factors in B. cereus, thus better understanding of the
mechanisms of this family will be important in the development of new antimicrobials, as
well as possibly providing new candidates for the development of biotechnology applications.
Previous work in the group by Jason Wilson, described above, has already identified a tripar-
tite haemolytic @-PFT homologue of Nhe, Ahl, in the Gram negative bacteria A. hydrophila.
Work described in this thesis will begin with building on the previous work of Jason Wilson
to further characterise the Ahl toxin and go on to expand the tripartite family through the
identification and study of other homologues, in the hope that they would be more amenable
to structural characterisation. Gaining structures of these proteins in both their soluble form
by X-ray crystallography, and as pores using a combination of X-ray crystallography and
electron microscopy will help to rationalise the biochemical results so far obtained for both
the Hbl and Nhe toxins, and allow the generation of a detailed mechanism by which these
tripartite toxins undergo the conformational change from soluble to pore. Furthermore, the
ClyA family of a-PFTs appear to adopt different assembly pathways and although the family
members share similar structural features, the family has developed a diverse range of tools
for pore assembly. Biochemical analysis of any potentially new tripartite family members
will help better understand this diversity.

The aims of this project are:
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» Expand the structural knowledge of the tripartite family through X-ray crystallography

and electron microscopy.

* Suggest possible roles of each protein in the tripartite toxins.

* Characterise the mechanisms of pore assembly adopted by new members of the

tripartite family.

* Compare structures and mechanisms to identify requirements for pore formation in the

ClyA family of o-PFTs.






Chapter 2

Materials and Methods

2.1 General methods and recipes

2.1.1 Antibiotics

Ampicillin was used as the antibiotic in this study for the selection of constructs containing
the ampicillin resistance marker present in pET21a vectors. Ampicillin was prepared by

dissolving 0.1 g in 1 ml of MilliQ H,O to make a 1000 x stock of 100 mg/ml

2.1.2 Lysogeny Broth (LB) medium

LB Media (Miller, 1972) was prepared by adding 10 g tryptone, 10 g NaCl, and 5 g yeast
extract and to 1 L deionised water. LB-media was then immediately autoclaved at 121°C and

stored at room temperature until needed.

2.1.3 LB Agar

LB agar was made by adding 15 g bacterial agar to 1 L LB media. The mixture was then
immediately sterilised by autoclave at 121°C resulting in solubilisation of the agar. LB-agar

was stored at room temperature until needed. To use, LB-agar was melted in the microwave



46 Materials and Methods

on medium power and 25 ml poured into petri dishes per single plate. The plates were
supplemented with 100 pg/ml ampicillin, and, if needed, 1 % w/v glucose to suppress leaky

expression. Plates were used immediately once set.

2.1.4 SOC media

Super optimal broth with catabolite repression (SOC) media (Hanahan, 1983) was purchased
from New England Biotech (NEB) and contained 20 g/L tryptone, 5 g/L yeast extract, 0.5
g/L. NaCl, 0.186 g/L KCl, 0.952 g/L, MgCl2, 2.47 g/L MgSO4 and 3.6 g/L glucose.

2.1.5 Strains and plasmid vector information

The pET21a vector was used throughout this study, and allowed tightly controlled expression
which could be induced by the addition of isopropyl -D-1-thiogalactopyranoside (IPTG).

Details of the vector are shown below (Figure 2.1).

2.1.6 Gene cloning

Open reading frames for genes in this study were synthesised and cloned into expression
vectors, and codon optimised for expression in E.coli by Geneseq so as to contain a C-terminal

Hisg tag. Restriction enzymes Ndel and Xhol were used throughout.

2.1.7 Transformation of E. coli with plasmid vector

Plasmid vectors were transformed into either E. coli DHS (NEB) for cloning or BL21 (DE3)
(NEB) for overexpression. These strains were purchased as chemically competent cells and
stored in glycerol at -80 °C. Cells were thawed on ice before the addition of 50-100 ng of
plasmid. Cells and plasmid were mixed gently then incubated on ice for 30 minutes. Cells

were heat-shocked at 42 °C for 1 minute then incubated on ice for 2 minutes. 700 ul of SOC
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T7=Tag coding sequence 207-239
Multiple cloning sites
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His=Tag coding sequence 140-157
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pBR322 origin 3227

bia coding sequence 3088-4845
1 origin 4977-5432

The maps for pET-21b(+), pET-21¢(+) and
pET-21d(+) are the same as pET-21a(+)
(shown) with the following exceptions:
PET-21b(+) is a 5442bp plasmid; subtract
1bp from each site beyond BamH I at 198.
pET-21e(+) is a 5441bp plasmid; subtract
2bp from each site beyond BamHT at 198,
PET-21d(+) is a 5440bp plasmid; the BamH I
site is in the same reading frame as in pET-
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was then added to the cells before incubating at 37 °C with shaking at 220 rpm for 1 hour.
Finally, cells were plated onto LB-agar and 100 pg/ml ampicillin and incubated at 37 °C

overnight.

Plasmid propagation, purification, and sequencing

For transformation experiments, plasmids needed to be at high concentrations and high purity.
Plasmid propagation was carried out by transformation into E. coli DHS5 (NEB) cells as
described in Section 2 above and grown overnight at 37 °C in 5ml LB media supplemented
with antibiotics. Cells were harvested and plasmid was purified using Monarch Plasmid
Miniprep Kit (NEB) which uses alkaline lysis to extract the plasmid DNA (protocol is
provided in the kit and available online). For sequencing, 5 ul of 60 ng ul"! plasmid DNA
was mixed with 5 ul of either forward or reverse T7 primer and sent for Sanger sequencing

with GATC Biotech (Germany).

2.1.8 Glycerol stocks

For long term storage of transformed E. coli cells, glycerol stocks were made. E. coli cells in
LB broth were mixed with glycerol at a 1:1 ratio in a total volume of 500 1, to give a 50 %

v/v glycerol stock, before freezing at -80 °C.

2.1.9 SDS-PAGE

SDS-PAGE was used to determine the level of protein during protein overexpression and
purity of protein during purification. SDS electrophoresis separates proteins based on
molecular weight, with a molecular weight marker as reference. Gels were made by hand
to a 1 mm thickness in a BioRad Mini-PROTEAN casting glass plate using stacking and

resolving gels as described below. A comb was put in the top of the gel to produce 15 wells.
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Table 2.1 SDS-PAGE recipe. *APS (Ammonium persulphate) — 10 % solution prepared by
adding 0.1 g APS to 1 ml MilliQ H,O

12 % resolving 6 % Stacking
2.5 ml 30 % acrylamide 0.75 ml 30 % acrylamide
2.35 ml Tris pH 8.8 0.47 ml Tris pH6.8
1.28 ml water 2.46 ml water
62.5 pl 10 % SDS 37.5 pl 10 % SDS
10 pl TEMED 5 ul TEMED
62.5 pl 10 % APS* 5 ul 10 % APS*

2.1.10 Preparation of samples for SDS-PAGE

15-20 ug of protein was mixed with SDS and reducing agent (Novex NuPage reducing agent)
so as to contain 1 % of each. The solution was then either incubated at 95 °C for 10 minutes
before loading or loaded directly onto the gel. The stacking stage of the gel was run at 60 V
for 10 minutes, followed by the resolving stage, at 200 V for 45 minutes.

The resultant gel was stained using coomassie stain (0.1 % Coomassie blue, 1 volume
methanol, 1 volume glacial acetic acid, 1 volume deionised water) for 20 minutes, followed

by destaining solution (10 % (v/v) glacial acetic acid, 10 % (v/v) methanol) for 2 hours.

2.1.11 Measuring protein concentration

Protein concentration was measured either by Bradford assay or absorbance at 280 nm. For
the Bradford assay 0.2 ml BioRad Bradford reagent (Bradford, 1976), was added to the

protein sample (volume dependent on the protein being analysed) and the total volume made
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up to Iml with MilliQ H,O in a plastic cuvette. The contents of the cuvette were mixed by
inversion and the absorbance reading at a wavelength of 595 nm was taken (ODs9s ). Protein

concentration was calculated using the following formula:

0D595 x 15
volume of sample (ul)

Concentration (mg ml’") =

Protein concentration was also calculated using the extinction coefficient for each pro-
tein (where sufficient aromatic residues were present) and absorbance at 280 nm (OD»g).
Extinction coefficients were calculated from the amino acid sequence using ProtParam soft-
ware (Gasteiger et al., 2005). Absorbance measurements were carried out using an Implen
Nanophotometer 7122 nanodrop, so minimal sample was used. A lid attachment was used to
alter the path length by lid factor. Protein concentration was calculated using the equation

given below:

: ODyg x lid factor
Concentration (M) = ——— 280 : ,f : :
extinction coefficient (M1 cm™)

2.1.12 Lipid stock preparation

Lipid stocks were prepared from E. coli total lipid extract (Avanti Polar Lipids). 100 mg
lyophilised total lipid extract was resuspended in 1 ml 2:1 chloroform: methanol solution, to
give 100 mg/ml lipid stock solution, then stored at -20 °C. The composition of E. coli total

lipid extract is listed below.

PE 57.5 %

PG 15.1 %

CA 9.8 %

e Unknown 17.6 %
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2.1.13 Detergent screens

2 mg/ml of purified protein in 50 mM tris pHS, 0.2 M NaCl was incubated with 25 detergents
(Hampton research detergent screen) at 5x CMC and 10x CMC for 4 hours at 37 °C. Each
sample was automatically applied on to a Shodex protein KW-803 high-performance liquid
chromatography (HPLC) column equilibrated with 50 mM Tris pH8 and 0.5 M NaCl, by
a liquid handler. The column was then washed with 50 mM Tris, 0.2 M NaCl to elute the
protein, which then passed through a UV detector and a chromatogram was produced for
each sample. Two controls were also set up, one containing detergent incubated on its own

and one with protein incubated on its own.

2.1.14 Liposome preparation

100 ul of E. coli total lipid extract stock solution was placed in a round bottom flask and
solvent was evaporated off under a gentle nitrogen stream which was slowly increased as a
film formed at the bottom of the flask. To ensure a thin film formed the flask was swirled
while the nitrogen stream was applied, evaporation was complete when the flask no longer
felt cold to the touch under the nitrogen stream.

The lipid film was flash-frozen by submerging the bottom of the flask in liquid nitrogen.
The flask was then placed on a vacuum pump at 1.5 mBar for 2 hours to remove excess
solvent.

1 ml of 10 mM phosphate buffer saline (PBS) pH 7.4 was added to the lipid film and then
vortexed for 10 minutes to resuspend the lipids. Resuspended lipids were extruded through
a mini extruder (Avanti polar lipids) containing a 0.1 um filter to produce liposomes. The
lipids were syringed through the extruder between two Hamilton 1 ml syringes >10 times
to form a uniform solution of unilamellar liposomes. The extruded liposomes were always

taken from the second syringe as this should contain no pre-extruded contaminants.
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Extruded liposomes were used immediately or stored at -20 °C until needed. Liposome

quality was always checked by electron microscopy before use.

2.1.15 Proteoliposome preparation

Proteoliposomes were used for both electron microscopy and liposome float assays. The
amount of protein described in each specific case was incubated at 37 °C for 1 hour with
either 20 ug liposome for electron microscopy, or 200-300 g of liposomes for lipid float
assays. Proteoliposomes were then loaded immediately on to carbon grids or used in float

assays.

2.2 Protein overexpression

2.2.1 Trial expression protocol

New constructs produced for this project required testing to see if they produced suitable
quantities of protein for downstream processes.

5 ml LB with 100 png/ml ampicillin was inoculated with a single colony of E. coli
transformant and incubated overnight at 37 °C and 220 rpm shaking. 1 % v/v of the overnight
suspension was used to inoculate 50 ml LB with 100 pg/ml ampicillin and incubated at
37 °C until an ODg of 0.8 was reached then induced with 1 mM IPTG and incubated at
test temperatures of 16, 25, and 37 °C for 5 hours. Protein expression was analysed by

SDS-PAGE and the best temperature for soluble protein expression was chosen.

2.2.2 Large scale overexpression

Colonies were selected and grown in 5 ml LB with 100 ptg/ml ampicillin for 8 hours. This

suspension was used to inoculate 50 ml LB, which was then grown overnight at 37 °C and
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220 rpm shaking. 4 x 500 ml flasks containing LB and 100 pg/ml ampicillin were inoculated
with 10ml of the overnight culture. The 500ml flasks were incubated at 37 °C until an ODgg
of 0.8 was reached, then induced with 1 mM IPTG and incubated at 37 °C for 5 hours, or left
overnight at 25 °C or 16 °C.

Cells were harvested by centrifugation at 20,000 g for 15 minutes at 37 °C, supernatant

was removed and the remaining pellet was frozen at - 80 °C until needed.

2.2.3 Minimal media selenomethionine overexpression

To produce proteins incorporating selenomethionine, the common method of using minimal
media supplemented with amino acids to repress methionine biosynthesis was used in the
overexpression step. Minimal media was made by dissolving the following components in

deionised water:

Minimal media
10.5 g/L KoHPO4
1 g/ (NH4)SOq4
4.5 g/ KH,POy4
0.5 g/L Tri-sodium citrate
5 g/L glycerol

0.5 g/L. Adenine, Guanine, Thymine, Uracil

the resulting mixture was autoclaved at 121 °C. A mixture of amino acids was also made by

dissolving the following components in deionised water:

Amino acid mixture
1 g/ MgS0,4.7H,0

4 mg/L. Thiamine
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100 mg/ml L-lysine, L-phenylalanine, L-Threonine

50 mg/ml L-isoleucine, L-Leucine, L-Valine

The additive mixture was then stored at -20 °C until needed. For use, 10 ml of the amino
acid mix was added to 500 ml of minimal media, followed by 40 mg/L of selenomethionine.

For selenomethionine overexpression, colonies of transformed BL21 cells were grown as
described for LB expression until an ODggg 0.8 was reached. Cells were then spun down at
5000 g at 20 °C for 15 minutes. The resulting pellet was washed twice in minimal media
before resuspending in 500ml of minimal media, supplemented with amino acid mixture and
selenomethionine, and incubating at 37 °C for 1 hour, and the ODg(y was used to monitor
the cell recovery. So long as ODggo between 0.6 and 0.8 was achieved, the culture was
then induced with 1 mM IPTG. Cells were harvested by centrifugation at 20,000 g for 15
minutes at 37 °C, supernatant was removed and the remaining pellet was frozen at -80 °C

until needed.

2.3 Protein purification

Methods used to purify proteins followed one of two routes. Route one was used to exploit
the Hisg tag using nickel affinity chromatography, followed by size exclusion gel filtration.
Route two was used for proteins where a Hisg tag was not available and included ammonium
sulphate precipitation, followed by anion exchange chromatography before gel filtration

chromatography.

2.3.1 Preparation of cell-free extract

To recover the desired protein from the overexpression, cells were broken open using sonica-

tion, then cell debris was separated from the cell-free extract by centrifugation.
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Cell paste was suspended in lysis buffer (50 mM Tris pH 8, 0.5 M NaCl) in a 1:8 ratio.
The suspension was put into small containers on ice for sonication. Sonication was done
in 2x20 s bursts at 15 kHz using the largest probe possible for the container. Samples
were sonicated in rotation and kept on ice between bursts to allow for cooling. Lysate
was centrifuged at 40000 g for 15 minutes at 4 °C and the cell-free extract collected for

purification.

2.3.2 Nickel affinity chromatography

Immobilised metal ion affinity chromatography was used to purify Hisg tagged protein. This
technique uses immobilising Ni** ions on a cross-linked agarose matrix for binding with
poly His clusters of tagged protein. Binding is reversed by competitive replacement of the
poly-His with increasing imidazole concentration, so allowing selective purification of tagged
protein. Cell-free extract (CFE) in 50 mM Tris pH 8, 0.5 M NaCl was applied to a 5 ml
Hi-trap Nickle column (GE Healthcare) mounted on an Akta Pure (GE Healthcare), which
was then washed with buffer A (50 mM Tris pH 8, 0.5 M NaCl) until the UV trace returned
to baseline. A 0-100 % gradient of buffer B (50 mM Tris pH 8, 0.5 M NaCl, and 0.5 M
imidazole) over 50 ml was applied to elute protein. 2.5 ml fractions of elute were collected,
fractions believed to contain protein were run on SDS-PAGE, those containing the correct

protein were pooled and concentrated for crystallisation or gel filtration.

2.3.3 Ammonium sulphate cut

To determine the appropriate concentration of ammonium sulphate to use for precipitation of
the desired protein, concentrations of 0.5-1.5 M ammonium sulphate were added to CFE for
10 minutes. Precipitated protein was pelleted by centrifugation at 70,000 g for 5 minutes at
4 °C. The supernatant was collected and the pellet was resolubilised in 50 mM Tris pH 8.

Resolubilised pellet and supernatant were loaded on to SDS-PAGE to analyse the purity of
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the desired protein. Resolubilised pellets that contained the desired protein were combined

for further purification.

2.3.4 Ion exchange chromatography

All proteins have an isoelectric point (pl), at pH values above this point the protein has an
overall negative charge and allows it to bind to a positively charged medium (anion exchange),
below this value the protein would have a positive charge and bind a negatively charged
medium (cation exchange). Based on the pl of the protein in this study a 5 ml Hi-trap DEAE
sepharose Fast Flow column (GE Healthcare) equilibrated with 50 mM Tris pH 8, was used.
Protein or CFE was loaded on to the column which was then washed with the same buffer
as used in equilibration. The protein was then eluted from the column by changing the
ionic strength using a gradient of O - 0.3 M NaCl. Fractions were collected and analysed
on SDS-PAGE and those containing protein were pooled and depending on purity used for
crystallisation and assays or applied to a gel filtration column for further purification and

analysis.

2.3.5 Gel filtration

Gel filtration chromatography separates protein based on size and shape by using a porous
matrix of spherical particles, usually crossed linked Dextran beads. Proteins smaller than the
pores in the beads enter the beads as they move through the column, while large proteins
do not and therefore travel through a smaller column volume and elute faster than smaller
proteins.

The column was calibrated using Buffer A (0.5 M NaCl, 50 mM Tris pH 8) for purification
or 10 mM PBS pH 7.4 for analytical purposes. Protein was loaded on to the column and
eluted using buffer A. The elute was collected in fractions, with fractions believed to contain

protein run on SDS-PAGE and then pooled for crystallisation or use in assays. Details of
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columns and buffers used for specific proteins and analysis can be found in the relevant

papers and appendices.

2.4 Biochemical analysis

2.4.1 Ultra-centrifugation of detergent solubilised protein

Ultracentrifugation was used to determine the composition of complexes formed by proteins
in the presence of detergent. Large complexes > 400 kDa would pellet while smaller proteins
would remain in solution.

10 uM of protein was incubated with 45 uM N-heptyl-thioglucopyranoside at a total
volume of 100 ul for 1 hour at 37 °C. Samples were then spun for 30 minutes at 214,500 g
in a Beckman Optima MAX ultracentrifuge at 4 °C. Supernatant was removed, and the pellet
was resuspended in 50 mM Tris pH8 and 0.5 M NaCl. Both the pellet and supernatant were
loaded onto an SDS-PAGE gel for analysis.

2.4.2 Haemolytic assay

Defibrinated horse blood was purchased from Thermo Scientific and stored at 4 °C. Blood
was washed in 10 mM PBS pH 7.4 by diluting to 10 % w/v and centrifuged at 1500 g for 5
minutes. The supernatant was removed and the washing step repeated two more times. The
final pellet of blood cells was resuspended to 0.25 — 0.5 % w/v in PBS. Each protein was
buffer exchanged into 10 mM PBS pH 7.4 and concentration measured using absorbance at
280 nm.

Assays were set up in 0.2 ml Eppendorf PCR tubes with 200 1 0.25 - 0.5 % w/v blood.
Protein was aliquoted into the lid of the tube and mixed with blood by inversion once each
component had been added. Reactions were then incubated at 37 °C on a blood wheel to mix

throughout the experiment.
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After incubation, the tubes were centrifuged at 1500 g for 5 minutes at 4 °C to pellet any
remaining erythrocytes. Supernatant was removed onto an Implen Nanophotometer 7122
nanodrop and haemolysis was measured by the release of haemoglobin into the supernatant
using absorbance at 542 nm. A positive control containing 0.2 ml 0.25 — 0.5 % w/v erythro-
cytes centrifuged at 1500 g for 5 minutes and resuspended in 1 ml MilliQ H,O, followed by
pipetting to mix and induce osmotic lysis. A negative control containing 0.2 ml erythrocytes

0.25-0.5 % w/v was also set up. Both were incubated at 37 °C.

2.4.3 Protein cross-linkage

Cross-linking was carried out in a two-step reaction. 25 % w/v Glutaraldehyde was added to
1.4 mg/ml of protein in PBS buffer then incubated at room temperature for 15 minutes. Protein
solution was then buffer exchanged into 0.1 M MES pH 6 using a Zebaspin 7K desalting
column (Sigma) before adding 40 % w/v 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) and incubating for a further 30 minutes at room temperature. Finally,

the protein was buffer exchanged into PBS using a Zebaspin 7K for assays and SDS-PAGE.

2.4.4 Liposome float assay

Freshly prepared proteoliposomes made by incubating 200-300 tg liposomes with 100
ug protein were used in liposome float assays. Negative controls were run in parallel and
contained only protein. The total volume of proteoliposome was made up to 800 ul with
55 % w/v sucrose in PBS and transferred into Ultraclear ultracentrifuge tubes (Beckman
Coulter). This was then overlaid with 3.8 ml 40 % w/v sucrose in PBS followed by 400 ul
PBS. Samples were then centrifuged at 200,000 g for 4 hours in a Beckman Coulter SW 55
Ti rotor, 6 fractions of 100 ul were taken from the top of the tube 3.6 ml from the middle
was discarded and 6 fractions were collected from the bottom. All fractions were run on

SDS-PAGE for analysis.
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2.5 Crystallographic methods

2.5.1 Preparation of protein for crystallisation

Protein was concentrated to between 6-15 mg/ml using a Vivaspin concentrator (Sartorius)
with a molecular weight cut off smaller than that of the desired protein. The concentration
was then altered depending on the result of crystallisation trials. Prior to crystallisation,
proteins were buffer exchanged into crystallisation buffer, containing 10-200 mM NaCl and

50 mM Tris pH 8, using a Zebaspin desalting column (Sartorius).

2.5.2 Initial robot screening

Initial screens for crystallisation conditions were carried out using a TTP Labtech Mosquito
LCP crystallisation robot in a 96 well plate. Each plate contained 96 individual experiments
which consisted of a large well for the mother liquor and 2 small wells, one of which was
used to contain a 1:1 mix of mother liquor to protein. The large well contained 50 ul of the
crystallisation solution, while the small well contained 100 nl of crystallisation solution and
100 nl of protein. The plate was then sealed with crystal clear tape before being stored at
17 °C or 7 °C. During storage vapour-water equilibration between the large well and small
well could occur, leading to the formation of protein crystals. Crystal growth was checked by
observing the drops under a microscope. Initial crystal trials used the commercially available

screens PACT, JCSG+, MPD and Proplex (Molecular Dimensions).

2.5.3 Crystallisation optimisation

Crystals from screening were further optimised to increase quality and size. Optimisation
was carried out using 24 well plates and micro bridges, or sitting drop 96 well plates. The
conditions in which the initial protein crystals grew were optimised by varying pH, salt

concentration, and precipitate concentration. Some optimisations involved seeding the drops
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with crushed crystals from previous trials. These were prepared by diluting crushed crystals
10,000 x and 1000 x in mother liquor. Horsehair was then dipped in the diluted seed solution

and dragged through the optimisation drop in micro bridges.

Microbridge, 24 well plates

A 24 well plate was used to scale up the experiment and yield bigger crystals. 500 ul of
crystallisation solution was made up in the well and a microbridge, which contained a small
well, was placed in the large well. 1 ul of crystallisation solution and 1 ul of protein were
placed in the small well and mixed by gently pipetting up and down before sealing with
crystal clear tape. The plates were incubated at 17 °C and checked for crystals by observing

drops under a microscope.

Sitting drop optimisation

96 well sitting drop plates were used to set up optimisation screens which allowed a much
larger chemical space to be screened than with the 24 well plates, but with small volume
drops. 50 ul of crystallisation solution was made up in large wells using a Formulatrix
Formulator robot. 100 nl: 100 nl mix of crystallisation solution to protein drops were made
in the small wells using a TTP Labtech Mosquito LCP crystallisation robot. The plate was
then sealed with crystal clear tape before storing at 17 °C, or 7 °C. Trays were checked for

crystals by observing drops under a microscope.

2.5.4 Mounting crystals

To collect data, crystals were removed from the drop and mounted into loops that matched the
size of the crystal. The drop is exposed under a microscope by removing the tape covering
the well and the loop attached to a magnetic wand was used to loop a single crystal. The loop

was then placed in liquid nitrogen to cool to 100 K. During cryo-cooling ice crystals can form
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disrupting the protein crystal lattice, as well as this ice-rings can compromise the quality of
data collected. To reduce the formation of ice crystals, protein crystals were either grown
in conditions that act as cryoprotectants (e.g MPD, low molecular weight PEGs, ethylene
glycol or glycerol) and so were placed immediately into liquid nitrogen, or cryoprotectants
were made using 1 ml well solution with 25 % ethylene glycol or glycerol and crystals in
loops were dipped in this solution before freezing. The well was then resealed with more

crystal clear tape, and put back in the incubation room.

2.5.5 Crystal screening and data collection

Crystals were shipped to the Diamond Light Source, Oxfordshire, UK, for data collection
using high-intensity X-rays. All testing and data collection was carried out at 100 K on the
MX beamlines. MX beamlines, in general, were tunable wavelength and equipped with
Pilatus or Eiger (DECTRIS) detectors, which allows for various collection strategies and

rapid data collection, details of which are described below.

2.5.6 Testing

A standard beamline strategy was used to test protein crystals for diffraction as well as
provide evidence of potential resolution data could be collected to. 5 images were collected
with 0.2 s exposure, 0.2 © oscillation, 40 % transmission and a delta of 45 °. Imosflm (Battye
et al., 2011) or EDNA (Leal et al., 2013) were used for the initial determination of space

group and unit cell parameters.

2.5.7 Data collection

Once test images had shown that a protein crystal was of sufficient quality for data collection
a data collection strategy was calculated. For a native dataset data was collected over a

rotation range based on the estimated space group, to cover the reciprocal space required.
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Typically an image would be collected over an oscillation of 0.1 © and an exposure of between
0.1-0.008 s, with a beam intensity of 50-100 % depending on the stability of the crystal.
Typically data were collected at a wavelength of 0.09795 A, this was dependent on the
beamline the experiment was carried out on.

Experimental phasing used a SAD data collection strategy. Selenomethionine incorpo-
rated protein was used for experimental phasing. A fluorescence scan was carried out near
the K edge of selenium and analysed using COOCH (Evans and Pettifer, 2001) to identify
the peak wavelength as well as £ and . The peak wavelength was used to collect high
multiplicity data. To generate this data the beam was attenuated to between 5-30 % trans-
mission to reduce radiation damage, and multiple isomorphous datasets would be collected
usually from the same crystal to allow for images to be processed together. Typically a single
SAD dataset would be collected over double the rotation of a native dataset. Details of each

specific data collection can be found in the relevant appendices and manuscripts.

2.5.8 Data processing

Data used in this report was processed automatically at the Diamond Light Source using
three different pipelines, Xia2 3dii, Xia2 Dials and FastDP (Winter, 2010; Winter and
McAuley, 2011; Winter et al., 2018). Each pipeline is made up of programs that carry out
spot detection, indexing of reflection, spacegroup determination, scaling, merging and data
reduction. FastDP uses XDS (Kabsch, 2010) for spot detection and indexing, XDS and
POINTLESS (Evans, 2006; Kabsch, 2010) for indexing and space group determination and
finally XDS, POINTLESS and Scala (Winter and McAuley, 2011) for scaling, merging and
data reduction. Xia2 DIALS uses DIALS (Winter et al., 2018) for spot finding and indexing
while Xia2 3dii uses XDS (Kabsch, 2010), both utilise POINTLESS and Aimless (Evans and

Murshudov, 2013) for downstream processing.
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2.5.9 Experimental phasing using Single wavelength anomalous dis-

persion (SAD)

Selenomethionine incorporated crystals were used for experimental phasing throughout
this thesis. The single-wavelength anomalous dispersion (SAD) method was used, which
takes advantage of the anomalous scattering properties of selenium atoms at or near their
absorption edge. Either the SHELX suite (Sheldrick, 2010) or CRANK?2 (Skubék and Pannu,
2013) software package was used for phasing and production of an initial density map and
model. In both cases, the process is guided by the number of heavy atoms expected based
on the sequence (the number of selenium atoms is related to the number of methionines in
the sequence), and the position of the heavy atom sites determined is used for calculation
of initial phases. The resultant electron density map is used in model building. Details of

software used can be found in the appendices.

2.5.10 Molecular replacement

Molecular replacement was used for phasing when a suitable homologue structure was
available. PhaserMR (McCoy et al., 2007) was used for all cases. Rotation and translation
of the Patterson map for the known structure onto the Patterson map of X-ray data from the
unknown structure is used to place the search model (or multiple copies of the search model,
depending on the predicted cell contents) in the asymmetric unit of the unknown structure.
Phases generated from placing the search model are then used to generate an initial electron
density map from target structure factors. A successful solution is determined by its TFZ
(translation function) score, LLG (log-likelihood gain) and packing clashes, and analysis of

resultant electron density.
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2.5.11 Model building and refinement

After a starting map and model were produced using either experimental methods or molecu-
lar replacement, iterative model building and refinement was carried out using a combination
of the following programs: COOT, Parrot, Buccaneer and Refmac5 (Adams et al., 2010;

Emsley et al., 2010; Murshudov et al., 1997).

2.5.12 Validation and analysis

When all interpretable features in the electron density and difference Fourier map had
been built, rebuilding was tentatively deemed complete and the model validated using the
Molprobity server (Williams et al., 2018). This programme checks steric clashes, side-chain
rotamers, Ramachandran angles, bond lengths and bond angles, and generates a validation
report, and an overall score, based on other structures at a comparable resolution. Riding
hydrogen atoms were added to the model and where there was clear evidence sidechains
were flipped to satisfy hydrogen bonding. If the validation highlighted errors in the model,
Coot and Refmac5 (Emsley et al., 2010; Murshudov et al., 1997) were used to further refine
the model to improve the Molprobity score and the improved model was then compared
with other comparable models in the PDB (Berman et al., 2002). All figures containing
protein models were made using PyMOL (Schrodinger, LLC, 2015), while figures containing
electron density were made using COOT (Adams et al., 2010; Emsley et al., 2010; Murshudov
et al., 1997) or PyYMOL and FFT (Read and Schierbeek, 1988; Schrodinger, LLC, 2015).
Structure-based sequence alignments were carried out using Dali (Holm and Laakso, 2016),
and calculated rmsD between models based on Co alignment over equivalent residue regions.
Finally, Docking predictions were done using the HADDOCK?2.2 server (Van Zundert et al.,
2016).
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2.5.13 Homology model generation

All homology models presented in this thesis were generated using Phyre2 (Kelley et al.,
2015). Details of Structures used as templates can be found in relevant appendices and

papers.

2.6 Electron Microscopy Methods

2.6.1 Glow discharging and loading carbon grids
Glow discharging

Carbon grids were pre-prepared by Svetomir Tsokov by applying a thin carbon film to copper
grids. Grids were then stored at room temperature for up to 4 weeks in a petri dish. The
grids were glow discharged before the sample was applied to encourage absorption of the
sample onto the grid. The required number of grids were placed on a parafilmed microscope
slide inside a glow discharge chamber of a Cressington 208 Carbon Coater. A vacuum was
then established inside the chamber, a small amount of air was allowed back in for plasma
formation. Once the vacuum was stable a timer for glow discharge was set based on the age

of the grid. Grids were used immediately after and kept out of direct sunlight.

Negative staining by uranyl formate

50 ul drops, 2 of distilled water and 1 drop of 1 %(w/v) uranyl formate were placed on
parafilm. The grids were clamped between a pair of tweezers and 5 ul of the sample was
applied to the carbon side of the grid. The sample was left to absorb for 1 minute before
excess liquid was blotted off. The grid was then placed in the first drop of water, blotted

and placed in the second drop of water. The grid was blotted again before finally placing in
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uranyl formate for 20 seconds, then dried using an air vacuum until all liquid was removed.

Dried carbon grids were put in a grid box and stored for up to 5 weeks.

Cryo sample loading

Quantifoil 300 mesh copper grids were glow discharged as described in Section 2.6.1 A
Leica GP automatic plunge freezer was set up with fresh blotting paper and humidity was set
to 80 %, liquid ethane was cooled in the ethane cup to 103 K. 5 ul sample was applied to
either side of the grid and left to absorb for 60 seconds, the grid was then blotted for 1-10
seconds and then plunged immediately into liquid ethane. Grids were then stored in liquid

nitrogen until used.

2.6.2 Data collection on a CM110 transmission electron microscope.

Data was collected on a Phillips CM 100 with a tungsten filament set at HT 100 kV, and an
attached Gatan MultiScan 794, 1 K x1 K CCD camera, using Gatan Digital Software. A
reference image was taken at the beginning of data collection once CCD cooling had finished
to determine and minimise background noise. Objective aperture was set to 1, and the spot
size of the electron beam was set to 2.

Samples were observed first with a “search” setting, where images were collected with
an exposure time of 0.1 s, image binning of 2 and full CCD. Once an area of interest had
been found in search mode, a second focus was used with 0.4 s exposure, image binning of 1
and the central half of the CCD. Finally, images were captured in “record’ mode with 1 s
exposure, image binning of 1, and using the full CCD. If the sample quality was good, images

were collected a 28500 x magnification and a range of defoci for downstream analysis.
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2.6.3 Data collection on Technai Arctica, FEI Cryo-electron microscope

All imaging using Technai Arctica was carried out by Svet Tsokov. Grids stored in liquid
nitrogen first had to be clipped with C-clips and C-clip rings for use in the Technai Arctica
autoloader. Grids were loaded into the autoloader and then onto the microscope. Eucentric
focus was set and the objective aperture was removed for screening, an atlas was collected at
165 x magnification to look at the quality of ice. For areas of good ice test exposures at 200

kV were collected at a range of magnifications and exposures.

2.6.4 Image processing and analysis

Image processing was done by Claudine Bisson and Jason Wilson. Micrographs were
converted from tiff to MRC file format using the e2proc2d.py program in EMAN?2 (Egelman
et al., 2018). Negative stain micrographs were imported into Relion 3.1(He and Scheres,
2017; Scheres, 2012) or cisTEM (Egelman et al., 2018) for processing. Particles were either
picked manually and extracted or picked using the “Ab-initio” particle picking mode in
cisTEM (Egelman et al., 2018; Sigworth, 2004). 20 iterations of 2D or 25 iterations of 3D
classification were carried out. Classes were visually inspected. Specific details of Image

processing can be found in Appendices A and B.
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Chapter 3

Paper 1

3.1 Summary

The first paper presented in this thesis is an article describing the expansion of the ClyA
family tripartite @-PFTs into Gram negative bacteria, focusing on the identification and
characterisation of the Ahl toxin from Aeromonas hydrophila. Biochemical assays alongside
the determination of structures of the soluble AhlB, AhlB pore, and soluble AhlC lead to a
proposed mechanism of transition from soluble to pore form AhIB, and confirm that AhlB
is the pore-forming component of the tripartite system. Further to this, the structure of
AhIC shows it forms a tetramer to hide its hydrophobic domain, rather than a 3-tongue, a
mechanism previously unobserved in the family. This paper shows how, although Ahl shares
many structural similarities with the ClyA-family of o-PFTs, it has a unique mechanism of
action whereby off-pathway AhlB and AhIBC pores can form if AhlA is not present, also no
inhibitory soluble complexes form, both features not seen in the other tripartite toxins Nhe or
Hbl from B. cereus ((Jessberger et al., 2019; Zhu et al., 2016)). Finally, three requirements
for activity by all pores in the ClyA-family are proposed and it is shown how each protein

within the tripartite o-PFT fulfils one of these requirements. Details of work done that was
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omitted, or was only briefly mentioned, from the results and discussion in this paper can be

found in Appendix A (page 109)

3.2 Author contributions

P.J.B. conceived the project; PJ.B., A M.C.-A., J.S.W. and C.B. designed the experiments;
AM.C.-A,, J.S.W,, SEES., S.B.T. and S.P.D. performed the experiments; P.J.B., A.M.C.-
A., J.S.W, C.B., J.B.R. and P.A.B. interpreted the data and P.J.B., A M.C.-A. and J.S.W.
prepared the paper with input from all authors. Experimentally, I carried out the repeat
protein production and purification of all three proteins, carried out haemolytic assays and
liposome float assays, and did negative stain electron microscopy. In addition, I crystallised
Selenomethionine AhIB pore, and AhlC HM, carried out X-ray data collection for both as
well as subsequent data analysis and structure determination. Finally, I built and refined AhIB
Se-met, AhlC HM and soluble AhlB, and carried out bioinformatics analysis and modelling

of AhlA.

3.3 Paperl

Paper 1 manuscript will start on the next page.
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|dentification and structural analysis of the tripartite a-pore

forming toxin of Aeromonas hydrophila
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The alpha helical CytolysinA family of pore forming toxins (a-PFT) contains single, two, and
three component members. Structures of the single component Eschericia coli ClyA and the
two component Yersinia enterolytica YaxAB show both undergo conformational changes from
soluble to pore forms, and oligomerization to produce the active pore. Here we identify
tripartite a-PFTs in pathogenic Gram negative bacteria, including Aeromonas hydrophila
(AhIABC). We show that the AhIABC toxin requires all three components for maximal cell
lysis. We present structures of pore components which describe a bi-fold hinge mechanism
for soluble to pore transition in AhIB and a contrasting tetrameric assembly employed by
soluble AhIC to hide their hydrophobic membrane associated residues. We propose a model
of pore assembly where the AhIC tetramer dissociates, binds a single membrane leaflet,
recruits AhIB promoting soluble to pore transition, prior to AhlA binding to form the active

hydrophilic lined pore.
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Paper 1

ore forming toxins (PFTs) are critical components of the

molecular offensive and defensive machinery of cells in

virtually all kingdoms of life. In eukaryotes, PFTs are largely
involved in the innate immune response!, whilst in bacteria, PFT's
form the major group of virulence factors in many pathogenic
bacteria and constitute 30% of all toxins identified to date®. By
puncturing holes in the membrane, bacterial PFTs facilitate the
takeover of host resources, destroy the osmotic balance of the
target cell’ or insert a secondary intracellular toxin (such as with
the anthrax binary toxin), through the pore formed in the
membrane?. Many pathogenic bacteria, including highly anti-
biotic resistant strains, employ PFTs in their invasive arsenal.
This makes them an attractive target for the development of
virulence-targeted therapies that may have broad spectrum
activity against human and other pathogens, a strategy that has
potential to reduce the acquired resistance seen in conventional
antimicrobial therapy®.

All PFTs are produced as a soluble, generally monomeric form,
which recognises the target cell by binding to specific receptors,
thus concentrating the proteins to the membrane surface, before
exposure of the transmembrane hydrophobic regions, oligomer-
ization, and membrane insertion®’. Depending on the secondary
structure of the membrane component, PFTs can be classified as
a-PFTs, using a ring of amphipathic helices to construct the pore
or as B-PFTs, where a f-barrel is used to traverse the membrane”.

Although a number of structures of a-PFTs have been deter-
mined by X-ray crystallography and electron microscopy’, few
are known in both pore and soluble form. One a-PFT where this
transition is well understood is Cytolysin A (ClyA) from enter-
opathogenic Escherichia coli and Salmonella species®®. In this
protein a large conformational change occurs, involving 80% of
residues, as the single soluble subunit rearranges to expose its
membrane spanning hydrophobic residues (the p-tongue) and
oligomerises to form the active pore of 6-13 subunits>!°. In this
pore the hydrophobic p-tongue refolds to form the ends of two
adjacent helices and these insert into a single leaflet of the target
bilayer, with the amphipathic N-terminal helix providing the
membrane spanning component and thus a hydrophilic lined
pore. A number of a-PFTs have been identified which show
structural similarity to ClyA but are composed of two protein
components (bipartite PFTs). These include YaxAB from the
human pathogenic bacteria Yersinia enterolitical"!%, the PaxAB
system of the insect pathogen Photorhabdus luminescens' 13 and
the XaxAB system from the insect pathogen Xenorhabdus
nematophila'»1>. The structures of the YaxAB and XaxAB pores
and their component parts have been determined!>!, and all
show structural similarity to ClyA, but with low-sequence identity
(approx 22% identity)!!. In the active YaxAB pore the two pro-
teins are arranged as ten heterodimers in a pore with
C10 symmetry, while the XaxAB pore shows variability in pore
protomer count, with 12-15 heterodimers observed. These
bipartate pores have a pronounced funnel shape compared to the
largely cylindrical ClyA pore due to a more extensive extracellular
component! 115, with the A component attaching to a single
leaflet and the B component forming the membrane spanning
region using two amphipathic helices. During pore formation the
membrane spanning residues in YaxB and XaxB are exposed by a
conformational change that is smaller in extent, but similar in
effect, to that seen in ClyAl01L15,

Two a-PFT homologues to ClyA have also been identified in
pathogenic strains of Bacillus cereus, but in these systems three
proteins encoded on the same operon are required for maximal
haemolytic activity (tripartite PFTs). One of these a-PFTs in B.
cereus is formed from the Hbl-L;,, Hbl-L, and HbI-B
proteins!®-19, with the second comprised of proteins NheA,
NheB and NheC?021, In the latter system, NheC primes the host

cell for the formation of ion permeable NheB/C pores?2, prior to
the addition of NheA to construct the complete pore. Structures
of the soluble NheA and HbIB monomers are known, which both
show similarity to ClyA, but again with less than 20% sequence
identity?324. As yet, the mode of assembly of this tripartite class
of ClyA family a-PFTs is unknown.

Here, we identify tripartite ClyA family toxins in the genomes
of medically and economically important pathogenic Gram-
negative bacteria, including Serratia marcescens, a causative agent
of nosocomial infections?; Erwinia mallotivora, responsible for
papaya dieback disease?®, resulting in $58 million/annum damage
to crops in Malaysia; and highly virulent strains of Aeromonas
hydrophila, which cause fatal haemorrhagic septicaemia in a
number of important farmed fish species with epidemics in US
and Asian aquaculture causing multimillion dollar losses?’»%8, as
well as being a contributor to opportunistic human disease?®. We
show that the orthologue identified in A. hydrophila (AhlABC) is
a haemolytic tripartite a-PFT, requiring all three components for
maximal lysis, and we present the structures of the soluble forms
of monomeric AhIB and tetrameric AhlC and the decameric pore
form of AhIB. Our data presented here has allowed the con-
struction of a model to show how a three component a-PFT
system could assemble to create a lethal pore.

We show, guided by functional and mutagenic studies, that the
AhIC tetramer first disassembles into monomers in order to form
the initial membrane-binding event. We also show that AhIB
undergoes a large conformational change similar to ClyA YaxB
and XaxB!®!1L1>, involving the beta tongue becoming an exten-
ded alpha helix and the tail domain helices sliding relative to one
another as AhIB assembles into a hydrophobic pore. Secondary
structure modelling of the predicted head domain of AhIA shows
that similar conformational changes would expose an amphi-
pathic helix, which on assembly of the AhIABC pore could pro-
vide a hydrophilic lining to the pore as seen in the other family
members ClyA, YaxAB and XaxAB!O1L15

Results

A. hydrophila has a tripartite a-PFT. Although single and two
component a-PFTs have been identified, the only known three
component ClyA family members are the tripartite NheABC and
HbIL,L,B systems of B. cereus. We thus instigated a bioinfor-
matics search based on both the sequence and structure of the
NheA, NheB and NheC proteins to discover further tripartite a-
PFTs. The hypothetical protein translated from the AXH33180.1
gene of A. hydrophila species AL09-71, was identified with 24%
sequence identity and 46% similarity, as defined by TCoffee, to
NheB. The proteins coded by the upstream and downstream
adjacent genes to AXH33180.1 in the A. hydrophila genome
(AHX33179.1 and AHX33181.1, respectively) had only 6% and
9% sequence identity to NheA and NheC, yet their sequence
similarity was 39% and 37%, respectively. Furthermore, hydro-
pathy plots of these three A. hydrophila gene products showed a
very similar pattern of hydrophobic regions as those seen in the
NheABC tripartite toxin (Supplementary Fig. 1). The
AHX33180.1 gene product contained a possible membrane-
spanning region of 63 hydrophobic residues, similar in length and
position to the 54 residue predicted membrane spanning region
of NheB. Similarly, the AHX33181.1 gene product had a stretch
of 23 hydrophobic residues in the same place in the sequence as
seen for 22 hydrophobic residues in NheC. In addition, the
sequence of the AHX33179.1 gene product was devoid of sig-
nificant stretches of hydrophobic residues, a pattern also observed
in NheA (Supplementary Fig. 1). These three A. hydrophila
proteins were thus provisionally identified as a tripartite a-PFT
and named AhlA, AhIB and AhIC. The AhIA and AhIB sequences
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have since been annotated in NCBI as having a HBL type fold
(PEAMO05791).

To expand the family further, the three genes identified in A.
hydrophila were used to identify orthologues in other Gram-
negative bacteria. A total of 25 gene products with homology to
the AhlA and 36 gene products with homology to AhIC were
identified with E values <0.01, including the known bipartite
Gram-negative a-PFT components YaxA, PaxA and XaxA,
whereas over fifty gene products were identified with homology
to AhIB (Supplementary Data 1) suggesting that numerous a-PFT
systems may exist in Gram-negative bacteria. Seven examples of
full tripartite a-PFT systems were identified, including those in
three human pathogens (Serratia marcescens, Serratia liquefaciens
and Spirosoma fluviale), and two plant pathogens (Erwinia
mallotivora and Chromobacterium piscinae) (Supplementary
Table 1).

All three AHL components are required for maximum AHL
lysis. Having identified that the AhIABC system of A. hydrophila
could potentially be a tripartite PFT, each component was cloned,
expressed and purified and used in haemolytic assays with horse
erythrocytes (Fig. 1a, b). In isolation, each of the Ahl components
exhibited no haemolytic activity. When tested in 1:1 binary
combinations the AhIB/AhIC mixture showed 50% of the lysis
observed when cells were lysed by osmotic shock with water,
whereas the AhlA/AhIB and AhIA/AhIC mixtures exhibited no
activity. Size exclusion chromatography of AhIB mixed with an
excess of AhIC in aqueous solution did not show any AhIB/AhIC
association (Supplementary Figure 2), indicating that any com-
plex formation of these two components of A. hydrophila only
occurs on the membrane. This is in contrast to both YaxAB and
XaxAB where the A and B components are seen to form a
complex before binding the membrane! !5 and also for the B.
cereus tripartite PFT where equimolar amounts of NheB and
NheC produced an inhibitory complex in solution that prevented
cell lysis?3!. A 1:1:1 mixture of all three Ahl components showed
95% of the lysis of the positive control, indicating that all three
components of the AhlA/AhIB/AhIC toxin system are required
for maximal lysis.

To elucidate the effect of the concentration of each protein on
Iytic activity, the ratio of individual proteins was varied within a
mixture of AhlA, AhIB and AhIC by serial dilutions (Fig. 1b).
When AhlA was diluted by one-half, lytic activity was reduced by
50%, to a level similar to that seen for AhIB and AhIC. However,
when AhIC was diluted eightfold in the AhlA/AhIB/AhIC mixture
80% of the haemolytic activity remained. In contrast, an
increasing reduction in lytic activity was seen across the dilution
series when AhIB was diluted in the AhlA/AhIB/AhIC mixture.
These results indicate that maximal lysis requires equal amounts
of AhlA, AhIB and AhIC, and decreasing the concentration of any
one of these components reduces lytic activity, with the most
dramatic effects seen for AhIB and AhlA. Furthermore, when all
three proteins are present at equal concentrations or increased
above 1:1:1 no inhibitory effects are seen, in contrast to the B.
cereus NheABC toxin where concentrations of NheC above a
NheA:NheB:NheC ratio of 10:10:1 are inhibitory?’.

Pre-incubation of erythrocytes with AhlC promotes rapid lysis.
To determine the binding order of each protein, time course
assays were run using erythrocytes incubated with one or two of
the Ahl components before addition of the other components
(Fig. lc, d). When AhlA/AIB/AhIC, or AhIB/AhIC, were incu-
bated together with erythrocytes there was a lag time of 20 min
before lysis. However, if the cells were pre-incubated with AhlC
before addition of AhlA and AhIB, the lag time was removed (or

reduced if just AhlB was added) indicating that AhIC may prime
the membrane for pore assembly. In contrast, cells pre-incubated
with AhIB prior to the addition of AhIC showed reduced lysis
compared to cells incubated with AhIB and AhIC together, sug-
gesting AhIB is inhibitory in the presence of a membrane, similar
to that observed in the Nhe PFT, where pre-incubation of NheB
with vero cells prevented formation of a functional complex’!.
Cells pre-incubated with AhIB and AhIC, prior to the addition of
AhlA, showed a lag time, with lysis not reaching that of cells
incubated with AhlA/AhIB/AhIC together, whereas removal of
the lag time and maximal lysis occurred for erythrocytes pre-
incubated with AhlA, prior to addition of AhIB and AhIC,
showing that addition of AhlA to a pre-formed AhlB/AhIC pore
is slower than if the full tripartite pore can assemble with all three
components present. The end points of these time course assays
were viewed by negative stain electron microscopy. Pores could
only be seen in erythrocyte membranes incubated with AhIB,
AhIB/ARIC or AhlA/AIB/AIC (Fig. le). The diameter of the
AhIB pores was estimated from 100 particles to be 10 nm (s.d. =
2 nm), with the AhlB/AhIC and AhlA/AhIB/AhIC pores appear-
ing significantly larger with a diameter of 16 nm (n =100, s.d. =
2nm), a similar size to that of the widest head region of the
YaxAB and XaxAB pores! 15,

The interaction between the Ahl components with lipid
bilayers was investigated using both liposome float assays and
ultracentrifugation in the presence of detergent to separate large
assemblies, (>400 kDa) from soluble protein components (Fig. 1f,
g). AhlA, AhIB and AhIC together bound to the liposomes with
negative stain EM images showing that pores had been formed.
Incubation of all three Ahl components with detergent showed
they were also present in the large assemblies isolated by
ultracentrifugation, with pores identified by negative stain EM
(Supplementary Fig. 3). Similarly, pores and large assemblies
could be identified for both AhIB and AhIB/AhIC in both
liposomes and by ultracentrifugation. No pores were seen for
AhIA/ARIC together, or separately, despite both these compo-
nents binding to liposomes and no protein was present in the
respective ultracentrifugation pellets, which implies that the pores
observed for the AhlA/AhIB/AhIC mixture contained all three
PFT components, with equal amounts present despite AhlB and
AhIC being in excess. As no pores could be identified in negative
stain EM images of the float assay control fractions without
liposomes (Supplementary Fig. 3), we concluded that large
complexes of both AhIB/AhIC and AhIA/AhIB/AhIC can only be
formed in the presence of detergent or lipid bilayers, with a
preference for the AhIABC complexes and that large oligomers of
AhIB can be formed under the same conditions.

Negative stain EM showed that when AhIC was incubated
together with AhIB in liposome or erythrocyte preparations, there
was a dramatic increase in the number of pore-like structures in
individual liposomes, compared to the situation with AhIB alone,
where only a few pores were seen (Fig. le), indicating that AhlC
modulates AhIB association with lipid. As sufficient protein was
present for pores to be present in all liposomes it is interesting to
note that some liposomes were saturated with AhIBC pores and
others remained free of pores (Supplementary Fig. 3), suggesting
cooperativity in pore formation. Indeed, when AhlA, AhIB and
AhIC were incubated together all liposomes were saturated, a
situation also observed for ClyA32.

Structure of the soluble form of AhIB. The structure of the
soluble form of AhIB was determined to 2.3 A resolution (Table 1,
Supplementary Fig. 4a). AhIB folds into a compact five helical
bundle structure (al-a5), with an associated domain constructed
from a mix of three alpha helices and three beta strands. The
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overall structure of soluble AhIB is very similar to that seen in the
soluble forms of ClyA (pdb:1QQOY), MakA (pdb:6EZV), NheA
(pdb: 4K1P) and HbIB (pdb:2NR]) (Fig. 2a). Within this compact
soluble structure, residues G191-A222, identified from hydro-
pathy plots as a hydrophobic domain that possibly inserts into the
membrane (Supplementary Fig. 1), fold into two antiparallel p-

strands (B1 and P2; the p-tongue) (Fig. 2b). These hydrophobic
residues are thus shielded from solvent by packing against resi-
dues of helix a4 (E254-V270), a3a (residues V170-L186), ada
(residues G225-G239), the N-terminal helix (al, residue
G12-V34) and the C-terminus (residues T331-A359), which
forms a short beta strand ($3) and helix (a5a). In this soluble
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Fig. 1 Lytic activity of the AHL toxin against horse erythrocytes. a Percentage lysis when each protein was incubated with horse erythrocytes alone and in
combination at 1:1 ratios for Th. b % Lysis against varying AhlA, AhIB or AhIC concentration, when all three proteins were incubated together for Th. The
other two proteins were at a fixed concentration of 1uM. ¢ % lysis against time when erythrocytes were incubated with 500 nM AhlA, AhIB and AhIC
(green), or pre-incubated with 500 nM AhIA (black), AhIC (blue), AhIB and AhIC (purple), or AhlA and AhIC (orange), for 1h before addition of the
remaining proteins at time 0. d % lysis against time when erythrocytes were incubated with 500 nM AhIB and AhIC (green), or pre-incubated with 500 nM
AhIC (blue) or AhIB (purple) for 1hour before addition of the second protein at time 0. e TEM negative stain images of AhIB, AhIBC and AhIABC pores in
both erythrocytes and liposomes. Scale bars on magnified images represent 10 nm, and pores are highlighted in red circles. f Liposome floatation assay to
determine lipid bilayer binding ability of each Ahl toxin component. Membrane binding ability of each AhlA, AhIB and AhIC alone and AhIB+AhIC, and
AhlA+AhIB+AhIC (+) was assessed by SDS-PAGE analysis of the six top and six bottom fractions (left to right gel lanes with molecular weight indicated,
kDa), together with a control without liposomes (—). A schematic of the ultracentrifuge tube shows the location of the top and bottom fractions and in
which fractions liposomes and protein are expected. TEM negative stain EM images are shown of top fractions of AhIB (top), AhIBC (centre) and AhIABC
(bottom), with pores circled in red. g SDS-PAGE of soluble (sol) and pelleted (pel) fractions from ultracentrifugation of AhlA, AhIB and AhIC with
detergent, alone and in combination. Invitrogen Mark12 ladder (L) is labelled in the first lane. All assays were carried out in triplicate (n = 3) with error bars
corresponding to the mean * standard deviation. Source data are provided as a Source Data file

Structure of the pore form of AhIB. We determined the struc-
ture of an oligomeric pore conformation of AhIB, by growing
crystals in the presence of MPD, a reagent which has been pre-
viously shown to induce pore formation in PFTs3. The structure

Table 1 X-ray data collection and refinement statistics for
AhIB structures

:gI: :::I:(Ie ::;:erore ::rl: |;ore of AhIB was determined to 2.9 A in space group C2 (Form 1),

PDB: 6GR)  PDB: 6H2F using Se-Methionine SAD and subsequently the resolution was

Data collection extended to 2.5 A, using data from a crystal in space group C222,
Beamline 103 103 102 (Form 2, Table 1, Supplementary Fig. 4). The structures of both
Wavelength (A) 0.9794 09794 0.9795 crystal forms are closely related (rmsd=0.78A), with the
Space group I 1) 2221 asymmetric unit in each case containing ten copies of AhIB
Cell dimensions arranged as a ring of subunits in C5 symmetry, forming a funnel
abc(A)= 1335,79.8, 3636, 165 1177,1782, shape around a central pore, with an overall length of 143 A and
m.o 217.4 485.6 an external diameter of 115 A at the large end of the funnel (the

o P y() = 90,90.2,90  90,118.0,90 90, 90, 90 tail), reducing to a minimum diameter of 30 A at the neck before
Molecules per 3 10 10 finally expanding to a final diameter of 46 A (the head), dimen-
Resisiztmic;:e(t/&l():aumt 2935835 25410758  2.55-39.55 sions in agreement with those observed in negative stain EM for

AhIB pores (Fig. 3a). The internal dimensions of the pore were

2.33-2.39 2.94-2.99 2.55-2.7
(233-239) ) (255273 calculated using HOLE?®, which showed a minimal internal

Total reflections? 162245 1150390 1053972 X Pl
(12843) (52927) (195594) diameter at the neck of 20 A (Flg. 3b).
Unique reflections? 49042 169188 165659 Each subunit of the pore is constructed from two extended a-
(3660) (8317) (29762) helices (a3 and a4) that join the head of the pore to the five a-
Rerge™ 0.074 020 0.19 helices that fold into the pore tail. Major conformational changes
(0.50) .8 (0.63) have occurred when compared to the soluble structure, which are
Roim™ 0.070 0.082 012 centred on rotations about two hinges, hinge 1 (K152-L160 and
(0.46) (0.76) (0.40) R248-A254) and hinge 2 (L186-G191 and A222-G225; Fig. 4). In
Mean I/o(1)2 912.0) 6.7 (1.0) 6.6 (2.7) . . .
this soluble to pore transition, changes in ¢ and y angles of up to
Completeness (%)?2 981(99.8) 99.1(98.0) 100 (100) N ! K P .
Multiplicity® 33(35) 6.8 (6.4) 6.4 (6.6) 180° for the hinge residues and movements of up 94 A result in
Mid-slope 1025 both the B-tongue and a3a/a4a (D156-L186 and G225-Q246)
dF/F 0186 unpacking and the secondary structure rearranging to form the
Refinement two 140 A extended helices (a3 and a4), constructing the head of
No. of non-H atoms 7875 24386 24766 the funnel and presenting this hydrophobic head to the
Rwork/Rfree 022/025  0.22/0.24  0.19/0.28 membrane (Fig. 4 and Supplementary Movie 1). The stretch of
Average B factors (A2) 49 70 42 adjacent hydrophobic head residues at the C-terminus of a3
%O”i \eng‘th rmsj ((0);\) ?'43095 ?507” ?507” (G176-A201) and the N-terminus of a4 (V212-1234), each of
onda angle rms E . . Ro; . B .
Ramachandran 95.8/100 97.9/100 961/100 length 39 A is sufficient for these two helical segments to insert

fully through both leaflets of a lipid bilayer and are highly
conserved in all Gram negative bacteria (Supplementary Fig. 5),
with the extent of the insertion of the helices into the membrane
defined by rings of tyrosine residues on o4 (Y245) and
phenylalanine residues on a3 (F203; Fig. 3c), residues that are
known to delineate transmembrane helices®. In the two crystal
forms of the AhIB pore, the helices of the head domain adopt
slightly different arrangements at their distal ends, due to

favoured/allowed (%)

@Values in brackets are for data in the high-resolution shell

ORmerge = Znig T i = Inl/Zhia i I

Rpim 7Ew\/1/n 1Zialli = lnl/Zpws Zi 1;, where [; and [, are the observed intensity and mean
intensity of related reflections, respectively

structure of AhIB all non-Ala/Gly hydrophobic residues of the
hydrophobic head are packed away in the core of the protein as
the hydrophobic p-tongue. The use of such a B-tongue to shield
membrane inserting hydrophobic residues is a characteristic of
the soluble conformations of many ClyA family members,
including Hbl-B, ClyA, MakA and NheA®232433,

differences in crystal packing between the two structures
(Supplementary Fig. 6), indicating that there is some flexibility
in the packing in the transmembrane part of the pore.

Within the oligomeric pore, AhIB adopts two subunit
conformations, which vary at both the tail and head regions. In
the Type 2 conformation residues from both hinges adopt helical
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(PDB: 6GRK)
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(PDB: 1Q0Y) (PDB: 2NRJ) (PDB: 4K1P)
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Fig. 2 p-tongue structure of soluble AhIB. a Structure of Soluble AhIB and comparison with other related structures. The region of the head that forms the
two membrane spanning helices in the pre-pore form of AhIB are highlighted in green, below are soluble structures of ClyA, Hbl-B, MakA and NheA, the
proposed hydrophobic regions coloured green with the exception of NheA where the amphipathic f-tongue is coloured green (hydrophobic) and blue
(hydrophilic), RMSD and % sequence Identity to soluble AhIB are given. b Hydrophobic p-tongue of soluble AhIB, coloured as in (a). All non-Ala/Gly

hydrophobic residues of the head are highlighted as sticks

conformations, forming sections of a3 and a4, whereas in the
Type 1 conformation, the hinge 1 residues in a3 (K152-L160)
remain in a loop, indicating that the Type 2 conformation is the
fully extended form. Indeed, the transition to form AhIB Type 2
from AhIB Type I is an extension of the same hinge movement
observed between the soluble and type I conformations

(Supplementary Movie 1). Furthermore, in Type 1 the
N-terminal helix (al) is sandwiched between helices a4 and a5,
whereas in the Type 2 conformation the first 15 residues of al are
disordered, with the N-terminus of al packing against the C
terminus of o5 in an end-to-end arrangement (Fig. 3¢). Thus, the
Type 1 conformation has a five-helix bundle at the tail, whereas
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Fig. 3 Structure of the AhIB pore. a Cartoon representation of AhIB pore, Typel conformation is pale yellow while Type 2 is coloured green. Y245 is shown
as orange spheres and delineates the beginning of the hydrophobic head, with the ring of F203 highlighted as yellow spheres at the end of the head. Below
is a negative stain EM image of AhIB pores in liposomes next to the crystal structure, orientated as seen in the EM, with the a view looking down the pore
from the tail. b Surface rendering generated in PyMOL®!, shows hydrophobic (white), negative (red), positive (blue) and polar (cyan) surfaces. The
membrane bound head domain is entirely hydrophobic, with a blue rectangle defining the proposed membrane region. The internal radius against position
along the vertical pore axis is plotted with the narrowest region in the neck labelled, calculations were performed using HOLE3. ¢ Side view of the AhIB
Type 1and Type 2 protomers. Protomers are coloured dark (N-terminus) to light (C-terminus). The Head, neck and tail are highlighted along with residues
F203 and Y245 coloured as in (a). d Interactions between a5a with the neighbouring subunits in the Type 1/Type 2 dimer, with hydrophobic residues
highlighted in white and Y245 coloured orange
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Fig. 4 Differences in conformation between soluble and pore form AhIB. The f-tongue of soluble AhIB undergoes two 180° rotations into the AhlB pore
Type 1 structure to expose its hydrophobic head, followed by untwisting of the head and movement of a1 and a5 to the Type 2 structure. a Cartoon
structures of soluble AhIB (orange) and pore form AhIB Type 1 (yellow) and AhIB Type 2 (green), coloured from dark (N-terminus) to light (C-terminus).
Schematic diagrams of AhIB coloured according to (a), with the addition of hydrophobic regions coloured in green. The location of the two hinge regions in
the soluble AhIB structure are marked on the pore structures as pink and green lines. b Cartoon (left) and schematic (right) diagrams of XaxB, YaxB and
ClyA soluble and pore forms. The p-tongue of soluble ClyA undergoes two rotations similar to that of AhIB to form a short hyrophobic head, long enough to
span a single leaflet of a lipid bilayer, while the N-terminus swings out to form an amphipathic membrane spanning helix. Unlike ClyA and AhlIB, YaxB and
XaxB have no p-tongue and a single hinge, which unfolds to expose a single amphipathic helix

the Type 2 conformation has a four-helix bundle at the tail. The
packing arrangement of the N and C terminal helices in the tail of
Type 1 is the same as that observed in soluble AhlB, as well as
soluble ClyA, NheA, Hbl-B and MakA323:2433, In contrast, the
Type 2 conformation in this tail region packs into an
arrangement similar to that seen in the pore structures of both
YaxB and XaxB!L1> (Supplementary Fig. 7), suggesting that the
fully extended Type 2 conformation of AhIB is likely to be the
conformation present in the active AhlABC pore.

In the AhIB pore one of each of the subunit conformations of
AhIB pack together to form a dimer and five of these Type 1/Type
2 dimers assemble into the decameric oligomer (Fig. 3). The
interface between dimers is constructed from a5a of the Type 2
AhIB monomer (residues 1350, A251, F353, L357 and L360)
packing against a4 of the Type 1 AhlB monomer (residues L256
and 1257) and o3 in AhIB Type 2 (residues V146 and V147) of the
neighbouring dimer. The first 15 N-terminal residues of the Type
2 subunits point towards the centre of the oligomer where

8 NATURE COMMUNICATIONS| (2019)10:2900 | https://doi.org/10.1038/541467-019-10777-x | www.nature.com/naturecommunications
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discontinuous electron density is observed (Supplementary Fig. 8),
perhaps suggesting that these residues may form a plug in the
entrance to the funnel resulting in an inactive pore, possibly
explaining the lack of haemolytic activity of AhIB alone. We note,
however, that the equivalent residues in the structures of the
active YaxAB and XaxAB pores are also disordered!1>.

Crystal structure of AhIC soluble tetramer. As we have shown
that the binary complex of AhIB and AhIC is partially haemolytic,
the structure of the soluble form of AhIC was determined to 2.8 A
resolution in space group P6522 using Se-Methionine SAD, and
refined to higher resolution (2.35 A) using native data (Table 2,
Supplementary Fig. 9). The asymmetric unit contained a dimer of
AhIC (chains P and Q), which by rotation about the crystal-
lographic twofold axis formed a 222 tetramer (subunits PP’, QQ’)
(Fig. 5), consistent with gel filtration results where AhIC eluted as
a tetramer (Supplementary Fig. 2).

Each subunit of AhIC had a very similar structure to that of the
Type 2 conformation of the AhIB pore structure, (rmsd 2.4 A,
Fig. 6a), with a bundle of five a-helices forming the tail and
helices a3 and a4 running the entire length of the protein and
extending from the tail by 50 A to form the neck and head
domains (Fig. 5a). A stretch of 16 residues (L155-V171) at the
end of a3 and the start of a4 in the head domain are hydrophobic,
clearly indicating a possible method of membrane attachment.
However, these sections of the two helices only extend over 15 A,
sufficient to span just one leaflet of the membrane, unlike AhIB
where the hydrophobic parts of the equivalent structural elements

can span the whole bilayer. The extent of this hydrophobic head
domain is marked by a group of conserved lysine residues (K150,
K151 and K152) and a tyrosine (Y154) on a3, which would
delineate the extent of membrane insertion (Fig. 5b).

Within the tetrameric assembly of soluble AhIC residues L156,
L1158, L160 and L163 in the a3-a4 hydrophobic head of subunit P
pack against the hydrophobic residues L246 and L249 in the tails
of both subunit Q and the symmetry related subunit P’, to form
leucine zippers in the head to tail arrangement of the tetramer.
Y154 of subunit P also forms n-stacking interactions with F250 in
P’, and K152 of subunit P forms an ionic interaction with E257 of
chain Q (Fig. 5b). The head of subunit P’ adopts the equivalent
interactions in the tetramer. The other two hydrophobic heads
from subunits Q and Q” are more exposed on the tetramer surface
and in the crystal pack against neighbouring hydrophobic heads
from symmetry related tetramers (Supplementary Fig. 10). We
have also determined the structure of a second crystal form of
soluble AhIC in space group P2, (Table 2, Supplementary Fig. 9),
which contains a complete tetramer in the asymmetric unit. In
this second crystal form the head domains of subunit Q and S do
not form crystal contacts and the electron density for these areas
is poor, indicating that these hydrophobic head domains are
flexible within the tetramer (Supplementary Fig. 10). Thus, AhIC
appears to use assembly of the quaternary structure to hide its
hydrophobic head from the cytosol, rather than the conforma-
tional change mechanism seen in AhlB. Alignment of AhIC with
YaxA or XaxA in their respective pores show that AhIC is closely
related to both these structures, but that the extended conforma-
tion of AhIC subunit Q is more similar to YaxA or XaxA than

Table 2 X-ray data collection and refinement statistics for AhIC structures

AhIC Form 1 (SeMet) AhIC Form 1 AhIC Form 2 AhIC head mutant
PDB: 6H2E PDB: 6H2D PDB: 6R1)

Data collection

Beamline 104 104 103 104

Wavelength (A) 0.9763 0.9763 0.9763 0.97951

Space group P6522 P6522 P2, P6,22

Cell parameters

abcA)= 134.6,134.6, 145.3 134.7,134.7,145.3 651, 61.7,130.0 88.5, 885, 291.0

a, py(©) = 90, 90, 120 90, 90, 120 90, 92, 90 90, 90, 120

Molecules per asymmetric unit 2 2 4 2

Resolution (A)2 2.81-29.54 2.35-58.33 2.62-46.74 1.92-76.68
(2.81-2.88) (2.35-2.41) (2.62-2.69) (1.92-1.95)

Total reflections? 751,732 1,293,084 105,013 988,355
(51,617) (97,395) (7858) (22,848)

Unique reflections? 19,468 32,942 31,150 52,765
(1369) (2392) (2309) (2550)

Renerge® 0.129 0.138 0.074 0.084
(1.013) (3.967) (0.710) (2.073)

Roim®© 0.029 0.023 0.058 0.019
(0.230) (0.639) (0.509) (0.710)

Mean I/6(1)2 281(4.8) 19.8 (1.4) 1.0 (1.8) 16.1 (0.9)

Completeness (%)? 99.8 (98.1) 99.8 (99.8) 99.7 (100) 100 (100)

Multiplicity? 386 (37.7) 39.3 (40.7) 344 18.7 (9.0)

Mid-slope 136

dF/F 0.059

Refinement

No. of non-H atoms 3866 6152 4108

Ruork/Reree 0.22/0.27 0.27/033 0.23/0.28

Average B factors (A2) 68 58 51

Bond length rmsd (A) 0.012 0.01 0.0092

Bond angle rmsd (°) 150 148 161

Ramachandran favoured/allowed (%) 96.4/100 93.7/100 99.0/100

3Values in brackets are for data in the high-resolution shell

®Rrmers = Zig ) b= I |/Zha Ty

Rpim :Ehk!\/]/ﬂ —1Zi4ll = Lnl/Zhes Zili, where [; and I, are the observed intensity and mean intensity of related reflections, respectively
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Fig. 5 The AhIC soluble tetramer buries its hydrophobic heads. a Cartoon and schematic structures of AhlC Form 1 subunits P and P’ (cyan) and Q and Q'
(purple), coloured dark (N-terminus) to light (C-terminus). b Tetrameric assembly of AhIC, hydrophobic heads of a3 and a4 are highlighted (red) in
subunit P and form leucine zipper interactions with o5 in the tails of both subunit Q and subunit P'. Hydrophobic residues are coloured white. ¢
Superposition of YaxA (grey) with the two independent subunits of subunit P and Q of the AhIC tetramer, as aligned by the DALI server 5%, showing higher

structural similarity to subunit Q

that of AhIC subunit P, where the head is buried within the
tetramer (rmsd 2.8 and 2.7 A; and 4.0 and 2.8 A, for subunits Q
and P against YaxA and XaxA, respectively, Fig. 5¢).

To determine if disassembly of the tetramer is required for
membrane binding, we cross-linked soluble AhIC with glutar-
aldehyde to produce equal proportions of AhlC monomer and
AhIC dimer, whereas when AhIC was cross-linked with both
glutaraldehyde and 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide, the dimeric species was formed exclusively (Supplementary
Fig. 11a). Haemolytic assays using these cross-linked samples
showed that lysis was abolished for the purely dimeric form and
reduced by about 50% for the mixture of monomeric and dimeric
AhIC. Based on the length of the hydrophobic head of AhIC, its
delineating charged residues and the observation that it is not
Iytic in isolation, we suggest that AhIC inserts into a single leaflet

of the bilayer. We thus constructed a triple leucine to threonine
mutation (a3 L156T, and a4 L160T, L161T) of AhIC to reduce
the hydrophobicity of the head. Haemolytic assays using the triple
mutant of AhIC resulted in an almost 80% reduction in activity of
the AhIABC complex (Supplementary Figure 11b). We also
determined the structure of this triple mutant of AhIC (Table 2),
which showed it adopts the same tetrameric structure as that
observed for the wild-type AhIC (rmsd 0.6 A) . Taken together,
these results show that monomeric AhIC is required for lysis, and
that disassembly of the tetramer of AhlC and the hydrophobic
nature of the head of AhIC are both vital for pore formation.

Discussion
Within the greater ClyA family there are a number of require-
ments that need to be met in constructing a fully active pore
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forming system. These include masking the hydrophobic mem-
brane attachment residues from solvent in the soluble form of the
protein; the transition from soluble to pore form; the initial
attachment to the membrane and the oligomerization to form the
active pore. For the simplest member of the family, the E. coli
protein ClyA itself, these four functions are carried on the same
polypeptide. The ClyA protomer unpacks from a compact soluble

AhIB pore. Conserved interface residues on AhIC are coloured pink, with AhIB

form, refolding its B-tongue region into the hydrophobic a3-a4
head that inserts into one leaflet of the membrane, whilst further
conformational changes expose the amphipathic N-terminal helix
which penetrates both membrane leaflets and forms the lining of
the pore upon oligomerization®10.

Comparison of the soluble and pore structures of AhlB shows
that a major rearrangement of the protein occurs between them,
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in a similar way to that seen in the ClyA pore formation. The
hydrophobic (-tongue of AhIB is shielded from solvent by
packing against a3a, ada, the N-terminal helix and C-terminal
helix of the tail domain in the soluble conformation. A bifold
hinge mechanism operates to unpack the p-tongue from the tail
domain to form the 140 A extended a3 and a4 helices, refolding
the hydrophobic B-tongue into a a-helical conformation to pro-
vide the membrane spanning a3-a4 head domain, in ClyA these
conformational changes have been proposed to occur via a
molten globule state!®. Unlike in ClyA where the a3 and a4 head
inserts into just one leaflet’, the equivalent hydrophobic head
region of AhIB is of sufficient length to cross both membrane
leaflets, indicating that AhlB may be the pore forming component
of the system. A similar role is played by both YaxB and XaxB in
their respective bipartite pores, where the a5-a6 head (equivalent
to a3-a4 in AhIB) inserts through both leaflets of the membrane,
with a similar, but smaller conformational change to that seen for
ARIB or ClyA!0ILI5 (Fig, 4). The a5-a6 head of both YaxB and
XaxB protomers is formed from amphipathic helices making a
hydrophilic pore lining, whereas both the head in AhIB, and thus
the pore lining, are hydrophobic.

The attachment of a toxin component to a single leaflet of the
target bilayer occurs in ClyA, and for the YaxA and XaxA
components of the YaxAB and XaxAB bipartite PFTs!%1115 The
extent of hydrophobic residues in the a3-a4 head of AhIC is only
sufficient to insert into one leaflet and thus AhIC most likely
carries this role in the AhlABC tripartite PFT, supported by
liposome float assays and associated negative stain EM which
show that AhIC associates with a bilayer, but that no pores are
formed from AhIC alone. In addition, the triple Leu-Thr head
mutant of AhlC designed to decrease its hydrophobicity, reduces
Iytic activity by 80%, emphasising the head’s critical role. We
suggest the single leaflet insertion of AhIC is the initial binding
event, as the lag time for lysis is abolished when erythrocytes are
pre-incubated with AhIC, a situation also observed for the Nhe
and Hbl tripartite PFTs of B. cereus where NheC and Hbl-B (each
equivalent to AhIC) have been shown to attach to membrane
lipids to start pore assembly>”-38.

For AhIC membrane attachment the hydrophobic head must
become exposed. In ClyA this is achieved during the conforma-
tional change from the soluble to pore form®10. However, the
AhC subunits of the soluble tetramer adopt a pore type con-
formation with the hydrophobic heads buried within the tail
domains of symmetry related subunits. Thus some disassembly of
the AhIC tetramer must occur before membrane attachment,
supported by the cross-linking of AhIC, which abolishes lytic
activity. Flexibility of the head to disassociate from the tetramer
when presented with a hydrophobic surface is also shown in the
crystals of AhIC, where the a3-a4 hydrophobic heads of two
subunits protrude from the tetramer to pack against equivalent
regions of symmetry related molecules in one crystal form and
make no contacts and are disordered in the other. Such dis-
assembly of the AhIC tetramer on binding to membrane would
produce a distinct concentrating effect of initiating subunits on
the membrane surface, explaining the rapid lysis of erythrocytes
pre-incubated with AhIC before addition of the other pore
components. As the structure of AhIC is very similar to the AhlB
Type 2 conformation, with 30 out of the 55 conserved residues
between AhIB and AhIC present at the AhIB Typel/Type 2
interface (Fig. 6) a further role for AhIC may be to instigate the
conformational change in AhIB by providing a similar structure
and binding surface to that seen between protomers in the
AhIB pore.

Multiple sequence alignment of the C components of the a-
PFTs that we have identified from other Gram-negative bacteria
show that residues involved in the packing interactions that

conceal the hydrophobic head in the AhIC tetramer are conserved
(Supplementary Fig. 12). Residues K152 and E257 which form a
salt bridge between the head and tail domains in AhIC are
identical in all the proteins with the exception of Moritella sp.,
Janthinobacterium lividum and Serratia sp. where conservative
substitutions occur (K152Y and E257S, respectively). The
hydrophobic heads of all the C components are 15 residues long
and are rich in Leu and Ile with L158 in a3, L163 in a4 and 1249
in a5 conserved and could thus form the same leucine zippers as
seen in AhIC. This suggests that the tetrameric assembly of
soluble AhIC is conserved across these tripartite a-PFTs of Gram-
negative bacteria (Supplementary Fig. 12). It thus appears that in
the tripartite AhIJABC system the initial transition from soluble to
membrane forms of AhIC and binding into a single leaflet occurs
via a different mechanism to ClyA, based on the disassembly of a
tetramer rather than the conformation change mechanism seen in
ClyA*1%. In contrast, the hydrophobic residues of YaxA and
XaxA (equivalent to AhIC) are not concealed in their respective
monomeric soluble structures, although these residues do form
hydrophobic interactions in their crystal lattices, perhaps sug-
gesting that soluble YaxA and XaxA may fold in a manner similar
to ClyA or AhIB to hide their hydrophobic residues.

The structures of the tripartite Ahl PFT proteins AhlC and the
pore form of AhIB presented here are closely related to those of
the bipartite PFTs YaxAB and XaxAB (Supplementary Figs. 7 and
13). The decameric AhIB pore is constructed from five dimers of
the Typel and Type 2 conformations, with the Type 1 con-
formation an intermediate on the soluble to pore transition
(Supplementary Movie 1). As we have shown that AhIBC pores
are partially active, and as an equal number of the single leaflet
insertion heads surround the membrane spanning pore in both
the ClyA and YaxAB/XaxAB pores, it would thus seem reason-
able to propose that AhlC and AhIB could assemble into a pore
containing 10 copies of AhlB and 10 of AhIC, with the ring of
AhIB subunits surrounded by a ring of AhIC subunits (AhIC is
equivalent to YaxA). However, as 80% lysis can also be achieved
with a ratio of AhIC:AhIB:AhIA of 0.25:1:1 (Fig. 1b), pores with
fewer copies of AhlC might also be lytic. Nevertheless, using the
YaxAB pore as a guide, we modelled AhIB and AhIC into a
decameric pore. Using alternating AhIB Type 1 and Type 2
conformations with AhIC produced a pore with severe steric
clashes at the head. However, if a pore is made using the AhIB
type 2 conformation alone with AhIC, no steric clashes occur
(Supplementary Fig. 14), further indicating that the AhIB Type 2
conformation is likely to be that of the active pore structure.

This model of an AhIBC pore has a constriction diameter of
approximately 30 A, slightly larger than that seen in the AhIB
pore structure (20 A), but similar in size to both the YaxAB and
XaxAB structures (31 A)!115 and consistent with the observation
that molecules larger than ~20 A cannot pass through a similar
NheBC pore from the tripartite B. cereus Nhe system?2. However,
this proposed AhIBC pore has a hydrophobic pore lining, as the
a3-a4 head of AhIB is formed exclusively from hydrophobic
residues. This is in direct contrast to ClyA, XaxAB and YaxAB,
where the pore lining itself is hydrophilic. As maximal lysis only
occurs when all three components of the AhlABC system are
present, AhlA must play an important role in the pore con-
struction. Indeed, the liposome float assays and complementary
ultracentrifugation experiments with detergent show that all three
components are present in pores formed from AhlA, AhIB and
AhIC and EM images of liposome preparations show that efficient
pore formation, with pores visible in every liposome, only occurs
when AhlA, AhIB and AhIC are incubated together with the
membranes, compared to the situation with AhIB/AhIC alone,
when pores can be seen in just some of the liposomes (Fig. le and
Supplementary Fig. 3e).
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One possible function of AhlA is that it provides the hydro-
philic pore lining. AhIA shares closest sequence similarity with B.
cereus NheA (39%) enabling a structure based sequence align-
ment to be constructed between NheA (PDB code 4klp) and
AhJA (Supplementary Fig. 15). In this alignment, p1 of NheA
(N196-T214) is equivalent to residues D189-T207 of AhlA, with
residues K230-S248 in AhlA equivalent to P2 of NheA
(T217-A235). There is an insertion in the AhIA sequence
between 1 and B2, compared to NheA, which is also seen in the
other A components identified in Gram-negative bacteria.
Assuming a similar bifold soluble to pore transition for AlhA as
seen in AhIB, then these p1-p2 residues would form the extended
membrane spanning helices (a3-a4) and would be of sufficient
length to pass through both leaflets of the membrane, with
$208-A229 in AhlA forming a intracellular loop between them.
The sequence of these helices shows that a3 of the head would be
amphipathic with a4 hydrophilic (Supplementary Fig. 15). These
helices could pack together via their hydrophilic surfaces to
produce a membrane-spanning element with an overall amphi-
pathic character. It is, therefore, plausible that within the fully

AhIB pore AhIBC pore

i

RRIENY

AhIB pore AhIBC pore

ARIABC pore

o RENERDAR.

ANIABC pore

00

active pore, AhlA produces the hydrophilic pore lining with the
hydrophobic surface of AhlA a3 packing against the hydrophobic
surface of AhIB, and the hydrophilic a4 lining the inside of the
pore. As the kinetic assays show that equal amount of AhlA and
AhIB are present in the most active pores, the pore could be
formed with alternating AhlA and AhIB subunits at the tail and a
ring of AhlA a3-a4 heads providing the hydrophilic lining of the
membrane-spanning region. AhlA could be accommodated
within the pore without reducing the internal diameter by
movement of the AhIB heads, which have been shown to be
flexible between the two crystal forms of the AhIB pore (Fig. 7).
Such an AhIABC pore would necessitate an increased outside
diameter for the transmembrane region, compared to the AhIB or
AhIBC pores alone, as this pore model would have a splayed
funnel shape, like YaxAB and XaxAB, the pore diameter at the
funnel entrance would only have to be slightly bigger in the
AhIABC pore than the AhIBC pore, in agreement with negative
stain EM images that show a similar size for the AhIABC and
AhIBC pores. Flexibility in assembling pores is shown in both
ClyA and XaxAB PFTs, where pores of variable protomer number

[Hl] AhIA (sol) M AhlA (pore)
I ARIB (sol)

AhIB (pore AhIB (pore
Type 1) [| Type 2)
I AhIC (sol) r

AhIC (pore)

Fig. 7 A proposed assembly schematic of AhIB, AhIBC and AhlABC pores. a Assembly of AhIB pores; soluble AhIB (orange) reconfigures to the Type 1 pore
conformation (yellow) on exposure to the lipid bilayer and recruits more AhlB monomers to form an inactive pore of mixed Type 1, Type 2 (green)
conformation. Assembly of AhIBC pores; when AhIC (cyan) is present tetramers of AhIC disassemble at the membrane and monomers insert into one
leaflet. Soluble AhIB (orange) is recruited to the lipid bilayer where it unpacks (green) to form a hetero dimer with AhIC. Further AhIB and AhIC are
recruited until a complete pore is formed with a ring of AhIC on the outside and a hydrophobic ring of AhIB on the inside. Assembly of AhIABC pores; AhlC
inserts in to the membrane as in AhIBC pore assembly, soluble AhlA and AhIB are then recruited to the membrane where they associate with AhIC and
further AhlA, AhIB and AhIC are recruited until a complete pore is formed with a hydrophilic lining from AhIA on the inside of the membrane spanning
region. Shown below is a cross-section views through the membrane bound region of each pore, with AhIB type 1 (yellow), AhIB type 2 (green), AhlC
(blue) and AhIA (pink) with hydrophobic surfaces (orange) and hydrophilic (light blue) highlighted. Each oval represents the two a3, a4 head helices.
Relative sizes of the proposed pores are not implied by these schematics. b Schematics of the ClyA and the YaxAB/XaxAB pores. Below is a cross-section
view through the membrane bound region of each pore. ClyA and YaxB/XaxB are coloured orange, while YaxA/XaxaA is coloured blue. Hydrophilic (blue)
and hydrophobic (orange) surfaces are highlighted. Both pores have a hydrophilic internal lining
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have been observed!>32, which may also be the case in AhIABC,
(for example, with alternating protomers of AhlA and AhIB
providing the membrane spanning region), but the overall
architecture would be the same. The amphipathic a3 and
hydrophilic a4 sequence pattern of AhlA is also conserved within
the A component of the other tripartite Gram-negative bacteria
a-PFTs we have identified, suggesting that a similar role for the A
component may operate throughout the tripartite family (Sup-
plementary Fig. 15¢).

The large scale conformational change seen in both AhlB and
ClyA and proposed for AhlA presumably also occurs for at least
the tripartite PFT components B. cereus NheA and HbIB, as
structures of the soluble forms of these two proteins are in the
same conformation as seen in the soluble forms of AhlB and ClyA
(Fig. 2). In addition, the Vibrio cholerae MakA protein, of the
motility associated cytotoxin operon, also shares the same general
structure as soluble AhlIB, but as yet it is unclear whether the mak
operon encodes a ClyA family PFT33. A similar, but smaller scale
conformational change occurs for the bipartite YaxB and XaxB
proteins! 15, indicating that this mechanism occurs across the
whole ClyA family.

It is thus clear that initial insertion into a single leaflet by two
short hydrophobic a helices is a common feature of all these a-
PFT’s, carried out by AhIC in the three component AhlABC
system, by YaxA or XaxA in the two component YaxAB or
XaxAB pores and by the p-tongue in the single component ClyA
pore, albeit the method by which the hydrophobic residues are
occluded in the soluble forms is different. The membrane span-
ning pore itself is then assembled using the N-terminal helix of
ClyA or the components YaxB or XaxB in the bipartite YaxAB
and XaxAB pores. However, it appears that in the tripartite
AhIABC pore each component carries a separate role. AhlC
provides the initial single leaflet insertion, assembly with AhIB
then producing an oligomeric hydrophobic pore, and finally
recruitment of AhlA produces a hydrophilic fully active AhlABC
pore. Structural and sequence analysis suggests this method of
pore assembly may well occur throughout the tripartite a-PFT
family.

The structures of the tripartite AhIABC toxin components
described here show that each are related with those from the
greater ClyA family, although low sequence similarity is seen to
the greater family members. The known importance of ClyA,
NheABC, HbIL,L,B, YaxAB and XaxAB for virulence in their
respective organisms! 172021 suggests that the large number of
similar a-PFT systems that we have identifiled in pathogenic
Gram-negative bacteria may also be important for the virulence
of these organisms. Disruption of the pore assembly may well
thus provide a means to develop new virulence-targeted therapies.
We also note that biotechnological applications of protein
membrane pores to encapsulate enzymes for biosensors®® and for
nucleotide sequencing®” are increasing and identification of this
greater tripartite a-PFT family may well provide a wider variety of
different assemblies to be exploited.

Methods

Bioinformatic search. The amino acid sequence of B. cereus NheB was submitted
to BlastP*!, which identified the gene AXH33180.1 (ahlB) from A. hydrophila.
Upstream and downstream analysis of the A. hydrophila genome identified genes
AXH33179.1 (ahlA) and AHX33181.1 (ahlC). All three genes were aligned with the
respective NheABC components using Tcoffee>” and hydrophobicity plots were
generated for each gene using Protscale?2. The amino acid sequences of
AHX33180.1, AXH33179.1 and AHX33181.1 were submitted to BlastP*! excluding
Aeromonas species to identify orthologues with E values < 0.01.

Protein cloning and purification. The ahl genes ahlA, ahlB and ahIC were
amplified from genomic DNA of A. hydrophila strain AL09-71 using polymerase
chain reaction with synthetic oligonucleotide primers (Eurofins) and a Q5 high-

fidelity polymerase (NEB) (Supplementary Table 2). The amplified fragments were
subjected to double restriction digest using Ndel/Xhol (NEB) for AhlB, AhIC and
AhICHM, and Ndel/HindIII (NEB) for AhlA, before ligation by T4 ligase (NEB)
into a pET21a expression vector (Novagen). The AhlC head mutant was generated
from the cloned AhIC wild-type gene using a Q5 mutagenesis kit (NEB; for primer
sequences see Supplementary Table 2). All constructs were designed to contain a C-
terminal Hisg tag.

Each protein was expressed in an E. coli BL21 DE3 expression cell line (NEB). All
cultures were grown in LB media at 37 °C, until an ODgq of 0.6 was reached, at which
point protein expression was induced by addition of 1 mM isopropyl -p-1-
thiogalactopyranoside (IPTG). For AhlA, protein expression was carried out at 16 °C
overnight, whilst for AhIB and AhIC protein expression was carried out at 25°C
overnight. Purification of AhlA, AhlB and AhIC was carried out using the same
protocol. Cell pellets were resuspended in lysis buffer (50 mM Tris-HCI pH 8, 0.2 M
NaCl), sonicated (3x20 s bursts at 16,000 nm \) and insoluble material was removed
by centrifugation (40,000g). Soluble protein was applied to a 5 ml Nickel Hi-trap
column (GE Healthcare) in binding buffer (50 mM Tris-HCI pH 8 and 0.5 M NaCl)
at a flow rate of 5ml min~". Protein was eluted on a gradient of binding buffer to 50
mM Tris-HCI pH 8, 0.5 M NaCl and 1 M imidazole. Proteins were further purified by
size exclusion chromatography using a Superdex 200 pg column (GE Healthcare) pre-
equilibrated with 50 mM Tris-HCI pH 8 and 0.5 M NaCl. AhlA purification buffers
also contained cOmplete protease inhibitors (Roche), and AhlA was stored in buffer
containing 50 mM -Arg and 1-Glu®3, to prevent degradation. AhIB ran as a partially
oligomerized species of 90 kDa on sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) when boiled with 1 mM DTT, but this high molecular
weight species disappeared and AhIB ran at its expected molecular weight (36 kDa)
when heated to 60 °C. This phenomenon may occur due to partial protection of the
extensive hydrophobic domain of AhIB by SDS*, but it was not observed for either of
the AhIA or AhIC proteins.

Selenomethionine derivatized proteins were expressed in the same way, but
prior to induction the culture was centrifuged for 10 min at 20 °C (30,000g) and the
pellet was washed in 50 ml of minimal media (10.5 g/l K,HPO,, 1 g/l (NH,)SO4,
4.5 g/l KH,PO,, 0.5 g/l tri-sodium citrate, 5 g/l glycerol, and 0.5 g/l of each
nucleobase adenine, guanosine, thymine and uracil, 1g/l MgSO47H,0, 4 mg/l
Thiamine, 100 mg/ml of each of 1-lysine, 1-phenylalanine, L-threonine, and 50 mg/
ml of each of L-isoleucine, 1-leucine, and 1-valine, and 40 mg/l of seleno-L-
methionine). Cells were pelleted again, this time at 5000g, then resuspended in 500
ml of minimal media. The culture was then induced by addition of 1 mM IPTG,
and grown for 2 days at 16 °C before harvesting. Selenomethione derivatized
proteins were purified in the same way as nonderivatized proteins.

AhIB and AhIC complex formation analysis. Totally, 8 mg/ml of purified AhlB
and 12 mg/ml of purified AhlC were mixed together in equal volumes and then
applied to a Superdex 200 GE column which had been pre-equilibrated with 0.1 M
NaCl and 50 mM HEPES pH 7.5. Fractions were collected and protein content was
analysed by SDS-PAGE.

Haemolytic assays. The haemolytic activity of AhlA, AhIB and AhIC, was
determined by measuring the release of haem from lysed cells photometrically at
542 nm, as described by Rowe and Welch®. A 0.25% (w/v) erythrocyte suspension
was prepared from horse blood (Themo scientific) by washing cells repeatedly by
centrifugation at 1500g for 5 min and resuspending cells in 10 mM phosphate
buffer pH 7.4, 2.7 mM KCl and 137 mM NaCl. Varying concentrations of each
AhIABC protein were incubated with 1 ml of the erythrocyte suspension and
incubated on a blood wheel at 37 °C for 1 h. Erythrocytes were centrifuged at 1500g
for 5min, and the supernatant was removed for photometric analysis. A positive
control of cells lysed in ddH,O and a negative control with no protein added were
used to normalise the data for 0 and 100% lysis. Haemolytic assays using AhIC
head mutant were performed using the same method as used for the wild-type
protein. For measurement of lysis against time, the rate of lysis was reduced in
order to take measurements every 10 min, using a 0.5% (w/v) erythrocyte sus-
pension with a protein concentration of 500 nM. All assays were carried out in
triplicate.

Ultracentrifugation. Totally, 10 uM of purified AhlA, AhIB or 5uM of purified
AhIC were incubated with 45 uM N-heptyl-thioglucopyranoside at a total volume
of 100 ul for 1h at 25°C. A third sample containing a mixture of 10 yM AhIB and
5uM AhIC, or 10 uM AhlA, AhIB and 5 M AhIC, was incubated with 45 uM N-
hepty-thioglucopranoside at a total volume of 100 ul for 1h at 25°C. After incu-
bation, samples were spun for 30 min at 214,500g in a Beckman Optima MAX
ultracentrifuge at 4 °C. Supernatant was separated from the pellet and the pellet was
resuspended in 100 pl 50 mM Tris-HCl pH 8 and 0.5 M NaCl. Finally, the soluble
fraction and pelleted fraction from each sample was analysed by SDS-PAGE. In the
ultracentrifugation assays AhlA partially degraded in the absence of other com-
ponents, possibly due to disruption of the stabilising interactions between AhlA
and the buffer components Glu and Arg, required to stabilise soluble AhlA.

Liposome floatation assay. Liposomes were prepared from E. coli total lipid
extract (Avanti Polar lipids), using the extrusion method“®. Totally 100 mg of solid
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lipids were resuspended in 1 ml of 2:1 chloroform:methanol. A total of 100 pl of
this solution was dried with nitrogen gas and then flash frozen in liquid nitrogen,
before further desiccation under a vacuum for 2 h. The final lipid film was
resuspended in 1 ml of 10mM PBS pH 7.4 and vortexed until fully dissolved. The
lipid solution was then extruded through a 100 um filter 11 times to generate a
uniform 100 pm liposome suspension, as gauged by negative stain electron
microscopy. Totally, 300 pg of liposomes with 100 ug of protein for were incubated
for 15 min at 37 °C before addition of 100 pg of protein 2 or the equivalent volume
of PBS buffer. This mixture was then incubated for a further 45 min at 37 °C. After
incubation the total volume was made up to 800 pl with 55% (w/v) sucrose in PBS.
The liposome mixture was transferred to an ultraclear ultracentrifuge tube
(Beckman Coulter), overlaid with 3.8 ml 40% (w/v) sucrose in PBS, followed by a
layer of 400 ul PBS. Samples were centrifuged at 200,000xg for 4h at 4°C in a
Beckman Coulter SW 55 Ti rotor. Six 100 pl fractions were taken from the top of
the tube, 3.8 ml removed and a further six 100 pl fractions taken from the bottom,
which were analysed by SDS-PAGE.

Cross-linking of AhIC. AhIC was cross-linked using both glutaraldehyde and 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) in a two step
reaction. First 10 pl of 25% w/v glutaraldehyde was added to 90 pl of 1.4 mg/ml
AhIC and incubated at room temperature for 15 min, to give 50% cross-linked
AhIC, before buffer exchanging into 0.1 M MES pH 6 buffer using a Zebaspin 7K
desalting column (sigma). Next 160 pg EDC was added to the partially cross-linked
AhIC and incubated at room temperature for 30 min, to give fully cross-linked
AhIC. This cross-linked AhIC was finally buffer exchanged into PBS buffer using a
Zebaspin 7K desalting column for use in assays.

AhIC crystallisation and structure determination. Purified AhIC was con-
centrated to 40 mg/ml by centrifugation in a Vivaspin 10 kDa MWCO con-
centrator (Sartorius), and then buffer exchanged into 50 mM Tris-HCI pH 8, 100
mM NaCl with a Zebaspin desalting column (Sartorius). Native AhIC was crys-
tallised at 16 °C by sitting drop vapour diffusion with 0.2 M MgCl,, 0.1 M Tris-HCl
pH 7.0, and 10 % (w/v) PEG 10,000 (200:200 nl drop). Se-Met derivatized AhlC
was crystallised using the same conditions, with crystals growing in a week. Prior to
cooling in liquid nitrogen, crystals were cryoprotected in mother liquor containing
an additional 20 % (v/v) ethylene glycol.

X-ray diffraction data were collected from a single crystal of Se-Met AhIC on
beamline i04 of the Diamond Light Source a wavelength of 0.9790 A. Images were
integrated and scaled using FastDPY. The crystals diffracted to 2.8 A resolution
and belonged to the space group P6522, (Form 1, Table 1). Heavy atom sites and an
initial map were calculated by the FastEPS pipeline. The asymmetric unit
contained two chains of AhlC and the map was of sufficient quality to autobuild a
model using Buccaneer (CCP4)*50, which was optimised and completed in
COOT?, before refinement of the model against a higher resolution native dataset
(2.35 A), collected on the same beamline and integrated using Xia2 3dii>2.

(Table 1). Iterative rebuilding and refinement were carried out using COOT and
REFMAG, respectively>53 to give a final model (PDB: 6H2E) with an R and Rfree
of 0.22 and 0.27, respectively. Residues 231-241, and 268-274 of chain A and
residues 155-160, 239-242, and 271-274 of chain B were omitted from the final
model due to poor electron density.

The second crystal form of AhIC also crystallised in a week by sitting drop
vapour diffusion in 0.2 M sodium chloride, 0.1 M tris pH 8, and 20% PEG6000
(200:200 nl drop). Crystal Form 2 was cryoprotected in mother liquor with an
additional 20% ethylene glycol and crystals diffracted to 2.6 A resolution and
belonged to the space group P2,. Data were collected on beamline i03 at the
Diamond Light Source and processed by the Xia2 3dii pipeline®>%, (Table 1). The
structure was determined by molecular replacement using one subunit from the
existing Se-Methionine AhIC structure as a search model. The asymmetric unit was
comprised of four subunits of AhIC. Iterative rounds of manual model building and
refinement were completed using COOT and REFMAC, respectively>"53 to give a
final model (PDB: 6H2D) with R and Rfree of 0.27 and 0.33, respectively. Residues
1-4 in all chains, and 71-89, 155-162, 229-248, 265-274 of chain P, 62-86,
147-170, 235-249, and 266-274 of chain Q, 68-89, 147-172, 230-274 of chain R,
and 70-88, 158-164, 234-244, and 266-274 of chain S, were omitted from the final
model due to poor electron density.

The triple L156T, L160T, L161T AhlC head mutant was crystallised using sitting
drop vapour diffusion in 0.1 M imidazole pH8, and 10% Peg 8000 (100:100 nl drop).
The crystal was cryoprotected in mother liquor with an additional 20 % ethylene
glycol. The crystals diffracted to 1.92 A resolution and belonged to the space group P
6,22. Data were collected on beamline i04 at the Diamond Light Source and processed
by the Xia2 Dials*® pipeline (Table 1). The structure was determined by molecular
replacement using one subunit from the existing Se-Methionine AhIC structure as a
search model. The asymmetric unit was comprised of two subunits of AhlC With the
tetramer assembled by crystal symetry. Iterative rounds of manual model building and
refinement were completed using COOT and REFMAC®% respectively to give a
final model (PDB: 6R1]) with R and Rfree of 0.23 and 0.28, respectively. Residues 1-2
and 239-242 of chain J, and 1-3, 74-76 and 232-243 from chain D were omitted
from the final model due to poor electron density.

AhIB crystallisation and structure determination. Purified AhlB was con-
centrated to 10 mg/ml by centrifugation using a Vivaspin 30 kDa MWCO con-
centrator (Sartorius), and then buffer exchanged into 0.2 M NaCl, 50 mM Tris pH8
using a Zebaspin desalting column (Sartorius). Crystals were grown by sitting drop
vapour diffusion on microbridges in 60% methyl-2,4-pentanediol (MPD), 0.2 M
ammonium phosphate and 0.1 M Tris pH8.5 (16 °C) (1:1 ul drop) by streak seeding
with crushed microcrystals that had been diluted 109-fold. Crystals grew in a
month and were plunge-cooled in liquid nitrogen directly from the drop.

X-ray diffraction data were collected at a wavelength of 0.9790 A on beamline
i03 at the Diamond Light Source. Data were integrated to 2.94 A resolution in space
group C2 using the DIALS® pipeline and scaled and merged using Aimless.
Initial phases of AhIB Se-Methionine were obtained by SAD. Heavy atom sites and
an initial electron density map were calculated using SHELXC,D,E*, and an initial
model was built using Phenix*” followed by Buccaneer*. In this initial model, a
ring of 10 AhIB subunits could clearly be seen. Rebuilding and refinement using
COOT and REFMAC, respectively’':>?, resulted in a final model (PDB: 6GR]) with
R and RFree of 0.22 and 0.24, respectively. Residues 1-15, 337-360 and 202-208 of
chains A, C, E, G and I, and residues 205-208 and 342-360 of chains B, D, F, H and
], were omitted from the final model due to poor electron density.

The second crystal form of the AhIB pore was grown by sitting drop vapour
diffusion in a month, in 0.2 M ammonium phosphate, 0.1 M tris pH 8.5, and 50%
MPD (200:200 nl drop). The crystals were plunge-cooled in liquid nitrogen directly
from the drop and X-ray diffraction data were collected at beamline i02 of the
Diamond Light Source and processed using Xia2 2da®>%* in space group C222, to
2.55 A (Table 1). The structure was determined by molecular replacement with
PhaserMR® using the 10-mer Se-Methionine AhIB pore as a search model.
Iterative rounds of refining and rebuilding with Coot®! and REFMAC5? were
carried to give a final model (PDB: 6H2F) with R and Rfree of 0.19 and 0.28,
respectively, with residues 202-208 in A and D, 200-208 in E and G, 205-207 in H
and 342-367 in F, as well as residues 1-17 in B, D, F, H and ], and 339-367 in A, C,
E, G and I omitted from the final model due to poor density.

The soluble form of AhIB was concentrated to 10 mg/ml using a Vivaspin 30
kDa MWCO concentrator (Sartorius), and buffer exchanged into 50 mM tris pH 8
and 0.2 M NaCl by Zebaspin column (Sartorius). Crystals were grown by sitting
drop vapour diffusion in 0.2 M potassium thiocyanate, 0.1 M bis-tris propane pH
6.5, and 20% PEG3350 (200:200 nl drop). Crystals took a month to grow at 16 °C,
and were cryoprotected in mother liquor containing an additional 20% ethylene
glycol, and plunge-cooled in liquid nitrogen. Data were collected to 2.33 A
resolution at i03 of the Diamond Light Source, and processed in space group C2
using Xia2 3da’2, (Table 1). The structure was determined by molecular
replacement in PhaserMR® using a single subunit of the AhIB pore with the
hydrophobic head domain removed as search model to give a solution with three
AhIB chains in the asymmetric unit. The molecular replacement solution model
was further pruned to remove overlapping residues and an initial model was built
using Buccaneer™, Refinement of the data and iterative rebuilding were carried out
in Coot®! and REFMAC??, respectively, to give a final model (PDB: 6GRK) with R
and Rfree of 0.22 and 0.25, respectively. Structural alignments described in this
paper were undertaken using Dali®®.

Electron microscopy. Samples from lytic assays using erythrocytes, ultra-
centrifugation pellets, liposome flotation assays and prepared proteoliposomes
were all visualised using negative stain TEM. Proteoliposomes were generated by
incubating 10 pg of Ahl proteins with 20 pg of fresh liposomes in 100 pl of 10 mM
PBS buffer pH 7.4, at 37 °C for 1 h and kept on ice before use. Totally, 5 pl of each
of the respective samples was pipetted onto a glow discharged (copper 300 mesh)
carbon-coated grid, and then stained with 1% (w/v) uranyl formate. Carbon grids
were then air dried before storing for up to 5 weeks at room temperature. Electron
micrographs were collected using a Philips CM100 100 kV transmission electron
microscope, equipped with a Gatan 1 K CCD camera. Micrographs were collected
with a pixel to nm ratio of 0.72 pixels per nm, and this was used in the calculation
of the pore sizes.

Modelling of AhlA. A homology model of AhlA was generated using Phyre26” and
the structures of soluble MakA (pdb: 6EZV), Hbl-B (pdb: 2NR]J) and XaxA (pdb:
6GY8) as templates. The model of AhlA contained 312/354 residues (84%) at a
Phyre2 accuracy of >90%.

Generation of figures. All protein cartoon diagrams and surface rendering used in
figures and movies were made using PyMOL®!, with intermediates in the movie

morph generated using LSQmann©2,

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Data supporting the finding of this manuscript are available from the corresponding
author upon reasonable request. Atomic coordinates for AhlC Form 1 (PDB code 6H2E),
AhIC Form 2 (PDB code 6H2D), AhIC Head mutant (PDB code 6R1]), AhIB soluble
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(PDB code 6GRK), AhIB pore SeMet (PDB code 6GR]) and AhIB pore Form 2 (PDB

code
undel
Data

6H2F) have been deposited in the RCSB Protein Data Bank. The source data
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Supplementary Figure 1. Kyte and Doolittle hydrophathy plots. Kyte and Doolittle plots for B.
cereus NheA, NheB, NheC and A. hydrophila AhIA, AhlB, AhIC generated using ProtScale! . AhIB,
NheB, AhIC and NheC have a single predicted transmembrane region (green box) (>1.5), while
AhIA and NheA have no predicted transmembrane region. Red boxes highlight the predicted signal
sequences (SignalP 2) in Gram positive NheA, NheB, NheC proteins
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Supplementary Figure 2. Gel filtration purification for AhlB, AhIC, and AhIB+C in solution. Gel
filtration UV trace chromatogram (left) and SDS-PAGE (right). (a) AhlB forms a monomer in solution.
Lane 1 and 2 of the SDS-PAGE show cell free extract (CFE) and Gel filtration load respectively. (b) AhIC
forms a tetramer in solution. Lane 1 and 2 of the SDS-PAGE show CFE and Gel filtration load (c) A
1:2(w/w) mixture of AhlB (peak 2) and AhIC (peak 1) elutes as two separate peaks, showing AhIB and
AhIC do not interact in solution. The reduced absorbance of AhIC relative to AhIB because AhIC contains
no Trp residues and the extinction coefficients are 1490 M-' cm™! and 25440 M-! cm! for AhIC and AhIB
respectively. Lane 1, 2 and 3 of the SDS-PAGE show AhIB, AhIC, and AhIB/AhIC Gel filtration load
respectively. AhlB runs as a partially aggregated (90 kDa) species on SDS-PAGE when boiled?.
Monomric AhIB is smeared as no stack was used on the gel.
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Supplementary Figure 3 EM micrographs of erythrocytes and liposomes. (a) SDS-gels of top and bottom
fractions from liposome float assays where AhlA and AhIC, and AhlA and AhIB were incubated with liposomes (+)
and without liposomes (-). A schematic of the ultracentrifuge tube shows the location of the top and bottom
fractions and in which fractions liposomes and protein are expected. Source data are provided as Source Data file.
(b) Negative stain EM of ultracentrifugation pellet from AhlA+AhIB+AhIC (i), and AhIB +AhIC (ii). Side views of
groups of pores in micelles can be seen in both cases. Enlarged images are highlighted in red with individual pores
in red circles. (c) Fractions from negative controls of liposome float assays for AhIB (i), AhIBC (ii) and AhIABC (jii).
No ordered pore like complexes are seen when these proteins are incubated together in the absence of liposomes.
(d) Erythrocyte membrane (i) and liposomes (ii) in the absence of AhIABC components. Liposomes incubated with
AhIA (iii), and AhIC (iv). AhlA forms extended fibrous aggregates on the surface of the EM grid (highlighted by red
oval), but does not form any ordered assemblies on the surfaces of the liposomes. Liposomes are destroyed by
the presence of AhIC and form flat sheets on the carbon grid. (e) AhIB and AhIC together saturate some liposomes
with pores while others are left empty.
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Supplementary Figure 4. Stereo images of areas of the 2Fo-Fc electron density maps of
AhIB. An area of the density map (blue mesh), contoured at 1.0 o, (a) AhIB soluble(D63-N79
alpha 2 and Y117-N132 alpha 3) (b) SeMet AhIB pore, (V159-1178 alpha 3 and V233-L251
alpha 4) (c) AhIB pore Form 2 (Q162-G180 alpha 3 and A229-Q246 alpha 4).
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Aeromonas_Hydrophila_ahlb/1-361 98 ST KAQ|
Salinivibrio_proteolyticus|WP_077675767.1/1-358 97 ARKQE
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Photobacterium_profundum|WP_011221504.1/1-362 100 ATKE E!
Aquimarina_megaterium|WP_025665043.1/1-362 96 AT EAQ
Tetrasphaera_japonica|WP_048549692.1/1-370 105 STKAE
Yersinia_nurmii|WP_084728139.1/1-361 101 AFISQD

Aeromonas_Hydrophila_ahlb/1-361 203
Salinivibrio_proteolyticus|WP_077675767.1/1-358 202
Erwinia_mallotivora|WP_034933555.1/1-361 203
Chromobacterium_piscinae|WP_043629747.1/1-361 204
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Tetrasphaera_japonica|WP_048549692.1/1-370 210 AVECEBAAT
Yersinia_nurmii|WP_084728139.1/1-361 206 VVIICEAAT

Supplementary Figure 5. Sequence analysis of AhIB. Sequence alignment, using Tcoffee 4, of AhIB against other Gram negative bacteria identified
using BlastP 5. Region G176-A201 (a 3), loop, and V212-L234 (a 4) are highlighted. The two hydrophobic helices are conserved in all bacteria as well as

the highly conserved loop region.
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Paper 1

Supplementary Figure 6. Different packing of head domains in each crystal form of AhIB pore shows
flexibility in the head domain. (a) Superposition of AhIB Form 1 (dark green) and AhIB Form2 (light green)
based on residues from the tail domains, viewed from the head showing differences in the positioning of the
heads in each form, suggesting flexibility of the AhIB head domain.
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AhIB(pore type2)

ClyA(pore)
(PDB code 2WCD)

YaxA(pore)
(PDB code 6EL1)

YaxB(pore)
(PDB code 6EL1)

XaxA(pore)
(PDB code 6GY6)

XaxB(pore)
(PDB code 6GY6)

AhIB Z-score 10.9 Z-score 15.5 Z-score 12.7 Z-score 13.5 Z-score 5.6

Type1 RMSD 5.2 A RMSD 7.5 A RMSD 4.3 A RMSD 4.5A RMSD 3.8A
% ID 7% % ID 7% % ID7 % % ID 8% % ID 7%

AhIB Z-score 13.7 Z-score 18.1 Z-score 11.1 Z-score 20 Z-score 12.4

Type2 RMSD 4.1 A RMSD 3.7 A RMSD 3.5 A RMSD 5.6A RMSD 3.5A
% 1D 10% % ID 9% % ID 7% % ID 9% % ID 7%

Supplementary Figure 7. Structural superposition of AhIB (pore) with ClyA o-PFT family toxins.
Superposition of AhlB Type1 (yellow) and AhIB Type2 (green) with ClyA family a-PFT’s (grey) (aligned by
the DALI server ), with Z-scores, RMSD(Ca) and percentage sequence identity (%ID).
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Supplementary Figure 8. Undefined density at the center of the AhIB pore. a) View
looking down from the tail of the AhIB pore (green and yellow cartoon helices). 2Fo-Fc
Density map, contorted at 0.9 o (blue mesh), shows a large region of undefined density
blocking the center of the AhIB pre-pore. b) side view of the AhIB pore slabbed to show
the undefined density at the center. 2Fo-Fc Density map, contorted at 0.9 o (blue mesh).
The membrane is shown as a blue box.

Paper 1
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Supplementary Figure 9. Stereo images of an area of the 2Fo-Fc electron density
maps of AhIC. An area of the density map (blue mesh), contoured at 1.0 g, around alpha
helices 3 and 4 of chain P from (a) AhIC Form 1, (G184-N197 alpha3 and Q127-Q135
alpha4) (b) AhIC Form 2 (L127-L145 alpha 3 and G177-R196 alpha 4)
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a Crystal form 1

Crystal form 2

Supplementary Figure 10. Crystal packing of crystal Form 1 and crystal form 2 of AhIC shows
flexibility in the head of AhIC. (a) B-factor putty diagram of crystal Form 1 and 2, low B-factor (blue) to
high B-factor (red). Crystal form 1 has lower B-factors in the head domain and a more complete structure.
Crystal form 2 has higher B-factors in the head domain and is incomplete showing high flexibility. Cartoon
diagrams of the crystal packing of AhIC Crystal form 1 (b) and Crystal form 2 (c). The hydrophobic head
(white) of Q and Q’ (purple) in Crystal form 1 pack against neighboring hydrophobic heads in symmetry
related molecules (l). In Crystal form 2 packing prevents hydrophobic interactions and results in
disordered heads in Q and S (II).
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Supplementary Figure 11. AhIC head mutant L156T, L160T, L161T (AhICHM) purification and
haemolytic assays. (a) 1uM AhlA and AhIB with AhIC, AhICHM | Ah|C crosstink 1 or Ah|C crosstink 2 were
added to 0.25% (w/v) horse erythrocytes and incubated for 1hr at 37°C. Percentage haemolysis of 0.25%
(w/v) horse erythrocytes by the AHL a-PFT was calculated by measuring absorbance of the supernatant at
542nm, all assays were done in triplicate. Below are SDS-Page gels of cross linked AhIC product in cross-
link1 (glutaraldehyde) and cross-link2 (glutaraldehyde + 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride). All assays were carried out in triplicate (n=3) with values corresponding to the mean +
standard deviation. (b) Gel filtration UV trace chromatogram (i) and SDS-PAGE (ii),AhICHM forms a tetramer
in solution and in the crystal structure (iii). Source data are provided as Source Data file.
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Aeromonas_hydrophia_AhlC/1-266
Salinivibrio_proteolyticus|WP_077675766.1/1-272
Vibrio_campbellii|WP_005532948.1/1-272
Vibrio_sagamiensis|WP_039983191.1/1-272
Serratia_liquefaciens|WP_044553514.1/1-267
Erwinia_mallotivora|WP_034933556.1/1-267
Serratia_marcescens|WP_089197445.1/1-267
Chromobacterium_amazone [WP_071109675.1/1-266
Chromobacterium_piscinae |WP_043629750.1/1-266
Serratia_plymuthica|WP_065506631.1/1-263
Zu:.mtm _sp._JTO1|WP_067047004.1/1-267
hinobacterium_lividum|WP_072453574.1/1-270

Aeromonas_hydrophia_AhIC/1-266
Salinivibrio_proteolyticus|WP_077675766.1/1-272
Vibrio_campbellii|WP_005532948.1/1-272
Vibrio_sagamiensis|WP_039983191.1/1-272
Serratia_liquefaciens|WP_044553514.1/1-267
Erwinia_mallotivora|WP_034933556.1/1-267
Serratia_marcescens|WP_089197445.1/1-267
Chromobacterium_amazone [WP_071109675.1/1-266
Chromobacterium_piscinae [WP_043629750.1/1-266
Serratia_plymuthica|WP_065506631.1/1-263
Zo:.u:m _sp._JTO1/WP_067047004.1/1-267
hinobacterium_lividum|WP_072453574.1/1-270

Aeromonas_hydrophia_AhIC/1-266
Salinivibrio_proteolyticus|WP_077675766.1/1-272
Vibrio_campbellii|WP_005532948.1/1-272
Vibrio_sagamiensis|/WP_039983191.1/1-272
Serratia_liquefaciens|WP_044553514.1/1-267
Erwinia_mallotivora|WP_034933556.1/1-267
Serratia_marcescens|WP_089197445.1/1-267
Chromobacterium_amazone |WP_071109675.1/1-266
Chromobacterium_piscinae |[WP_043629750.1/1-266
Serratia_plymuthica|WP_065506631.1/1-263
Io\:mzm _sp._JTO1/WP_067047004.1/1-267
bacterium_lividum|WP_072453574.1/1-270

Supplementary Figure 12. Sequence analysis of AhIC. Sequence alignment, using Tcoffee 4, of AhIC against orthologous proteins from other Gram

127 AT IAG erUn>xDmr SLN
130 EKANITAG MZPOanDmr ALN
130 BEKAT I AG MZPUnmxxmr ALN
130 BKAT I AG UZPUanxmr ALN
127 ATIAG MZanmDOxr ELN
127 NSITAG M2r>n>200r TLN
127 ATISG SNLQGSQQQLDELN
127 AN AG m2r>n>00mr ALN
127 ANIIAG m2r>n>00mr ALN
123 ESITAS mEOrDﬁmDOxrm>rz
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193 QJQRQQGHLGQTTAFSQQFGSLIDRVSKVGNT I SLLGGEIANVARDAGQGD---P ELAR[IF FTABL255
196 QINQQQAFLMQTQHFNQDF SDLTDKVSKVGNALSFV IGBVNNIAGD | EHDGITDRSQ KLY FTAMS261
196 QUINQQESFLLQTQY FTQDLSDVMDKVGKVANS I SFIVGBIDNIASDIQHGD I TNRNQ IRLY FMABN261
196 QUINQQESFLLQTQY FTQDLSDVMDKVGKVANS I SFIVGBIDNIASDIQHGD I TNRDQ IRLY FMABN261
193 DJIRQQQ SFATQSTAFSQDLLDLSNHMLK IGNATEIVSNBIKNAEKNITDGD- - EQQLTKLF FTARBK256
193 Q SQQGFEFTQTQSLSGNFTTLVDKLTGLGSAITFLSRBIGNITHDLDDDV-~-PRQQIQLLFSVAL256
193 SWRQQQSFATQTAAFSQDLLELSNQMLK IGNATEFVSNBINNAEKNLSGAE--AQQLAKILFLTARNK256
193 QINQQQ SIFRDQT SHFSGDMSDL | DKVGK I NNSLQFVSSBLVNALNDLDQN- - - NKAAAKV F LT ABS255
193 QINQQQ SIFRDQT SHFSGDMSDL | DKVGK I NNSLQFVSSBLVNALNDLDQN- - - NKAAAKV F LT ABS255
189 DMIRQQQSEVTQTGAFSQGLLVLSNQMLR I DNT 1 EMI SNBIRNAEKNVSGGE--AQQLTKUFFTARK252
193 QIRALNTMQSASQLLGTDFRGVMGK | SGVKNAVDFLSSBILI I ESNLNDDS~-~- 1 FLI | ELK | KAB 256
196 QMIGA FNGMKAACQQLGADCQGLAAS | SDVRNAVNFLVSBLLEVSGDLDAGD- - AAVV | ALMAT AR S259

257

256 TEVRTEQVBAS
262 QELKSLVN
262 QELKTLIH
262 QELKTLIH
257 MSVKTILLV
257 MEVNTILVT
257 MSVGTILLT
256 ME I NTMLQ
256 ME I NTMLQ
253 MSVRTELV
257 TEVQMLAVBAS 267
260 TELATILGTHAA 270

negative bacteria, identified using BlastP 5. The hydrophobic head and residues K152, L249 and E257 in A. hydrophila AhIC are highlighted.
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AhIC AhIC
Chain P
(PDB code
6H2E)
YaxA (sol) XaxA (sol) ClyA(pore) ClyA (sol) NheA (sol) HbI-B  (sol)
(PDB code 6EK7) (PDB code 6GY8) (PDB code 2WCD) (PDB code 1Q0Y) |  (PDB code 4K1P) (PDB code 2NRJ)

Z-score 17.7 Z-score 18.3 Z-score 13 Z-score 9 Z-score 14.2 Z-score 14.3
AhiC RMSD 2.8 A RMSD 2.7 A RMSD 3.6 A RMSD 7.5 A RMSD 3.0 A RMSD 3.8 A
ChainQ | o p129% % 1D 11 % % ID 8% % 1D 8 % % 1D 13 % % 1D 12%
AhIC Z-score 13.4 Z-score 17 Z-score 13.2 Z-score 9 Z-score 13.2 Z-score 13.4
Chainp | RMSD4.0A RMSD 2.8 A RMSD 4.9 A RMSD 5 A RMSD 2.9 A RMSD 3.5 A

% ID 5 % % 1D 11 % % ID 7% % 1D 10 % % ID 13 % % 1D 13%

Supplementary Figure 13. Structural superposition of AhIC with ClyA «-PFT family toxins.
Superposition of AhlC chain Q (purple) and AhIC chain P (blue) with ClyA family a-PFT’s (grey) (aligned
by the DALI server8), with Z-scores, RMSD(Ca) and percentage sequence identity (%ID).
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a (i) Tail view b (i) Tail view

#i

(i) Head view

Supplementary Figure 14. Modelling of AhIBC pore into YaxAB

(a) Alternating AhIB type1 (yellow) and type2 (green) were aligned with YaxB in the YaxAB pore, while AhIC
(cyan) was aligned with YaxA. Clashes can be seen between AhIB type1 and AhIB type2 in both the tail (i) and
the head domains (ii). (b) AhIB type2 aligned with YaxB to produce a homo-oligomeric AhIB pore, with AhIC
aligned with YaxA. In this pore both the tails (i) and heads (ii) of AhIB pack without clashes.
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Supplementary Figure 15. Sequence analysis of AhlA. (a) Alignment of NheA and AhIA B-tongues which
are predicted to construct the a-3 and a-4 heads in the pore forms (upper), with Phyre2 7 model of AhIA (pink,
lower) compared to crystal structure of NheA (orange), both contain B-tongues (green hydrophobic, blue
hydrophilic), which could form 2 extended amphipathic helices assuming a similar mechanism of unfolding to
that seen in AhIB. (b) Helical wheels of predicted transmembrane region of the a-3 and a-4 heads in pore forms
of NheA (PDB code 1K1P), AhlA, and S. marcesecens generated using NetWheels (Mdl, A.R., Castro, M.S.
and Fontes, W. NetWheels Tool. http://Ibgp.unb.br/NetWheels/). In all three species the a-3 head has an
amphipathic helix whith a-4 heads hydrophilic. (c) Sequence alignment, using Tcoffee4, of AhlA against other
Gram negative bacteria identified using BlastP 5. Region D189-T207 (a-3 head) and K230-S248 (a-4 head) are

highlighted.
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Supplementary Table 1| Gram negative Bacteria identified from BlastP® searches as containing full

tripartite PFT systems

Organism

AhIA homologue

accession no. and
sequence identity
(sequence aligned)

AhIB homologue
accession no. and
sequence identity
(sequence aligned)

AhIC homologue

accession no. and
sequence identity
(sequence aligned)

Salinovibrio sp.

WP_069590127.1
43% (over 99%)

WP_069590129.1
77% (over 98%)

WP_069590131.1
51% (over 99%)

Erwinia mallotivora

WP_034933552.1
46% (over 99%)

WP_034933555.1
79% (over 99%)

WP_034933556.1
52% (over 100%)

Chromobacterium
piscinea

WP_052247043.1
50% (over 98%)

WP_043629747.1
78% (over 97%)

WP_043629750.1
47% (over 100%)

Vibrio campbelli

WP_005532943.1
35% (over 98%)

WP_005532945.1
62% (over 99%)

WP_00532948.1
48% (over 99%)

Serratia
marcescens

WP_099982517.1
44% (over 99%)

WP_09982518.1
62% (over 99%)

WP_09982519.1
43% (over 98%)

Paper 1

Serratia
plymuthica

WP_006320606.1
43% (over 99%)

WP_043912873.1
62% (over 99%)

WP_06550663.1
38% (over 98%)

Serratia
liquefaciens

WP_044553510.1
45% (over 99%)

WP_044553512.1
62% (over 99%)

WP_044553514.1
46% (over 100%)
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Supplementary Table 2|Primers used for cloning (restriction sites underlined)

Primer

Primer sequence

AhIA his forward

GGC GCT AGG TAC TAC ATA TGA CCACGA TCG CCA
CCC TGG

AhIA his reverse

ATC TAAAGC TTT TAG TGG TGG TGG TGG TGG TGA
GCG TCT GGC AGG ATG CC

AhlIA link his forward

GGC GGA CAC CAC CAC CAC CAC CAC

AhIA link his reverse

TCC GCC AGC GTC TGG CAG GAT GCC

AhIB his forward

CAG CCC ATA TGA CCA ACG CAA CAA CCATCA
CCATGG ACC AG

AhIB his reverse

ATC TCG AGG GCG GCC AGG CGC G

AhIC his forward

GGC GCT AGG TAC TAC ATA TGA GCAACG GCATTC
TTTCC

AhIC his reverse

TAA TCC TCG AGT TAG TGG TGG TGG TGG TGG GAA
GCG TCCACC TGC

AhIC HM SDM forward

GGAACTACTGGGCTGCCGGGCCTCATC

AhIC HM SDM reverse

CAGCCCAGTCAGGTAGAGTTTTTTCTTGTTGAGGGAGTC
G
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Description of Additional Supplementary Files

File name: Supplementary Data 1

Description: BlastP results for AhlA, AhIB, and AhIC with E value<0.01, Aeromonas Taxid excluded.
ClyA was not identified by any of the BLAST searches due to very low sequence similarity to any of the

Ahl components (E values of 3.7, 0.8 and 2.2 against AhlA, AhIB, AhlC, respectively).

To view file scan QR code or use link below:

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10777-
x/MediaObjects/41467_2019_10777_MOESM4_ESM .xIsx

File name: Supplementary Movie 1

Description: A Bi-fold hinge action is required for the conformational change from soluble AhIB to
Pore form AhIB. Soluble AhIB (starting image) undergoes a large-scale rearrangement about two
hinges to form the Type 1 AhIB pore form. To illustrate this, the soluble AhIB structure (start of movie)
was subjected to two rotations of 1352 about axes defined through the alpha carbons of 155-250, to
form intermediate 1, and 189-224 to form intermediate 2. This structure was then morphed into the
AhIB type 1 crystal structure to form intermediate 3 (pause 1), and then morphed again into the AhIB
type 2 structure (end of movie), during which a-3 and a4 untwist slightly, and the N and C terminal
helices rearrange. The hydrophobic head of AhlIB is coloured green, with the loop that protrudes from
the distal side of the membrane coloured blue/green. Intermediate coordinate files were produced

using Pymol ® and LSQman °.

To view file scan QR code or use link below:

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10777-
x/MediaObjects/41467_2019_10777_MOESM5_ESM.mov

Paper 1



Appendix A

Extended methodology - Ahl toxin

This appendix is an overview of the details of work done that was omitted or was only briefly
mentioned, from the results and discussion in Paper 1 (Section 3.3). This includes details of
the expression and purification of AhlA, AhIB, AhlC and AhlC head mutant (AhlIC HM),
crystallisation and subsequent structure determination of the pore form and soluble AhlB,
as well as the AhlC HM. It also outlines details of detergent trials used to select the best
detergent for use in subsequent assays and EM studies of the AhlIABC pore. Finally, details

of sample optimisation for cryo-EM of the final pore are presented.

A.1 AhlA, AhIB, and AhIC construct design

Constructs for AhlA, AhlB, AhlC, and AhlC HM were provided by Jason Wilson, Department
of Molecular Biology and Biotechnology, Sheffield. All constructs were full length, contained
a C-terminal Hisg tag and generated from genes AHX33179.1 (ahlA), AHX33180.1 (ahlB)
and AHX33181.1 (ahlC) from A. hydrophila strain AL09-71. Full details of cloning are

found in Paperl (Section 3.3).
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A.2 Overexpression and purification of AhlA, AhlB and

AhIC constructs

Protocols for overexpression of each construct had previously been established by Jason
Wilson, also purification protocols for AhlB, AhlC and AhlC HM had been established and
are described in Paperl (Section 3.3). However previous attempts to purify AhlA resulted in a
partially digested product and therefore a method was developed to produce stable full-length

AhlA for assays.

A.2.1 Purification of AhlA

To try and improve the stability of AhlA a twofold approach was used. First EDTA free
protease inhibitor was added to lysis buffer to reduce degradation by proteases, and secondly,
50 mM L-Arg and L-Glu were added to purified samples. Addition of L-Arg and L-Glu
has been shown to reduce aggregation and increase the solubility of proteins by masking
charged surface residues and also hydrophobic patches thus reducing surface interactions that
drive aggregation. Addition of L-Arg and L-Glu have also been shown to reduce proteolytic
cleavage and increase protein stability although the method by which this is achieved is as
yet unclear (Golovanov et al., 2004).

2 g of cell paste was resuspended in 25 ml lysis buffer (50 mM Tris-HCI pH 8 and
EDTA free cOmplete protease inhibitor (Roche) before lysis by sonication (3x20 s bursts at
16,000 nm A). Insoluble material was removed by centrifugation at 40,000 g and soluble
material was applied to a 5 ml Nickel Hi-trap column (GE Healthcare) in binding buffer
(50 mM Tris-HC1 pH 8 and 0.5 M NaCl). Protein was eluted on a gradient of binding
buffer to 50 mM Tris-HCl pH 8, 0.5 M NaCl and 0.5 M imidazole. AhlA eluted at 0.19 M
Imidazole in fractions 13-18 (Figure A.1A). 50 mM L-Glu and 50 mM L-Arg were added

to all fractions containing AhlA before concentrating down to 2 ml using a Vivaspin 30
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kDa MWCO concentrator (Sartorius). This sample was loaded on to a Superdex 200 pg
column (GE Healthcare) pre-equilibrated with 50 mM Tris-HCI pH 8 and 0.5 M NaCl. AhlA
eluted at a volume of 45 ml (fractions 3-7) as a large molecular weight complex, ( 501 kDa),
again 50 mM L-Glu and 50 mM L-Arg were added to all fractions containing AhlA. To
assess the stability of AhlA after purification by size exclusion chromatography, samples of
each fraction were run on SDS-PAGE. In all fractions, a single band of molecular weight
40 kDa was observed (corresponding to the molecular weight of AhlA) (Figure A.1B), in
contrast to previous purifications of AhlA which gave two distinct peaks of 40 kDa and 24
kDa (Figure A.1C). All fractions containing AhlA were pooled and concentrated down to a
final concentration of 4 mg/ml in a total volume of 200 u1 for assays. Although the yield of
soluble AhlA was still low this new purification method produced a stable undigested AhlA,

which could be used for biochemical assays.
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Figure A.1 Purification of AhlA. UV trace chromatogram (blue line) (top) and SDS-PAGE
(below). A) Purification by NiHP. AhlA eluted at 0.19 M imidazole (Green line, imidazole
gradient). Lane 1 and 2 of the SDS-PAGE show Mark 12 ladder and NiHP load respectively.
B) Gel Filtration for AhlA with 50 mM L-Glu + L-Arg. AhlA eluted as a single peak at a
volume of 45 ml. Lane 1 of the SDS-PAGE shows Mark 12 ladder. C) SDS-PAGE analysis
of samples from NiHP and Gel-filtration of AhlA without the addition of L-Glu and L-Arg
shows after Gel filtration, AhlA has been cleaved into 2 fragments of MWs 40 kDa and 24
kDa. Lane 1 and 2 of the SDS-PAGE show Mark 12 ladder and NiHP load respectively.
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A.3 Crystallisation, data collection and structure determi-

nation of AhlB

Crystallisation trials of AhlB pore

Selenomethionine derived AhlB was purified and concentrated before being subject to
crystallisation trials as described in Section 2.5.1 and Paperl (Section 3.3). Trials were
carried out in a 96 well sitting drop plate. Plates were then incubated at 17 °C and checked
regularly.

Crystals grew in five conditions shown in Table A.1. All conditions contained MPD and
either contained buffer or no buffer. All crystals were of sufficient size for subsequent data
collection (Figure A.2), and as such were mounted on litholoops (Molecular Dimensions)
and preserved in liquid nitrogen as described in Section 2.5.4.

The largest crystals from JCSG+ A1l were harvested and used for seeding in opti-
misations of the A1l crystallisation condition as described in Section 2.5.3 and Paperl
(Section 3.3). These produced larger single crystals in 60 % MPD, 0.2 M ammonium phos-
phate and 0.1 M Tris pH 8.5, which were mounted on litholoops (Molecular Dimensions)

and preserved in liquid nitrogen (described in Section 2.5.4), as shown in Figure A.2F.

A.3.1 X-ray data collection of AhlB pore

As discussed in Paperl (Section 3.3) and Section 2.5.9, selenomethionine incorporated AhlB
protein was used in crystallisation of AhlB to provide heavy atoms for initial phasing.

Data was collected from a single crystal at Diamond Light Source beamline 103 as
described in Section 2.5.7, with full data processing statistics given in section 3.3 (Paperl,
Tablel). First, a selenium edge scan was done to determine if selenium had been incorporated
into the protein and to find the peak and inflection energy for data collection (Figure A.3A).

To determine the % transmission to use, a test collection was done at peak energy (12659 eV).
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Figure A.2 Crystals of AhlB Semet. A) MPD H2, B) MPD H3, C) JCSG All, D) MPD
D6, E) MPD D11 F) Optimised AhlB crystals grown in micro bridges from seeding (left),
mounted crystal in litholoop (right).
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Table A.1 Initial crystals hits for AhlB Semet grown in 98 well sitting drop plates, (crystalli-
sation conditions, and resolution is given for each crystal.)

Crystallisation Salt Buffer Precipitant | Diffraction
condition
MPD H2 0.5M 0.1 M HEPES | 30% MPD 6.8 A
Ammonium pH7.5
sulfate
MPD H3 0.2 M Na 0.1 M HEPES 30 % MPD 6.5 A
citrate pH8.5
JCSG A1l 0.2M 0.1 M Tris 50 % MPD 7A
Ammonium pH8.5
phosphate
MPD D6 0.2 MK N/A 40 % MPD -
phosphate
MPD D11 0.2 M K citrate N/A 40 % MPD -

Five images were collected with oscillation 0.5 ©, exposure time of 0.5 s and transmission
of 20 % and 30 %. Finally, a dataset of 3600 images was collected with an oscillation per
image of 0.1 © (total 360 °), and transmission of 30 %. An example of a diffraction image is
provided in (Figure A.3B.), showing diffraction out to 3.2 A. Analysis of the self rotation
function in space group C2 at Chi=180 © showed peaks at omega=0 © and phi intervals of 36
©, peaks were also present at Chi=72 © omega=0 ° and Chi=36 ® omega=0 °, consistent with
10-fold non-crystallographic symmetry (Figure A.4). The unit cell parameters of a=363.6 A,
b=116.5 A, c=217.4 A, a=90 °, B=118 °, y=90 °© suggested a solvent content of 70 % would
give an asymmetric unit content of 10 molecules, as determined by the Matthews calculation
(Matthews, 1968) (Figure A.5). As AhIB contains 7 methionine residues in its sequence
these values indicate that 70 Selenomethionines were present in the asymmetric unit, and

therefore 70 Se atoms were searched for in the initial substructure determination.
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Figure A.3 AhIB SeMet SAD data collection. A) Fluorescence scan of AhlB SeMet crystal
at Se K edge carried out with 1s exposure and 3.2 % transmission. The black line shows
fluorescence at each wavelength, the blue line plots f” and yellow f”. Calculated using
CHOOCH (Evans and Pettifer, 2001). B) A representative 0.1 © oscillation image from AhIB
Semet. An enlarged view of the region highlighted by the square shows diffraction extends
to around 3.2 A.
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MOLREP

Self Rotation Function

RF(theta,phi,chi) max: 0.8668E+08 rms: 0.1361E+08 Rad : 40.00 Resmax: 6.00

Chi= 1800 Chi= 90.0

%

e

L~

X X
RFmax = 0.2147E+08 RFmax=0.7777E+08 X
RFmax = 02535E+07

Figure A.4 Self-rotation plots of AhlB Semet in space group C2. Self-rotation plots for
Chi=180 °, Chi=90 °, Chi=120 °, Chi=72 ° and Chi= 36 ° generated with a high res cut off
=6.0 A. At Chi=180 ° peaks can be seen at omega=0 ° and phi intervals of 36 °.
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| MN(mol) Prob(N) Prob(N) vm Vs Mw

| for resolution overall A**3/Da % solvent Da

e e e e e e e e e e e e e e e e e e e e e +
| 1 0.0000 0.0000 52.54 97.66 38689.00
| 2 0.0000 0.0000 26.27 95.32 77378.00
| 3 0.0000 0.0000 17.51 92.98 116067.00
| a 0.0000 0.0000 13.14 90.64 154756.00
| s 0.0000 0.0001 10.51 88.29  193445.00
| & 0.0003 0.0007 8.76 85.95  232134.00
| 7 0.0008 0.0014 7.51 B3.61 270823.00
| 8 0.0016 0.0025 6.57 81.27 309512.00
| 9 0.0028 0.0040 5.84 78.93  348201.00
| 10 0.0045 0.0058 5.25 76.59  386890.00
| 11 0.0079 0.0096 4.78 74.25  425579.00
| 12 0.0118 0.0141 4.38 71.91 464268.00
| 13 0.0172 0.0197 4.04 69.57 502957.00
| 14 0.0221 0.0248 3.75 67.23  541646.00
| 15 0.0278 0.0301 3.50 64.88 580335.00
| 16 0.0393 0.0411 3.28 62.54  619024.00
| 17 0.0514 0.0527 3.09 60.20 657713.00
| 18 0.0641 0.0649 2.92 57.86  696402.00
| 19 0.0793 0.0794 2.77 55.52  735091.00
| 20 0.0918 0.0906 2.63 53.18  773780.00
| 21 0.0996 0.0974 2.50 50.84 812469.00
| 22 0.1032 0.1001 2.39 48.50  851158.00
| 23 0.0998 0.0964 2.28 46.16  889847.00
| 24 0.0892 0.0859 2.19 43.82  928536.00
| 25 0.0720 0.0692 2,10 41.47  967225.00
| 26 0.0493 0.0475 2.02 39.13 1005914.00
| 27 0.0289 0.0278 1.95 36.79  1044603.00
| 28 0.0168 0.0162 1.88 34.45 1083292.00
| 29 0.0093 0.0090 1.81 32.11 1121981.00
| 30 0.0045 0.0044 1.75 29.77 1160670.00
| 31 0.0025 0.0024 1.69 27.43 1199359.00
| 32 0.0011 0.0010 1.64 25.09 1238048.00
| 33 0.0007 0.0007 1.59 22.75 1276737.00
| 34 0.0004 0.0004 1.55 20.40 1315426.00
| 35 0.0000 0.0000 1.50 18.06 1354115.00
| 36 0.0000 0.0000 1.46 15.72 1392804.00
| 37 0.0000 0.0000 1.42 13.38 1431493.00
| 38 0.0000 0.0000 1.38 11.04 1470182.00
+ S

B) Matthews probabilities based on 57477/60074 molecules.
T T T T
ol — Resol <= 3.00 222
-~ All PDB entries !

prob(Vs)
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Figure A.5 AhIB Semet (space group C2) Matthews calculation A)Table of the possible
number of molecules in the AU, with respective probability and percentage solvent content,
suggesting 22 molecules is the AU. B) A plot of the probability against the solvent con-
tent. Graph and table generated using online software at http://www.ruppweb.org/mattprob/
(Matthews, 1968).
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A.3.2 Structure determination, model building and validation of AhlB

pore

The AhIB Selenomethionine data set had an anomalous mid-slope of 1.025 as shown in
Section 3.3(Paperl Tablel). Initial phases were calculated using SHELX (Sheldrick, 2010).
SHELXC showed that anomalous signal was present (>0.8 d”/sig) out to 3.36 A. SHELXD
found 98 Selenium atom sites, within the range expected for 10 molecules of AhlB. Phase
calculation, density modification and heavy atom refinement using SHELXE reduced this to
54 selenium atom sites (Figure A.6A). Inspection of the sites showed strong density for 50 of
the 54 sites, 20 less than the expected value of 70. The missing sites were all located in the
first 13 N-terminal residues. These heavy atom sites and a solvent content of 76 %, were used
to calculate phases and run density modifications in SHELXE and the best density map was
produced for the inverted hand. Manual examination of the map for each hand against heavy
atom coordinates confirmed that the inverted hand was correct (Figure A.6B), and initial
phases were enough to see continuous density of helices within the protein (Figure A.6B).
Phenix “Find Helices and Strands” (Adams et al., 2010), was used in initial model
building to find and place alpha helices at a resolution of 5 A. Density modification using
this model and a solvent content of 76 % was carried out using the software Parrot (Cowtan,
2010). After two rounds of building using Phenix, and three rounds of refinement by Parrot, a
FOM=0.69 was achieved and the distinctive shape of a pore could be observed (Figure A.7A).
After initial placement of helices and density modification using Phenix and Parrot,
five further rounds of automatic building and refinement were carried out using Buccaneer
(Cowtan, 2010). The final cycle of building in Buccaneer had placed 4363 residues in 210
fragments, with the longest fragment being 145 residues. The final cycle of refinement
gave an R-factor of 0.41 and Free R of 0.47. This produced a model with almost complete
sequence for each of the 10 AhlB molecules in the structure and allowed the NCS in the AU

to be easily determined by eye. It was immediately apparent that each pore was constructed



120 Extended methodology - Ahl toxin

from 5 dimers of AhlB, with each dimer being made up of two conformations of AhlIB.
This gives the pore a distinctive 5-fold NCS. This discovery made it possible to use NCS
in model building. One dimer was chosen for manual model building using Coot and then
superimposed onto the other dimers using the LSQ function of Coot (Emsley et al., 2010).
Subsequent rounds of manual building and refinement using Coot (Emsley et al., 2010) and
REFMACS (Murshudov et al., 1997) produced a final model with R-factor of 0.22 and Free
R of 0.24 (Figure A.7B), full validation details can be found Paper]1 Table 1. Analysis of the
crystal packing clearly showed the two-fold symmetry down the B cell axis and the 10 and 5-
fold non-crystallographic symmetry of the pore down the C* cell axis, as well as large solvent
channels as predicted from a solvent content of 70 %. Hydrophobic heads of each subunit
pack against heads of neighbouring pores, providing large hydrophobic interfaces to stabilise
the crystal packing, likewise large hydrogen bonding interfaces between neighbouring tails

further stabilize packing (Figure A.7C).
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Figure A.6 Visual analysis of density maps from SHELX (Sheldrick, 2008) for AhlB
Semet. A) Selenium atom co-ordinates from ShelxD (left) and after density modification by
ShelxE (right). ShelxD placed 98 Se atoms. After density modification by ShelxE 44 atoms
were removed. B) 2Fo-Fc maps for both hands generated from the initial phase determination
of AhIB by SHELXE. Se atoms fit density for Inverted hand (left) and continuous density for
helices was visible, as such the inverted hand was chosen.



122 Extended methodology - Ahl toxin

Figure A.7 Initial and final models and electron density for AhlB after rebuilding and
refinement. 2Fo-Fc map contoured at 1.0 ¢ (blue mesh) and positive difference map
contoured at 2.99 o (green, positive, and red, negative, mesh). A) Model (Top) and density
map around Trp 286 (Below) after building and density modification with Phenix find helices
and Parrot. B) Final model after validation (top) and density around Trp 286, shows great
improvement with clear density for Trp286 and surrounding residues. C) Symmetry (Blue)
and unit cell (yellow lines) shown with final refined structure (red). Left, view looking down
C", clearly shows two-fold symmetry down the B axis (black line), and the 10 and 5-fold
non-crystallographic symmetry of the pore down the C" axis. Right, Hydrophobic heads of
pores pack against neighbouring heads within the crystal (green box). Large solvent channels
are seen explaining high solvent content when estimating the number of molecules in the
AU.
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A.3.3 Interface analysis of AhlB pore

The structure of the AhlB pore was analysed using the ePISA server (Krissinel and Henrick
(2007)) to identify the interfaces between monomeric AhlB subunits within the pore complex.
Two unique interfaces were identified between subunits (Interface 1, A<>B, C<>D, E<>F,
G<>J, H<>I) and (Interface 2, F<>A, B<>H, J<>C, D<>E, I<>G). The first of these interfaces
represents the interface between monomers within the five dimers, while the second represents
the interface between monomers of neighbouring dimers, as discussed in Section 3.3 (Paper
1). Both interfaces can be divided into three main regions, one in the tail, one in the neck
and one in the head. The tail and neck regions contain the interface hydrogen bonds and
salt bridges, while the head contains a large hydrophobic surface interface (Figure A.8 and
Figure A.9). The first interface has the greatest interface area (2800 A2, 66 % of the total
buried surface area), and interface residues (27 %) showing a stronger interface between the
two dimers than between neighbouring dimers (TableA2), however, both interfaces involve
a large Interface area, have a negative delta G and binding energy and both are involved in

forming a stable biological assembly (Table A.2).
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A) Hydrogen bonds Salt bridges
Monomer 1 Length Monomer 2 Monomer 1 Length Monomer 2
1 B:GLN 19 [ NE2] 3.1 | c:aLa 337 [ O ] 1 B:LYS 169 [ NZ ) 3.4 | Cc:ASP 175 [ OD1]
2 B:GLN 19 [ NE2) 29 C:GLY 338 [ 0 ] 2 B:LYS 169 [ NZ ] 3.8 c:ASP 175 [ OD2]
3 B:ARG 125 [ NH2] 3.3 C:ASN 67 [ OD1] 3 B:ASP 308 [ OD2] 3.7 C:ARG 105 [ NH1]
4 B:ARG 125 [ NH2] 31 C:LEU 66 [ O ] 4 B:ASP 309 [ OD1] 3.0 C:ARG 105 [ NE1]
6§ B:iSER 139 [ 0G ] 27 | C:GLN 32 [ OEl] 5 B:ASP 166 [ OD2] 2.9 C:ARG 241 [ NH1]
6 B:SER 140 [ 0OG | 32 c:GLN 33 [ 0 ] 6 B:ASP 166 [ OD2) 3.2 C:ARG 241 [ NH2)
7 B:GLN 143 [ NE2] 35/ C:GLN 32 [ 0 ] 7 B:ASP 166 [ OD1] 3.8 C:ARG 241 [ NH2]
8 B:ASN 284 [ ND2] 28 C:MET 336 [ O ] 8 B:ASP 292 [ OD2] 2.8 C:L¥S 333 [ NZ ]
9 B:ASN 284 [ ND2] 3.1|c:GLN 24 [ OEl] 9 B:ASP 328 [ OD1] 3.0 C:L¥S 333 [ Ng |
10 B:SER 291 [ 0G | 29 C:THR 75 [ 0Gl]
11 B:ASP 292 [ N ) 35| C:SER 78 [ 0G ]
12 B:GLN 335 [ NE2) 3.0 C:ALA 337 [ 0 ]
13 B:ASN 284 [ OD1] 26 C:GLN 24 [ NE2]
14 B:THR 280 [ 0Gl] 26 C:ASN 28 [ ND2]
15 B:ASN 133 [ 0D1] 26 C:LYS 31 [ NZ ]
16 B:SER 288 [ O | 38 C:SER 78 [ OG ]
17 B:ASP 292 [ oD1] 26 C:SER 78 [ 0OC ]
18 B:ASP 299 [ OD1] 28 C:ASN 82 [ ND2]
19 B:ASP 309 [ O | 3.0 C:GLN 106 [ NE2]
20 B:ASP 309 [ 0D2] 26 C:GLN 106 [ NE2]
21 B:ASP 156 [ OD1] 3.2| c:GLN 242 [ NE2]
22 B:GLU 254 [ OE2] 37| C:GLN 242 [ NE2]
23 B:ASP 156 [ OD1] 26 C:GLN 246 [ NE2]
24 B:LYS 152 [ O ] 3.3 C:GLN 246 [ NE2]
25 B:SER 151 [ O ] 26| C:SER 249 [ 0G ]
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Figure A.8 ePisa (Krissinel and Henrick, 2007) analysis of interface 1 within the AhlB
pore. A) Table of hydrogen bonds and salt bridges between Chain A (AhIB type 2 conforma-
tion) and B (AhIB type 1 conformation). Each table contains residue number, interacting
atoms and bond length. B) Dimer of AhIB chain A (green) and chain B (yellow). Red, blue
and purple boxes highlight interface residues in the tail, neck and head regions respectively.
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A Hydrogen bonds

Monomer 1 Length Monomer 2 Salt bridges

1 H:L¥S 31 [ NI | 24|c:GLN 19 [ OE1l] Monomer 1 Length Monomer 2
2 H:GLN 40 [ NE2] 3.3 | C:GLN 154 [ OE1] 1 H:ARG 241 [ NHZ]‘ 3.2’C:ASP 168 [ OD1]
3 H:GLN 70 [ NE2) 27| C:GLN 11 [ OE1]

4 H:iGLN 242 [ NE2) 3.0 C:ATA 161 [ O ]

5 H:TYR 245 [ OH ) 3.0 C:ASP 168 [ OD1)

6 H:TYR 245 [ OH | 3.7 |C:ASN 164 [ O ]

7 H:TYR 245 [ OH | 3.1 C:ASP 168 [ 0OD2]

8 H:ASN 28 [ OD1] 34| C:GLN 19 [ NE2]

9 H:L¥YS 31 [0 ] 3.1 C:ASN 274 [ ND2]

10 H:GLN 32 [ OE1] 3.2| C:GLN 271 [ NE2]

11 H:LEU 66 [ O ] 3.5/ C:GLN 281 [ NE2]

12 H:ASN 79 [ OD1] 27| C:ASN 3 [ ND2]

13 H:ASN 82 [ OD1] 3.2|C:tASN 3 [ ND2]

14 H:VAL 339 [ O ] 3.0 C:GLN 335 [ NE2]
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Figure A.9 ePisa (Krissinel and Henrick, 2007) analysis of Interface 2 within the AhlB
pore. A) Table of hydrogen bonds and salt bridges between Chain B (AhIB type 1 conforma-
tion) and H (AhIB type 2 conformation). Each table contains residue number, interacting
atoms and bond length. B) Dimer of AhIB chain H (green) and chain B (yellow). Red, blue
and purple boxes highlight interface residues in the tail, neck and head regions respectively.
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Table A.2 Analysis of the two interfaces between subunits in the AhIB pore. ePISA (Krissinel
and Henrick, 2007) results for AhIB pore dimer Interface 1 and Interface 2.

ePISA results Interface 1 Interface 2
Interface surface area (A2?) 2800 1500
Interface residues (%) 27 17

Delta G -37.9 -14.9
Binding energy -51.4 -20.6

A.4 Model building and validation of soluble AhlB

Having solved the pore structure of AhlB, previous data sets collected from other crystal
forms of AhIB by Jason Wilson were revisited (Wilson, 2016). Using data from AhIB crystals
he had grown, that were suspected to be in the soluble conformation, Jason used a truncated
model of a single chain of the type 2 conformation of the pore form of AhlB as MR model
(Figure A.10A). The MR model had residues 150-259 of a3 and a4 as well as large loop
regions, removed. Details of crystallisation conditions and data collection are described in
Paperl. Initial phases were calculated using Phaser MR (McCoy et al., 2007) as described in
Section 2.5.10 and Paper1 (Section 3.3). It could be seen that this crystal form was in the
soluble conformation and thus I built and refined this structure. Refinement of the model
placed by Phaser resulted in clear density for side chains and positive density for missing
helices (Figure A.10B). Subsequent automated model building using Buccaneer (Cowtan,
2006) placed 1071 residues in 7 fragments with three chains, 95.8 % of the residues were built.
The final cycle of refinement gave an R-factor of 0.30 and Free R of 0.39 (Figure A.10C).
The missing head domain was successfully built by buccaneer in two of the three chains

(Figure A.10C). Subsequent rounds of manual building and refinement using Coot (Emsley
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et al., 2010) and REFMACS5 (Murshudov et al., 1997) produced a final model with R-factor
of 0.22 and Free R of 0.25 (Figure A.11), full validation details can be found in Section3.3
(Paperl, Table 1). A full comparison between the soluble and pore forms of AhlB can be

found in Section3.3 (Paperl, Table 1).
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Figure A.10 Model building and refinement of soluble AhlB. A) Truncated AhIB type 2
model used as the search model for molecular replacement. B) 2Fo-Fc map contoured at 1.0
o (blue mesh) and difference map contoured at 2.99 ¢ (green, positive, and red, negative,
mesh), after refinement of PhaserMR (McCoy et al., 2007) model in Refmac (Murshudov
et al., 1997). Clear side-chain density can be seen around helices (left), while positive density
1s visible for missing helices (right). C) left, model after PhaserMR placed three copies of the
search model, Right, Model after automated model building and refinement with Buccaneer
(Cowtan, 2006). Bottom, Buccaneer successfully built residues 150-259 into positive density
in A. 2Fo-Fc map contoured at 1.0 ¢ (blue mesh) and difference map contoured at 2.99 ¢
(green, positive, and red, negative, mesh).
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Figure A.11 Buccaneer (Cowtan, 2006) and final validated models and electron density
for each chain of soluble AhIB. A) Model (Top) and density map around Phe 203 (Below)
in chain A (top), B (centre) and I (Bottom), after automated model building and refinement
with Buccaneer. B) Final model after validation and density around Phe 203, shows great
improvement in all chains. 2Fo-Fc map contoured at 1.0 o (blue mesh) and positive difference
map contoured at 2.99 ¢ (green, positive, and red, negative, mesh).
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A.5 Crystallisation, Data collection and structure determi-

nation of AhlC HM

A.5.1 Crystallisation trials of AhlC HM

To investigate whether the hydrophobic head of AhlC was important in binding to the
membrane, three leucine residues in the proposed binding segment were mutated to threonine
(L156T, L160T, and L161T), and the mutant (AhlC HM) expressed, purified and used in
assays by Jason Wilson. To confirm that the mutations had not disrupted the folding of AhlC,
I determined its structure.

AhlC HM was purified and concentrated before being subject to crystallisation trials as
described in Section 2.5.5 and Paperl (Section 3.3). Trials were carried out in a 96 well
sitting drop plate. Plates were then incubated at 17 °C and checked regularly. Crystals grew
in three conditions shown in Table A.3. All crystals were of sufficient size for subsequent
data collection (Figure A.12) and were mounted on litholoops (Molecular Dimensions) and

preserved in liquid nitrogen as described in Section 2.5.4.
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Table A.3 Initial crystals hits for AhlC HM grown in 98 well sitting drop plates, (Crystallisa-
tion conditions, Space group and resolution is given for each crystal.)

Crystallisation Salt Buffer Precipitant Diffraction | Space group
condition
JCSG E12 - 01M 10 % PEG 1.92 A P6,22
imidazole 8000
pH8.0
PACT C2 - 0.1 M PCTP 25 % PEG 2.59 A P2,2,2,
pH 5.0 1500
PACT H10 02 M 0.1 M Bis- 20 % PEG 2.23A P6,22
Sodium/potassium | Tris propane 3350
phosphate pH8.5

A.5.2 X-ray Data collection of AhlIC HM

Data was collected from a single crystal (PACT E12, Table A.3) at Diamond Light source
beamline 104 as described in Section 2.5.7 and Paperl (Section 3.3) with full data processing
statistics given in Section 3.3 (Paperl, Table2). A dataset of 2000 images was collected with
an oscillation per image of 0.1 © (total 200 ©), exposure of 0.04 s, and transmission of 60 %.
An example of a diffraction image is provided in (Figure A.13A), showing diffraction out to
2 A. Cell parameters (Section 3.3 (Paperl, Table2)) suggested 2 molecules in the asymmetric
unit with a solvent content of 45 %, as determined by the Matthews calculation (Matthews,

1968) (Figure A.13B).

A.5.3 Structure determination, model building and validation of AhlC

HM

Initial phases were calculated using a single chain of AhlC (PDB code 2H2E) as a search
model and Phaser MR (McCoy et al., 2007) as described in Section2 and gave 11 possible

solutions. The best solution had a refined TFZ score of 20.7 and LLG of 6418 and placed
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Figure A.12 Crystals of AhlC HM (left) and mounted crystal in litholoop (right). A)
JCSG E12, B) PACT C2, C) PACT H10.
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207 A
""" 2514
il:gé
as1A
astA
+ +
B) | N(mel) Prob(N) Prob(N) Vm Vs Mw |
| for resolution overall A**3/Da % solvent Da |
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Figure A.13 AhlC HM (PACT E12) data collection on beamline i04. A) A representative
0.1 © oscillation image from AhlC HM. An enlarged view of the region highlighted by the
square shows diffraction extends to around 2 A B) Soluble AhIB Matthews calculation.
Top, table of the possible number of molecules in the AU, with respective probability
and percentage solvent content, suggesting 2 molecules is the AU. Below, A plot of the
probability against the solvent content. Graph and table generated using online software at
http://www.ruppweb.org/mattprob/ (Matthews, 1968).
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two molecules in the AU. Refinement of this model using REFMACS (Murshudov et al.,
1997) gave an R-factor of 0.35 and Free R of 0.38. Subsequent rounds of manual building
and refinement using Coot (Emsley et al., 2010) and REFMACS (Murshudov et al., 1997)
produced a final model with R-factor of 0.23 and Free R of 0.28 (Figure A.14), full validation
details can be found in (Section 3.3) Paperl, Table2 (Section 3.3. In both chains, clear
electron density could be seen for all residues in the head domains (Figure A.14B), in
contrast to previous models of AhIC. In the final model, all three Leu to Thr (L156T, L160T,
and L161T) mutations fit density well (Figure A.15). The asymmetric unit contained a dimer
of AhIC (chains D and J), which by rotation about the crystallographic twofold axis formed a

222 tetramer (Chain JJ’ and DD’) (Figure A.16A).

A.5.4 Interface analysis of head domains in the AhlIC HM

Analysis of the crystal packing of symmetry mates in the unit cell shows that the head domain
of chain J packs against the tail domain of chain J° within the tetramer as well as Chain
D in the neighbouring symmetry-related tetramer. The head domain of chain D, however,
packs against Chain J* and Chain D’ tail domains within the tetramer (Figure A.16A). Closer
analysis of these regions showed that in Chain D Tyr 154 packs tightly into the tail domain
of neighbouring chain D forming a hydrogen bond interaction with Asp 231 resulting in
disorder in the tail helix after Asp 231 as shown by the positive difference density where
the residues could not be successfully built (Figure A.16B). This is not the case in Chain J
where Tyr 154 does not pack within the tetramer (Figure A.16B), instead the hydrophobic
residues Ile 167 and Val 171 form hydrophobic interactions with Ile 123 and Leu 127 in
Chain J of the neighbouring tetramer (Figure A.16C). In the head domain of Chain D Ile 123
and Leu 127 are exposed to the solvent (Figure A.16C). The Tyr-Asp interaction likely plays

an important role in tetramer assembly and stability, while the exposed hydrophobic residues
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Figure A.14 Model building and refinement of soluble AhlC HM. A) Left, model after
PhaserMR (McCoy et al., 2007) placed two copies of the search model. Right, model after
model building and Validation, the head domains of each chain is now complete. B) Model
and density map of the head domain of Chain A (top) and B (bottom) between Lue 148 — Val
171, after refinement of PhaserMR output (left) and the final model after validation (Right).
Both Chains are complete with clear density for most side chains. Significant movement of
the head domain in chain B was required in order to fit to density. 2Fo-Fc map contoured at
1.0 o (blue mesh) and difference map contoured at 2.99 ¢ (green, positive, and red, negative,
mesh).
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Figure A.15 Density around Thr 156 (top), Thr 160 (centre), Thr 161 (bottom). 2Fo-Fc
map contoured at 1.0 o (blue mesh).
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Figure A.16 Head domain Interface analysis for AhlC HM. A) Crystal packing for AhlC
HM, Symmetry generated molecules are shown in blue while the unit cell as yellow lines. B)
Chain D head domain packs tightly with neighbouring Chain D in the tetramer, Tyr 154 is
2.99 A from Asp 231 forming a hydrogen bond. Positive difference density where residues
could not be successfully built is highlighted in the tail domain by the blue circle. Below,
Chain J head domain does not pack and no hydrogen bond forms between Try 154 and Asp
231. C) Top, Hydrophobic residues (Ile 167 and Val 171) are exposed to solvent in Chain D,
however, in chain J they form hydrophobic interactions with Chain J tail in neighbouring
tetramer through crystal packing. 2Fo-Fc map contoured at 1.0 o (blue mesh) and difference
map contoured at 2.99 ¢ (green, positive, and red, negative, mesh).
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at the ends of o 3 - o 4 are important for membrane recognition and initiating disassembly

of the tetramer for the insertion of the hydrophobic head as described in Paperl (Section 3.3).

A.6 Detergent screens and electron microscopy of AhlA,

AhIB and AhIC

To study the pore-forming properties of AhlABC a suitable detergent had to be identified
that was able to effectively drive pore formation. To do this a new method was developed
using HPLC that allowed rapid screening of a large number of detergents. The successful
identification of a detergent allowed for both electron microscopy studies of single pores and
ultra-centrifuge assays as described in Paper] (Section 3.3), Section 2.6 and Section 2.4.1.

For AhIABC to form a pore, a conformational change must be induced by biological
membranes and/or detergents, with the pore purified in conditions that maintain this confor-
mation. Previous studies by Jason Wilson with the most common detergents (DDM, DOC),
failed to purify enough complex for structural studies. As a result, a more thorough screen
of detergents needed to be carried out to identify the best detergent for induction of pore
formation.

As screening many detergents is very time-consuming using a standard gel filtration
method, a method for screening detergents was developed whereby up to 100 detergents
could be screened using HPLC, using only 70 ul protein in each trial. All detergents screened

in this study were sourced from the Hampton Research detergent screen 1.

A.6.1 HPLC detergent screening against AhlB

AhIB was screened against 25 detergents, each at 10x CMC. To reduce the manual demand
in screening, a single buffer (50 mM Tris-HCI pH8 and 0.5 M NaCl) was used for all 25

detergents. 70 ul of 2 mg/ml AhlB was incubated with each of the 25 detergents for 4 hours
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at 37 °C. Two controls were also set up, one containing detergent incubated on its own and
one with protein incubated on its own.

A good detergent would be classified as one that produced a single peak on the chro-
matogram at an elution volume of 7 ml, without any significant peaks for the controls (the
detergent or the protein incubated on its own) and no degradation of the protein. Figure A.17A
shows chromatograms for three of the 25 detergents alongside the two controls. Each of
these three detergents produced a single peak, with no peaks for the controls. Detergent 10
(Lauryldimethylamine oxide) and 13 (Nonyl-f-D-glucopyranoside) produced a small peak
at 6.5 ml, while detergent 18 (N-Heptyl-f-D-thioglucopyranoside) had a large peak at 7
ml. These peaks were distinct from the detergent peaks (4.7 ml and 5.7 ml) and the protein
without detergent (10.9 ml) and showed no significant peaks at high volumes, which would
represent degraded protein. As a result, these samples were collected for negative stain EM
(Figure A.17). The most pores were observed in sample incubated with detergent 18 and as

such this detergent was chosen for further optimisation and trials with AhIB and C.

A.6.2 Detergent 18 trials with AhlB and AhlIC

As detergent 18 showed the best results in the initial trials with AhlIB, it was taken forward
for studies to purify a homogenous population of the AhlB+C pore for EM. Due to the cost
of this detergent in the first test, only low concentrations of detergent were used. AhlB and
AhIC at a 1:1 ratio (giving a total protein concentration of 2 mg/ml) were incubated with
detergent 18, at concentrations of 0.1, 1 and 2 x CMC. As with studies with AhlB alone,
controls were run containing AhlB+C without detergent and detergent without protein.
These samples were then run on the HPLC as described in Section 2.1.13. Figure A.18A
shows the chromatograms for each concentration and the controls. AhIB+C without detergent
shows a large peak at the expected elution volume for AhlB, however there is no discernible

peak for AhIC alone. There is however a small peak at the expected elution volume for the
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Figure A.17 Chromatograms from best 3 detergents at 10 x CMC from initial screens
with AhIB. The first 2 chromatograms show detergent on its own and protein on its own.
The bottom 3 chromatograms show each detergent incubated with AhlB, the best detergent
being 18 at the bottom and the worst being 10 at the top. B) TEM negative stain images of
samples taken from the initial detergent screen, magnified images of regions highlighted in
red are shown below. Left, image taken of AhlB incubated with detergent 10 for 4 hours at
37 °C. Small groups of pores can be seen highlighted in red. Centre, AhIB incubated with
detergent 13 for 4 hours at 37 °C. Individual pores are visible, highlighted in red, also large
aggregates can be seen. Right, AhlB incubated with detergent 18 for 4 hours at 37 °C. Side
on views of Multiple pores in micelles can be seen.
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pore, suggesting AhlB+C may be forming oligomers without the help of detergent. There are
also small peaks at a high elution volume, this might be degraded protein or contamination.
As the detergent concentration increases, the peak at 7 ml increases to a maximum at 1 x
CMC. At 1 x CMC no monomeric protein peak is present but the peaks at high elution
volume have increased. By 2 x CMC the peak at 7 ml has fallen away and a large broad
peak has appeared around 11 ml. At this concentration, the detergent seems to be hindering
pre-pore formation (Figure A.18A).

Samples of potential pore complexes in detergent concentrations 0.1 x CMC and 1 x
CMC were collected and diluted down to 0.02 mg/ml and 0.2 mg/ml protein concentration for
negative stain EM studies (Figure A.18B). However, samples at 1 x CMC formed precipitate
and could not be used. Side views of pores in detergent micelles could be seen for the 0.1 x

CMC sample on the carbon grids, showing successful induction of pore formation.

A.6.3 Detergent 18 trials with AhlA, AhlB, and AhIC

Due to low yields of AhlA from purification, not enough sample was available to carry out
HPLC screens of detergent with AhlA, AhlB and AhIC together, Instead, all three proteins
were incubated with detergent 18 at 1x CMC as described in Section 2.1.13. The resulting
sample was loaded onto a carbon coated grid and observed negative stain EM to see if pore
formation had been induced. Single pores were visible in this sample (Figure A.19A) showing
that the detergent N-Heptyl-B-D-thioglucopyranoside was able to induce pore formation in
AhIB, AhIBC and AhIABC and could be taken forward for ultracentrifugation studies to
determine the composition of the pores (Section 2.4.1 and Paperl (Section 3.3)).

Two negative stain micrographs of AhlABC incubated with detergent 18 were used
for 2D classification. Negative stain micrographs (7.18 A/pix) were imported to cisTEM
(Egelman et al., 2018) for processing. The CTF (contrast transfer function) of each image

was estimated to a maximum resolution of 18 A. Particles were picked with a maximum
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Figure A.18 Chromatograms of AhlB and AhIC incubated with detergent 18 at 3 con-
centrations. The first 2 chromatograms show detergent on its own and protein on its own.
The bottom 3 chromatograms show AhIBC incubated with Detergent 18, detergent concentra-
tion increases from 0.1-2 x CMC top to bottom. B) TEM negative stain images of AhlB and
AhIC incubated with 0.1 x CMC detergent 18. Side on views of pores are visible in detergent
micelles.
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particle size of 180 A and a characteristic particle radius of 80 A (based on expected AhIABC
pore size from Paperl (Section 3.3)). A few extra ‘pores’ were added manually resulting
in 966 particles. Images in Figure A.19B show some particles, but many of these look like
aggregates as well as more obvious pores. These may be oblique views of the pore, however
more particles would be required to fill these views to generate good 2D classes. Particles
were extracted with a box size of 48 pixels (450 A), and used in 2D classification, with
10 classes, 20 iterations, a max resolution of 18 A, a mask radius of 90 A, and an angular
search step of 5 °. Signal was lost by iteration 20, so iteration 7 was selected (Figure A.19C).
Classes are quite ambiguous as expected from the low image number. Class 4 shows a
possible pore with a diameter of 140 A, this could represent an AhIB pore (Figure A.19C).
The other classes are more ambiguous and vary in size, these could represent other pore
complexes or detergent micelles. Further optimization of the sample to remove micelles and
ensure a single pore species is present is needed, as well as the collection of more images to

generate better classes of other pore views.

A.6.4 Optimisation of AhlB pores with detergent.

The crystal structure of the AhlB pore suggests a plug is formed in the centre of the
oligomer by the 15 missing N-terminal residues of the type 2 AhlB monomers. To try
and determine if this is the case, samples of AhIB pores were generated and optimised for
single-particle cryo-electron microscopy. 2 mg/ml AhlB was incubated with the detergent
N-heptyl- B-D-thioglucopyranoside for 1hr at 37 °C. The sample was loaded onto a Super-
ose 6 column pre-equilibrated with 0.5 M NaCl, 50 mM Tris pH8 and 1x CMC N-heptyl-
B-D-thioglucopyranoside. AhIB eluted from the column at a volume of 9.5-13.5 ml (Fig-
ure A.20A). Fractions 12, 14, 16, and 18 were loaded onto carbon coated grid as described in

Section 2.6.1, for analysis by negative stain EM. Pores could be observed in all fractions,
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Figure A.19 AhIABC forms pores when incubated with 1 x CMC of detergent 18.
A)TEM negative stain images of AhlA+AhlB+AhIC incubated with detergent shows top and
side views of single pores of diameter 130A +/- 20 A. Right - a magnification of the area of
the original image highlighted in red showing two top views of pores and a side view. B)
Particle picking based on a maximum particle radius of 180 A. C) 2D classes from iteration
7. Class 4 is the only class to contain a pore-like object.
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with the best pores in sample 14 (Figure A.20B), however the pores in these fractions were
mostly grouped around small detergent micelles with only a few single particles.

To try and increase the number of single pore particles, samples from fractions 14, 15, 16
and 17 were buffer exchanged into 0.5 M NaCl, 50 mM Tris pH8 with the aim of breaking up
the large micelles while maintaining pore assembly. Figure A.21A shows buffer exchanged
sample from fraction 17. Dispersed single particles of approximately 10 nm diameter could
be seen, as a result, this sample was loaded onto Quantifoil holey carbon grids and plunge
frozen in liquid ethane, as described in Section 2.6.1. The sample was loaded into a Techni
Arctica microscope under cryo conditions as outlined in Section 2.6.3. As with the negative
stain samples single particles could be seen on the carbon film however no particles were
observed in the holes. As images are collected at a low dose for high-resolution Cryo-EM,
particles must be concentrated in vitreous ice-filled holes to ensure the background is low and
contrast is high. Unfortunately, this meant that no high-resolution data could be collected.
(Figure A.21). Optimisation by varying the pH, glow discharge times and grid type (graphene
oxide vs carbon) failed to improve particle distribution. Further optimisation of the grid and

sample preparation will be needed before any data can be collected.
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Figure A.20 Optimisation of AhIB pores for Cryo-EM. A) Gel filtration UV trace chro-
matogram (left) and SDS-PAGE (right) of AhIB incubated with 1 x CMC N-heptyl--D-
thioglucopyranoside (detergent 18). SDS-PAGE show Lane 1, Mark 12 ladder; Lane 2,
Fraction 6; Lane 3 — 10, Fraction 11-18. AhIB elutes mostly in fractions 12-15. B) TEM
negative stain images of Fractions 12 (top left), 14 (top right), 16 (bottom left), 18 (bottom
right). Pores are visible in all fractions highlighted in red.
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Figure A.21 Optimisation of AhlB pores. A) Removal of detergent from purified samples
by buffer exchange into 0.5 M NaCl, 50 mM Tris pH 8 gave more disperse single pores. B)
Cryo-EM images of sample from A. All pores are concentrated on the carbon film (red circle)
with no particles in the holes.






Chapter 4

Paper 2

4.1 Summary

The second paper in this thesis is a crystallisation article discussing the generation, expression,
and purification of SmhA protein construct generated from the ORF for Serratia marcescens
MSU-97 (NCBI accession number OKB64935.1). The paper also details suitable conditions
to generate diffraction quality crystals as well as subsequent SAD data collection and phasing,
using Selenomethionine derivative SmhA. Finally, preliminary data analysis is discussed for
SmhA, the first structural data collected from an A component of a Gram negative tripartite
a-PFT. Details of work done that was omitted, or was only briefly mentioned, from the

results and discussion in this paper can be found in Appendix B (page 209)

4.2 Author contributions
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T.H.S and S.E.S performed the experiments; P.J.B., A.M.C.-A. interpreted the data and P.J.B.

and A.M.C.-A. prepared the paper with input from all authors. Experimentally, I carried out
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the construct design, protein production purification, crystallisation and data collection of

SmhA.

4.3 Paper 2

Paper 2 manuscript will start on the next page.
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Tripartite a-pore-forming toxins are constructed of three proteins (A, B and C)
and are found in many bacterial pathogens. While structures of the B and C
components from Gram-negative bacteria have been described, the structure of
the A component of a Gram-negative a-pore-forming toxin has so far proved
elusive. SmhA, the A component from the opportunistic human pathogen
Serratia marcescens, has been cloned, overexpressed and purified. Crystals were
grown of selenomethionine-derivatized protein and anomalous data were
collected. Phases were calculated and an initial electron-density map was
produced.

1. Introduction

Tripartite a-pore-forming toxins («-PFTs) are members of
the ClyA a-pore-forming toxin family (Fagerlund et al., 2008;
Wilson et al., 2019); however, unlike ClyA, where the pore is
formed from an oligomer of a single protomer, three proteins
(A, B and C) are involved in active pore formation (Sastalla et
al., 2013; Lindbéck er al., 2004; Wilson et al., 2019; Beecher &
Macmillan, 1991). In the ClyA family the active pore is formed
when the soluble protein(s) undergo a large-scale conforma-
tional change to expose the membrane-binding regions, with
protomers assembling into a hydrophilic-lined pore (Benke et
al., 2015; Roderer & Glockshuber, 2017). It is proposed that
each protein of the tripartite «-PFT (A, B and C) fulfils a role
in the active pore that is provided by different regions of the
ClyA protomer (Wilson et al., 2019). The C component makes
the first attachment to the target cell, binding to a single leaflet
of the membrane, and is equivalent in function to the -tongue
region of soluble ClyA. In ClyA the pore is completed by the
N-terminal amphipathic helix of each protomer assembling to
construct the membrane-spanning, hydrophilic-lined pore of
the oligomer (Roderer & Glockshuber, 2017, Wallace et al.,
2000; Benke et al., 2015). In the tripartite «-PFTs the A and B
components are functionally equivalent to this region of ClyA.
The B component acts as the pore-forming unit, using two
hydrophobic helices to span the membrane, with the A
component proposed to provide amphipathic helices that
produce the hydrophilic interior lining of the oligomeric pore
(Wilson et al., 2019; Mueller et al., 2009; Benke et al., 2015).
Tripartite «-PFTs were first identified in the pathogenic
Gram-positive bacterium Bacillus cereus, when the Hbl
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system, and later the Nhe ABC system, were identified as vital
toxins in its pathogenicity and the cause of a major food-
poisoning outbreak in Norway (Thompson et al., 1984; Lund &
Granum, 1996; Beecher et al., 1995). The tripartite o-PFT
family has recently been expanded into a large number of
clinically and economically important Gram-negative bacteria,
including the fish and opportunistic human pathogen Aero-
monas hydrophila (Wilson et al., 2019). The «-PFT toxin
AhIABC from A. hydrophila, like Nhe ABC, has been shown
to be lytic to mammalian cells and forms pores in membranes
(Wilson et al., 2019; Lindbéck et al., 2004).

Structures of soluble AhIB and AhIC, and also a pore
structure of AhIB, have been solved by X-ray crystallography;
however, a structure of the A component from a Gram-
negative «-PFT has yet to be determined (Wilson et al., 2019)
and thus the structural role of this protein in the active pore is
as yet unknown. Within the Gram-positive B. cereus a-PFTs,
only the structures of NheA (PDB entry 4k1p; Ganash et al.,
2013) and HbIB (PDB entry 2nrj; Madegowda et al., 2008)
have been determined. HbIB is functionally equivalent to
AhIC, yet these two proteins share less than 10% sequence
identity and their structures are significantly different (Wilson
et al, 2019). Similarly, NheA and AhIA share only 6%
sequence identity, and thus structures of the A component
from the Gram-negative bacterial a-PFT systems may also
vary substantially from that of NheA.

Serratia marcescens is a nosocomial human-pathogenic
Gram-negative bacteria (Su et al., 2003; Kurz et al., 2003;
Iguchi et al, 2014). Genomic analysis has shown that it
possesses an «-PFT with three proteins (SmhABC) homo-
logous to the AhIABC proteins (Wilson et al., 2019).

In this paper, we present the overexpression, purification
and crystallization of SmhA and show the first electron-
density map for an A component of a Gram-negative tripartite
o-PFT.

2. Materials and methods
2.1. Macromolecule production

2.1.1. Cloning and overexpression. The open reading frame
for SmhA from S. marcescens MSU97 (NCBI accession No.
OKB64935.1) was synthesized and cloned into the pET-21a
expression vector by GenScript to contain a C-terminal Hisg
tag.

The plasmid was transformed into an Escherichia coli
BL21 (DE3) expression cell line (NEB). One colony was used
to inoculate a 250 ml flask containing 50 ml Luria-Bertani
(LB) broth supplemented with 100 g ml™" ampicillin and was
grown overnight at 37°C. 10 ml of this overnight culture was
then used to inoculate 500 ml LB broth supplemented and
incubated as described above until an ODgy, of 0.6 was
reached, at which point protein expression was induced by the
addition of 1mM isopropyl p-p-1-thiogalactopyranoside
(IPTG). Protein expression was carried out overnight at 16°C.

To prepare selenomethionine-incorporated SmhA, 2 x
500 ml of cells were grown as described above and harvested

Table 1
Macromolecule-production information.

Source organism S. marcescens MSU97

Restriction sites Ndel/Xhol
Cloning vector pET-21a(+)
Expression vector pET-21a(+)

Expression host E. coli BL21 (DE3)
Complete amino-acid sequence  MNNLTSIDLSPQTLMAMHISISSQALLNQS
of the construct produced YSNLLLSQQLLTSQSMDPGLTVKIKAYQ
NQLRQQAQVFKQONTVAELIGLYTKASNF
AALVNAVNALYSTEDPQVSQKGAEMVAA
LSDVAQHYQAAAQAVHTQLQAKREMLEP
LMGNFLNVIDAIEQGLNAEAKQQAQTIA
ELNEAIAKNIQSIADAGFKAGEGVVQLG
QSIVAAVPLGPTDKKPKEAPTAPPKPLS
DQASYMISGIQAISAGASGAQQAVNELK
ANYAKLAVAYRALATANALLSVAKSVQA
QAQLFVDTYVLTEQRMALLPTEWGKVAE
AYLTAAPIINQAGSAAEIKQAKQIISLN
AEKWQLFSKSIDNAKANYAGNNILPEVL
EHHHHHH

prior to induction. The cells were washed and resuspended in
selenomethionine minimal medium [10.5g1™" K,HPO,,
1.0gl™" (NH,),S0,, 45g1™" KH,PO,, 051" trisodium
citrate-2H,0, 5.0 g 1™ glycerol and 0.5 g 17" each of adenine,
guanosine, thymine and uracil; medium A] and added to
2 x 500ml of medium A supplemented with 1.0gl™"
MgSO,-7H,0, 4.0 mg 1" thiamine; 100 mg 1™ each of L-lysine,
L-phenylalanine and 1-threonine; 50 mg 1™" each of vL-isoleu-
cine, L-leucine and L-valine; and 40 mg 17! seleno-L-methio-
nine. Growth was continued until an ODyy, of 0.6 was reached
before induction with 1 mM IPTG. The protein was expressed
overnight at 16°C. The cells were harvested and pelleted
before storage at —25°C.

2.1.2. Purification. Harvested cells of either native or
selenomethionine-derivatized (SeMet) SmhA were defrosted,
resuspended in lysis buffer (50 mM Tris pH 8.0) and lysed by
sonication (3 X 20s bursts at 16 pm amplitude). Insoluble
material was removed by centrifugation at 40 000g for 15 min.
The supernatant was applied onto a 5ml nickel HiTrap
column (GE Healthcare) in binding buffer (50 mM Tris pH
8.0,0.5 M NaCl). The protein was eluted with a linear gradient
of 0-1 M imidazole in binding buffer and fractions containing
protein were pooled, concentrated and buffer-exchanged into
50mM Tris pH 8.0, 10mM NaCl for crystallization; the
purification was analysed by SDS-PAGE. Macromolecule-
production information is summarized in Table 1.

2.2. Crystallization

Purified SmhA was concentrated to 7 mg ml™" for crystal-
lization using a Vivaspin 30 kDa molecular-weight cutoff
concentrator (Sartorius). The concentrated protein was used
to set up 96-well sitting-drop crystallization trials using a TTP
LabTech Mosquito LCP robot, with both 200 nl:200 nl and
200 nl:100 nl well solution:protein solution drops, and stored
at 7°C. Crystallization-condition suites used for preliminary
screens included JCSG+, PACT premier, MPD, Morpheus,
ProPlex and AmSO4 (Qiagen and Molecular Dimensions).
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Initial crystals of both native and SeMet SmhA grew in
PACT premier condition B11 (0.2 M MES pH 6, 0.2 M CaCl,,
20% PEG 6000). Optimization (using a Formulatrix Formu-
lator robot) of the SeMet SmhA crystals around PACT
premier condition B11 in a 96-well sitting-drop plate with
200 nl:200 nl drops gave larger more defined crystals from
0.1 M MES pH 6.1, 0.14 M CaCl,, 21% PEG 6000 (Fig. 1).
Crystallization information is summarized in Table 2.

2.3. Data collection and processing

A single SeMet SmhA crystal was flash-cooled in liquid
nitrogen using a cryoprotectant consisting of 20% ethylene

Table 2

Crystallization.

Method Sitting-drop

Plate type 96-well sitting drop
Temperature (K) 280

Protein concentration (mg ml~") 7

Buffer composition of protein solution
Composition of reservoir solution

50 mM Tris pH 8.0, 10 mM NaCl

0.2 M MES pH 6, 0.2 M CaCl,,
20% PEG 6000

Volume and ratio of drop 200 nl:200 nl

Volume of reservoir (pl) 50

glycol, 0.2 M MES pH 6, 0.2 M CaCl,,20% PEG 6000 and data
were collected at the selenium absorption edge (0.9792 A) on
beamline 103 at Diamond Light Source (DLS; Fig. 2). Data

(a)
Figure 1

()

(a) Native SmhA crystals grown in PACT premier condition B11 (0.2 M MES pH 6, 0.2 M CaCl,, 20% PEG 6000). (b) SeMet SmhA crystals grown in
optimized conditions based on PACT premier condition B11 (0.1 M MES pH 6.1, 0.14 M CaCl,, 21% PEG 6000).

Figure 2
A representative 0.1° oscillation image from an SeMet SmhA crystal collected using an EIGER2 XE 16M detector on beamline 103 at Diamond Light
Source. An enlarged view of the region highlighted by the square shows that diffraction extends to around 3.3 A resolution.
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were processed to 3.3 A resolution using the xia2/DIALS  of stable protein. The expression of A. hydrophila AhlA using
pipeline (Winter et al., 2018) and showed that the crystal — constructs generated from genomic DNA in E. coli BL21 cells
belonged to space group P4,, with unit-cell parametersa=b= (Wilson et al., 2019) produced protein for assays, but the yield
1518, c = 1340 A (Table 3). was low and insufficient for crystallization. Pairwise sequence
alignment of AhlA with S. marcescens SmhA shows 43%
identity and 53% similarity (Supplementary Fig. S1), identi-
fying SmhA as a good candidate for structural studies of the A
component from a Gram-negative bacterium. As with AlhA,
initial attempts to overexpress SmhA using constructs from

Structural studies of the tripartite toxins have been  genomic DNA also proved unsuccessful. To try to improve
hampered in part by difficulties in producing large quantities  expression in E. coli BL21, the SmhA gene (NCBI accession

3. Results and discussion

3.1. Construct design

Native SmhA SeMet SmhA

Ladder Ladder

(kDa) 4 2 3 4 (Da) 1 2 3 4

<ISmhA

(a)
Native SmhA SeMet SmhA
Ladder Ladder
kDa) 1 2 3 4 5 & (kDa) 1 2 3 4 5

<]SmhA <]SmhA

144
(b)

Figure 3

(a) SDS-PAGE gels showing overexpression of native and SeMet SmhA. Lane 1, pre-induction insoluble fraction; lane 2, pre-induction soluble fraction;
lane 3, post-induction insoluble fraction; lane 4, post-induction soluble fraction. () SDS-PAGE gels showing nickel HiTrap column purification of native
and SeMet SmhA. Lane 1, cell-free extract; lanes 2-5/6, elution fractions from the nickel HiTrap column. Fraction 6 and fractions 4 and 5 (native and
SeMet, respectively) were >90% pure and were used for crystallization.
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No. OKB64935.1) was synthesized and optimized in both GC
content and codon usage for expression in E. coli (GenScript).
This resulted in 38% of the codons being altered (Supple-
mentary Fig. S2). This new construct was successfully used to
express SmhA in E. coli with a C-terminal 6xHis tag and,
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Figure 4

Mass spectrum for native SmhA (top) and SeMet SmhA (bottom) as used
for crystallization. A molecular weight of 40 363.8 Da for SeMet SmhA
(the molecular weight of native SmhA with a His, tag is 39 942.4 Da)
shows the incorporation of selenium at all nine methionine sites.

Figure 5

Initial electron-density map contoured at 1.00 (blue) and an anomalous
difference map (positive, green) showing a helical section of SmhA.
Density can be seen for the side chains of Trp305 and Met298, with
positive difference for the Se atom (shown as a cross) in Met298.

Table 3
Data collection and processing.

Values in parentheses are for the outer shell.

Diffraction source 103, DLS
Wavelength (A) 0.9792
Temperature (K) 100

Detector EIGER2 XE 16M
Rotation range per image (°) 0.1

Total rotation range (°) 360

Exposure time per image (s) 0.008

Space group P4,

a,b,c(A) 151.8, 151.8, 134.0
a, B,y (%) 90, 90, 90

Mosaic spread (°) 0.19

67.9-334 (3.40-3.34)
612546 (30358)
44270 (2175)

Resolution range (A)
Total No. of reflections
No. of unique reflections

Completeness (%) 100 (98.5)
Multiplicity 13.8 (14.0)
(Ilo (1))t 4.7 (1.0)
Riim 0.118 (0.759)
Overall B factor from Wilson plot (A?) 56.626

+ The high-resolution cutoff for the data was automatically determined in the DIALS
pipeline, which uses CCyp, = 0.5 as the limit of usable data. For the outer shell the mean
Ilo(I) is 2.0 at 3.7 A resolution.

following nickel column purification, resulted in protein with
>90% purity and a good yield (9.5 mg 1™"; Fig. 3).

3.2. Data analysis of SmhA

Analysis of the Matthews coefficient for SeMet SmhA
showed that the asymmetric unit most likely contained
between six and ten molecules with a solvent content between
63% and 38%, respectively, with eight molecules being the
most probable, with a V), value of 2.39 A*Da" and a solvent
content of 48% (Matthews, 1968; Kantardjieff & Rupp, 2003).
Mass spectrometry showed that the molecular weight of
SeMet SmhA was 40 363.8 Da, which is 421.4 Da more than
the native sample, indicating full incorporation of Se atoms
into the nine methionine residues of the protein and also
indicating that the protein was of high purity (Fig. 4). In order
to maximize the quality of the single-wavelength selenium
anomalous signal, data-collection parameters were chosen to
minimize radiation damage, whilst still providing good multi-
plicity, albeit at the expense of resolution. A beam size of 80 x
20 um was selected to match the dimensions of the crystal,
with a beam transmission of 20%, giving a flux of 7.44 x
10" photons s™'. 3600 images of 0.1° and an exposure of
0.008 s gave a data set with a half-set correlation coefficient of
1.0, an anomalous multiplicity of 7.0 and an anomalous
correlation coefficient of 0.2 with no obvious signs of radiation
damage. Selenium positions were calculated from these Se
SAD data, and an initial density map and model were
generated using the CRANK?2 pipeline (Skubak & Pannu,
2013; Fig. 5). A preliminary initial model of SmhA, placing
2809 residues assigned to 28 fragments, was automatically built
into the electron density. Visual inspection of the map and
model confirmed that eight molecules were present in the
asymmetric unit, with the side-chain positions of the methio-
nine residues clearly aligned with the positive density of the
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anomalous difference map. A self-rotation function calculated
using the data between 50 and 6 A resolution showed the
presence of a noncrystallographic twofold axis perpendicular
to the crystallographic fourfold (peak of 88% of the origin at
polar coordinates 90.0, 111.2, 180°). Inspection of the initial
model showed that two subunits were related by this rotation
axis, but were separated by 20 A. In addition, a self-Patterson
indicated the presence of noncrystallographic translational
symmetry with a peak of 43% of the origin at 0, 0, 0.467 and
the model showed that six of the eight molecules were related
by this translational symmetry. However, despite these non-
crystallographic symmetry relationships, no high-order oligo-
meric arrangement could be observed for the eight subunits,
indicating that the structure of SmhA was of the monomeric
soluble form of the protein, rather than an oligomeric struc-
ture assembled around a central rotation axis as required for
the proposed pore form.

Further work to extend the resolution of the data and refine
the SmhA structure is ongoing.
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Chapter 5

Paper 3

5.1 Summary

The final paper in this thesis is an article describing the identification and characterisation
of the ClyA family tripartite a-PFT Smh from Serratia marcescens. The work has shown
that Smh is a tripartite toxin and that although it shares very low sequence identity to the
Gram positive tripartite toxins Nhe and Hbl from B.cereus, its components share many
functional similarities. These include their ability to form BC pro-pores before activation by
addition of A, and their ability to form large inhibitory soluble complexes, characteristics not
observed in A. hydrophila Ahl, the most closely sequence-related toxin to Smh. Further to
this, structures of SmhA, soluble SmhB, and pore SmhB allowed detailed structural analysis
of the family, illustrating how the 3-tongue head and helical tail are well conserved in the
family and contain conserved latches which must be broken in the transition from soluble
to pore form. A structure-based model of a tripartite pore was generated using docking
prediction, monoclonal antibody studies of Nhe (Didier et al., 2016; Dietrich et al., 2005),
and structures from the Smh and Ahl toxins, and shows how the A component would be
placed inside the pore providing a hydrophilic lumen as proposed in Paper 1 (Section 3.3).

Finally, the paper describes a model of assembly for Smh and discusses how, although the



158 Paper 3

members of the tripartite o.-PFT family are structurally similar, and will form very similar
final pore arrangements, the path of assembly by which this is achieved varies greatly and
likely aids each bacteria to colonise unique niches in the environment. Details of work done
that was omitted, or was only briefly mentioned, from the results and discussion in this paper

can be found in Appendix B, page 209.

5.2 Author contributions

PJB conceived the project; PJB, AMC.-A, THS, TRM designed the experiments; AMC-A,
THS, TRM and SES performed the experiments; PIB, AMC-A, JSW, JBR. interpreted the
data and PJB and AMC-A prepared the paper with input from all authors. Experimentally,
I carried out the construct design, protein production and purification for all constructs. 1
carried out haemolytic assays, as well as all negative stain electron microscopy. I also carried
out crystallisation, and X-ray data collection, as well as subsequent data analysis and phasing
for all structures described. Finally, I built and refined SmhA, soluble SmhB, and pore SmhB

structures and carried out all bioinformatics analysis and modelling.

5.3 Paper3

Paper 3 manuscript will start on the next page.
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Abstract

Tripartite members of the ClyA family of a-PFTs have recently been identified in a number
of pathogenic Gram-negative bacteria, including the human pathogen Serratia marcescens.
Structures of a Gram-negative A component and a tripartite o-PFT complete pore are
unknown and a mechanism for pore formation is still uncertain. Here we characterise the
tripartite SmhABC toxin from S. marcescens and propose a mechanism of pore assembly.
We present the structure of soluble SmhA, as well as the soluble and pore forms of SmhB.
We show that the B-tongue soluble structure is well conserved in the family and propose
two conserved latches between the head and tail domains that are broken on the soluble to
pore conformational change. Using the structures of individual components, sequence
analysis and docking predictions we illustrate how the A, B and C protomers would

assemble on the membrane to produce a complete tripartite o-PFT pore.

Paper 3
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25  Introduction
26 The Gram negative bacteria Serratia marcescens is widespread throughout the
27  environment, with strains involved in marine, plant and animal infections 3. Multiple
28  strains have been identified as important antibiotic resistant nosocomial human pathogens
29 2, and as the causal agent in a number of infections including respiratory, urinary tract,
30 septicaemia and meningitis “*. Conversely, other plant-associated strains have been
31 reported to promote plant growth and protect plants from infection by the production of
32  antifungal and antibacterial compounds >.
33
34  Recently a number of strains of S. marcescens, including plant-associated strain MSU97° and
35  human pathogenic strain UMH7 ®, have been identified as containing homologues of the
36 tripartite pore-forming toxin (PFT) AhIABC from Aeromonas hydrophila 7. Tripartite a-PFTs
37  are members of the ClyA a-PFT family 8. The ClyA o-PFT family contains pores composed of
38 one (E.coli, ClyA) **, two (Yersinia enterocolitica, YaxAB and Xenorhabdus nematophila,
39  XaxAB) 1213 or three (A. hydrophila, AhIABC and Bacillus cereus NheABC and HblL;L,B) 781415
40 protein components. Proteins in this family undergo a large scale conformational change
41  from a compact soluble structure, where the hydrophobic residues are hidden often within
42 a B-tongue motif, to an extended pore structure with the hydrophobic residues exposed in
43 two extended a-helices which insert into the cell membrane 712714, To form a complete
44 oligomeric pore all ClyA a-PFT family members share three common features, which are
45  carried on different components in the bipartite and tripartite pores. These are: a short
46  single leaflet spanning hydrophobic helix-turn-helix motif that provides the initial
47  membrane binding event, carried on the ClyA B-tongue motif; or by YaxA and XaxA, or AhIC,
48 NheC and Hbl-B, in the single, bipartite and tripartite toxins, respectively; a longer
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membrane-spanning hydrophobic or amphipathic helical region (ClyA N-terminal helix;
YaxB, XaxB; AhIB, NheB, HblL); and finally a hydrophilic lining to the interior of the pore
(ClyA N-terminal helix; YaxB, XaxB; AhlA, NheA, HblL;) 7. In ClyA, and the bipartite pores
YaxAB and XaxAB, this results in an oligomeric hydrophilic pore assembled from
amphipathic helices, surrounded by the hydrophobic single leaflet anchoring components
10,1213 '|n addition to their haemolytic activity, recent studies of the Nhe and Hbl tripartite
PFTs found in food poisoning strains of B. cereus show that both are able to activate the
NLRP3 inflammasome leading to septic shock in mice, and inhibition of this response
prevents lethality, demonstrating the importance of this toxin family in bacterial
pathogenicity *®7. Understanding how these tripartite o-PFTs function is thus an important

step in combatting infection and designing virulence targeted therapies.

Although significant progress has been made on structural studies of tripartite a-PFTs driven
by the discovery of tripartite a-PFTs in Gram negative bacteria 7, structures of the A
component from a Gram negative species or the complete tripartite pore remain elusive.
Structures of either of these would allow for a better understanding of how the A, B and C
components fulfil the three features observed in other ClyA a-PFT family members. The
high sequence similarity between the proteins in Gram negative tripartite PFTs means that
the structure and function of the component proteins must be closely related across the
different species 7. As S. marcescens has implications in human infection and antibiotic
resistance, together with its antimicrobial properties and prevalence in the environment, it

is an ideal choice for further studies of tripartite PFTs.
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Here we show that S. marcescens has a tripartite haemolytic a-PFT (SmhABC), and propose
a mechanism of pore assembly. We present the structures of the soluble A component
(SmhA), as well as the soluble and pore conformations of the B component (SmhB). We
show how these structures share high structural similarity with other members of the ClyA
a-PFT family, especially those of NheA and AhIB, and show that a chimeric Smh/Ahl pore
retains full lytic activity. Using these structures along with those of the closely related A.
hydrophila AhIABC toxin, we propose a mechanism of soluble to pore transformation, model
membrane-associated complexes of the three proteins of the Gram negative tripartite a-
PFTs and present a structure based model of the location of the A component in a tripartite

PFT pore.

Results

SmhABC lyses erythrocytes and forms pores in erythrocytes and liposome membranes

Homology searches with A. hydrophila AhIABC have previously identified S. marcescens
SmhABC as a possible tripartite o-PFT 2. To confirm this assighment, SmhA, SmhB and
SmhC were expressed, purified and used in haemolytic assays with erythrocytes. Individual
components showed no lytic activity alone, neither did mixtures of SmhA+SmhB and
SmhA+SmhC (Fig. 1A). However, incubating equimolar concentrations of SmhB and SmhC
together with erythrocytes showed 5% lysis after 2 hours, while SmhA, SmhB and SmhC
together showed 40% lysis in 1 hour and 80% in 2 hours (Fig. 1A). Negative stain EM images

of reaction mixtures for SmhA+SmhB+SmhC, and SmhB+SmhC showed that for
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SmhA+SmhB+SmhC, individual pores and pores bound to the membrane were present,
while for SmhB+SmhC pores bound to membranes were visible, indicating that SmhABC is

indeed an a-PFT (Fig. 1B).

To determine an assembly order for the SmhABC pore, erythrocytes were pre-incubated
with different components for 1 hour before addition of the remaining components. Pre-
incubation with either SmhB or SmhC resulted in 82 and 84% lysis after 1 hour, respectively,
double that of the mixture of SmhA+SmhB+SmhC without pre-incubation (p=0.005, and
p=0.03) (Fig. 1C). When erythrocytes were pre-incubated with mixtures of SmhA+SmhC or
SmhB+SmhC, 100% lysis was achieved in 1 hour, significantly greater than with no pre-
incubation (SmhA+SmhB+SmhC, p=0.0009) and to the single components alone (p=0.01 and
p=0.009) (Fig. 1C). Pre-incubation with SmhA or SmhA+SmhB followed by addition of the
other components resulted in 55% and 40% lysis respectively, with no significant difference
to the SmhA+SmhB+SmhC control with no pre-incubation (p=0.08 and p =0.90) (Fig. 1C). It
thus appears that pre-binding of either SmhB or SmhC alone, or together, to the membrane

increases pore efficiency, whereas SmhA only increases efficiency if SmhCis also present.

For many ClyA family a-PFTs, efficacy of the pore is controlled by regulating the formation
of soluble off pathway complexes 120, Lytic assays with varying concentrations of SmhA,
SmhB or SmhC were used to study any effect of ratio on potency of the SmhABC system.
When SmhA concentration was varied maximal lysis was achieved up to a 1:1:1 ratio (A:B:C),
lysis then decreased steadily to a minimum of 34% at a ratio of 4:1:1 and remained at this
value up to a ratio of 8:1:1 (Fig. 1D). When varying both SmhB and SmhC, lysis increased up
to a maximum at a ratio of 1:1:1, however, while no reduction of activity was observed for

SmhC at higher concentrations, lytic activity dropped to 30% at a ratio of 1:2:1 and
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remained at 30% lysis at higher concentrations of SmhB (Fig 1D). This showed that both
SmhA and SmhB have an inhibitory effect on lysis at high concentrations. Size exclusion
analysis of soluble Smh proteins at 37 °C showed that mixtures of SmhB and SmhC form a
large soluble complex (~890 kDa) while mixtures of SmhA and SmhC precipitate at 37°C. In
addition, SmhA, SmhB and SmhC together in solution formed a 1 MDa complex containing
all three proteins (Supplementary fig. 1). Incubation of this soluble SmMhABC complex with
erythrocytes showed no lysis after 1 hour. Similar assays with the soluble SmhBC complex
also showed no lysis, and addition of SmhA also resulted in no lysis after a further 1 hour
incubation. As both the soluble SMhABC and SmhBC complexes are both inhibitory to lysis,
this suggests that the Smh pore efficacy is regulated by the formation of off pathway soluble
complexes, as seen in other family systems from Bacillus, Yersinia and Xenorhabdus 731921,
This control, however, does not involve any potential SmhA/SmhB complex, as none could
be observed on gel filtration and pre-incubating mixtures of SmhA and SmhB with
erythrocytes followed by addition of SmhC gave no difference in lysis efficiency (p = 0.9411,

Fig. 1C).

Structure of SmhB

The proteins of the Smh PFT system of S. marcescens share high levels of sequence identity
with those of the Ahl system from A. hydrophilia (46, 62, 43% identity, respectively),
however, activity of the Ahl PFT is not regulated by off pathway soluble complexes 7. To
further characterise the Smh PFT we determined the structure of SmhB to compare to AhlIB.
The soluble form of SmhB was solved at a resolution of 1.84 A in space group P212:2; by
molecular replacement using the soluble form of AhIB 7 (PDB code 6GRK) as a search model

(Supplementary fig. 2A) (Table 1). As expected, soluble SmhB folds into the family observed
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B-tongue structure, with a five-helix bundle tail (a1, a2, a3, a6, a7), and a head domain
containing three a-helices (a4, a5, a8) alongside a four-strand B-sheet (81, B2, B3), which
includes the B-tongue motif (B1 and B2). The head domain of SmhB is largely hydrophobic.
This is particularly evident in the B-tongue and helices a4 and a5, which together constitute
the predicted hydrophobic transmembrane region (G175 - L233), (Fig. 2A). The crystal
asymmetric unit contained two closely related monomeric AhIB molecules (RMSD Co. 0.56
R) with the only significant differences in the tail domain, where a7 from chain A folds as a
single helix with a kink at $320, while in chain B a7 is divided into a7a and a7b by a short

loop region (T319-V321). Chain A will be described in this section unless otherwise stated.

A structure of the SmhB pore was also determined at a resolution of 6.98 A by molecular
replacement using the AhIB pore (PDB code: 6H2F) as a search model (Supplementary fig.
2B) (Table 1). Although the resolution of this structure was low, the electron density was
clear and continuous for the protein chain, enabling a model to be built with residues
truncated at CB. In addition, clear positive difference density could be observed in omit
maps calculated with sections of the model deleted (residues 157-251 in chain A and B),
indicating that the structure solution was correct (Supplementary figure 2C). Like the AhIB
pore, the SmhB pore contained ten monomers of SmhB in two conformations (type 1 and
type 2) which assemble into a ring with pseudo 10-fold symmetry. As seen in AhlIB, the head
domain of SmhB undergoes a large scale conformational change transforming from the
soluble to pore forms, with the B-tongue substructure refolding to form extended

hydrophobic helices to a3 and a4 (Fig. 2B).
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The S. marcescens Smh and the A. hydrophila Ahl a-PFTs have greatly varying rates of lysis
of horse erythrocytes, with the AhIABC a-PFT requiring 100 times the concentration of each
component to give equivalent rates of lysis as the SmhABC system 7. As the overall
structures of the soluble and pore forms of SmhB are almost identical to those of AhIB
(RMSD Ca 0.64 A and 0.46 A, respectively), (Fig. 2C), not surprising given the high level of
sequence identity (62%), we investigated if these structural similarities also conveyed
functional similarities. Haemolytic assays, replacing the SmhB component of the SmhABC
pore with AhIB in a 1:1:1 ratio showed that this chimeric pore had the same lytic activity as
the SmhABC pore (Fig. 2C). The differences in lytic activity between the Serratia and

Aeromonas tripartite a-PFTs are thus not due to the B component alone.

Structure of soluble SmhA

To further investigate the differences in lytic activity between SmhABC and AhIABC the
crystal structure of soluble SmhA was determined to 2.78A in space group P212:2:. This
crystal form contained four closely related molecules in the asymmetric unit (rmsD Ca
between molecules of 0.4-0.6 A), with no oligomeric structures observed (Table

1)(Supplementary fig. 2D).

SmhA folds into two distinct domains, a compact five helical bundle (a1, a2, a3, a6 and
a7), and an associated head domain containing two helices (a4 and a5), and the B-tongue
domain (two long anti-parallel B-strands, B1 and (32) (figure 3A). In all monomers, there is
missing density for approximately 20 residues between 1 and 2 (G208 — A229). Residues
E192-V205 (B1 and loop to a.3) and Y231-N250 (2 and loop to a4) of the B-tongue domain

are largely hydrophobic containing only polar uncarged and nonpolar residues, and are
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buried in the core of the protein, packing against a1, a.3, a4, a5 (residues A272-Q283), and

residues N351-E367 at the C-terminus (Fig. 3A).

Structure based sequence alignments showed that SmhA shares strong similarities with
components from other tripartite systems that have a B-tongue substructure, such as SmhB
(PDB code 6775, rmsD 2.9 A), NheA (PDB code 4K1P, rmsD 3.2 A), AhIB (PDB code 6GRJ,
rmsD 3.3 A), Hbl-B (PDB code 2NRJ, rmsD 2.8 A), and also the Vibrio cholerae cytotoxin
MakA (PDB code 6DFP, rmsD 3.5 A), that is, at present, not identified as a ClyA tripartite
family member (figure 3B). All of these structures share the same compact helical bundle
tail domain and B-tongue domain. Within the tail domain, greatest variation is seen in the
length of the N-terminal region. All structures have a N-terminal helix of between 22 and 28
residues, which packs against the B-tongue domain. However, in SmhA, NheA and Hbl-B,
this region has an additional extended loop and short helix that extends the length of the
tail domain, a feature not observed in SmhB or AhIB. In all of these structures, the C-
terminus is used to shield the hydrophobic residues of the B-tongue, but the method by
which the C-terminus hides the hydrophobic tail is different. MakA, NheA, and Hbl-B all use
B-strands packing against the hydrophobic region of $1. AhlB and SmhB use both a short f3-
strand and a short helix connected by a loop, while SmhA uses only a short loop

perpendicular to 31 (Fig. 3B).

It has been shown that the soluble B-tongue conformation of the ClyA family proteins
rearranges into an extended pore conformation in both ClyA and AhIB 7, and we have
shown the same occurs in SmhB. As soluble SmhA, SmhB and AhIB all share very similar

structures, we propose that the head domain of SmhA would also unfold into its pore form
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about 2 hinges in the same way as seen in SmhB and AhlB, with hinge 1 between a3 and o4,
and a5 and a6, and hinge 2 between a4 and B1, and a5 and (2. This would result in the

pore form of SmhA having a similar extended helical structure to that of AhlB and SmhB.

A model of this proposed pore form of SmhA was generated using a Dali 22 structure based
sequence alignment to map the residues of SmhA onto the structure of AhIB type 2 head
(supplementary fig. 3). In this model the mixed hydrophobic/hydrophilic residues of the [3-
tongue head of SmhA form two extended amphipathic helices 36 A in length at the ends of
a3 and a4, (Fig. 3C), sufficient to cross the membrane, and thus with the potential to form a
hydrophilic lining to the pore. In the pore conformation of SmhA, residues G208 — A229 lie
between the C-terminal and N-terminal ends of the amphipathic helices a3 and a4,
respectively, and would thus occur on the intracellular side of the target membrane. These
residues, omitted in the soluble structure due to very weak electron density, are
presumably quite flexible. This intracellular loop between a3 and a4 is present in the A
components of all the Gram negative tripartite toxins, but is not found in either the Gram
positive Nhe or Hbl tripartite toxins, the single component ClyA %23, or bipartite YaxAB 2
and XaxAB 13 toxins. Residues on this loop, which do not show any pattern of conservation
within the Gram-negative A component sequences, could thus interact with different
intracellular components of the target cell, depending on the bacterial species the toxin is

found in.

Soluble to pore conformational change
The transformation from a soluble B-tongue containing structure to an extended helical

pore structure seen in SmhB and modelled in SmhA, occurs in a similar way for A. hydrophila
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AhIB 7. In order for this conformational change to occur, the C-terminal loop and helix a7
must move to free the B-tongue to form the two extended trans-membrane helices in the
pore conformation (a3-a4), with the N-terminal helix (a1) also moving from parallel to a7 to
an end to end packing, resulting in a narrower more compact tail. Sequence analysis of
possible family member homologues and mapping of conserved residues onto the soluble
structures of SmhA, SmhB and NheA shows that many of the conserved residues are located
in the head domain and are focused on two regions. First, a leucine zipper forms between
conserved Leu and lle residues in a4 and a5 (Fig. 4), packing the hydrophobic membrane-
spanning residues in the core of the domain. The second region is between the N-terminus
and B-tongue, which includes a family conserved glutamine (Q38 SmhA, Q32 SmhB, Q45
NheA) on the N-terminal helix al that forms hydrogen bonds with the B-sheet backbone of
the B-tongue (Fig. 5A). In SmhA Q38 and in NheA Q45 also interact with Q263 and Q282,
respectively on a6, a residue conserved in all A component proteins (Supplementary fig. 4).
In addition, both SmhA and SmhB contain a family conserved (conserved in all but 1
sequence) lysine residue at the C-terminus (K333 in both SmhA and SmhB) that forms a
hydrogen bond with a conserved hydroxyl (T81 SmhA; T78 SmhB) on helix a2 (Fig. 5B,
Supplementary fig. 4). These three motifs also occur in the structures of AhlB 7 and NheA %4,
but in NheA two glutamines (Q351, Q83) hydrogen bond at the position of the Lys to Thr
interaction in SmhA and SmhB (Fig. 5B). As the interactions between these conserved
residues are present in the known soluble structures of all the tripartite A and B
components and are disrupted during the soluble to pore transition on pore formation, it is
likely that these residues play an important role in the interaction between the head and tail
domains, possibly acting as latches to precipitate the conformational change of all of this B-

tongue containing tripartite a-PFT proteins.
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Discussion

Studies of the ClyA family tripartite PFTs have shown a number of mechanisms by which
different family members assemble their active pores. Nhe is proposed to first form BC pro-
pores by binding of BC soluble complexes to the membrane before recruitment of further B
to form the pro-pore, followed by the rapid addition of A and lysis 2%2>26, Hbl first binds Hbl-
B (equivalent to the SmhC component) before rapid recruitment of Hbl-L; (B-component)
and finally Hbl-L, (A-component) 2°. Ahl primes the membrane with AhIC allowing the
recruitment of AhIB and AhIA’. All of these three tripartite toxins also vary in their required
ratio for optimum activity, with both Nhe and Hbl forming inhibitory complexes when either
the C component is in excess (NheC) or the A or B component are in excess (Hbl-L1, Hbl-L,),
while no inhibitory effects are seen for any of the Ahl components, with proposed ratios of

10:10:1, 1:1:10 and 1:1:1 (A:B:C) for Nhe, Hbl and Ahl respectively 1418-20.25,

Here we have shown how S. marcescens contains a ClyA family tripartite PFT, Smh, which
like the other tripartite family members requires all three proteins, SmhA, SmhB and SmhC
to form a lytic pore. Our assays suggest that the Smh toxin employs yet another variation on
the tripartite pore assembly mechanism. We have shown that the presence of both SmhB
and SmhC is a minimum requirement for pore formation, with maximum lysis achieved
when erythrocytes are preincubated with SmhC together with either SmhB or SmhA.
Preincubation with SmhB or SmhC alone enhances lysis but not to the same extent, while
pre-incubation with SmhA has no effect. This suggests that although SmhC and SmhB are
both able to independently enhance lysis, in combination they are most efficient and can
form pro-pores before the addition of SmhA and full lysis (Fig. 6). A similar pore assembly

mechanism is also seen in the Nhe toxin 2%, but is in contrast to Ahl, where formation of
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AhIBC pores is an off-pathway process and inhibitory to lysis 7. Our assays have also shown
that SmhA and SmhB act to inhibit lysis when present at concentrations higher than that of
SmhC, and form large inactive complexes with SmhC, a feature also shared by Hbl, but in
contrast to Nhe, where NheC is inhibitory even at low concentrations *?!. The A.
hydrophila AhIABC system, which is the most closely related in sequence to SmhABC, does
not exhibit this inhibitory soluble complex formation, instead, the soluble AhIC component
forms soluble tetramers that appear to preclude the formation of any soluble complexes
with AhlA or AhIB, by occluding any binding surfaces of AhIC within the tetramer 7. In
contrast, SmhC is monomeric in solution, enabling soluble inhibitory complexes to form in
the Smh toxin. Off pathway soluble complex formation is also observed in the bipartite ClyA
family a-PFTs YaxAB and XaxAB 213, |n these toxins, both the A (equivalent to SmhC) and B
components are monomeric in their soluble forms, as is also the case Hbl-B and so
accessible for soluble complex formation like SmhC'?'3%7. We propose the off pathway
soluble SmhBC and SmhABC complexes act to control the efficacy of the Smh toxin.
Although there is still some ambiguity in the exact order of membrane association for the
Smh toxin, our TEM and haemolytic assays show that SmhBC pro-pores are definitely able to
assemble, with SmhA interacting with the SmhBC pro-pore to destroy the cell. However, our
data are also consistent with the Smh components binding sequentially at the membrane to

form a fully lytic pore, as seen with Hbl 2° (Fig. 6).

We have identified two potential latches in the soluble tripartite B-tongue containing
components, and the residues involved are located in surface patches of conserved residues
in both SmhA and SmhB (Supplementary fig. 5). Monoclonal antibody binding studies that

interfere with interactions between the three components of the B. cereus Nhe a-PFT 25282
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have identified the binding sites between NheA (Mab site 2G11) to NheB (Mab site 1E11)
and NheB (Mab site 2B11) to NheC (Supplementary fig. 6). Mapping of these binding sites
onto the SmhA and SmhB structures, (Supplementary fig. 6), show that SmhC would interact
with SmhB at the patches of conserved residues on SmhB containing both latch 1 and latch
2. Likewise, the interaction of SmhB with SmhA would also involve the latch motifs on
SmhA. It thus seems likely that the B-tongue containing components of the tripartite ClyA
family toxins share a conserved mechanism of transformation from soluble to pore form.
The B and C components interact at a binding interface located around residues 95-123 of
SmhB, this could break latches 1 and 2 on the B component, releasing the B-tongue, C-
terminus, and N-terminus to initiate the transformation into the B component pore
conformation (Fig. 7). The A component then binds to B at an interface around residues
289-308 in SmhB and 57-71 in SmhA, similarly breaking the two latches on the A
component, and allowing its conformational change from soluble to pore form (Fig. 7). The
full conformational change of the B-tongue to the pore forms of both A and B components
requires a membrane, otherwise off pathway soluble complexes occur 12%21 The release of
the C-terminus from the B-tongue agrees with the observation that the start of the
conformational transition in NheA occurs at the C-terminus 2°. This is further evidenced in
the structure of a second crystal form of SmhB (Table 1), where comparison of the B-factors
for the two chains in the asymmetric unit revealed high flexibility at residues 85-124 and
residues 280-320 (Supplementary Fig. 7), corresponding to the proposed binding sites to
SmhC and SmhA, indicating that movement in these binding regions can occur to facilitate

complex formation.
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These predicted binding sites between the A, B and C components, the structures of SmhA,
SmhB and AhIC (as a surrogate for SmhC), and structure based sequence alignments were
used to construct models of AhIC bound to soluble SmhB; AhIC bound to SmhB type 2 pore
conformation and the AhIC: SmhB complex bound to soluble SmhA with the HADDOCK
server 3 (Fig. 7). Ten of these SmhA, SmhB, SmhC units were subsequently assembled into
the complete pore with C10 symmetry by rotation of increments of 36° around the central
axis of the SmhB pore (Fig. 8). This model of the SmhABC pore is consistent with that
proposed for AhIABC 7 with an inner ring of alternating membrane-spanning hydrophobic B
and amphipathic A components forming the hydrophilic pore, surrounded by the single
leaflet anchoring C components. This general pore architecture is also seen in the greater
ClyA family, but with the individual roles of the three tripartite PFT proteins of a single
leaflet anchoring function, a membrane-spanning function and a hydrophilic pore lumen
carried on two proteins for the bipartite YaxAB/XaxAB PFTs 213 and on a single protein for
the prototypical ClyA toxin ®%. Within the tripartite o-PFT family members, both the
structures of the A and B components and the mechanism for transformation from soluble
to pore forms of these components are well conserved. Nevertheless, the involvement of
three proteins in pore formation has enabled differences in both the assembly and in the
regulation of each tripartite PFT system, helping these bacterial species to thrive in their

different environmental niches.

Materials and Methods

Protein cloning and purification
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The ORFs for SmhA, SmhB, and SmhC from S. marcescens MSU-97 were synthesised and
cloned into pET21a expression vectors by GenScript Biotech Corporation, so as to contain a
C-terminal 6-His tag. Each protein was expressed in E.coli BL21 DE3 expression cell line
(NEB). Cultures were grown in LB media at 37 °C until an ODsoo 0.6 was reached, protein
expression was then induced using 1 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG). For
all three proteins expression was carried out at 16 °C overnight. SmhA and SmhB were
purified using the same protocol. The cell pellet was resuspended in lysis buffer (50 mM Tris
pH8) and sonicated (3x20 s burst at 16000 nm A), insoluble material was removed by
centrifugation at 40000 g for 15 minutes. Soluble protein in binding buffer (50 mM Tris
pH8, 0.5 M NaCl) was applied to a 5ml Nickel Hi-trap column (GE Healthcare) and protein
was eluted using a gradient of 0-1 M imidazole in binding buffer. Protein was further
purified by size exclusion chromatography on a Superdex 200pg column (GE Healthcare)
pre-equilibrated with 50 mM Tris pH8, 0.5 M NaCl. The SmhC cell pellet was sonicated and
centrifuged as described for SmhA and SmhB. As the protein did not bind to the Ni column,
an ammonium sulphate cut was carried out on soluble SmhC to a final ammonium sulphate
concentration of 0.5-1.5M. After 10 minutes precipitated protein was pelleted by
centrifugation at 70000 g for 5 minutes at 4 °C, the pellet was resuspended in 50mM Tris
pH8. Soluble protein was applied to a 10 ml (2 x 5 ml) HiTrap DEAE Sepharose Fast Flow
column (GE Healthcare) pre-equilibrated in 50 mM Tris pH 8 and eluted on a gradient of 0-
0.3 M NaCl in 50 mM Tris pH8, 1 M NaCl. Selenomethionine SmhA protein was expressed in

the same way as the S-met SmhA, as detailed previously 3.

Generation of homologue sequence alignments

17

175



176

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

Homologues were identified using the BlastP server 32 and all results with an E <0.01 were
assessed to determine if they were part of a tripartite toxin operon. All homologues
identified as part of a tripartite PFT were then used in subsequent sequence alignments.

Sequence alignments of homologues of SmhA and SmhB were generated using Tcoffee 33,

Haemolytic assays

The lytic activity against horse erythrocytes of SmhA, SmhB, and SmhC was determined by
measuring the release of haem from lysed cells as described by Rowe and Welch 34, A 0.5 %
v/v suspension of horse erythrocytes (Thermo scientific) was prepared by repeated washing
of cells and resuspension in 10 mM PBS pH 7.4. Varying concentrations of each SmhABC
protein were incubated with 0.1 ml erythrocyte suspension on a blood wheel at 37 °C for 1
hour, or cells were preincubated with various components for one hour followed by
addition of the remaining components followed by a further 1 hour incubation. Erythrocyte
mixtures were centrifuged at 1500 g for 5 minutes, and supernatant removed for
photometric analysis at 542 nm. A positive control of erythrocytes lysed with ddH,0 and a
negative control with no protein were used to normalised the data for 0 and 100% lysis. All

assays were carried out in triplicate.

Analysis of soluble complexes of SmhABC

To determine whether individual components of Smh could bind to each other in the
soluble conformation, 40 uM of each protein in 10 mM PBS pH 7.4 were mixed in various
combinations and incubated for 45 minutes at 37 °C and then applied to a Superdex 200
increase gel-filtration (GE Healthcare) column pre-equilibrated with PBS. Fractions were

collected and analysed by SDS-PAGE.
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SmhA crystallisation and structure determination

Purified SmhA was concentrated to 7 mg/ml in a Vivaspin 30 KDa MWCO concentrator
(Sartorius), and then buffer exchanged into 50 mM Tris pH8, 10 mM NaCl. Crystals were
grown by sitting drop vapour diffusion in 96-well plates. Se-methionine crystals grew in 0.1
M MES pH 6.5, 0.16 M CaCl, and 20 % PEG 6000 (7 °C, 200 nl:200 nl drop), while S-
methionine crystals grew in 0.2 M potassium nitrate, 20% PEG 3350 (7 °C, 200 nl:200 nl
drop). Crystals were cryo-protected in mother-liquor containing an additional 20% (v/v)

ethylene glycol before freezing in liquid nitrogen.

X-ray diffraction data from a single Se-methionine SmhA crystal were collected on beamline
i03 of the Diamond Light Source (DLS) at wavelength 0.9792 A. Images were integrated and
scaled using the Xia2 Dials pipeline3*3¢ into space group P4; at a resolution of 2.98 A (Table
1). Initial phases were obtained by SAD, with the heavy atom sites and initial electron
density map and model calculated using the CRANK2 pipeline3’. The model was optimised
and completed in Coot®. This crystal form 1 (PDB code 7A26) contained eight independent
molecules in the asymmetric unit and the structure of a single chain was used as a
molecular replacement model to determine the structure for a second higher resolution S-
methionine data set (2.57 &), in space group P212:21. This second data set was collected on
beamline i04-1 of the DLS at wavelength 0.9159 A and images were processed using Xia2
3dii (Table 1). Rebuilding and refinement were carried out using COOT and REFMAC?, to
give a final model with R and Rfree of 0.23 and 0.25, respectively (PDB code 7A27). Residues
210-228 in chain A, 209-228 in chain B, 209-225 in chain C and 210-225 in chain D were

omitted from the final model due to poor density.
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SmhB crystallisation and structure determination

Purified SmhB was concentrated to 14 mg/ml in a Vivaspin 30 KDa MWCO concentrator
(Sartorius) and then buffer exchanged into 50 mM Tris pH8, 10 mM NacCl. All crystals were
grown by sitting drop vapour diffusion in 96-well plates. Crystals grew in 0.17 M ammonium
sulphate, 25.5 % PEG4000 (16 °C, 100 nl:100 nl drop) and were cryo-protected in mother-
liquor containing an additional 20% (v/v) ethylene glycol before freezing in liquid nitrogen.
X-ray diffraction data from a single SmhB crystal was collected on beamline i04-1 of the DLS
at wavelength 0.9159 A. Images were integrated and scaled using the Xia2 3dii3¢ pipeline
into space group P21212; at a resolution of 1.84 A (Table 1). The structure was determined
by molecular replacement with PhaserMR* using the soluble conformation of AhIB (PDB:
6GRK) as a search model. Rounds of model building and refinement were carried out using
COOT?® and REFMAC* to give a final model with an R and Rfree of 0.19 and 0.22,
respectively (PDB code 6ZZ5). Residues 206-207 in chain A and 206-208 in chain B were

omitted from the final model due to poor density.

A second crystal form of SmhB was grown in 0.22 M Magnesium chloride hexahydrate

0.1 M Na acetate pH 5.15, 26% (w/v) PEG 6000 (16 °C, 100 nl:100 nl). Data was collected on
beamline i04-1 of the DLS. Images were integrated and scaled using AutoPROC+STARANISO
4145 into space group P2; at a resolution of 1.86 A. The structure was determined by
molecular replacement with PhaserMR #° using a single chain of the Form 1 SmhB structure

as a search model. Rounds of model building and refinement were carried out using COOT 38

and REFMAC (39) to give a final model with an R and Rfree of 0.21 and 0.25 respectively

20

Paper 3



5.3 Paper 3

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

(PDB code 6ZZH). Residues 205-206 in chain A and B were omitted from the final model due

to poor density.

The pore structure of SmhB was crystallised in 0.2 M Calcium chloride, 40% MPD (16 °C, 100
nl:100 nl). Data were collected from on beamline i24 of the DLS at wavelength 0.9795 A.
Images were integrated and scaled using Dials® into space group C2 at a resolution of 6.98
A. The structure was determined by molecular replacement with PhaserMR (40) using the
AhIB pore conformation (PDB: 6GRJ) as a search model. Rounds of model building and
refinement were carried out using COOT (38) and REFMAC 3° to give a final model with an R
and Rfree of 0.33 and 0.33 respectively (PDB code 7AOG). The final model was constructed
from poly-alanine as density for side chains could not be resolved at this resolution.

Structure alignments in this paper were done using Dali??.

Modelling NheB and C, and docking of A, B, C complexes

Homology models of NheB and NheC were generated using Phyre2 %6 and the structure of
Hbl-B (PDB: 2NRJ) as the template. Models of potential complexes between the components
in the tripartite a-PFT family were generated using structures of individual components from
the Smh and Ahl systems, predicted binding regions determined from antibody binding
studies on the Nhe system and the HADDOCK2.2 3° server. Multiple runs of Haddock were
completed and only consistent solutions were used in subsequent modelling. In this way
models of complex structures between AhIC (PDB:6H2E) and SmhB (PDB:6ZZ5) (predicted
docking regions residue 97-125 in SmhB, 79-118 in AhIC chain Q); AhIC (PDB:6H2E) and AhIB

T2 (PDB: 6H2F) (residues 97-125, 176-184 and 227-234 AhIB T2, 79-118 and 153-171 in
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AhIC chain Q); and AhIBT2 (PDB: 6H2F) and SmhA (PDB: 7A27) (residues 289-319 in AhIBT2,

57-71 in SmhA) were produced.

Electron microscopy

Lytic assay samples were visualised using negative stain TEM. 5ul of each respective sample
was pipetted onto a glow discharged carbon-coated grid (copper 300 mesh), then stained
with 1% (w/v) uranyl formate and air dried. Electron micrographs were collected with a
Philips CM100 100 kV transmission electron microscope, equipped with a Gatan 1 K CCD

camera. Micrographs were collected with a pixel to nm ratio of 0.72 pixels per nm.

Generation of figures

All protein cartoon and surface rendering used in the figures were generated using Pymol #’.

Data availability

Data supporting the findings of this manuscript are available from the corresponding author
upon reasonable request. Atomic coordinates for SmhA crystal form1 (PDB code 7A26),
SmhA Form 2 (PDB code 7A27), soluble SmhB form1 (PDB code 6ZZ5), soluble SmhB form2
(PDB code 6ZZH), SmhB pore (PDB code 7A0G), have been deposited in the RCSB Protein

Data Bank.
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Table 1: X-ray data collection and refinement statistics for Smh structures

SmhB SmhA Semet SmhA
SmhB soluble (PDB:7A26) Form2
soluble Form2 SmhB Pore (PDB:7A27)
(PDB:6275) | (PDB:6ZZH) | (PDB:7AOG)
Data collection
Beamline 104-1 104-1 124 103 104-1
Wavelength (A) 0.9159 0.9159 0.9795 0.9792 0.9159
Space group P212124 P24 Cc2 P4> P212124
Cell parameters
aA)= 50.94 95.93 224.48 151.36 81.24
b (A) = 113.95 49.73 118.06 151.36 92.58
c(A)= 130.37 99.49 209.53 133.46 2211
a(®)= 90 90 90 90 90
B(©)= 90 118.43 109.44 90 90
y(©)= 90 90 90 90 90
Molecules per 2 2 10 8 4
asymmetric unit
Resolution (A) 1.84-65.18 | 1.86-87.51 | 6.98—-66.77 | 2.98-67.69 2.57-110.55
(1.84-1.87) (1.86-1.88) (6.98-7.10) | (2.98-3.03) (2.57-2.61)
Total reflections? 445968 286930 28759 1727990 703016
(15821) (8241) (1072) (88850) (35733)
Unique 66582 50372 8305 61518 53914
reflections? (3207) (2519) (350) (3065) (2644)
Rierge®? 0.139 0.1 2.295 0.406 0.190
(1.214) (0.899) (3.384) (3.048) (2.129)
Rymd 0.078 0.044 1.403 0.078 0.055
(0.842) (0.525) (2.356) (0.575) (0.595)
Mean l/o(l)? 9.5(1.0) 10.4 (1.4) 1.3 (0.5) 7.2(1.3) 8.5(1.1)
Completeness 99.8 (98.1) 90.2 (54.6) 98.8 (88.2) 100 (99.9) 99.9 (99.8)
(%)
Multiplicity® 6.7 (4.9) 5.7 (3.3) 3.5(3.1) 28.1(29.0) 13.0 (13.5)
Mid-slope 1.126
dF/F 0.140
Refinement
No. of non-H 11426 11266 28485 21017 21019
atoms
Ruwork/ Riee 0.19/0.22 0.21/0.24 0.33/0.34 0.24/0.25 0.23/0.25
Average B factors 27 31 0.0 78 78
(A9
Bond length rmsd 0.0130 0.0107 0.0053 0.0087 0.0073
A)
Bond angle rmsd 1.759 1.65 1.49 1.63 1.54
®)
Ramachandran 99.01/100 98/100 93.32/100 95.60/100 96/100
favoured/allowed
(%)

aValues in brackets are for data in the high-resolution shell

*Rinerg = Z ik Zi| li =1 m|/ZnaZili
Roim=Z i N1Nn=1Z =1 | i =1 ml/ZmaZ il i, where | ;and | , are the observed
intensity and mean intensity of related reflections, respectively
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Figure legends

Figure 1 Lytic and pore forming activity of Smh toxin. (A) Percentage lysis of erythrocytes
with each protein alone and in combination at a ratio of 1:1:1. (B) TEM negative stain
images of erythrocytes incubated with SmhA+SmhB+SmhC (top), showing side and top
views of pores in membrane fragments, and SmhB+SmhC (below) showing top views of
pores which line the membranes of intact erythrocytes. (C) Percentage lysis after pre-
incubation of erythrocytes for 1 hour at 37°C with either SmhA, SmhB or SmhC alone or
together, before addition of the remaining components with a further 1 hour incubation.
Red stars above bars represent P value, * P <0.05; ** P <0.01; *** P <0.001. (D) Percentage
lysis with varying concentrations of SmhA, SmhB or SmhC and fixed concentrations (10 nM)

of the remaining 2 components.

Figure 2 Structure of soluble and pore form SmhB (A) Structure of soluble SmhB
(PDB:6ZZH), the hydrophobic S-tongue (yellow) is buried from the solvent. (B) Pore
Structure of SmhB (PDB:7A0G). 10 monomers of SmhB, in two conformations (type 1 —
green, and type 2 — orange), assemble to form a helical pore with a hydrophobic head
(yellow) made up of extended hydrophobic helices (top), with the individual typel-type2
dimers shown (bottom). (C) The structures of both soluble and pore SmhB are almost
identical to those of AhIB (top), haemolytic assay results (below) for SmhABC and chimeric
toxin, SmhA + AhIB + SmhC, showing both toxin combinations reach 100% lysis after 1 hr

incubation with erythrocytes.

Figure 3 Structure of SmhA. (A) Crystal Structure of SmhA (purple) (PDB:7A27), with

residues of the predicted head domain coloured as in helical wheels (C, top right). (B) rmsD
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values for structural alignments of soluble SmhA to soluble SmhB, AhIB, NheA, MakA, and
Hbl-B. Hydrophobic residues are coloured yellow, and C-terminus is labelled. (C) Predicted
pore structure of SmhA showing the two extended head domain helices as seen in AhIB’
coloured as in the plotted helical wheels (right). Surface representation of pore SmhA model
(bottom right) shows how the sequence of the two extended helices create hydrophobic

and hydrophilic surfaces on opposite faces of the monomer.

Figure 4 Conserved mechanisms for head domain folding. SmhA (left, purple), SmhB (right,
green) and NheA (below, pale blue) adopt a leucine zipper between a4 and a5, formed from
family conserved residues (light brown) to hide hydrophobic residues and stabilise the head

domain.

Figure 5 Family conserved hinge residues show conserved latch residues for head domain
folding. A) Conserved Lys and Thr residues (light brown) interact between a2 and the C-
terminal helix in soluble SmhA (top), and SmhB (centre), an equivalent interaction (Q83-
E351) is seen in NheA (bottom). (B) Hydrogen bonding between conserved glutamine
residues to the main chain of the B-tongue in SmhA (top), SmhB (centre) and NheA

(bottom).

Figure 6 Schematic showing pore assembly for the Smh toxin. SmhC (cyan) binds to a single
leaflet of the membrane using its hydrophobic head (yellow). Soluble SmhB is recruited
(green) and undergoes its conformational change to pore form, with its hydrophobic head
traversing the membrane. At this stage either oligomerisation occurs (top, mechanism 1) to

form SmhBC pro-pores, followed by recruitment of the SmhA component (purple) to form a
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lytic pore. Alternatively (bottom, mechanism 2), SmhC, SmhB and SmhA assemble
sequentially on the membrane prior to oligomerisation to form the lytic pore. Schematic top
views of the pores are shown, with each oval representing two helices with hydrophobic
(yellow) and hydrophilic (blue) surfaces indicated. Soluble inhibitory complexes can form

between SmhB+SmhC and SmhA+SmhB+SmhC.

Figure 7 Model of tripartite a-PFT pore assembly. A) The C component (cyan) inserts its
hydrophobic head (yellow) through a single leaflet of the membrane. B) Soluble B (green)
binds to C with the N-terminal residues of a3 (G97- R125) in B interacting with the C-
terminal residues of a3 on C (regions of both coloured pink). C) The B component then
undergoes a large conformational change, inserting two hydrophobic helices through the
membrane. D) Finally, the A component (purple) binds to the B component with the region
Q58-T72 on A (blue) interacting with E294-L313 on B (blue). The head region of A (circled in
dashed lines) is predicted to undergo a conformational change to extended helices, which

insert through the membrane. All complexes modelled using the HADDOCK2.2 web server

30

Figure 8 Model of the complete tripartite a-PFT ABC pore. (A) Based on docking predictions
the A component (purple) fits between neighbouring B components (green) on the inside
surface of the pore, surrounded by C components (cyan), highlighting the membrane (blue
bar) and hydrophobic surfaces (yellow). (B) top view of pore. (C) Surface rendered full and
cutaway side views of the pore model generated in Pymol %7, showing the hydrophilic lining
to the pore with residues coloured hydrophobic (white), polar (pale blue), positive (blue)

and negative (red).
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Supplementary Figure 1. Analysis of SmhA, SmhB and SmhC by size exclusion chromatography. Gel
filtration chromatograms with SDS-PAGE gels below showing the content of the labelled peaks, Lane 1
contains the MW ladder, Lane 2 contains the gel filtration load. A) SmhA purification. Superdex 200pg B)
SmhB purification. C) SmhC purification. Lane 1, 2 and peakl are cropped images from the same gel. D) A
1:1 ratio of SmhB + SmhC elutes as 2 peaks, one high molecular weight peak containing both SmhB and
SmhC and a second peak low mw peak containing only SmhB. E) A 1:1 ratio of SmhA + SmhB elutes as 2
separate peaks one containing SmhA and the other SmhB. F) A 1:1 ratio of SmhA + SmhC, peak 1 containing
SmhA and peak 2 containing SmhC. SDS-PAGE of resulting supernatant (S) and pellet (P) after incubation of
SmhA and SmhB at 37°C for 1 hr (below), showing that most of SmhC precipitates with SmhA. Ladder, lane S
and P are cropped images from the same gel. G) A 1:1:1 ratio SmhA + SmhB +SmhC which elutes as 3
separate peaks, peak 1 — high molecular weight species containing SmhA, SmhB and SmhC. Peak 2 and 3
contain the soluble SmhA, SmhB and SmhC components. A) and B) purified using Superdex 200pg, C)-G)
purified using Superdex 200 increase.
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Supplementary Figure 2. Electron density maps. A) 1.8 A resolution 2Fo-Fc map contoured at
1.00 for soluble SmhB residues N122-D111 and E293-N282 B) 6.98 A resolution 2Fo-Fc map
contoured at 1.00 (blue mesh) for SmhB pore conformation chain A (yellow) and B (green) . C)
2Fo-Fc map contoured at 1.00 (blue mesh) and positive difference map contoured at 2.99¢
(green mesh) from an omit map after refinement deleting the head region of chains A and B
from the SmhB pore. Positive density returns for both head domains. D) 2.6 A resolution 2Fo-Fc
map contoured at 1.00 for SmhA residues W342-N351 and F345 and S10-S20.
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Supplementary Figure 3. Structure based sequence alignment of SmhA and SmhiB,
helices shown as rectangles, strands as arrows (H-helix, L- loop, E-strand), prepared
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Supplementary Figure 4. Sequence alignments of SmhA and SmhB with A and B components

from other species, highlighting (red boxes) residues involved in hydrogen bonding networks

that are broken on the soluble to pore transition and with family conserved residues in blue. A)
Q38 and Q263 in SmhA and Q32 in SmhB. B) T81 and K333 Lys in SmhA and T78 and K333

SmhB.
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B)

Supplementary Figure 5. Surface representation of (A) SmhA, (B) SmhB, and (C) AhIBT2. Family
conserved residues are shown in purple. Black boxes outline predicted binding surfaces
between the Smh components for (A) SmhA to SmhB, (B) SmhB to SmhC, (C) SmhB to SmhA.
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Supplementary Figure 6 Mapping of Nhe antibody binding sites onto Smh and Ahl proteins
(A) Structures of NheA (left) showing the 2G11 (blue) Mab binding site (identified by Didier et al
2 and SmhA (right) with NheA 2G11 Mab site mapped onto structure based on Dali * structural
alignment (below). (B) Phyre 2 3 model of NheB (left) showing 2B11 (pink) and 1E11 (blue) Mab
binding sites and structures of SmhB soluble and pore forms, with the NheB Mab sites mapped
onto these structures based on Dali structural alignments (below). (C) Phyre 2 model of NheC
(left), showing 2G8 and 3D6 Mab binding sites (green), which do not disrupt complex formation
with predicted binding site for the B component identified by Heilkenbrinker # (pink) and the
structure of AhIC (Right) with NheC Mab sites mapped onto the structure based on Dali
structural alignment (below).
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Supplementary Figure 7. Flexible regions of SmhB. Variations in B-factor (blue — low B-factor, to
red - High B-factor) between monomers of different crystal structures of the soluble form of SmhB.
An increasing B-factor can be seen at residue 85-124 (red box) and 280-320 (black box) from
panels A-C. (A) Crystal form 1, chain A (PDB code 6ZZ5). Crystal form 2 (PDB code 6ZZH) chain A (B)
and chain B (C) .






Appendix B

Extended methodology - Smh toxin

This appendix is an overview of the details of work done that was omitted or was only
briefly mentioned, from the results and discussion in Paper 2 (Section 4.3) and Paper 3
(Section 5.3). This includes details on the expression and purification SmhA, SmhB, and
SmhC, crystallisation and subsequent structure determination of SmhB pore form and soluble
SmhB, as well as soluble SmhA. It also outlines details of time course haemolytic assays and

EM studies of the Smh toxin.

B.1 SmhA, SmhB, and SmhC construct design

Constructs for SmhA, SmhB, SmhC, were synthesised by Genescript Biotech Corporation so
as to incorporate a Hisg tag, as described in Section 2.1.6. All constructs were full length and
generated from genes OKB64935.1 (smhA), OKB64936.1 (smhB) and OKB64937.1 (smhC)

from S. marcescens strain MSU97.
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B.2 Overexpression and purification of SmhA, SmhB and
SmhC constructs

As all three constructs were previously unstudied, expression and purification protocols had
not been established, initial expression trials were required. All constructs were transformed

into E. coli BL21 (DE3) cells for overexpression as described in Section 2.1.7.

B.2.1 Overexpression trials for SmhA, SmhB and SmhC

To test if the Smh constructs would produce sufficient quantities of soluble protein when
expressed in E. coli BL21 (DE3) cells, small scale expression trials in 50 ml LB broth were
carried out as described in Section 2.2.1, before continuing to large scale overexpressions.
Overexpression trials were carried out at 16 °C, 25 °C and 37 °C. For all three proteins,
the greatest soluble expression was achieved at 16 °C, SDS-PAGE gels for these trials can
be seen in Figure B.1 B1. As a result, large scale overexpressions for SmhA, SmhB, and
SmhC were carried out at 16 °C overnight as described in Section 2.2.2. Selenomethionine
expressions were carried out using the same conditions as sulphur methionine expression,
but using the growth protocol detailed in Section 2.2.3, and methods for both are described

in Section 2.2.

B.2.2 Purification of SmhA

2 g of cell paste was resuspended in 25 ml lysis buffer (50 mM Tris-HCL pH 8) before lysis by
sonication (3x20 s bursts at 16,000 nm A). Insoluble material was removed by centrifugation
at 40,000 g and soluble material was applied to a Sml Nickel Hi-trap column (GE Healthcare)
in binding buffer (50 mM Tris-HCI pH 8 and 0.5 M NaCl). Protein was eluted on a gradient
of binding buffer to 50 mM Tris-HCI pH 8, 0.5 M NaCl and 0.5 M imidazole. SmhA eluted

at 0.125 M Imidazole (Figure B.2A). Fractions containing SmhA were concentrated down to
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Figure B.1 SDS-PAGE gels showing Shr overexpression trials for SmhA, SmhB, and
SmhC. Mark 12 ladder with molecular weights of each band given. For each SmhA, SmhB,
and SmhC, lanes 1 and 2 contain pre-induction insoluble and soluble samples respectively,
while lanes 3 and 4 contain post-induction insoluble and soluble samples respectively. A)

Trials at 16 °C. B) Trials at 25 °C. C) Trials at 37 °C.
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2 ml using a Vivaspin 30 kDa MWCO concentrator (Sartorius). This sample was then loaded
on to a Superdex 200 pg column (GE Healthcare) pre-equilibrated with 50 mM Tris-HCI pH 8
and 0.5 M NaCl. SmhA eluted at a volume of 65 ml ( 100 kDa), suggesting a dimer of SmhA
in solution (Figure B.2B). All fractions containing SmhA were pooled and concentrated
down to a final concentration of 7 mg/ml in a total volume of 0.5 ml for crystallisation and
assays. Selenomethionine purification was carried out using the same methods as sulphur

methionine expression and resulted in similar yields of soluble protein.

B.2.3 Purification of SmhB

2 g of cell paste was resuspended in 25 ml lysis buffer (50 mM Tris-HCI pH 8) before lysis by
sonication (3x20 s bursts at 16,000 nm A). Insoluble material was removed by centrifugation
at 40,000 g and soluble material was applied to a 5 ml Nickel Hi-trap column (GE Healthcare)
in binding buffer (50 mM Tris-HCI pH 8 and 0.5 M NaCl). Protein was eluted on a gradient
of binding buffer to 50 mM Tris-HCI pH 8, 0.5 M NaCl and 0.5 M imidazole. SmhB eluted
at 0.175 M Imidazole (Figure B.3A). Fractions containing SmhA were concentrated down
to 2ml using a Vivaspin 30 kDa MWCO concentrator (Sartorius). This sample was then
loaded on to a Superdex 200 pg column (GE Healthcare) pre-equilibrated with 50 mM
Tris-HCI pH 8 and 0.5 M NaCl. SmhB eluted at a volume of 79 ml ( 35.4 kDa), suggesting
a monomer of SmhB in solution (Figure B.3B). All fractions containing SmhB were pooled
and concentrated down to a final concentration of 14 mg/ml in a total volume of 0.5 ml for

crystallisation and assays.

B.2.4 Purification of SmhC

2 g of cell paste was resuspended in 25 ml lysis buffer (50 mM Tris-HCL pH 8) before
lysis by sonication (3%20 s bursts at 16,000 nm A). Insoluble material was removed by

centrifugation at 40,000 g and soluble material was applied to a 5 ml Nickel Hi-trap column



B.2 Overexpression and purification of SmhA, SmhB and SmhC constructs 213

Peak 1
Ladder A
A) (kba) 1 2 ¢ \
97.4
3000 100 o !
- o 55.4
g0 — MA
2500+ 80 — o -
2000+ 70 = . - SmhA
2 1500+ ::g e o g
é Peak 40 @ 310 i ‘
1000+ 1 30 W
500+ 20
=10 215
c 1 T L] 3
0 20 40 60 80
mi 14.4
B) Peak 1 Peak 2
Ladder Void volume 60-75ml
40- (kDa) 1 2
Peak 2
97.4
30+ 66.3
55.4
= Peak 1 S— - SmhA
E 20+ 365 4
310
-
10- 215
144
0- =
0 10 20 30 40 50 60 70 80 90100110120
ml

Figure B.2 Purification of His tagged SmhA. UV trace chromatogram (left) and SDS-
PAGE (right).A) Purification by NiHP. SmhA eluted at 25 % Buffer B. Lane 1 and 2 of
the SDS-PAGE show Mark 12 ladder and NiHP load respectively, with fractions from peak
1 in lanes 3-6, as indicated. B) Gel filtration of SmhA NiHP eluent. Lane 1 and 2 of the
SDS-PAGE show Mark 12 ladder and gel filtration load respectively, with factions from peak
1 and peak 2 from the gel filtration shown in lanes 3-10, as indicated.
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Figure B.3 Purification of His tagged SmhB. UV trace chromatogram (left) and SDS-
PAGE (right).A) Purification by NiHP. SmhB eluted at 35 % Buffer B. Lane 1 and 2 of
the SDS-PAGE show Mark 12 ladder and NiHP load respectively, with fractions from peak
1 in lanes 6-7, as indicated. B) Gel Filtration of SmhB NiHP eluent. Lane 1 and 2 of the
SDS-PAGE show Mark 12 ladder and Gel filtration load respectively, with factions from
peak 1 from the gel filtration shown in lanes 5-14, as indicated.
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(GE Healthcare) in binding buffer (50 mM Tris-HCI1 pH 8 and 0.5 M NaCl). Protein was
eluted on a gradient of binding buffer to 50 mM Tris-HCI pH 8, 0.5 M NaCl and 0.5 M
imidazole. Although the SmhC construct contained a Hisg tag very little SmhC eluted from
the column, at 0.125 M imidazole with only faint bands visible at a molecular weight of
28 kDa on SDS-PAGE. However, total protein was measured as 3.12 mg in 20 ml from
absorbance using the nanodrop, which did not correspond with the levels seen in SDS-PAGE
analysis suggesting protein concentration measurements were inaccurate (Figure B.4A).
Fractions containing SmhC were concentrated down to 2 ml using a Vivaspin 30 kDa MWCO
concentrator (Sartorius). This sample was then loaded on to a Superdex 200 pg column (GE
Healthcare) pre-equilibrated with 50 mM Tris-HCI pH 8 and 0.5 M NaCl. SmhC eluted
as a broad peak between 60-85 ml, and produced two faint bands on SDS-PAGE, with an
approximate 50 % purity for SmhC (Figure B.4B). The low levels of protein recovery perhaps
suggest that the Hisg tag was occluded in the structure or perhaps cleaved from the construct.

Due to the low yield from the nickel column a second purification method was used
which involved a two-step process of ammonium sulphate (AS) cut followed by anion-
exchange chromatography. An analytical AS cut was carried out on 0.5 ml SmhC CFE
and AS concentrations of 0.5 M, 0.66 M, 0.75 M and 1.5 M. The best ratio of precipitated
SmhC relative to impurities was found at 0.75 M AS (Figure B.5A). Pelleted SmhC was
resolubilised in 30 ml 50 mM Tris pH 8. Solubilised protein was then applied to a S ml DEAE
-Sepharose column equilibrated with 50 mM Tris pH 8, and eluted over a gradient of 0 — 0.3
M NaCl using 50 mM Tris pH8, 1 M NaCl. SmhC eluted at 0.05-0.2 M NaCl (Figure B.5B).
The first 5 fractions were pooled and concentrated down to a final concentration of 7.5 mg/ml

in a total volume of 0.5 ml for crystallisation and assays.
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Figure B.4 Purification of His tagged SmhC. UV trace chromatogram (left) and SDS-
PAGE (right).A) Purification by NiHP. SmhB eluted at 25 % Buffer B. Lane 1 and 2 of the
SDS-PAGE show Mark 12 ladder and NiHP load respectively, with fractions from peak 1
and peak 2 in lane 3-6, as indicated. B) Gel Filtration of SmhB NiHP eluent. Lane 1 and 2 of
the SDS-PAGE show Mark 12 ladder and Gel filtration load respectively, with factions from
peak 1 and peak 2 from the gel filtration shown in lanes 3-10, as indicated.
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Figure B.5 Purification of SmhC by AS cut and anion exchange chromatography.A)
SDS-PAGE of ammonium sulphate cut with 0.75M ammonium sulphate. Lane 1, Mark12
ladder; Lane 2, CFE Lane 3, pellet; Lane 4, supernatant. B) Anion exchange UV trace
chromatogram of purification of solubilised pellet from AS cut. SmhC eluted between 10
and 40 % NaCl. Below, Right, SDS-PAGE of Anion exchange. Lane 1, Mark 12 ladder. with

fractions from peak 1 in lanes 2-11, as indicated.
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B.3 Haemolytic sssays for the Smh toxin

As discussed in Paper 3 (Section 5.3), haemolytic assays have shown how the different
components of the Smh toxin can act to either enhance or retard lysis when preincubated with
erythrocytes. Both SmhB and SmhC slightly enhance lysis if preincubated with erythrocytes
before the addition of the remaining two components, however lysis is further enhanced
if SmhC is preincubated in combination with SmhA or SmhB before the addition of the
final component. In contrast excess SmhA or SmhB retard lysis and form inhibitory soluble
complexes when SmhB and SmhC or SmhA, SmhB and SmhC are mixed in solution.
Further time course haemolytic assays were carried out to determine any effect of
concentration on the rate of lysis. At equal ratios, SmhA, SmhB, SmhC took 20 minutes to
reach 100 %. Reducing the concentration of SmhA to a ratio of 0.5:1:1 resulted in 100 %
lysis in 10 minutes while increasing the concentration above 1:1:1 resulted in a reduction of
maximum lysis, and at a ratio of 4:1:1 a reduction of rate to 40 minutes for maximum lysis
(Figure B.6A). This effect is likely due to off-pathway soluble complex formation between
SmhA, SmhB and SmhC, as more SmhA is now available in solution to bind SmhB and
SmhC before these two components are able to bind to the membrane. In contrast at low
concentrations of SmhA, SmhB and SmhC are free to bind the membrane before interacting
with SmhA. Increasing SmhC relative to SmhA and SmhB resulted in an increased rate of
lysis and total lysis up to a maximum at a ratio of 1:1:4 (Figure B.6C). Both Increasing or
decreasing the concentration of SmhB relative to SmhA and SmhC resulted in decreasing
lysis, however while the rate of lysis remained the same as the concentration was increased,
decreasing the concentration resulted in a significant reduction in rate (Figure B.6B). At
a ratio of 1:0.5:1 lysis remains low until 40 minutes when a sudden increase of 40 % is
observed, this could indicate a critical pore concentration is reached on the membrane
resulting in complete cell lysis (Figure B.6B). TEM negative stain micrographs of liposomes

show that some membranes are saturated while others remain empty, a phenomenon also
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observed with Ahl (Paper 1 (Section 3.3))(Wilson et al., 2019) suggesting a preference of
pores to concentrate together on a membrane rather than randomly insert (Figure B.6D).
Together, these results indicate pore formation by SmhABC is fastest with excess SmhC.
Excess SmhB or SmhA hinders pore formation, while reducing SmhA below 0.5:1:1 has
little effect. The effects of each Smh protein on lysis are also shared by their equivalent
proteins in the Hbl toxin, where excess Hbl-B (equivalent to SmhC) increases rate and lysis,
while excess Hbl-L.1 (SmhB) or Hbl-L.2 (SmhA) both reduce toxic activity (Jessberger et al.,

2019).
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Figure B.6 Lytic and pore-forming activity of Smh toxin.A) % lysis against time with
varying concentrations of SmhA and fixed concentrations (10 nM) of SmhB and SmhC.
B) % lysis against time with varying concentrations of SmhB and fixed concentrations (10
nM) of SmhA and SmhC. C) % lysis against time with varying concentrations of SmhC
and fixed concentrations (10 nM) of SmhA and SmhB. D) TEM negative stain EM images
of liposomes after incubation with SmhA+SmhB+SmhC. Some liposome membranes are
broken down and saturated with pores (left) while others remain empty (centre) or contain
small concentrated regions of pores (red circle, right).
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B.4 Electron microscopy of soluble complexes

As shown in Paper 3 (Section 5.3) soluble SmhB incubated with soluble SmhC for 1 hour
at 37 °C produced a large molecular weight complex ( 1.5 MDa), similarly SmhA, SmhB
and SmhC incubated together also produced a large molecular weight complex ( 1 MDa).
Both complexes were soluble and the gel filtration peak for SmhABC complex suggested a
homogeneous sample, while the SmhBC peak was broader suggesting a less homogeneous
sample. Each complex was analysed by negative stain TEM as described in Section 2.6.
SmhBC particles were elongated (Figure B.7A) with an approximate diameter estimated
from 40 particles of 64 A + 20 A. These particles resemble two pores side by side. SmhABC
particles were much larger (diameter 170 A £ 20 A, estimated from 40 particles) and looked
like crowns. Similar crown-like structures were also observed for YaxAB complexes (YaxA
and YaxB are equivalent to SmhC and SmhB, respectively) in the absence of membranes
or detergent (Figure B.7B) (Brduning et al., 2018). When YaxAB complexes were mixed
with detergent (Cymal-6) single pore particles were produced, which were taken forward
for Cryo-electron microscopy and structure solution. To test if this was also the case for
the Smh complexes, each complex was mixed with 2 detergents, Cymal-6 (used for YaxAB
(Brauning et al., 2018)) and N-heptyl-thioglucopyranoside (used for Ahl (Wilson et al.,
2019)). 0.15 mg/ml of SmhABC or SmhBC was mixed with 0.56 mM Cymal-6 or 30 mM
N-heptyl-thioglucopyranoside. The resulting samples were then analysed by TEM negative
stain microscopy. In both cases, N-heptyl-thioglucopyranoside produced the cleanest sample
with the most single particles (Figure B.8 and Figure B.9). These particles had an average
diameter estimated from 40 particles of 81A £20A (SmhABC) and 67 A+20A (SmhBC),
comparable to the diameter of AhlB pores and SmhB pores. The diameter of SmhABC
particles with detergent is approximately half that observed without detergent, suggesting
particles without detergent may be composed of two pores side by side, or that SmhA is

stripped off the soluble inhibitory complex by detergent, resulting in a smaller SmhB or
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SmhBC pore. Some larger complexes are still visible in both samples and some particles may
be detergent micelles rather than pores, further optimisation is therefore needed to produce a

sample for cryo-EM and structure solution.
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Figure B.7 TEM negative stain EM images of gel filtration fractions. A) SmhBC soluble
complexes, long structures are visible (right) which could represent two pores side by side.
B) SmhABC soluble complexes. Large splayed crown-like structures are seen (right), similar

to those observed for soluble YaxAB complexes shown below (image adapted from Brauning
et al. (2018)).
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Figure B.8 TEM negative stain EM images of SmhBC soluble complexes incubated with
detergents. A) SmhBC complex incubated with detergent N-heptyl-thioglucopyranoside.
SmhBC separates into more single particles, top views of pores are also visible (right).
B) SmhBC complex incubated with detergent Cymal-6, some single particles and many
aggregates are visible (right).
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Figure B.9 TEM negative stain EM images of SmhABC soluble complexes incu-
bated with detergents. A) SmhABC complex incubated with detergent N-heptyl-
thioglucopyranoside. SmhABC separates into more single particles, top views of pores
are also visible (right). B) SmhABC complex incubated with detergent Cymal-6, some single
particles and many aggregates are visible (right).
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B.5 Crystallisation, data collection and structure determi-

nation of SmhB

B.5.1 Crystallisation trials of SmhB

SmhB was purified and concentrated before being subject to crystallisation trials as described
in Section 2.5.5 and Paper 3 (Section 5.3). Trials were carried out in a 96 well sitting
drop plate. Plates were then incubated at 17 °C and checked regularly. Crystals grew in
three conditions described in Paper 3 (Section 5.3). All crystals were of sufficient size for
subsequent data collection (Figure B.10), and as such were mounted on litholoops (molecular

dimensions) and preserved in liquid nitrogen as described in Section 2.5.4.

B.5.2 X-ray data collection of SmhB

Three different crystal structures of SmhB were determined, these were SmhB crystal Form
1, SmhB crystal Form 2 and SmhB pore form. Data were collected from a single crystal
of each crystal form as described in Section 2.5.7 and Paper 3 (Section 5.3), with full data
processing statistics given in Section 5.3, Paper 3, Table 1. Table B.1 gives data collection
parameters, AU and solvent content for each crystal, with an example of diffraction images

provided in Figures B.11-B.13.
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Figure B.10 Crystals of SmhB (left) and mounted crystal in litholoop (right). Top, Crys-
tals of soluble SmhB crystal Form 1. Centre, crystals of soluble SmhB crystal Form 2.
Bottom, crystals of SmhB pore form.
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Table B.1 Data collection parameters for SmhB crystal forms.

0.1 0.1 0.1

2000 3600 2000

0.1 0.05 0.05

100 100 100
P2,2,2, P2, C2
50.94,113.95, | 95.93,49.73 224.5,118
130.37 99.49 209.5

90, 90, 90 90,118.43,90 | 90,109, 90
1.84 A 2.57A 6.98A

50 55 64

2 2 10
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Figure B.11 A representative 0.1 © oscillation image from SmhB crystal Form 1. An

enlarged view of the region highlighted by the square shows diffraction extends to around 2
A.
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Figure B.12 A representative 0.1 ° oscillation image from SmhB crystal Form 2. An
enlarged view of the region highlighted by the square shows diffraction extends to around 2

A.
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Figure B.13 A representative 0.1 ° oscillation image from SmhB pore Form. An enlarged
view of the region highlighted by the square shows diffraction extends to around 5 A.
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B.5.3 Structure determination, model building and validation of SmhB

crystal Form 1 and crystal Form 2

Initial phases for crystal Form 1 were calculated using Phaser MR (McCoy et al., 2007) using
a poly-Ala model of soluble AhlB, as described in Section 2.5.10 and Paper 3 (Section 5.3).
This gave a single unique solution with a refined TFZ=38.24 and LL.G=1609.78 and placed
two molecules in the AU. Refinement of this model using REFMACS (Murshudov et al.,
1997) gave a R-factor of 0.42 and Free R of 0.44. Subsequent rounds of manual building
and refinement using Coot (Emsley et al., 2010) and REFMACS (Murshudov et al., 1997)
produced a final model with R-factor of 0.19 and Free R of 0.22 (Figure B.14), full validation
details can be found in Section 5.3, Paper 3, Table 1. SmhB crystal Form 1 is composed
of 2 monomeric chains of the soluble conformation of SmhB, in agreement with the gel
filtration analysis. Both chains of SmhB are almost identical apart from helix o7, which
in Chain A is a single kinked helix (the kink is located around residues S320 and T321),
while in chain B helix a7 is broken into two helices with residues S320-T324 in a loop
between these helices. This variation is caused by differences in crystal packing between
each chain and the neighbouring symmetry-related molecule. In Chain A, a7 packs against
03 in the tail domain of a symmetry-related chain B. However in chain B a7 interacts with
the loop between a1 and 2 and 34 and o8 in the head domain of a symmetry-related chain
A, resulting in the unfolding of the helix (Figure B.15).

Initial phases for Crystal Form 2 were also calculated using Phaser MR (McCoy et al.,
2007) using Chain A of SmhB crystal Form 1 as a model, as described in Section 2 and
Paper 3. This gave a single unique solution with a refined TFZ=63.57 and LLG=9095.86 and
placed two molecules in the AU. Refinement of this model using REFMACS (Murshudov
et al., 1997) gave a R-factor of 0.29 and Free R of 0.33. Subsequent rounds of manual
building and refinement using Coot (Emsley et al., 2010) and REFMACS (Murshudov et al.,

1997) produced a final model with R-factor of 0.21 and Free R of 0.25, full validation details
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can be found in Paper3, Table 1. As with crystal Form 1, crystal Form 2 contained two
monomeric chains of the soluble conformation of SmhB (Figure B.16A). This second crystal
form provides a third conformation for a7. In chain A, &7 on one side packs against &7 on
a symmetry-related chain B and is exposed to the solvent on the opposite side. This results in
the same kink as seen in crystal form 1 chain A, but with a distorted helix at the N-terminus
(Figure B.16). In chain B o7 packs against a7 and a2 of a symmetry-related chain A
stabilising the helix and is structurally the same as chain A of crystal form1 (Figure B.16C).
As described in Paper 3, this reveals flexibility in o7, an important helix likely involved in the

movement of the C-terminus and ultimate transformation from soluble to pore conformations.

B.5.4 Structure determination, model building and validation of SmhB

pore form.

Initial phases for the SmhB pore were calculated using Phaser MR (McCoy et al., 2007)
using a poly-Ala model of the AhlB pore, as described in Section 2 and Paper 3. This gave a
single unique solution with a refined TFZ=19.45 and LLG=519.59 and placed 1 molecule in
the AU. Refinement of this model using REFMACS (Murshudov et al., 1997) gave a R-factor
of 0.32 and Free R of 0.34. Subsequent rounds of manual building and refinement using Coot
(Emsley et al., 2010) and REFMACS5 (Murshudov et al., 1997) produced a final model with
R-factor of 0.33 and Free R of 0.34. Full validation details can be found in Paper 3, Table
1. Due to the low resolution of the data side chains could not be refined and were left as
poly-Ala. Due to the low resolution, checks were carried out to ensure the structure solution
by Phaser was correct. The head domain (residues 157-251 in chains A and B ) was removed
from the Phaser output model and the remaining model refined against the experimental data
in REFMACS. Clear positive density could be seen for the head domains of both chains, this
provided convincing evidence that the structure was correct (Supplementary figure Paper 3,

Section 5.3).
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Figure B.14 Molecular replacement, model building and refinement of SmhB crystal
Form 1. A) Poly-ala model of AhIB used for molecular replacement. B) PhaserMR placed
two molecules in the asymmetric unit (green — chain A, blue —chain B). C) Models and
electron density around o6 and o7 for chain A (left) and chain B (right) of soluble SmhB,
Form 1. Top, after PhaserMR, bottom, after rebuilding and refinement. 2Fo-Fc map contoured
at 1.0 o (blue mesh) and difference map contoured at 2.99 ¢ (green, positive, and red,
negative, mesh)
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ifferences in o¢7 between chain A and

A) Final model of SmhB crystal form 2, green,

236

chain A. blue, chain B. B) Crystal packing (symmetry-related molecules shown as light green

and light blue, chain A and chain B respectively) shows a7 in chain A and B pack against
same view as B). In chain A (left) o7 packs partially against o7 of a symmetry-related chain
B and is also exposed to solvent, while in chain B (right) a7 packs between a7 and a2 of a

different regions of symmetry-related molecules. C) Close up showing the interactions in the
symmetry-related chain A.

Figure B.16 SmhB crystal Form 2 shows further d
B caused by crystal packing interactions.
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B.6 Crystallisation, data collection and structure determi-

nation of SmhA

B.6.1 Crystallisation trials of SmhA

SmhA was purified and concentrated before being subject to crystallisation trials as described
in Section 2.5.5, and Paper 2 (Section 4.3). Trials were carried out in a 96 well sitting drop
plate. Plates were then incubated at 17 °C, which resulted in a large number of hits containing
a multitude of microcrystals after 1 day. As a result, screens were repeated at 7 °C to slow
down crystal growth and hopefully result in larger crystals.

Crystals grew in five conditions shown in Table B.2. All crystals were of sufficient
size for subsequent data collection (Figure B.17), and as such were mounted on litholoops

(Molecular Dimensions) and preserved in liquid nitrogen as described in Section 2.5.4.

B.6.2 X-ray data collection of SmhA

Data were collected from a single crystal of each SmhA crystal form, as detailed in Table B.2
and B.3. Crystal form 1 was successfully phased by SAD and the model of this structure used
to determine the other crystal Forms using MR. All of these structures were in the soluble
conformation of SmhA. As crystal Form 2 had the highest resolution and lowest number of
molecules in the AU (4 vs 16 for Form 3, 4 and 5) this crystal form was used in subsequent
analysis. Attempts were made to refine and build the structures of crystal Forms 3, 4 and
5, all of which had 16 copies in the AU, but the resolution of the data was such that many
side chains could not be placed confidently and thus little extra information could be gleaned.
Crystal Forms 1 and 2 will be described from this point onwards.

Crystal form 1 contained Selenomethionine derivatised SmhA, and thus a SAD data set
of 7200 images was collected as described in Section 2.5.9 (full data processing statistics

given in Section 5.3, Paper 3, Tablel), with an oscillation per image of 0.1 ° (total 720 °),
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Table B.2 Crystallisation conditions and data collection statistics for different crystal forms
of SmhA.

0.16 M CaCl,, 0.1 M P4, 2.98A 8
MES pH 6.5, 20 %
PEG 6000

0.2MKNO,, 20% | P2,2,2, 2.57A 4
PEG 3350

0.12 M CaCl,, 0.1 M P4, 3A 16
MES pH 5.8, 20 %
PEG 6000

0.3 M NaNO,;, 0.3 M P12,1 2.96 A 16
Na;HPO4, 0.3 M
(Na,),S0,
0.1M
MES/imidazole pH
6.5
10 % PEG 20,000, 20
% PEG MME 550,

0.2 MKI, 0.1 M MES P4 3.36A 16
pH 6.5, 25 % PEG
4000
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100 prm

100 pm

. Omega: 486.0°

Figure B.17 Crystals of SmhA. A) Crystals of soluble SmhA crystal Form 1 (left) and
mounted crystal in litholoop (right). B) Crystals of soluble SmhA crystal Form 2 (left) and
mounted crystal in litholoop (right). C) Crystals mounted in litholoops of soluble SmhA
crystal Form 3 (left), crystal Form 4 (centre), crystal Form 5 (right).
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Table B.3 Crystallisation conditions and data collection statistics for different crystal forms

of SmhA.

SmhA crystal Form
3

SmhA crystal Form
4

SmhA crystal Form
5

Beamline 103 104-1 104-1
Wavelength (A) 0.9792 0.9159 0.9159
Space group P43 P1241 P4
Cell parameters

a(A) = 151.3 92.18 149.73
b (A)= 151.3 219.69 149.73
c(A)= 266.9 162.08 62.68
a()= 90 90 90
B ()= 90 90.52 90
V()= 90 90 90
Molecules per asymmetric 16 16 16
unit
Resolution (A) 3.00-57.63 2.96 — 162.1 3.36 — 149.7
(3.00 - 3.00) (2.96 - 3.01) (3.36 —3.42)
Total reflections® 932905 507088 262635
(45663) (22985) (12628)
Unique reflections? 119577 133510 20195
(5886) (6521) (1077)
Rinerge?? 0.292 0.301 0.767
(1.346) (1.314) (4.123)
Ron© 0.111 0.178 0.221
(0.514) (0.811) (1.172)
Mean /o (l)? 4.6 (1.3) 3.5(0.9) 2.9(0.8)
Completeness (%)? 100 (99.8) 99.9 (98.1) 100 (99.8)
Multiplicity® 7.8 (7.8) 3.8 (3.5) 13 (11.7)

aValues in brackets are for data in the high-resolution shell
PRmerg= Zrid Zi| I i =1 m|[/Zna Zili
Rpim= ZmiN1/n=1Z =1 | 11 =1 m|[IZ i1, where [ jand | m are the observed
intensity and mean intensity of related reflections, respectively
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exposure of 0.008 s, and transmission of 20 %. An example diffraction image is provided
in (Figure B.18), showing diffraction out to 2.6 A. Cell parameters (a=151.36 A, b=151.36
A, c=133.46 A, a=90 °, =90 °, y=90 ©), suggested a solvent content of 48% would give
an asymmetric unit content of 8 molecules, as determined by the Matthews calculation
(Matthews, 1968)(Figure B.19). As SmhA contains 9 methionine residues in its sequence
these values indicate that 72 Selenomethionines were present in the asymmetric unit, and
therefore 72 Se atoms were searched for in the initial substructure determination.

A dataset of 2000 images was collected for crystal Form 2 as described in section 2.5.7
(full data processing statistics given in Section 5.3, Paper 3, Tablel), with an oscillation per
image of 0.1 © (total 200 °), exposure of 0.1 s, and transmission of 100 %. An example
diffraction image is provided in (Figure B.20), showing diffraction out to 2.8 A. Cell pa-
rameters suggested 4 molecules in the asymmetric unit with a solvent content of 53 %, as

determined by the Matthews calculation (Matthews, 1968)(Figure B.21).

B.6.3 Structure determination, model building and validation of SmhA

The SmhA crystal Form 1 Selenomethionine SAD data set had an anomalous mid-slope of
1.045 as shown in Section 5.3, Paper 3, Tablel. The CRANK?2 pipeline (Skubédk and Pannu,
2013) was used for phasing and initial model building, a brief outline of this pipeline is
given. SHELXC showed that the anomalous signal was present (>0.8 d”’/sig) out to 3.19 A.
SHELXD found 92 Selenium atom sites, within the range expected for 8 molecules of SmhA.
Phase calculation, density modification and heavy atom refinement using REFMACS and
PEAKMAX reduced this to 79 Selenium atom sites (Figure B.22A). A solvent content of
48 %, was used to calculate phases and run density modifications. Inspection of the sites
showed strong density for 72 of the 79 sites, accounting for all of the expected Selenium
atoms. The best density map was produced for the original hand (density modification

FOM = 0.56 and phasing CLD = 2.93, vs FOM=0.55 and CLD = 1.4 for inverted hand),
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Figure B.18 SmhA SeMet SAD data collection. A) Fluorescence scan of SmhA SeMet
crystal at Se K edge carried out with 1 s exposure and 3.2 % transmission. The black line
shows fluorescence at each wavelength, the blue line plots f* and yellow f”. (B) Diffraction
image from data collected on a single crystal of SmhA Semet crystal Form 2 at phi=0.40 with
an o§cillation of 0.1 ° from SeMet A11 AhIB crystal. Magnified image shows diffraction to
26 A
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A)
Oy e +
|  N(mol) Prob(N) Prob(N) Vm Vs Mw |
| for resolution overall a**3/Da % solvent Da |
e e +
| 1 0.0000 0.0000 19.09 93.56 40000.00 |
| 2 0.0004 0.0011 9.54 87.11 80000.00 |
3 0.0045 0.0077 6.36 80.67 120000.00 |
4 0.0207 0.0264 4.77 74.22 160000.00 |
5 0.0551 0.0650 3.82 67.78 200000.00 |
| 6 0.1230 0.1286 3.18 61.33 240000.00 |
7 0.2270 0.2269 2.73 54.89 280000.00 |
8 0.2841 0.2734 2.39 48,44 320000.00 |
9 0.2121 0.2014 2.12 42.00 360000.00 |
10 0.0606 0.0575 1.91 35.55 400000.00 |
11 0.0106 0.0101 1.74 29,11 440000.00 |
12 0.0020 0.0019 1.59 22.67 480000.00 |
| 13 0.0000 0.0000 1.47 16.22 520000.00 |
e e +

B) Matthews probabilities based on 56466/60074 molecules.

— Resol <= 2.98 8 8

Lop All PDB entries |

0.8}

prob(Vs)

0.4}

0.2}

0.0

Vs [%]

Figure B.19 SmhA crystal Form 1 Matthews calculation. A) Table of the possible number
of molecules in the AU, with respective probability and percentage solvent content, suggesting
8 molecules in the AU. B) A plot of the probability against the solvent content. Graph and
table generated using online software at http://www.ruppweb.org/mattprob/. (Matthews,
1968)



244 Extended methodology - Smh toxin

P
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Figure B.20 SmhA crystal Form 1 data collection. A representative 0.1 © oscillation image
from SmhA crystal Form 1. An enlarged view of the region highlighted by the square shows
diffraction extends to around 2.8 A.
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e e e e e e e e e e e e e e +
| N(mol) Prob(N) Prob(N) Vm Vs Mw |
| for resolution overall A**3/Da % solvent Da |
T +
| 1 0.0001 0.0009 10.39 88.17 40000.00 |
| 2 0.0156 0.0309 5.20 76.33 80000.00 |
| 3 0.1225 0.1609 3.46 64.50 120000.00 |
| 4 0.4739 0.4680 2.60 52.66  160000.00 |
| 5 0.3671 0.3212 2.08 40.83  200000.00 |
| 6 0.0207 0.0182 1.73 28.99  240000.00 |
| 7 0.0000 0.0000 1.48 17.16  280000.00 |
T B B o o +

Matthews probabilities based on 49188/60074 molecules.

— Resol <= 2.57
- - All PDB entries 4

T
L

1.0

0.8

0.6

prob(Vs)

T

0.4

0.2

0.0

101

Vs [%]

Figure B.21 SmhA crystal Form 2 Matthews calculation. A) Table of the possible number
of molecules in the AU, with respective probability and percentage solvent content, suggesting
4 molecules in the AU. B) A plot of the probability against the solvent content. Graph and
table generated using online software at http://www.ruppweb.org/mattprob/. (Matthews,
1968)
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and initial phases were enough to see continuous density of helices within the protein
(Figure B.22B). Finally, the CRANK?2 pipeline ran Parrot, REFMACS, and Buccaneer for
model building, density modification and phased refinement to produce a model with 8 chains
in the AU (Figure B.22C), and gave an R-factor of 0.29 and Free R of 0.35. Subsequent
rounds of manual building and refinement using Coot (Emsley et al., 2010) and REFMACS5
(Murshudov et al., 1997) produced a final model with R-factor of 0.21 and Free R of 0.25,
with 8 monomeric chains in the AU (Figure B.23A). This is in contrast to gel filtration
analysis in Paper 3 (Section 5.3) which gave a molecular weight of 80 kDa equivalent to a
dimer of SmhA. As the molecular weight standard used to calibrate the gel filtration column
is composed of globular proteins, the estimated molecular weight of SmhA from gel filtration
may be inaccurate due to the elongated structure of SmhA, resulting in the discrepancy
seen between the crystal structure and gel filtration. Full validation details can be found in
Section 5.3, Paper 3, Table 1. Residues 206-228 in chain A, 208-228 in chain B, G and F,
210-227 in chain C, 209-228 in chain E and H, which form part of the loop in the 3-tongue
(discussed in Paper 3 (Section 5.3)) were omitted from the final model due to poor density.
Chain D, however, had poor density throughout the head domain, which unlike the other 7
chains, is not involved in crystal packing interactions (Figure B.23B), and as such residues
40-54, 164-165, 191-198 and 208-228 were omitted from this chain D (Figure B.24). This
hints towards the flexibility of the head domain, which, as discussed in Paper 3, must undergo
a major conformational change in the soluble to pore transition.

Chain A from crystal Form 1 was used as a molecular replacement model for crystal
Form 2. Initial phases for crystal Form 2 were calculated using Phaser MR (McCoy et al.,
2007). This gave a single unique solution with a refined TFZ=43.91 and LL.G=5397.20,
and placed 4 molecules in the AU, as described in Section 2 and Paper 3 (Figure B.25).
Refinement of this model using REFMACS (Murshudov et al., 1997) gave a R-factor of 0.24

and Free R of 0.3. Subsequent rounds of manual building and refinement using Coot (Emsley
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Figure B.22 Experimental phasing and chain tracing by CRANK2.0 A) Selenium atom
co-ordinates. ShelxD placed 92 Se atoms (left), after substructure improvement and phasing
by REFMACS (Murshudov et al., 1997), PEAKMAX 13 (Skubédk and Pannu, 2013) atoms
were removed (right). B) Left, Graph of FOM vs density modification cycle for original
(hand 1) and inverted hand (hand 2), shows original has the best FOM after 10 cycles. Right,
2Fo-Fc map for the original hand generated from the initial phase determination of SmhA,
Se atoms fit density and continuous density for helices was visible. C) Model output by
CRANK 2 (Skubdk and Pannu, 2013). 8 Chains were built in the AU.
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Figure B.23 Final model of SmhA crystal Form 1. A) Final validated model of SmhA
crystal form 1, 8 chains were successfully built in the AU. B) Stereo image of symmetry-
related molecules (cyan) packing around SmhA chain D head (yellow). The head doesn’t
pack against any other molecules in the crystal and as such is exposed to solvent resulting in

poor density for the head domain.
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Figure B.24 Comparison of density around the head domain of Chain D (yellow, left
three) and Chain A (green, right three). Density is significantly worse for chain D with a
large amount of undefined density. 2Fo-Fc map contoured at 1.0 ¢ (blue mesh) and difference
map contoured at 2.99 ¢ (green, positive, and red, negative, mesh).
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et al., 2010) and REFMACS5 (Murshudov et al., 1997) produced a final model with R-factor
of 0.23 and Free R of 0.25. Full validation details can be found in Paper 3, Table 1. The final
model of SmhA crystal Form 2 contained 4 monomeric chains of the soluble conformation of
SmhA. All four molecules are almost identical with the only variation seen in the density of
the connecting loop between the two B-strands (1 and 2) in the -tongue (Figure B.26).

Chain C is most complete with only density for residues 210-225 missing.
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terminus), all four

2007) placed four molecules in the asymmetric unit. C) Models for all four

)

Figure B.25 Molecular replacement and model building for SmhA crystal Form 2. A)
model of chain A SmhA crystal Form 1 used for molecular replacement. B) PhaserMR

(McCoy et al.
chains are almost identical, rmsD Co for each chain against chain A is given below.

chains of SmhA crystal Form 2, coloured dark (N-terminus) to light (C-
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Figure B.26 Difference in electron density for each chain of SmhA crystal Form 2.
Phaser MR (McCoy et al., 2007) (left) and validated (right) models and electron density
around A229 and P206, for all four chains of SmhA crystal form 1. 2Fo-Fc map contoured
at 1.0 o (blue mesh) and positive difference map contoured at 2.99 ¢ (green mesh). Panels
A-D show chain A-D, respectively.
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B.7 Bioinformatics analysis of SmhC

Although SmhC was successfully expressed and purified, crystallisation trials proved unsuc-
cessful. Therefore to try and determine if SmhC is likely to share any structural similarities
with AhIC, bioinformatics analyses were carried out. A BlastP (Altschul et al., 1990)
sequence alignment of SmhC showed that all SmhC homologues shared the same short
hydrophobic stretch between a3-a4 (residues 155-173) seen in AhlC (Figure B.27) with
sequence identities ranging from 25-76 % (Figure B.27). Further to this Y154 and D231,
which have been proposed to be involved in tetramer assembly in AhlC (Section A.5.4), are
also present in SmhC and well conserved across the homologues. Gel filtration analysis
described in Section 5.3 (Paper 3, supplementary figure 1) shows that SmhC elutes at an ap-
proximate molecular weight equivalent to a dimer of SmhC. The AhlC head mutant structure
(AhICHM), which has the most complete tetrameric structure for all AhlC structures, was
used for analysis of all residues involved in hydrogen bonding or salt bridge formation at
the interface as identified by ePISA (Krissinel and Henrick, 2007). The interface between
chains D and D’ in the tetramer of AhICHM (PDB code 6R1J), showed that all but 1 residue
(T224 to Ala in SmhC) are conserved in SmhC (Figure B.27 -B.28A). However, analysis
of interface residues between chains J and D show that only 4 of 22 residues in AhlC are
conserved in SmhC (Figure B.27 - B.28A). It therefore seems possible that SmhC could
indeed form a dimer, using an interface similar to that seen in chain D and D’ in AhICHM

(Figure B.28B).
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B) ePISA results Interface 1 (D D’) | Interface 2 (D’ J)

Interface surface area (A2) 1500 1700
Interface residues (%) 18 19
Delta G -16 9.1
Binding energy -21.7 -18.6

e

i
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Figure B.28 Location of interfaces and conserved residues in the C tetramer.
A)AhICHM (6R1J) DD’ And D’J interfaces of the AhICHM, with residues identical between
AhIC and SmhC highlighted in blue, bonds are shown as yellow dashes, with chain D and
D’ shown in cyan and chain J in green. Many more identical residues are found in the DD’
interface than the D’J interface. B)ePISA (Krissinel and Henrick, 2007) analysis for each
interface in the tetramer, with dimers of DD’ and D’J shown below.
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B.8 Homology searches and sequence alignments with
SmhA and SmhB

Homologues of both SmhA and SmhB were identified using BlastP (Altschul et al., 1990)
using a cut off of E<0.01. All homologues identified were used in sequence alignments
and analysis described in Paper 3 (Section 5.3). To determine if these SmhA and SmhB
homologues were members of a tripartite @-PFT, regions of the host genome were analysed
upstream and downstream of the homologous gene (Figure B.29). All SmhA homologues
seemed to be located directly upstream of a further two genes of the appropriate length
expected for a B and C protein, and therefore part of a tripartite -PFT. In many cases, an
SmhB homologue was located directly downstream of a SmhA homologue (Figure B.29).
In the SmhB sequence alignments, four SmhB homologues were not obviously part of a
tripartite toxin, instead, being an orphan protein (Photobacterium profundum), a bipartite
toxin (Paraburkholderia), or part of a four protein operon (Aquimarina megaterium, Tetrasa-
phera japonica), where the fourth protein could perhaps act as regulator or chaperone. This
observation is consistent with observations that SmhB and AhIB are both able to form pores
in isolation, and therefore B homologues resulting from gene duplication events are not
discarded. SmhA, however requires the presence of the other two proteins in the tripartite
toxin for activity, and therefore homologues of SmhA are only found as part of a tripartite
o-PFT, as any gene duplication event will ultimately be lost due to inactivity of the orphan
gene. This could prove a useful tool in the identification of further tripartite &-PFT toxins,
as results from Blast searches with the A component will always show proteins in tripartite

a-PFT, while searches with the B component might not.
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Figure B.29 Genomic analysis of regions upstream and downstream of SmhA and
SmhB homologues identified by BlastP (Altschul et al., 1990). The homologous gene
identified by BlastP is labelled A, B or C (relating to SmhA, SmhB, and SmhC homologues
respectively). Possible, but not identified by BlastP, homologues are labelled with a ?. The
orange box highlights tripartite operons within the genome, blue, operons with four; purple,
two; and green, one gene(s), respectively.
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B.9 Electron microscopy of Smh proteoliposomes

As SmhA+SmhB+SmhC and SmhB+SmhC are both able to form pores in erythrocytes
(Section 5.3, Paper 3), these components were also incubated with liposomes to see if pore
formation could be induced using artificial membranes, with the ultimate aim of using the
resultant proteoliposomes for structural studies of pores by Cryo-electron microscopy.

Proteoliposomes were prepared as described in Section 2 by incubating 10 ug of each
Smh component with 20 ug of liposomes in 10 1l 10 mM PBS pH 7.4. Samples of these prote-
oliposomes were then immediately loaded on to carbon grids and stained with uranyl-formate.
Negative stain TEM micrographs were collected as described in Section 2.6.1. SmhB+SmhC
formed long filaments saturated with pores, while ShmA+SmhB+SmhC formed smaller
‘Viking ship’ structures like those observed for Ahl pores (Section 3.3(Paperl)) (Figure B.30).
These results clearly confirmed that liposomes induced pore formation, and that they could
produce possible helical arrangements in membrane filaments, which could be used for
helical reconstruction of the individual pores. These samples were therefore taken forward
for optimisation.

To produce a cleaner sample and remove unbound soluble protein from the proteolipo-
some, after incubation samples were loaded on to a sucrose gradient before ultracentrifugation
at 200,000 g as described in Section 2.4.4. Proteoliposomes floated to the top of the gradient
while soluble protein remained at the bottom. Top fractions containing proteoliposomes were
collected and loaded on to carbon grids as described in Section 2.6.1. TEM negative stain
micrographs showed much cleaner grids containing only the pore filled filaments for both
SmhB+SmhC and ShmA+SmhB+SmhC (Figure B.31). Images were collected at varying
defoci for 3D reconstruction. Initial analysis of these filaments showed the holes in the centre
to be approximately 130 A & 20 A wide and spacing between notches on the outside of the
filament to be 60 A 4 20 /OX, with the filament itself having a diameter of 360 A +20A.

These measurements were the same for both samples and as so only images for SmhB+SmhC
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Figure B.30 TEM negative stain EM images of SmhBC and SmhABC showing pores
when incubated with liposomes. Red boxes highlight regions magnified in images to the
right. A) SmhBC incubated with liposomes for 1hr at 370C. Long filament structures form
lined with pores. B) SmhABC, small Viking ship structures form showing side views of
pores.
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were taken forward for 3D reconstruction. Negative stain micrographs (7.18 A/pix) were
imported to Relion 3.1 (He and Scheres, 2017; Scheres, 2012). Filaments ( 360 A in diameter
with a 70 A helical rise) were manually picked and extracted using an 80 pixel box size,
resulting in 1213 particles. A soft-edge cylindrical starting model, in a corresponding box
size, was generated using the Relion Helix Toolbox (He and Scheres, 2017) with an outer
diameter of 360 A. 25 iterations of 3D classification was carried out with the cylindrical
starting model, imposing no symmetry. A 400 A mask was applied, with angular search
ranges of 10 © in psi and 15 © in tilt and an angular sampling interval of 7.5 °. The resulting
3D classes were visually inspected in Chimera (Pettersen et al., 2004). This showed holes
in ‘pores’ (distance between nodes) measured between 96 A and 152 A, with a distance
between vertical repeats of between 57 and 65 A. There was a slight tilt between repeats
showing a helical nature to the pore arrangement in the filament, making it a good candidate
for Cryo-EM and helical reconstructions of the pore (Figure B.32). The size of the holes in
the ‘pores’ observed in these filaments suggests that two pore species are present, with the
smaller holes (96 A ) comparable to the SmhBC particles ( 64 A +20 A) in Section B.4
and AhlB and SmhB pores (Paper 1 (Section 3.3) and Paper 3 (Section 5.3)), and the larger
holes comparable to the SmhABC soluble complexes ( 170 A + 20 A ) and AhIABC pores

discussed in Paper 3 and Paper 1, respectively.
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A)

Figure B.31 TEM negative stain EM images of SmhBC and SmhABC showing pores
when incubated with liposomes. Red boxes highlight regions magnified in images to the
right. A) SmhBC incubated with liposomes for 1hr at 37 °C. Long filament structures form
lined with pores. B) SmhABC, small Viking ship structures form showing side views of
pores.
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Figure B.32 3D classification of SmhBC filament. Distances are shown between vertical
repeats and horizontal nodes (yellow). A slight slant is visible between repeats suggesting a
possible helical arrangement of ’pores’ in the filament.



Chapter 6

Conclusions and future work

6.1 Discussion

This thesis had the aim of expanding knowledge of the ClyA family tripartite ot-PFTs
through structural and biochemical studies. As shown in the preceding papers the structural
determination of the soluble A, B and C components (SmhA, SmhB, AhIB, and AhIC), as
well as the first pore structures (AhlB and SmhB) from Gram negative tripartite o-PFT's
has been successful. This has enabled the in-depth structural analysis of all three proteins
from the tripartite @-PFT family, which has helped to identify their respective roles, and in
addition, a conserved mechanism for the transformation from soluble to pore conformations
has been identified. Further to this, it has been shown that all ClyA-family o-PFTs require
three features to assemble a lytic pore, and these three features are provided by one, two or
three proteins, for ClyA, and the bipartite and tripartite families, respectively. These features

are (outlined in Figure 6.1):

* Initial insertion through a single leaflet of the membrane by a short hydrophobic helix

domain.
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* A longer hydrophobic or amphipathic helix domain that penetrates both leaflets of the

membrane and forms the pore.

* A hydrophilic lumen.
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Figure 6.1 All ClyA family members must have three features for a lytic pore. Pore
conformations for mono, bi and tripartite @-PFTs. The green box highlights the short
hydrophobic helical domain, while blue and orange highlight the hydrophobic membrane-
spanning domain, and hydrophilic lumen, respectively. A) Single component members
(ClyA) contain all three features in a single protein (green). B) Two-component members
(YaxAB and XaxAB) split the features between two proteins (A component, light blue, B
component green). C) Three-component members (Ahl, Smh, Nhe, Hbl) use three proteins
each carrying a single feature (A component, pink; B component, green; C component light
blue), for all structures hydrophobic (orange) and hydrophilic (blue) residues are highlighted

for the membrane regions.
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Finally, analysis of the Gram positive tripartite @-PFTs, (Nhe and Hbl), alongside the
biochemical analysis of the two newly identified Gram negative tripartite @-PFTs that formed
part of this project, has shown that although these tripartite family members are structurally

similar, each varies significantly in their modes of action and pore assembly.

6.1.1 Structures of the A and B components show a conserved mecha-

nism for conformational change

As presented in Paper 1 (Section 3.3) the structure of both the soluble and pore form of
AhIB provided the first indication of the conformational transition of a tripartite ¢-PFT
component. These structures were shown to be conserved within the wider Gram negative
tripartite @-PFT family, with the structure determination of the soluble and pore forms of
SmhB presented in Section 5.3 (Paper 3).

The soluble structures of both AhlB and SmhB shared the same overall compact helical
tail domain and B-tongue head domain also observed in the Gram positive NheA (A com-
ponent) and Hbl-B (C component) tripartite &-PFT proteins from B. cereus (Ganash et al.,
2013; Madegowda et al., 2008). The structures of the pores of AhlB and SmhB provided the
first structural data of a pore conformation from a tripartite @-PFT, and as with the soluble
structures, the pore structures of both AhlB and SmhB shared the same overall structure of
a decameric pore of two extended helical conformations of the B component. These two
conformations of the B pore component have been labelled type 1 and type 2, respectively,
with the type 2 conformation adopting a more extended structure than the type 1. This
has allowed for a mechanism for the transition from soluble to pore form to be proposed
whereby the soluble structure transforms first to the type 1 conformation then to the type 2
conformation, with the B-tongue of the soluble structure refolding to form the distal ends of
two hydrophobic extended helices that are of the correct length to span the membrane. This

conformational change in the 3-tongue is also seen to a smaller extent in ClyA (Roderer and
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Glockshuber, 2017). The AhIB and SmhB pores use an extended helix turn helix to span the
membrane, like YaxB and XaxB in the YaxAB and XaxAB pores. In the YaxAB and XaxAB
pore, however, the tail of B packs against A (equivalent to AhlC and SmhC) rather than a
neighbouring B as in AhIB and SmhB pores. This difference in tail packing results in YaxAB
and XaxAB having a more funnel-shaped pore with maximum diameters at the head and tail
double that of the AhlB and SmhB pores (Briuning et al., 2018; Schubert et al., 2018). It
would be reasonable to assume a similar shape and size for the tripartite pores formed from
all three components.

Papers 2 and 3 (Section 4.3 and 5.3) present the structure of SmhA, the A component
from the Smh toxin. Although this protein shares very low sequence identity (as determined
by BlastP (Altschul et al., 1990)) to NheA (5.2 %), SmhB (no significant similarity) or AhlB
(no significant similarity), it was shown to share striking structural similarity to all three,
again with the same compact helical tail domain and -tongue head domain. Sequence
analysis described in Section 3.3 (Paper 1) predicted that the A components of the tripartite
toxins would use their B-tongue head domain to form two amphipathic helices and pack
against the B component to provide a hydrophilic lumen to the pore. The structure of the
SmhA component, together with modelling of a pore conformation based on the structural
similarities to AhlB and SmhB, did indeed show that SmhA could form two amphipathic
helices long enough to span the membrane.

Further structural analysis between SmhA, SmhB, AhlB and NheA identified two con-
served latches between the tail and C-terminus, and also between the head and tail domains,
at the predicted binding interfaces between the A and B, and B and C components. In the B
components, these latches are broken in the pore conformation. It is therefore proposed that
these latches would also be broken in the A components, in order to release the C-terminus
(which must move to free the head domain) and thus to release the $-tongue to form the

extended helices. The high structural similarity between AhlB, SmhB, SmhA and both NheA
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and Hbl-B suggests that the B-tongues of these two B. cereus proteins will also undergo
a similar transformation to form their respective pore conformations. This hypothesis is
further supported by monoclonal antibody studies of NheA which have confirmed that a
large rearrangement of the structure takes place on binding to NheB in the membrane (Didier
et al., 2016). This transition is likely conserved in all B-tongue containing tripartite family

member proteins.

6.1.2 Modelling the tripartite pore

Section 5.3, Paper 3 proposes a possible tripartite family pore assembly, where each com-
ponent is present in equal amounts, with an outer ring of C bound to an inner ring of B and
A. This model agrees with both docking predictions and structural analysis of all the ClyA
family members, including the known structures of the mono and bipartite pores, and its
size agrees with the TEM images of the Ahl, and Smh pores (Figure 1.2A). This structure
also fulfils all the requirements for lytic pore formation proposed in Paper 1. This modelled
pore structure has a larger diameter than the B pore alone, in order to accommodate the A
and C components in the complete assembly. Here the tripartite pore is constructed in a
similar way to both the bipartite YaxAB and XaxAB pores (Figure 1.11), except that the A
component of the tripartite pore provides the hydrophilic lumen, whereas in the bipartite
pores the amphipathic helices of the B component provide both the membrane-spanning and
hydrophilic lumen to the pore (Brauning et al., 2018; Schubert et al., 2018).

During the modelling process, two alternative pore structures were considered, described
below, but for each of these alternative structures problems in the assembly occur and both
are thus less likely to be correct. A structure determination of the full ABC pore is required

to resolve this ambiguity.
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Alternative Pore Structure 1

As discussed in Paper 3 the Gram negative A components each contain a 20 amino acid
extended loop in the B-tongue. In the pore model proposed in Paper 3, the position of the A
component would mean this extended loop, that links the ends of &3 and o4, is located on
the intracellular side of the membrane, with the hydrophilic side of the extended amphipathic
a3 and a4 helices lining the lumen of the pore (Figure 6.2B). The docking predictions using
the Nhe Mab binding sites, the protomer structures and the Haddock server, show that it
is possible for an alternative model to be proposed where the A component would bind to
B such that the tail would protrude above the rest of the pore (Figure 6.2B). This would
place the loop between a3 and a4 within the lumen of the pore, with residues on this loop
providing the hydrophilic lining to the pore. However in this position, the hydrophobic
surface of the extended amphipathic a3 and o4 helices would have to interact with the
hydrophilic residues in the tail domain of B, a very unfavourable situation, and thus this

model is perhaps unlikely to occur.

Alternative Pore Structure 2

As the structure of SmhA is very closely related to both SmhB and AhIB, it is also possi-
ble that SmhA could adopt either the B typel or type 2 pore conformations discussed in
Section 3.3(paper 1). It is thus possible that the A component could replace one of these
conformations in the decameric B pore structure, to create an alternating AB pore lumen
constructed from five AB dimers. In this model, the hydrophilic faces of the amphipathic
a3 and a4 helices of A would provide the hydrophilic lining to the pore (Figure 6.2C). In
this model, the extended loop between o3 and a4 of A would be located on the intracellular
side on the membrane, as in the model proposed in Paper 3 (Section 5.3), with a ring of the
C component surrounding the alternating AB pore (Figure 6.2C). Although the proposed

interfaces between A and B would be correctly located within the AB dimer of such a
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structure, the interactions between the AB dimers, which would require a second A binding
site on B, would not agree with the Mab binding studies of Nhe, where only a single A
binding site was identified on B (Didier et al., 2012), and this model is therefore also unlikely

based on the accumulated experimental evidence.
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Figure 6.2 Models of possible pore assemblies of the tripartite PFT from Gram negative bacteria . A) Model with 10 protomers of components A, B and C as described in Paper
3, component A (pink) provides an inner hydrophilic lumen to the pore. B) Alternative model 1 with 10 protomers of A (pink), B (green) and C (light blue) in which the A
component protrudes from the tail of the pore, with the extended loop lining the lumen of the pore. C) Alternative model 2 with the A component replacing a type 2 B component
in the B pore to provide the hydrophilic lining, with C bound to B around the exterior of the pore, and with 10 C, 5 A and 5 B protomers. The membrane is represented by a blue
line.

Figure 6.2
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6.1.3 Mechanism of pore assembly

Papers 1 and 3 (Section 3.3 and 5.3) propose mechanisms of pore assembly for the Ahl
a-PFT and the Smh «-PFT. Biochemical analysis of these two systems has shown that
although they share structural and sequence similarities, they adopt mechanisms for assembly
of a lytic pore on the membrane, different in crucial aspects, and they also adopt different
mechanisms in the regulation of pore formation. These two mechanisms also differ from
those of the Gram positive tripartite @-PFTs Nhe and Hbl, however some aspects are shared
between the systems.

In paper 1 (Section 3.3) Ahl is proposed to assemble sequentially. Firstly the AhlC
tetramer dissociates, binds to and primes the membrane, followed by the binding of AhlB
and AhlA, oligomerisation and lytic pore formation. Although no soluble complexes form
between these proteins, (due to the tetrameric assembly of AhlC), off-pathway AhIB and
AhIBC pores can form if erythrocytes are preincubated with either of these, resulting in a
reduced rate of lysis. This may represent a mechanism by which the Ahl toxin regulates lytic
pore formation. No reduction in total lysis was observed, however, when AhIB was in excess
to AhlA and AhIC, and maximum lysis was reached at a ratio of 1:1:1 for the AhlA, AhlB
and AhlC components (Figure 6.3).

Paper 3 (Section 5.3) describes a similar mechanism of assembly for Smh, where initial
binding of SmhC enhances the rate of pore formation and then SmhB and SmhA can rapidly
assemble at the membrane to form a lytic pore. Lysis is increased by preincubation with
SmhC in combination with SmhB or SmhA, and, unlike with Ahl, the formation of SmhBC
pores does not reduce lysis. Also, in contrast to Ahl, the Smh components are able to
form inhibitory soluble complexes, with SmhA+SmhB+SmhC forming 1MDa soluble
SmhABC complexes and SmhB+SmhC forming 1.5MDa soluble SmhBC complexes (Paper
3 (Section 5.3) and Appendix B Section B.4). Optimum lysis and rate are achieved when

SmhC is in excess to SmhB and SmhA (Appendix B Section B.3). These observations lead
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to a mechanism of assembly with two possible pathways, the first, where trimeric SmhABC
structures can form in the membrane then oligomerise and lyse the cell, and the second where
SmhBC pores can form in the membrane, allowing the rapid recruitment of SmhA to make
the active toxin (Figure 6.4). In both cases, SmhC must be present to enhance the rate of
pore assembly. Excess of either SmhB or SmhA relative to SmhC results in the formation of
inhibitory soluble complexes and acts as a regulating factor to pore formation. This proposed
assembly and regulatory mechanism of the Smh toxin shares similarities with both the Nhe
and Hbl toxins. The first assembly pathway of Smh is the same as Hbl where each component
binds sequentially, and the presence of Hbl-L1 (equivalent to SmhB) enhances binding of
Hbl-B (equivalent to SmhC) to the cell improving lysis (Jessberger et al., 2019; Tausch et al.,
2017). However, no Hbl-L1B pro-pore can be seen, unlike with SmhBC. In the Nhe system,
NheBC pro-pores form before the final recruitment of NheA (Didier et al., 2016; Zhu et al.,
2016), this is similar to the second proposed pathway for Smh, described above. Furthermore,
the A and B components of Hbl (Hbl- L2, and Hbl- L1) are inhibitory when in excess to
Hbl-B and form soluble inhibitory complexes as seen with Smh. This is the opposite to Nhe,
where NheC in excess to NheB is inhibitory (Jessberger et al., 2019; Tausch et al., 2017; Zhu
et al., 2016) (Figure 6.5).



276 Conclusions and future work

A) AhIB pore B) AhIBC pore C) AhIABC pore

C soluble

{8 50
j(] H cl Igi/

A soluble
monomer

Mg

1

|
IS
g

IS
ZZ2l | | ZEZE2Y
AhIB pore AhIBC pore AhIABC pore

0 £

Figure 6.3 A proposed assembly schematic of AhlB, AhIBC and AhIABC pores. A)
Assembly of AhIB pores; soluble AhlB (orange) reconfigures to the Type 1 pore conformation
(yellow) on exposure to the lipid bilayer and recruits more AhlB monomers to form an inactive
pore of mixed Type 1, Type 2 (green) conformation. B) Assembly of AhlBC pores; when
AhIC (cyan) is present tetramers of AhlC disassemble at the membrane and monomers insert
into one leaflet. Soluble AhIB (orange) is recruited to the lipid bilayer where it unpacks
(green) to form a hetero dimer with AhlC. Further AhlB and AhIC protomers are recruited
until a complete pore is formed with a ring of AhlC on the outside and a hydrophobic ring of
AhIB on the inside. C) Assembly of AhlABC pores; AhlC inserts into the membrane as in
AhIBC pore assembly, soluble AhlA and AhIB are then recruited to the membrane where
they associate with AhlC and further AhlA, AhIB and AhIC are recruited until a complete
pore is formed with a hydrophilic lining from AhlA on the inside of the membrane-spanning
region. Shown below are cross-section views through the membrane-bound region of each
pore, with AhlB type 1 (yellow), AhIB type 2 (green), AhlC (blue) and AhlA (pink) with
hydrophobic surfaces (orange) and hydrophilic (light blue) highlighted. Each oval represents
the two a3, a4 head helices. Latches in the A and B components are shown as black lines.
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Figure 6.4 Schematic showing pore assembly for the Smh toxin. . Left — assembly mechanism 1. The C, B and A components assemble sequentially on the membrane to form a
trimer which then oligomerises to form the lytic pore. Right - assembly mechanism 2. First a BC pro-pore forms in the membrane before the recruitment of the A component to

form a lytic pore. Soluble inhibitory complexes can form between SmhB+SmhC and SmhA+SmhB+SmhC. Latches in the A and B components are shown as black lines.

Figure 6.4
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Figure 6.5 Schematic showing pore assembly for the Nhe and Hbl toxins. A) Hbl toxin assembly, Hbl-B, Hbl-L, and Hbl-L, assemble sequentially on the membrane to form a
trimer which then oligomerises to form the lytic pore. Soluble inhibitory complexes can form between the Hbl-L, and Hbl-B components and the Hbl-L, and Hbl-B components.
B) Nhe assembly, First a BC complex binds the membrane before recruiting further NheB to form a pro-pore in the membrane, this is followed by the rapid recruitment of the
NheA component to form a lytic pore. Soluble inhibitory complexes can form between NheB+NheC. Latches in the A and B components are shown as black lines.
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In summary, although there is still ambiguity in the exact composition of the tripartite
pores based on the structural studies in this thesis, it is probable that the model described
in Paper 3 (Section5.3) is a good representation of both the Ahl and Smh pores. Although
structural studies have shown many conserved features within the family used to achieve the
soluble to pore transition and final pore assembly, the assembly and regulatory mechanisms
used prior to cell lysis vary significantly. The Smh toxin seems to have adopted the same
regulatory mechanism as Hbl, whereby the ratio of the A and B components relative to the
C component is used to control the rate of assembly and lytic activity, while at the same
time utilising the assembly mechanisms of both Hbl and Nhe (Jessberger et al., 2019; Tausch
et al., 2017; Zhu et al., 2016). In contrast, the only similarity in the assembly and regulatory
mechanism of Ahl to the other tripartite pores is the requirement for AhlC to enhance rate
and lysis. The tetrameric assembly of AhIC appears to prevent soluble inhibitory complex
formation, instead Ahl forms off-pathway pores as a possible regulating step to cell lysis, a
mechanism not seen in any of the other tripartite members. Gel filtration and bioinformatics
analysis (Appendix B, Section B.7) of SmhC, suggests that it will share the same extended
conformation as AhlC but form a dimer rather than the tetramer seen in AhlC. If SmhC
does form a dimer then more of the subunit surface area would be exposed compared to
the AhIC tetramer and this would mean SmhC could be more available to form BC soluble
inhibitory complexes. The variations in regulation of pore formation of all the different
tripartite toxins thus appear to be due, in part, to variations in the quaternary structure of the
soluble C component (Appendix B Section B.7). However, further structures are required to
confirm this hypothesis, not least of the complete pore.

Although the assembly and regulatory mechanism of each system has diverged, structural
studies in this thesis have shown that the A and B component structures are well conserved
and the mechanism for transformation from soluble to pore is likely also well conserved

within the family. Homologues of the A component are only found within tripartite operons,
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while B component homologues are often found as orphan genes or part of bipartite operons.
The B component has been shown to be the membrane-spanning pore-forming component
in all identified tripartite and bipartite toxins and is the most well conserved within the
ClyA-family of o-PFTs. It is also the only component able to form a pore alone (Jessberger
et al., 2019; Sastalla et al., 2013; Tausch et al., 2017; Zhu et al., 2016). As the A component
has a high structural similarity with B, it is possible that A evolved from a gene duplication
event of B, but subsequently lost its pore-forming activity and can thus only act as part of a
tripartite system. The single leaflet binding components with no 3-tongue (YaxA, SmhC,
AhIC) (Brauning et al., 2018), could also have evolved from a reduction in the size of the
membrane-spanning characteristics of the B component. As the B component can be found
as an orphan gene and is also the only component able to form pores alone suggests the initial
protein in the family may have been a B component with a fully hydrophobic membrane-
spanning region, this ancestor could have then evolved into the tripartite A, C and bipartite A
and B structures. It remains to be seen whether the single component ClyA toxin evolved
in a similar way or whether it was the ancestor and all other components evolved from it.
Understanding these relationships clearly requires further work and analysis. Nevertheless,
these proposed gene duplication events have resulted in the tripartite &-PFT systems being
able to separate the three key features required to form a lytic pore, on to three separate
proteins. This has enabled divergence in assembly mechanism, and specificity in targeting

different cell types, helping different bacterial species to thrive in their unique environments.

6.2 Future work

The work presented in this thesis proffers a number of important discoveries with regard to
the understanding of the ClyA-family of tripartite a-PFTs. It has also given rise to several

questions which future work could resolve.



6.2 Future work 281

6.2.1 Structure of a tripartite pore

The structures presented in this thesis have allowed the creation of a markedly more detailed
model of a tripartite pore. To fully understand how the three proteins interact to form a
tripartite pore as well as their final pore conformations, a structure of the tripartite pore must
be obtained. This project has made significant progress in optimising both the Ahl and Smh
pores for structure solution using Cryo-electron microscopy (Appendix A Section A.6 and
Appendix B Section B.9). Future work could therefore focus on Cryo-EM of the helical
filaments of Smh and single-particle work with Smh and Ahl pores in detergent (N-heptyl-
thioglucopyranoside). Further to this LCP crystallisation or crystallisation with detergent

mimic additives may also prove fruitful in obtaining a structure of the tripartite pore.

6.2.2 Structures of SmhC and NheC and Soluble complexes

Papers 1 and 3 discuss the role of the C component in pore formation and regulation,
highlighting the importance of this component in regulating the tripartite toxins. It seems
likely that the quaternary structure of the C component plays a role in the formation of soluble
inhibitory complexes. Obtaining structures of SmhC and NheC, which both behave differently
from AhIC in lytic assays, would confirm their quaternary structure and whether this is indeed
part of the variation in regulatory mechanisms. In addition, structures of inhibitory complexes
would help to better understand membrane interactions and pore assembly, as these could be
compared with membrane-bound conformations to identify regions important in membrane

interaction.

6.2.3 Cell lysis assays

Papers 1 and 3 show that Ahl is 100x less potent than Smh at lysing erythrocytes. This
suggests a preference of these systems for certain cell membranes, to date no protein or lipid

receptors have been been identified for the tripartite toxins. Assays with a range of different
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cell types would help confirm a preference for these toxins to target certain membranes, as
has been shown with other PFTs. Assays on different cell types are more involved than
simply lysing erythrocytes, but methods such as staining cells with propidium iodide (PI)
after incubation with the toxin of interest, then measuring fluorescence signal using FACS
could be used. As PI binds to DNA, but cannot traverse the membrane, any cells stained
by PI must have severely damaged membranes (dead), similarly unstained cells would have
intact membrane (healthy). Live and dead cells can then be sorted and measured depending

on the fluorescence signal. This method can be applied to any DNA containing cell line.

6.2.4 Chimeric Haemolytic assays

Paper 3 showed how SmhB and AhlB share both high sequence identity and structural
similarities, and how a chimeric pore containing SmhA, AhIB and SmhC was still able
to completely lyse erythrocytes. Generation of a range of chimeric Ahl/Smh pores may
show if the differences between the Ahl and Smh systems observed and discussed above
are due to a single component and whether that characteristic can be transferred between
the two pores by switching a single component. If a preference for certain cell membranes
is identified, research could be carried out into whether this preference is transferred by
swapping a component and thus targeting pores to certain cell types. This type of chimeric
assembly could be extended to include components from other potential Gram-negative

tripartite a-PFTs identified in the sequence alignments.

6.2.5 Protein engineering

As discussed in Section 1.6, o-PFTs are now of great interest in the biotechnology for
applications in DNA and protein sequencing, as well as in biosensors and drug delivery.
The work in this thesis has shown tripartite -PFTs to be highly versatile due to the three

components and could make good candidates for biotechnological applications. First, it
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must be shown that these pores are stable in an artificial membrane and that a current can be
measured across them. Next, engineering these pores by mutation and generation of chimeras
could make them adaptable for use in measuring a range of analytes and for use in targeted

drug delivery to particular cell types.
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