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ABBREVIATIONS

18:1 DGS-NTA(Ni) — 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyliminodiacetic acid)succinyl] (nickel salt)
Ab — antibody; Abs — antibodies

AUC - analytical ultracentrifugation

BV — bacterial vaginosis

CDC - cholesterol-dependent cytolysin; CDCs — cholesterol-dependent
cytolysins

CDRs — complementarity-determining regions

CHO - Chinese hamster ovary cells

ClyA — cytolysin A secreted by Escherichia coli, Salmonella enterica,
Shigella flexneri

cryo-EM — cryo-electron microscopy

cryo-ET — cryo-electron tomography

DMEM - Dulbecco’s Modified Eagle Media

ELISA — enzyme-linked immunosorbent assay

FBS — fetal bovine serum

FITC — fluorescein isothiocyanate

HB1, 2 — helical bundle 1, 2

HD50 — CDC concentration inducing half-maximal erythrocyte lysis
HEK293 — human embryonic kidney 293 cells

Hla — a-haemolysin

HIg — y-haemolysin

HP 1,2 — B-hairpin 1, 2

HRP — horseradish peroxidase

ILY — intermedilysin from Streptococcus intermedius

INY — inerolysin from Lactobacillus iners

LLO - listeriolysin from Listeria monocytogenes

LLY — lectinolysin from Streptococcus mitis

MADb — monoclonal antibody; MAbs — monoclonal antibodies

MAC — membrane attack complex

MACPF — membrane attack complex-perforin

MACPF/CDC — membrane attack complex-perforin/cholesterol-dependent
cytolysin

MFI — a median of fluorescence intensity

NET — neutrophil extracellular trap; NETs — neutrophil extracellular traps
nMFI — a normalised median of fluorescence intensity

PBS — phosphate-buffered saline

PE - phycoerythrin



PFO — perfringolysin from Clostridium perfringens

PFP — pore-forming protein; PFPs — pore-forming proteins

PFT — pore-forming toxin; PFTs — pore-forming toxins

PLY — pneumolysin from Streptococcus pneumoniae

PVDF - polyvinylidene fluoride

RBCs — red blood cells

RCF — relative centrifugal force

RPM — revolutions per minute

RT — room temperature

SLO - streptolysin O from Streptococcus pyogenes

SRB - sulforhodamine B

TMH1, 2 — transmembrane helix 1, 2

UDP — undecapeptide

VLY — vaginolysin from Gardnerella vaginalis

a-PFT — a-pore-forming toxin; a-PFTS — a-pore-forming toxins
B-PFT — B-pore-forming toxin; B-PFTs — B-pore-forming toxins



INTRODUCTION

Pore formation is widely used by different living organisms to target the
membranes in the cells starting from the plasma membrane and extending to
the membranes inside the cell. Similarly to the human immune system, which
uses proteins capable of oligomerising and punching the holes in transformed
or virus-infected cells, pathogens use similar mechanisms to target and
compromise host cells. The puncture of the membranes can serve various
purposes, such as disrupting the homeostasis across the membrane, delivering
toxic material or opening up a tunnel for the pathogen itself to travel to the
other side of the membrane, for example, to escape out of the specific
organelles or cells.

Many pathogenic bacteria secrete soluble proteins, pore-forming toxins
(PFTSs), that bind to host cells with high affinity and assemble into a ring- or
arc-shaped structures puncturing the membrane. The class of bacterial PFTs,
which is widely distributed among human bacterial pathogens, is
cholesterol-dependent cytolysins (CDCs). Interestingly, CDCs are a part of
the same protein superfamily as membrane-attack complex/perforin
(MACPF) proteins that play a vital role in the immune system.

Many recent studies suggest that bacteria use CDCs as the main asset
during their pathogenesis (Los et al., 2013). For example, pneumolysin from
Streptococcus pneumoniae was shown to play a role in the clearance of
S. pneumoniae from the upper respiratory tract followed by promoting
successful transmission of the bacterium (Zafar et al., 2017). Moreover,
perfringolysin secreted by Clostridium perfringens helps the bacterium to
evade the immune response by escaping from the macrophages (O’Brien and
Melville, 2004). In the case of facultative intracellular Listeria
monocytogenes, its CDC, listeriolysin, serves as a tool for the bacteria to get
out from the phagosome and multiply in the cytosol of the host cell or allows
it to replicate in vacuole of macrophages (Birmingham et al., 2008; Ruan et
al., 2016).

The sole requirement for cholesterol in the membrane that CDCs target
highlights their tropism for eukaryotic cells. Even though cholesterol is
necessary and sufficient for most of the CDCs to form membrane pores, some
CDCs use cellular receptors, such as specific glycans or membrane proteins,
to facilitate their pore-forming activity (Farrand et al., 2008; Shewell et al.,
2014; Soltani et al., 2007). One of such CDCs is the object of this study —
vaginolysin (VLY) secreted by bacterium Gardnerella vaginalis (Gelber et
al., 2008). This bacterium is believed to be a leading or initiating cause of the
vaginal microflora imbalance known as bacterial vaginosis (BV) (Catlin,

9



1992; Schellenberg et al., 2017). The mechanism of BV is not well
understood, but it is based on the dominance of anaerobic bacterial species
over usually abundant Lactobacillus spp. Moreover, the presence of
G. vaginalis is not necessarily related to BV as it can be found in a normal
vaginal state as well (Ma et al., 2012; Schellenberg et al., 2017). Specific
subspecies of G. vaginalis alone or in accord with other anaerobic bacteria are
believed to lead to features that cause the imbalance of normal vaginal
microflora. However, for now, the definitive features that could switch
G. vaginalis phenotype from the one that is unrelated to microflora changes
to the pathogenic one have not been found. According to the virulence
potential of other CDCs, VLY is proposed to be one of the most likely players
in the virulence of G. vaginalis (Los et al., 2013).

In this study, firstly, we focused on VLY and CD59 interaction and its role
in VLY tropism for human cells. Secondly, we attempted to disentangle the
roles of cholesterol and CD59 in VLY pore formation. Lastly, we sought to
describe how VLY monomers interact with each other to form a pore.
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The goal of the study

To investigate and characterise the features of Gardnerella vaginalis toxin
vaginolysin and its pore-forming mechanism using in vitro systems.

Objectives

= To compare vaginolysin (VLY) and other cholesterol-dependent
cytolysins in their cytolytic activity and tropism towards human cells.

= To design and optimise artificial membranes for the monitoring of VLY
pore formation dynamics.

= To investigate the role of human protein CD59 in VLY pore formation.

= To investigate the role of membrane-embedded cholesterol in VLY pore
formation.

= To define the interface between VLY and CD59 and identify the key
amino acids that constitute the interface.

= To investigate the nature of the VLY monomer-monomer interface.

Scientific novelty

In this study, we advanced the experimental frontier to reveal that CD59
pre-concentrates VLY to enable efficient pore formation in
cholesterol-containing membranes. We developed an experimental system to
measure the kinetics of pore formation on artificial membrane models of
liposomes containing cholesterol and CD59. Furthermore, we showed that
unlike another cholesterol-dependent cytolysin (CDC), intermedilysin, which
is unable to form pores without interacting with CD59, VLY successfully
perforates membranes lacking CD59 but with much lower efficiency.
Moreover, we lay the groundwork for the understanding of the interaction
between VLY and its receptor CD59 as well as between adjacent VLY
molecules in a growing chain of an oligomer that is to become a pore. Both of
these processes are based on B-sheet extension either between VLY and CD59
or between two adjacent VLY molecules in a growing oligomer.

During this study, the crystal structure of vaginolysin in the complex with
its receptor CD59 was solved by another group working in parallel (Lawrence
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et al., 2016). However, the structure was not validated by mutagenesis until
our study. The results of mutagenesis confirmed the interface of VLY-CD59
complex resolved from the crystal structure. Furthermore, our work elucidates
the nature of VLY’s tropism for human cells. We demonstrated for the first
time the role of membrane protein CD59 in the dynamics of CDC pore
formation. Our study makes a significant contribution to the understanding of
CDCs’ pore-forming mechanism.

Our study also provided a clinical case demonstrating the pathogenic
potential of VLY. We identified, to date, the only patient, who developed G.
vaginalis-related encephalopathy and provided indirect evidence, that the
level of secreted VLY may correlate with the virulence of G. vaginalis, thus
indicating the long-proposed importance of VLY in the pathogenesis of G.
vaginalis infection.

Defended statements

= Vaginolysin (VLY) displays tropism towards human cells and forms
pores more efficiently in the cells expressing human protein CD59.

= Membrane-bound CD59 triggers VLY oligomerisation and expedites the
rate of VLY pore formation.

= Membrane-embedded cholesterol is necessary and sufficient for VLY
pore formation.

= The interface of VLY-CD59 complex is based on the B-sheet extension
between VLY D4 domain and CD509.

= VLY monomer-monomer interface is based on the B-sheet extension via

the D3 domains of the neighbouring VLY molecules.
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LITERATURE OVERVIEW

1 Cellular membrane remodelling

Membrane bilayer works as a barrier shielding the content of the cell from
the exterior. This division has, likely, allowed life as we know it to emerge.
During evolution, membranes became much more versatile and sophisticated.
Various components were later added to the membrane to permit sensing of
the surroundings of the cell, communication with the other cells or even
enabled their movement (Bayraktar et al., 2017; Perez-Pascual et al., 2016;
Zhang and Yang, 2017).

While these later evolutionary additions made membranes much more than
just barriers, membranes are primarily barriers still. Efficient inter- and
intracellular communication by transducing signals or transporting cargo
depends on many processes. Most, if not all of these processes, rely on some
degree of membrane remodelling that includes but is not limited to the
following four processes.

1. Changing the membrane‘s physical properties, such as stiffness or
softness, thickness, curvature. Local changes of membrane lipid composition
or expression of various membrane interacting proteins, such as BAR
proteins, can change overall physical characteristics of the membrane (Mim
and Unger, 2012).

2. Microdomain formation that relies on the dynamic nature of the lipids
and other components in the membrane. A good example is cholesterol and
sphingolipids segmenting into transient microdomains called lipid rafts,
whose composition allows them to serve as signal transduction islands
(Simons and Toomre, 2000).

3. Membrane fusion and fission, such as is found during fission and fusion
of mitochondria, cell division or gamete fusion (Pernas and Scorrano, 2015).
Furthermore, a lot of intracellular communication is carried out by
extracellular vesicles that carry cargo between cells and either bud from the
eminent cell or fuse with the receiving cells (Balaj et al., 2011; Bayraktar et
al., 2017; Zhang and Yang, 2017).

4. Changing membrane permeability that is enacted mostly through
channel or transporter proteins to produce semi-permeable nature of the
membrane (Borgnia et al., 1999; Huang and Czech, 2007; Jgrgensen and
Andersen, 1988; Mueckler et al., 1985), however, extreme changes in
membrane permeability are achieved via pore-forming proteins that are the
topic of the next chapter.
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Lastly, it is important to note that all of these processes are used by cells
to maintain homeostasis under various conditions, but are also, not
surprisingly, used by the pathogens for their own needs.

2 Pore-forming proteins in membrane remodelling

Pore formation is a sophisticated adaptation to interrupt membrane
integrity. All kingdoms of life have developed ways to execute pore formation
either for defence or attack. Thus, the functions of pore-forming proteins
(PFPs) are diverse (Dal Peraro and Van der Goot, 2016). The most widely
spread and well studied PFPs are related to pathogen-host interaction.
Pathogen aims to compromise host cell homeostasis or even kill it, whereas
host cells retaliate against the pathogen and aim to kill it directly or to get rid
of its infected cells. The actual function of the pore, however, may be to induce
ion imbalance across the membrane, to help to transport toxic molecules into
the target cell or even to serve as a tunnel for bacteria’s safe escape out of
endosomes. The large disparity in the diameter of different pores is
characteristic to the family of a particular PFPs and is closely related to its
function.
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Figure 1. Schematic representation of pore formation by a major class of pore-forming
proteins. The monomers of PFPs bind to the membrane through their lipid, glycan or protein
receptors and subsequently oligomerise into a complete or partial ring-shaped structures that
can punch a hole in the membrane. Opened membrane pores change membrane permeability
and depending on the size and stability of the pores can lead to various outcomes, e.g. leaking
of ions, signalling molecules or even proteins. Figure adapted from Dal Peraro and Van der
Goot, 2016.
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Generally, PFPs form pores in a three-step process. Firstly, monomeric
PFPs bind to the membrane of a cell they target. Secondly, monomers
oligomerise into a circular prepore that, finally, becomes a functional pore and
punches a hole in the membrane (Figure 1) (Dal Peraro and Van der Goot,
2016). The first step is usually based on high protein-membrane affinity, and
the membrane works as a platform for individual proteins to concentrate on,
while the oligomerisation of individual membrane-bound proteins into a
prepore is the rate-limiting step (Hotze et al., 2002; Thompson et al., 2011).
The dynamics of prepore formation become quite distinct when considering
pores of different diameters. It is generally supposed that the pores of a smaller
size (that are composed of a small number of monomers) insert into the
membrane more quickly and thus the number of prepores is kept low (Lee et
al., 2016).

In contrast, PFPs that form large pores (of >20 monomers) take much
longer to assemble fully (Lee et al., 2016). Therefore, maintaining a high
number of growing oligomers ensures more insertions into the membrane.
Aside from this, large enough oligomers can perforate the membrane without
necessarily being completed. Thus, larger pores are more heterogeneous in
size (Lee et al., 2016). In addition to the intrinsic PFPs’ characteristics, the
final step of the pore formation, the conversion from a prepore to a pore, is
dependent on membrane characteristics. Less ordered membranes permit
pores to be inserted more efficiently and, as such, facilitate the insertion of
incomplete oligomers (Rojko and Anderluh, 2015).

In the chapters ahead, main PFP protein families are reviewed and
discussed, with the emphasis on pore-forming toxins.

2.1 MACPF/CDC superfamily

Membrane attack complex-perforin/cholesterol-dependent cytolysin
(MACPF/CDC) protein superfamily is one of the largest classes of PFPs, and
its members are found among bacteria, fungi, animals, plants and a group of
parasitic protozoa called apicomplexans. MACPF/CDC superfamily links a
great diversity of PFPs playing a vital role in innate and adaptive immunity,
animal venoms, bacterial virulence (Rosado et al., 2008). The diversity of
these proteins has been reviewed many times (Anderluh and Gilbert, 2014;
Lukoyanova et al., 2016; Ni and Gilbert, 2017; Reboul et al., 2016; Tweten et
al., 2015). For example, mammalian perforins and complement proteins
C6-C9 constitute an essential defence arm against pathogens and transformed
(virus-infected) cells. Meanwhile, bacterial pathogens secrete CDCs that can
lyse host cells or compromise them in other ways. Moreover, apicomplexan
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parasites (Toxoplasma spp., Plasmodium spp.) secrete perforin-like proteins
that are essential for maintaining the life cycle of these parasites (Amino et
al., 2008; Kafsack et al., 2009; Wirth et al., 2014). Apart from that, the
diversity of MACPF/CDC superfamily does not end here. A group of
development-related proteins contain membrane attack complex/perforin
(MACPF) domain, but they are not known to form pores (Ni and Gilbert,
2017). Astrotactins are one of the examples — they are known to play an
essential role in the development of vertebrate central nervous system
mediating neuronal-glial interactions and neural migration (Chang, 2017).
Another example is Drosophila Torso-like proteins that are related to the
development in invertebrates — termination of embryonic patterning, growth
control, initiation of metamorphosis, development of immune cells (Johnson
etal., 2017b).

Previously, it was thought that MACPF and CDC families are separate as
their constituent members do not share any detectable sequence similarity. A
breakthrough was achieved when the crystal structures of Plu-MACPF from
bacterium Photorhabdus luminescens, human complement protein C8a alone
and in the complex with C8y were solved (Hadders et al., 2012; Rosado et al.,
2007; Slade et al., 2008). By comparing it to the existing structures of bacterial
CDCs, perfringolysin (PFO) and intermedilysin (ILY) (Polekhina et al., 2005;
Rossjohn et al.,, 1997), a common fold between MACPF domain and
N-terminal part of CDCs was found. MACPF and CDC families were joined
into a superfamily and named MACPF/CDC. The structural conservation
implies that MACPF and CDC share a common ancestor and that the
mechanism of pore formation through this common pathway is well adapted
for the roles it plays (Rosado et al., 2008).

2.2 Pore-forming toxins

A group of PFPs secreted by pathogens and playing an important role in
their virulence are classified as pore-forming toxins (PFTs). PFTs comprise
one of the largest known group of natural toxins (Anderluh and Lakey, 2008).
Pathogens evolved to target essential membrane components of the host cell
membrane and direct the toxic action towards required cell types or even
particular cellular compartments (Los et al., 2013). Conversely, the membrane
composition is versatile and can undergo reorganisation and reparation to
resist damage (Cooper and McNeil, 2015). Thus, altogether opens more
opportunities for the arms race between a pathogen and its host.

PFTs can be broadly classified into two groups based on the secondary
structures that perforate the membrane, namely o-pore-forming toxins
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(a-PFTs) and p-pore-forming toxins (B-PFTs). o-PFTs perforate the
membrane by a set of a-helices, while B-PFTs form a transmembrane B-barrel,
which can be a complete ring or an arc-shaped structure (Dal Peraro and Van
der Goot, 2016; Gilbert et al., 2014; Gonzalez et al., 2008).

2.2.1 a-pore-forming toxins

The class of a-PFTs is very diverse in their origins and structures. A
prototypical family of this class is the colicin family. What is interesting about
colicins is that under stress conditions, E. coli secretes these toxins that are
directed towards neighbouring E. coli or other closely related bacterial strains.
The mechanism of action was thoroughly reviewed a long time ago by Lakey
et al. (Lakey et al., 1994) describing the differences among different colicins.
The typical function of all colicins is to cross the outer and inner membrane
and translocate into the cytoplasm of the targeted bacterial cell. Once they are
translocated, they reveal one of the three toxic activities — pore formation,
degradation of nucleic acids or interruption of peptidoglycan synthesis.
Colicins are encoded by a plasmid together with a protein ensuring immunity
against that colicin. In this way, colicin plasmid containing E. coli cell is not
compromised by the toxin it secretes, even though it has all the required
receptors for the protein to be translocated. Colicins share a common fold
composed of hydrophobic helical hairpin sheltered within a bundle of
amphipathic a-helices (Figure 2, A) (Dal Peraro and Van der Goot, 2016;
Parker et al., 1989). After required conformational changes, hydrophobic
helical hairpin inserts into the membrane and forms a nonspecific
voltage-gated channel (Lakey et al., 1991).

Another highly diverse family is cytolysin A (ClyA) family. CIyA family
proteins target eukaryotic membranes. Even though proteins of ClyA family
share a common fold of five bundled a-helices, the overall structure is highly
versatile (Figure 2, B). The resulting pore can be assembled from one, two or
even three different proteins (Brauning and Groll, 2018). The prototype of this
family is CIyA secreted by pathogenic strains of E. coli, Salmonella enterica,
Shigella flexneri. Monomeric CIlyA, in addition to a bundle of five a-helices,
has a B-hairpin flanked by short a-helices. f-hairpin dips into the membrane
and refolds into an a-helical motif, which, together with N-terminal a-helix,
inserts into the membrane (Mueller et al., 2009). CIyA spans the eukaryotic
membranes by homododecameric pores. Cholesterol was shown to be an
essential component of the membrane for ClyA to form pores efficiently.
However, in contrast to cholesterol-dependent cytolysins (described below),
interaction with cholesterol does not affect the binding but stabilises
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intermediary oligomers and boosts pore formation (Sathyanarayana et al.,
2018).

A Colicin family
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Figure 2. Structural architectures of monomers and oligomers among different families
of a-pore-forming toxins (a-PFTs). Transmembrane a-helices in monomeric and oligomeric
states are coloured in grey. A — the prototypical member of the colicin family, colicin A; the
structure of the monomer was solved (PDB ID: 1COL), oligomeric structure provided is
hypothetical; B — the prototypical member of the ClyA family, cytolysin A (ClyA); the
monomer structure of ClyA (PDB ID: 1QQY) and the structure of dodecameric oligomer (PDB
ID:2WCD) was solved; C — the prototypical member of the actinoporin family, fragaceatoxin
C (FraC); FraC structures were solved for lipid-bound monomer form (PDB ID: 4TSL), dimeric
intermediate (PDB ID: 4TSN) and octameric pore intercalated with sphingomyelin moieties
(PDB ID: 4TSY). Figure adapted from Dal Peraro and Van der Goot, 2016.

In contrast to previously described a-PFTs families, actinoporins are
eukaryotic toxins secreted by sea anemones (reviewed in Crnigoj Kristan et
al., 2009; Peraro and Goot, 2016; Rojko et al., 2016). Actinoporins are one of
the constituents of the venom that sea anemones use to attack their prey or
defend themselves from predators. Actinoporins are small single-domain
proteins sharing a common fold of B-sandwich flanked by two a-helices
(Figure 2, C). N-terminal amphipathic a-helix disengages from the core and
spans the membrane. The presence of sphingomyelin and the membrane phase
boundaries between ordered and disordered domains were shown to promote
binding of actinoporins to the membrane and enhance membrane
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permeabilisation (Bakra¢ et al., 2008; Schon et al., 2008). Interestingly, apart
from lipids, at least some actinoporins can bind glycans to enhance their
haemolytic activity (Tanaka et al., 2017).

2.2.2 B-pore-forming toxins

B-pore-forming toxins (B-PFTs) received a tremendous amount of attention
after the virulence factors of opportunistic human pathogen Staphylococcus
aureus were identified and characterised (Bhakdi and Tranum-Jensen, 1991;
Burnet, 1929). S. aureus produces a list of toxins, which constitute the whole
class of B-PFTs called haemolysins (Dal Peraro and Van der Goot, 2016),
which contribute to S. aureus pathogenesis by either the disruption or evasion
of the immune system or by breaking epithelial barriers, thus facilitating tissue
invasion. S. aureus haemolysins are single domain compact proteins rich in
B-strands that contribute three-stranded p-sheets to form transmembrane
B-hairpins (Figure 3, A). The archetype of this family is a-haemolysin (Hla)
that assembles into a heptameric pore spanning the membrane by the
fourteen-stranded B-barrel. Aside from Hla, S. aureus secretes a set of other
B-PFTs of a similar fold, but the pores they form are composed of two
components and form sixteen-stranded p-barrels. These two-component
toxins are y-haemolysin AB, HIgCB, leukocidin ED, Panton-Valentine
leukocidin and leukocidin AB. They have evolved to target different cell types
through the binding to specific cell surface proteins (Alonzo and Torres, 2014;
Dumont and Torres, 2014).

The widest-spread family of B-PFTs is aerolysin family. These proteins are
found among all kingdoms of life, including vertebrates (Szczesny et al.,
2011). The prototypical member of this family is aerolysin from human
pathogen bacterium Aeromonas hydrophila. Aerolysin is a four-domain
protein that targets eukaryotic cells by binding to glycans on GPI-anchored
proteins (Diep et al., 2002) (Figure 3, B). Interestingly, the monomers of
aerolysin are secreted as an inactive proaerolysins. Proteolytic cleavage is
required to remove C-terminal propeptide to proceed in forming a prepore
(lacovache et al., 2011). High-resolution complete pore structures of aerolysin
and another aerolysin-like protein lysenin from the earthworm strikingly
revealed a novel fold of two concentric $-barrels, both, in prepores and pores
(Bokori-Brown et al., 2016; Cirauqui et al., 2017; lacovache et al., 2016). The
double B-barrel was credited with the extreme stability of aerolysin oligomers
(lacovache et al., 2016; Lesieur et al., 1999). The double B-barrel region is
highly conserved among the other aerolysin-like proteins. Thus, it is
hypothesised that the mechanism of pore formation might be similar, whereas
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membrane-binding domains are highly versatile, suggesting diversity in the
cells they target (Cirauqui et al., 2017).
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Figure 3. Structural architectures of monomers and oligomers among different families
of p-pore-forming toxins (f-PFTs). Transmembrane a-helices in monomeric and oligomeric
states are coloured in grey. A — the prototypical member of haemolysin family, a-haemolysin
(Hla); the structures of Hla are solved in monomeric form (PDB ID: 4IDJ), single-component
heptameric oligomer (PDB ID: 7AHL); heptameric prepore was modelled on the
experimentally solved structure of y-haemolysin (PDB ID: 4P1Y); haemolysin family also
contains bi-component leukocidins, which form octameric pores of similar architecture; B — the
prototypical member of aerolysin family, aerolysin; the structure of aerolysin was solved in
monomeric form (PDB ID: 1PRE); aerolysin first assembles into a prepore, which eventually
converts into a heptameric form, as shown by integrative modelling; C — the prototypical
member of cholesterol-dependent cytolysin family, perfringolysin (PFO); the structure of PFO
is solved in monomeric form (PDB ID: 1PFO); CDCs oligomerise into large prepore, which
converts into membrane-inserted pores; prepore and pore structures were solved for
pneumolysin (PDB ID: 2BK1, 2BK?2, 5LY®6). Figure adapted from Dal Peraro and Van der
Goot, 2016.

Another large family of B-PFTs secreted by many human pathogens, called
cholesterol-dependent cytolysins (Figure 3, C), is described in the next
chapter.
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3 Cholesterol-dependent cytolysins
3.1 Diversity and physiological role of CDCs

Cholesterol-dependent cytolysins (CDCs) are a family of B-PFTs. CDCs
are predominantly found in Gram-positive bacteria, usually, pathogenic to
animals (Christie et al., 2018). CDCs were also found in many human
pathogens, including Clostridium, Streptococcus, Listeria (Los et al., 2013).
CDCs target eukaryotic cells and share the ability to form pores in the
membrane. The characteristic feature of CDCs is their interaction with the
membrane-embedded cholesterol via direct binding. Amino acid sequences of
CDCs are highly conserved (~40% identity among all family members),
especially in motifs that are required for pore formation. The most variable
regions are responsible for binding to membrane components other than
cholesterol, thus enabling CDCs to display tropism for various cells.
Nevertheless, the structures and the core mechanism of the pore formation are
believed to be similar among different CDCs.

One of the most studied CDC with regards to its functional properties is
pneumolysin (PLY). PLY s secreted by the bacterium Streptococcus
pneumoniae, one of the leading agents behind human respiratory diseases
(Hirst et al., 2004). Moreover, PLY was demonstrated to play a role in the
transmission of S. pneumoniae (Lipsitch and Moxon, 1997; Matthias et al.,
2014; Zafar et al., 2017). Due to its strong pro-inflammatory features in the
mucosa, PLY speeds up the clearance of S. pneumoniae from the upper
respiratory tract. The role of PLY in the transmission of S. pneumoniae is
related to its pore-forming activity as a mutant with impaired pore-forming
activity show reduced transmission of the pathogen (Zafar et al., 2017). PLY
helps to enhance the survival of bacteria ex vivo after the escape from the host.
It ensures that a sufficient amount of nutrients are released into the nasal
secretions under inflammation (Zafar et al., 2017). Moreover, PLY was
demonstrated to promote neutrophil extracellular trap (NET) formation.
Although the formation of NETSs is a way of defence against bacteria; high
levels of NETS lead to an undesirable inflammation (Nel et al., 2016).

Lastly, it is interesting to note that the gene encoding PLY lacks a secretion
signal peptide, which is responsible for the secretion of all other identified
CDCs. It is suggested that PLY’s release occurs in phagolysosomes in
phagocytes when they lyse S. pneumoniae. Upon PLY pore formation,
bacterial proteins flood into the cytosol where they activate inflammasome
followed by a pro-inflammatory phagocyte death (Davis et al., 2011; Lemon
and Weiser, 2015; Zafar et al., 2017). Moreover, Shak et al. visualised

21



biofilms of S. pneumoniae using confocal microscopy and immunogold-based
electron microscopy and observed that at least some PLY is located on the
surface of S. pneumonia (Shak et al., 2013). The specific PLY localisation
hints its role as a matrix protein.

Group A Streptococcus bacteria were shown to use their CDC, streptolysin
O (SLO) to promote immune evasion and affect host epithelial cells. Upon
phagocytosis, bacteria secrete SLO, which can trigger macrophage apoptosis
(Timmer et al., 2009). Furthermore, extracellular Group A Streptococci were
shown to use SLO to elevate intracellular Ca?* ion concentration in host
epithelial cells and thus induce their apoptosis (Cywes-Bentley et al., 2005).

Another human pathogen Clostridium perfringens, the causal agent of gas
gangrene, was shown to use its secreted CDC, perfringolysin O (PFO), in the
course of gas gangrene pathogenesis. PFO was shown to promote bacteria’s
escape out of macrophages and thus, evasion of immune-induced elimination
(O’Brien and Melville, 2004). Furthermore, the synergistic effect of PFO and
another C. perfringens virulence factor a-toxin was observed, with a-toxin
mostly damaging muscle tissue and PFO impairing vital leukocyte infiltration
into the damaged sites (Awad et al., 2001).

The human pathogen, Listeria monocytogenes, is a facultative intracellular
parasite, which causes foodborne diseases. L. monocytogenes exhibits a
cell-to-cell spread life cycle. Upon entry into the host cell, the bacterium
becomes encapsulated into a phagosome. It then uses CDC listeriolysin (LLO)
to damage the membrane of phagosome interfering the phagosome-lysosome
fusion, promoting escape from the phagosome and proceeds to multiply in the
cytosol. LLO differs from other CDCs as its pore formation was shown to be
regulated by the acidity of its environment. Even though it can form pores in
both, acidic and neutral pH, the membrane pore conductances differ
suggesting disparate the ways they affect membranes in particular
environments (Bavdek et al., 2012; Podobnik et al., 2015; Ruan et al., 2016;
Shaughnessy et al., 2006). Aside from this, the role of LLO was extended
studying the virulence factor for persistent L. monocytogenes infection as
LLO enables L. monocytogenes replication within macrophage vacuoles
(Birmingham et al., 2008).

Pore-forming activity is not the only possible pathogenic outcome induced
by CDCs. Sublytic concentrations of CDCs were shown to induce a variety of
outcomes. For example, PLY triggers S. pneumoniae internalisation into
macrophages by direct protein-protein interaction between PLY and mannose
receptor C type 1 (Subramanian et al., 2018). Aside from this, SLO and PFO
were shown to help the pathogen to evade immunity by triggering membrane

shedding as a part of membrane repair. As SLO and PFO bind to
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cholesterol-rich microdomains, shedding of these membrane regions resulted
in a loss of immune signalling proteins, such as toll-like receptor 4 and type |
interferon-y receptor (Bhattacharjee and Keyel, 2018). Membrane binding
without pore formation of LLO, PLY, and PFO was related to an epigenetic
histone modification resulting in lower transcription of certain host genes
including key immune components (Hamon et al., 2007).

Interestingly, few CDCs were identified in Gram-negative bacteria that are
supposed to be non-pathogenic at least in animals (Hotze et al., 2013). Novel
CDCs, namely enterolysin, desulfolysin, are produced by anaerobic
soil-resident bacteria, Enterobacter lignolyticus, Desulfobulbus propionicus,
respectively. These cytolysins maintain the pore-forming ability and the
characteristic cholesterol-rich membrane binding. However, they lack
secretion signal peptide that is typical for all CDCs except PLY discussed
above. It is hypothesised that E. lignolyticus and D. propionicus might target
their protozoan predators in a fight for resources in soil and aquatic
environments.

3.2 CDC targets in the membrane

Membrane binding is the initial and crucial step for all
cholesterol-dependent cytolysins (CDCs) no matter whether their function is
to form a pore or to induce some other signal. CDCs possess a
membrane-binding domain at the C-terminus — the tip of the protein
(designated as domain 4, D4) (Figure 4). The namesake membrane target for
CDC:s is cholesterol embedded in the eukaryotic membranes.
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Figure 4. Structure of prototypical cholesterol-dependent cytolysin (CDC) perfringolysin
(PFO) (PDB ID: 1PFO). Domains are designated as D1 (yellow), D2 (orange), D3 (red), D4
(green). Highlighted in black are f1- and p4-strands and a highly conserved Gly-Gly motif in
D1, transmembrane helical (TMHs) motifs (black) in D3 domain and characteristic loops in D4
— undecapeptide (UDP) (black) and L1 loop bearing Thr-Leu (TL) amino acid pair (visualised
as a stick model).

Additionally, many CDCs were shown to bind to glycans (Shewell et al.,
2014). However, only one known CDC, lectinolysin (LLY) contains a bona
fide lectin domain responsible for glycan-binding at its N-terminus (Farrand
etal., 2008). Lastly, a small class of CDCs share tropism towards human cells.
In addition to cholesterol and/or glycans, they engage human cluster of
differentiation protein CD59.
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3.2.1 Cholesterol is a lipid receptor for CDCs

Cholesterol is vital for a variety of cellular processes carried out in
eukaryotes maintaining membrane permeability and fluidity (Pollard et al.,
2017). The amount of cholesterol is tightly regulated to fulfil the functional
requirements of different membranes across the cell (Brown and Goldstein,
1997; Gill et al., 2008; Jeon and Osborne, 2012).
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Figure 5. Membrane binding loops in the D4 domain of cholesterol-dependent cytolysins
(CDCs). A — schematic representation of membrane-binding D4 domain of CDCs highlighting
four loops, L1 (green), L2 (blue), L3 (orange), undecapeptide (UDP) (red); B — four loops in
D4 domain are exposed on the tip of CDC monomer visualised in space-fill model of
perfringolysin (PDB ID: 1PFQ); C — multiple sequence alignment of the loops in D4 domains
of different CDC family members highlighting highly conserved motifs in L1, L2 and UDP.
Figure adapted from Savinov and Heuck, 2017.
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The threshold of cholesterol concentration in vitro required for CDC
activity is around 30-40 molar per cent of total membrane lipids (Christie et
al., 2018). However, the amount of surface-exposed (accessible from solution)
cholesterol in vivo differs and not necessarily relates to the total amount of
cholesterol in the membrane. Phospholipid composition in the membrane was
shown to play a significant role in sequestering cholesterol across the
membrane (Chakrabarti et al., 2017).

CDCs exploit this necessary component of the membrane by using
cholesterol as a receptor. CDCs have an 11-residue cholesterol sensing loop
in their D4 domain historically called undecapeptide (UDP). Through UDP
and a two-residue Thr-Leu motif located on one of the loops, L1, of the D4
domain, CDCs establish direct contacts with the cholesterol-rich membrane
(Farrand et al., 2010) (Figure 5).

To confound matters further, aside from being an integral part of the
eukaryotic membrane, cholesterol is a hallmark of lipid rafts, which are
transient assemblies of lipids of different physical characteristics (such as
sphingomyelins or gangliosides). Cholesterol, with its lipid raft partners, is
known to be a major player defining membrane fluidity and bilayer thickness
(Schroeder et al., 2010). Therefore, it may be the case that CDCs not only
target cholesterol as a cellular receptor but also as a signpost that attracts them
to the parts of the membrane they were tailored, by evolution, to insert into.

3.2.2 CD59 is a protein receptor for some CDCs

The only known protein receptor for CDCs so far is human protein CD59,
which is a GPl-anchored protein expressed on the majority of the human cell
types. Three CDCs, namely intermedilysin (ILY), vaginolysin (VLY) and
lectinolysin (LLY) are known to engage human CD59 during pore formation
(Giddings et al., 2003; Tabata et al., 2014). Furthermore, several hypothetical
CD59-dependent CDCs are predicted to be produced by Streptococcus
tigurinus and Streptococcus pseudopneumoniae (Wade et al., 2015).
Ironically, in human cells, CD59 blocks pore-forming action of complement
C8, C9 proteins interrupting the formation of membrane attack complex
(MAC) and, therefore, inhibiting complement-mediated cell lysis. Thus,
CD59 allows the complement to differentiate between self- and non-self cells,
but on the other hand, it assists these particular CDCs to find their targets
(Davies and Lachmann, 1993; Davies et al., 1989).

The early study of ILY interaction with CD59 showed that ILY binds to
the species-specific region of CD59 (Giddings et al., 2004; LaChapelle et al.,
2009). For instance, rabbit erythrocytes do not permit ILY pore formation
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while the ones from non-human primates do, however, to a 100-fold lesser
extent (Nagamune et al., 1996). Moreover, replacement of human-specific
region of CD59 with rabbit-specific region resulted in a complete abrogation
of ILY pore formation and conferred resistance to rabbit
complement-mediated lysis (Giddings et al., 2004; Zhao et al., 1998).

Boyd et al. suggested transitory roles for CD59 and cholesterol during ILY
pore formation (Figure 6) (Boyd et al., 2016). Primary ILY interaction with
the membrane is thought to be maintained through membrane-attached CD59
proceeding to oligomerisation and early prepore formation. The transition
from an early prepore to a late prepore requires the vertical collapse of the
prepore structure during which CD59 is released. Hence, cholesterol mediates
the transition from a late prepore to a pore. The requirement for ILY to
disengage from CD59 was highlighted even earlier by showing that ILY or
CD59 mutants that strengthen their interaction resulted in lower ILY cytolytic
activity (Wickham et al., 2011).

CD59

—

mediated

CD59

—

mediated

Cholesterol

mediated

Figure 6. The model for the temporal role of CD59 receptor in the intermedilysin (ILY)
pore formation. ILY is coloured in blue and grey; CD59 is coloured in green. The model
suggests that CD59 mediates ILY binding to the membrane, sets specific geometry of ILY pore
structure and triggers the vertical collapse of the prepore structure but is released in the final
step of pore formation which is mediated by membrane-embedded cholesterol. Modified from
Boyd et al., 2016.

Crystal structures of monomer-locked ILY and VLY (ILYM-and VLYMY)
in the complex with human CD59 envisioned the interface that is based on the
[-sheet extension between D4 domain of a CDC and CD59 (Feil et al., 2012;
Johnson et al., 2013; Lawrence et al., 2016). Although it was expected that the
mechanism of pore formation would be similar, the interfaces of ILYM--CD59
and VLYML-CD59 complexes were shown to overlap only partly (Lawrence
et al., 2016). Moreover, as CD59 is necessary for ILY but conditional for
VLY, this highlights the possibility that CD59 plays a different role during the
action of these toxins.

3.2.3 Glycan receptors for CDCs

Novel insights in CDC-membrane interfaces were brought into light when
CDCs were observed to bind to glycans with high affinity (Shewell et al.,
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2014). Screening PLY and SLO using glycan arrays revealed a list of potential
glycan receptors. Moreover, their ability to inhibit CDC haemolytic action was
demonstrated. The haemolytic activity of PLY on human red blood cells was
shown to be dependent on Lewis histo-blood group sialyl LewisX (sLeX)
glycolipids. Preincubating PLY with sLeX significantly reduced the
haemolytic activity of PLY by binding to the D4 domain and competing with
the sLeXs on the surface of RBCs. Similarly, SLO was shown to bind to a list
of glycans bearing terminal galactosyl, N-acetylglucosaminyl,
N-acetylgalactosaminyl, glucosyl, fucosyl, sialyl structures. Preincubation
with lacto-N-neotetraose had the most robust reduction in SLO binding to
RBCs and interference with haemolysis.

A single known CDC, lectinolysin produced by Streptococcus mitis,
contains an additional lectin binding domain at its N-terminal end (Farrand et
al., 2008; Feil et al., 2012). The lectin domain of LLY is composed of F-type
lectin fold of two B-sheets interconnected by five hypervariable loops (CDRs,
complementarity-determining regions) forming so-called jellyroll fold on one
end of this domain. F-type lectins are known to bind fucosylated structures;
therefore, as predicted, the potential of LLY to bind difucosylated Lewis y and
b antigens was shown (Feil et al., 2012). F-type lectins were thoroughly
reviewed by Vasta et al. that are widely distributed from viruses to vertebrates
(Vasta et al., 2017). F-type lectins play a crucial role in innate immunity (in
both vertebrates and invertebrates) where they recognise surface-exposed
glycans of microbial pathogens. Thus, the self-/nonself-recognition is thought
to be a characteristic of this type of lectins.

3.3 The structure of CDCs
3.3.1 Monomer structure of CDCs

A list of monomeric CDC structures has been solved to date (Figure 7, A).
A general structure of a CDC can be divided into two parts, MACPF domain
and Ig-like domain (Figure 7, B). Aside from this, a single CDC, lectinolysin
(LLY) from Streptococcus mitis is known to contain an additional lectin
domain at the N-terminal end (called DO) (Farrand et al., 2008). The core of a
CDC is the MACPF domain, which is directly responsible for the pore
formation. Historically, the MACPF domain in CDCs was segmented into
three domains, creatively named domain 1 (D1), domain 2 (D2) and domain
3 (D3) (Figure 4). D3 domain maintains the monomer-monomer interface and
provides a-helices (TMHs, transmembrane helices) to form transmembrane
B-hairpins (Figure 4).
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A B

PDB ID Resolution Reference
B MACPF
Perfringolysin  1PFO 22 Rossjohn et —
0 (PFO) al., 1997
D1, D2, D3
IM3J 3.0 Rossjohn et
al., 2007
1TMEI 29 Rossjohn et
al., 2007
Intermedilysin 1S3R 2.6 Polekhina et
(ILY) al., 2005
4BIK 3% Johnson et
al,, 2013
SIMW 289 Lawrence et
al., 2016
SIMT 24 Lawrence et
al., 2016
Anthrolysin 3CQF 31 Bourdeau et
(ALO) al., 2009
Suilysin 3HVN 285 Xuetal,
(SLY) 2010
Streptolysin O 4HSC 21 Feil et al.,
(SLO) 2014
Listeriolysin O~ 4CDB 215 Koster et al.,
(LLO) 2014
Pneumolysin 4Q0A 28 Park ct al.,
(PLY) 2016
4ZGH 29 Lawrence et
al., 2015
SCR6 1.98 Marshall et
al,, 2015
S5A0D 24 van Pee et al.,
2016
Vaginolysin SIMY 24 Lawrence et
(VLY) al.. 2016

Figure 7. Monomeric crystal structures of cholesterol-dependent cytolysins (CDCs). A—a
list of solved monomeric CDC structures. B — the structure of perfringolysin (PDB ID: 1PFO).
Membrane-attack complex/perforin (MACPF) fold comprising D1, D2 and D3 domains are
highlighted in black, and immunoglobulin-like (Ig-like) fold comprises D4 domain, depicted in
green.

In addition to highly interconnected MACPF domain, a discrete Ig-like
domain, named domain 4 (D4), is located at the C-terminal end of the protein.
D4 is responsible for membrane recognition and binding (Figure 7, B).

Structurally, proteins in the CDC family are highly conserved that is
reflected in the above-mentioned sequence identity of around 40 % across the
whole family. The architecture of all of the solved CDC structures are as
follows: D1 contains a seven-stranded B-sheet surrounded by a-helices. D2
harbours long B-strands that link D1 and D3 with D4 (Figure 4).

D3 is a central domain composed of a twisted B-sheet surrounded by
a-helices. The twisted five-stranded B-sheet works for a p-sheet extension
during monomer-monomer interactions where [34-strand from one monomer
interacts with a B1-strand from the neighbouring monomer (Figure 4) (Dowd
and Tweten, 2012; Ramachandran et al., 2004). Moreover, a motif of two
glycines is highly conserved throughout the whole MACPF/CDC superfamily
and is thought to act as a hinge around which the rotation occurs during
oligomerisation (Figure 4) (Ramachandran et al., 2004). As a donor for
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transmembrane insertion, D3 contains two bundles of short a-helices (TMH1
and TMH2), which refold into B-hairpins and upon pore formation span the
membrane (Shatursky et al., 1999; Shepard et al., 1998).

D4 and DO domains share a structure of f-sandwich (layered 3-sheets) with
the functionally important loops interconnecting p-strands at the tip of the
domains that, respectively, are responsible for cholesterol-rich membrane
recognition or binding to glycans. D4 contains four loops, namely loop 1 (L1),
loop 2 (L2), loop 3 (L3) and UDP.

3.3.2 Prepore and pore structures of CDCs

An intermediate oligomer during CDC pore formation is called a prepore.
A prepore is an oligomer, which has not perforated the membrane yet.
Interestingly, as opposed to a-PFTs, CDCs are thought to maintain a high
number of prepores. This is likely because CDC prepores and pores contain
20-60 monomers, whereas o-PFTs rarely contain more than 10. Therefore it
takes much longer for the complete individual pore of CDCs to be formed.
However, CDCs do not necessarily need to form a full-ring structure to
perforate the membrane. So-called arc structures are thought to be appropriate
to perforate the membrane more times with less amount of toxin (Figure 8)
(Gilbert and Sonnen, 2016; Gilbert et al., 2014; Leung et al., 2014; Ruan et
al., 2016; Sonnen et al., 2014). Interestingly, the ability to insert into the
membrane as an arc strictly depends on the membrane characteristics, e.g.
fluidity, as the more fluid membrane can accommodate arc-shaped pores more
easily (Rojko and Anderluh, 2015).

Therefore, CDC pores do not share well-defined structures as the
oligomers are heterogeneous in size (Shepard et al., 1998; Shatursky et al.,
1999). The heterogeneity may not be physiologically relevant. However, it
determines their structure challenging.
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Figure 8. Schematic representation of three different proposed models for pore formation
by CDCs. A —a model suggesting that only complete ring-shaped oligomers can insert into the
membrane and perforate it and all incomplete ring-shaped oligomers are prepores (Heuck et al.,
2003); B —a model proposing that the nascent CDC oligomer is membrane-inserted and is able
to grow and fuse with other oligomers. This model neglects the existence of prepore structures,
however (Palmer et al., 1998). C — a hybrid model suggesting that either a complete or
incomplete ring-shaped oligomer can exist in prepore or membrane-inserted pore structures and
incomplete membrane-inserted oligomers can fuse enlarging the pore size. Based on Gilbert,
2005.

Advances in cryo-electron microscopy allowed a high-resolution
visualisation of the prepore and pore structures. In 2017 Pee et al. solved a
4.5 A cryoEM structure of the ~2.2 MDa pore complex of PLY (van Pee et
al., 2017). The giant pore structure contained 168-stranded B-barrel that
adopted two p-hairpins from every monomer, 42 monomers in total.
Moreover, the B-barrel was stabilised by electrostatic interactions between the
B-barrel and the internal a-barrel. Using cryo-electron tomography (cryo-ET),
the structure of a prepore was determined. It helped to get the finer glimpse
into the mechanism of membrane perforation (van Pee et al., 2017).
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Figure 9. The model for pneumolysin (PLY) pore formation. Conformational changes
taking place in the PLY molecule during the pore formation are visualised in the above panel
from the side view of the individual monomer and in the bottom panel from the pore-centred
view. A 90° rotation of D2 domain moves D1 and D3 domains (comprising transmembrane
helices, alternatively named as helical bundles, HB1/2) towards the membrane in the late
prepore. Final membrane-inserted pore structure comprises 168-strands, 260 A B-barrel (van
Pee et al., 2017).

The prepore stage can be subdivided into early prepore and late prepore
stages. Although at both stages, prepores do not span the membrane, the
overall structure of the oligomers differs greatly (van Pee et al., 2017). The
early prepore consists of assembled monomers in a similar conformation as
monomers in the crystal structures, sitting side by side on the plane of the
membrane. This became apparent both from the crystal structures of soluble
monomers as well as linear assemblies of monomers in the crystals (Lawrence
et al., 2015; Marshall et al., 2015; Pee et al., 2016; van Pee et al., 2017).
Subsequent conformational movement serves to bring transmembrane domain
(D3), which are farther away, into the proximity of the membrane. Late
prepore is an oligomer, which has already vertically collapsed (Figure 9), as
it is characterised by the reduction of the oligomer height (Czajkowsky et al.,
2004; van Pee et al., 2017; Ramachandran et al., 2005; Tilley and Orlova,
2005). Cryo-ET data provided evidence of a D2 rigid body rotation from its
vertical position by 90° to an orientation parallel to the membrane plane (van
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Pee et al., 2017). Nonetheless, at the point of late prepore, the membrane is
still intact. Late prepore to pore transition requires the unfurling of a-helices
(TMH1 and TMH2 or, alternatively, HB1 and HB2) and refolding into
B-hairpins that can span the membrane as a [3-barrel.

4 Gardnerella vaginalis and its role in the pathogenesis
of bacterial vaginosis

The bacterium that was to be Gardnerella vaginalis was first identified by
Leopold in 1953 (Leopold, 1953). Later on, in 1955, it was named as
Haemophilus vaginalis by Gardner and Dukes, and it was finally identified as
the causal agent of the until then nonspecified aetiology of vaginitis (vaginal
infection/inflammation) (Gardner and Dukes, 1955). Vaginal sguamous
epithelial cells that were densely covered with H. vaginalis, because of their
unique appearance, were called clue cells. These clue cells gave (and still
gives) the clue of the presence of vaginal infection.

Later on, in 1980, due to the lack of similarity to any described genus,
Greenwood and Picket assigned H. vaginalis to a new genus, Gardnerella,
and renamed the bacterium to Gardnerella vaginalis in the honour of Gardner,
who was one of the first people to realise its importance (Greenwood and
Pickett, 1980).

G. vaginalis has an unusual cell wall with a thin peptidoglycan layer. Thus
by current definitions should be Gram-positive, but upon Gram staining, it can
appear Gram-negative and is therefore described as Gram-variable
(Verstraelen et al., 2010). G. vaginalis is rod-shaped bacterium of 0.5 um by
1.0 to 1.5 pm, non-encapsulated, nonmotile, and not observed to form
filaments.

Characteristics and clinical considerations of G. vaginalis were thoroughly
reviewed long ago by Catlin et al. (Catlin, 1992). G. vaginalis is classified as
B-haemolytic that means that when grown on blood agar, it completely lyses
surrounding red blood cells. It is worth to note that haemolysis was observed
on human, horse or rabbit but not sheep erythrocytes. G. vaginalis is a
facultative anaerobe, and its growth and induced haemolysis are promoted
under anaerobic conditions. G. vaginalis is closely related to, or even
causative agent, of vaginal microflora imbalance, called bacterial vaginosis
(BV).

The most widely spread and still used criteria to diagnose BV is Amsel
criteria of vaginal discharge (Amsel et al., 1983) and Nugent score of vaginal
swabs (Nugent et al., 1991). For Amsel criteria, the presence of at least three
characteristics out of the following four confirms the state of BV: non-viscous
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consistency, elevated pH, fishy trimethylamine odour after treatment with
potassium hydroxide, the presence of clue cells, reduced levels of
Lactobacillus species and increased levels of G. vaginalis or other anaerobe
species. For Nugent score, Gram staining-based evaluation of present bacterial
species is evaluated.

What constitutes a healthy or imbalanced vaginal microbiota, in general, is
still unclear as the composition of the urogenital microbiota and, most
importantly, its dynamics over time is not well understood (Onderdonk et al.,
2016; Schellenberg et al., 2017). Dynamic microbiota of the urogenital tract
can be classified as Lactobacillus dominant (normal/healthy), G. vaginalis
dominant or G. vaginalis codominant with other anaerobic bacteria (prone to
BV). The main hint of BV seems to be the disappearance of Lactobacillus
(L. crispatus, L. jensenii) and the ability of commonly subdominant anaerobic
species to form biofilms. However, the interrelationship of microbiota and the
driving forces that allow anaerobic species to attain their dominance remain
under discussion. One point of view suggests that Lactobacillus and
G. vaginalis are engaged in a constant struggle for their dominance in vaginal
microbiota. As Lactobacillus produces hydrogen peroxide, lactic acid and
other bacteriocins, G. vaginalis with the help of other anaerobic bacterial
species fight to access the mucosal surface and establish biofilm phenotype.
G. vaginalis may be the leading cause in changing the conditions required for
the successful growth of anaerobic species such as Atopobium, Prevotella and
others (Schellenberg et al., 2017). Moreover, the synergy between
G. vaginalis and Prevotella was observed on a nutritional basis (ammonia
production by Prevotella bivia and consumption of it by G. vaginalis) as well
as the promotion of biofilm formation (Machado and Cerca, 2015; Pybus and
Onderdonk, 1997). Biofilm formation is suggested to be a successful strategy
to overcome natural defences from the opposing microbiota species and the
antibiotic treatment (Hardy et al., 2017).

Aside from this, BV is not necessarily related to pathogenic outcome and
can easily be unrecognised as it may not induce any apparent symptoms. The
switch into the recognisable state has not been defined yet (Ma et al., 2012).
It may not only be restricted to the general composition of vaginal microflora
but rely on particular subspecies that are featured by specific levels of
virulence factors (Janulaitiene et al., 2017, 2018; Schellenberg et al., 2016).

One of the challenges that need to be overcome in the study of urogenital
tract microbiota is the establishment of appropriate and representative in vitro
and in vivo models to study dynamic interactions between different species
(Ma et al., 2012; Onderdonk et al., 2016; Schellenberg et al., 2017). As it
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stands, the most direct ways to modulate the desired processes remain
inaccessible.

Nevertheless, G. vaginalis can be considered a hallmark of BV state as it
is found in all patients experiencing BV (Schellenberg et al., 2017). The
phenotypic properties of G. vaginalis are extraordinarily variable, and
extensive attempts are being made to divide the bacterium into subtypes,
which might help to explain its role in health or disease. Vaginal microbiota
was shown to contain a mixed community of G. vaginalis strains that vary in
their phenotypes and virulence potential (Albert et al., 2015; Balashov et al.,
2014; Janulaitiene et al., 2018; Schellenberg et al., 2017). Four groups of
G. vaginalis subtypes were identified by different criteria, including
variability of cpn60 gene for chaperonin (Hill et al., 2005; Jayaprakash et al.,
2012) and a whole genome-based typing (Ahmed et al., 2012; Schellenberg et
al., 2016). However, the phenotypic properties of G. vaginalis subtypes cannot
be inferred from genotyping alone. So far it has been observed that all
members of group B (clade 2) and some of group C (clade 1) share sialidase
activity (Lewis et al., 2013; Schellenberg et al., 2016), whereas the members
of group A (clade 4) are unified by lipase activity (Jayaprakash et al., 2012).
Moreover, group A (clade 4) was found the most homogeneous compared with
group C (clade 1) and group B (clade 2) featured by low secretion of sialidase
and VLY (Janulaitiene et al., 2018). However, more investigation is needed
here to prove this relationship and identify the other possible markers of
subspecies.

The most discussed and studied virulence factors of G. vaginalis are
vaginolysin and sialidase, which are suggested to play a role in biofilm
formation, mucosal access and immune modulation (Schellenberg et al.,
2017). Sialidase is produced in high amounts by various BV-associated
bacteria and, as expected, is not observed in high amounts in the non-BV state
(Briselden et al., 1992). Moreover, sialidase is linked to the pathogenicity by
the degradation of mucosal sialoglycans and complex N-glycans of secretory
IgA (Lewis et al., 2012). Women’s reproductive tract is known to be rich in
sialoglycoproteins that shield the epithelial cells and restricts the direct access
to them. Aside from the benefit that the pathogen might gain by approaching
the epithelial cells, sialidase was shown to promote bacterial growth and
biofilm formation (Lewis and Lewis, 2012).

4.1 Vaginolysin from Gardnerella vaginalis

Vaginolysin (VLY), the object of this thesis, is a member of MACPF/CDC
protein superfamily produced by the bacterium Gardnerella vaginalis. VLY
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is one of the most probable virulence factors of G. vaginalis, as discussed
above. VLY contains a signal peptide at its N-terminus, which is responsible
for the secretion of the cytolysin out of the bacterium.

Even though it was not demonstrated in vivo, the link between vaginolysin
and BV state is believed to be plausible by analogy with other CDCs playing
a critical role in the pathogenesis of microorganisms that produce them (e.g.
PLY from Streptococcus pneumoniae) as described above. VLY
concentration was shown to be higher in women whose vaginal microbiota
lacks dominant Lactobacillus species (Nowak et al., 2018). Moreover, an
increase in anti-VLY IgA response was observed in BV state together with
higher levels of interleukin-1pB, thus, highlighting the mucosal immune
response to the presence of VLY (Cauci et al., 1996, 2002). However, despite
extensive attempts to study mucosal immune responses, a consensus has not
been reached, partly due to the lack of animal models (Mitchel and Marrazzo,
2014).

Early studies on VLY and its haemolytic activity demonstrated the tropism
of VLY activity towards human erythrocytes. However, VLY was shown to
display haemolytic, albeit decreased, activity on erythrocytes of other species
as well (Cauci et al., 1993). When tested on erythrocytes from different
species, concentration of VLY needed to lyse 50 % of the cells was increased
in the following proportions when compared to human erythrocytes: cat
(11-fold), pig (31-fold), cow (67-fold), dog (71-fold), rabbit (143-fold), horse
(167-fold), sheep (>1000-fold). A possible way to explain these differences
was suggested to rely on the affinity of VLY to certain cell membrane
components be it lipids, glycans or proteins. Hence, the discovery of its human
protein receptor CD59 helped to explain the tropism towards human cells
(Gelber et al., 2008).

The role of VLY in the course of G.vaginalis infection is not clearly
understood, and one of the limitations for understanding is the lack of abilities
to modify the genome of G. vaginalis together with above-mentioned animal
models for studying the vaginal state of BV.

5 The importance of pore-forming toxins

As antibiotic resistance becomes more widespread, alternative options for
treatment or disease prevention are becoming more desirable. Because
pore-forming toxins constitute an essential part in the pathogenesis of many
bacterial diseases, they are an important object to be studied. For example,
PLY is the primary driver behind tissue invasion and colonisation (Zafar et
al., 2017). Thus, by understanding mechanisms of pore formation and the role
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of toxins in pathogenesis or life cycles of microorganisms, we stand to benefit
our medical options. This is especially true for bacterial diseases, which do
not pose a deadly risk. Furthermore, secreted toxins can be used as biomarkers
to diagnose certain bacterial infections.

Secondly, pore-forming proteins have valuable traits that can be exploited
as tools. As they target specific membrane components to initiate pore
formation, we can exploit monomer-locked versions of toxins to label various
non-protein components of the membrane. A prime example of this is
perfringolysin O (PFO), which, like all CDCs, binds to membrane cholesterol
(Johnson et al., 2017a).

Another application is to use toxins as delivery agents for various
compounds. For example, many of the biologicals, including siRNAs, DNA
or proteins are uptaken by cells via endocytosis pathway. To release them
from endosomes, the cell can use membrane pores (Varkouhi et al., 2011).

Another interesting and unusual application was reported for ILY, which
is a CDC strictly dependent on human protein CD59. Using genetic
engineering, several groups have made mice expressing human protein CD59
under tissue-specific promoters. Upon administration of intravenous ILY, the
ablation of specific cell populations expressing CD59 is induced. This was
shown as a hugely powerful tool to study neuronal populations and other
populations of cells by removing some of them (Feng et al., 2016; Hu et al.,
2007).

Lastly, pore-forming toxins and pores they form are used in the third
generation sequencing approach called nanopore sequencing, where DNA
sequences are electrophoretically passed through the pores of, e.g.
a-hemolysin or Mycobacterium smegmatis porin A (Derrington et al., 2010).
Reading out changes in conductivity as different nucleotides of the DNA
sequence passes through the pore allows for sequencing. Such approaches are
very appealing due to avoiding amplification of DNA before sequencing.
Furthermore, it is foreseen that nanopores could also be used for protein
sequencing if proper ways to unfold them were developed (Nivala et al.,
2013).

Aside from easily listable benefits we derive from studying pore-forming
toxins, it is important to add that like with all fundamental research, it is
impossible to foretell whence the next advance will come from and where the
characterisation of the next pore-forming toxin may lead us.
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METHODS

1 Generation and purification of recombinant proteins
1.1 VLY and VLY mutants

Recombinant N-terminally-6xHis-tagged VLY lacking the putative signal
sequence (1-31 aa) was cloned into pUC57(+) (Thermo Fisher Scientific) and
pET28a(+) (Novagen Merck Millipore) plasmid vectors previously in our
laboratory (Zvirbliene et al., 2010).

VLY was mutagenised using a site-directed mutagenesis. The mutations
were introduced by PCR amplification of pUC57-VLY plasmid using primers
with Bpil restriction endonuclease sites, one of which had a mismatched
codon for the amino acid substitution. PCR products were digested with Bpil
restriction endonuclease, and the DNA fragment was ligated using T7 DNA
ligase. E.coli DH10B strain was transformed with recircularised plasmids
encoding mutant VLY proteins, and the correct gene sequences were
confirmed by DNA sequencing. The genes were transferred to pET28a(+)
vector via Ndel and BamHI restriction endonuclease sites followed by the
transformation of E. coli strains that were used for the expression of VLY
variants.

VLY and all the VLY mutants were expressed in E. coli Tuner (DE3) or
BL21 (DES3) strain. The overnight culture was diluted 30 times into fresh LB
media and incubated at 37 °C with shaking at 220 rpm until ODggonm reached
0.6-0.8. Induction was carried out by adding 0.1 mM (for E. coli Tuner (DE3))
or 1 mM (for E. coli BL21 (DE3)) isopropyl p-D-1-thiogalactopyranoside and
incubating cells at 26 °C with shaking at 220 rpm for 4.5 hours. Harvested
biomass was resuspended in lysis buffer (50 mM Tris-HCI (pH 7.5 at 4 °C),
500 mM, NaCl, 50 mM imidazole) into which PMSF protease inhibitor
(1 mM final concentration) was added, and the sample was sonicated. The
cleared lysate was purified using HisTrap FF and HisTrap SP columns (GE
Healthcare) followed by the size-exclusion chromatography using Superdex
75 16/60 column in 20 mM sodium acetate (pH 5.5 at 25 °C) (or 20 mM MES
(pH 5.5 at 25 °C)) 100 mM ammonium sulphate buffer. VLY and its mutants
were stored in 20 mM sodium acetate (pH 5.5 at 25 °C) (or 20 MM MES
(pH 5.5 at 25 °C)), 100 MM ammonium sulphate buffer supplemented with
0.01 % Tween-80.

For the experiments with the liposomes containing 18:1 DGS-NTA(Ni)
(1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic
acid)succinyl] (nickel salt)) lipids, His-tag was removed from the purified
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VLY proteins to avoid undesired VLY binding to the liposomes via the
6xHis-tag. The 6xHis-tag was cleaved by adding thrombin protease and
incubating overnight at 4 °C while dialysing against 20 mM Tris-HCI (pH 8.4
at 4 °C), 150 mM NaCl, 2.5 mM CaCl; buffer. After 6xHis-tag cleavage, the
protein was loaded on HisTrap HP column. The column was washed with
25mM Tris-HCI (pH 7.5 at 4 °C), 200mM NaCl buffer. Cleaved VLY was
eluted using imidazole gradient (50 mM Tris-HCI (pH 7.5 at 4 °C), 500 mM
NaCl, 0-100 mM imidazole). Cleaved VLY eluted at a significantly lower
concentration of imidazole than the construct bearing 6xHis-tag. 6xHis-tag
cleavage was confirmed using Western blot by the analysis of the samples
before and after cleavage probed with primary mouse anti-6xHis (HIS.H8
clone, Cat. No. MA121315, Thermo Fisher Scientific) antibodies and
secondary goat anti-mouse 1gG HRP-labelled antibodies (Bio-Rad).

1.2 ILY

The gene for ILY was amplified from Streptococcus intermedius isolate
14654 (a kind gift from Lithuanian National Public Health Surveillance
Laboratory, Vilnius, Lithuania) and sequenced previously in our laboratory.
The gene encoding ILY lacking the putative signal sequence (1-33 amino
acids) was cloned into pET28(+) vector (Novagen Merck Millipore) fusing
the gene with N-terminal 6xHis-tag. The generated plasmid was subsequently
used for E. coli BL21(DE3) transformation. His-tagged ILY was expressed
and purified as described for VLY in Methods 1.1 section. Purified protein
was stored in 20 mM sodium acetate (pH 5.5 25 °C), 100 mM ammonium
sulphate supplemented with 0.01 % Tween-80.

1.3 PLY

The gene for PLY was amplified from Streptococcus pneumoniae isolate
7170 (a kind gift from Lithuanian National Public Health Surveillance
Laboratory, Vilnius, Lithuania) and sequenced previously in our laboratory.
The gene encoding PLY was cloned into pET28(+) vector (Novagen Merck
Millipore) fusing the gene with N-terminal 6xHis-tag. The generated plasmid
was subsequently used for E. coli BL21(DE3) transformation. 6xHis-tagged
PLY was expressed and purified as described for VLY in Methods 1.1 section.
Purified protein was stored in 20 mM HEPES (pH 7.5 at 25 °C), 200 mM
NaCl, 0.01 Tween-80 buffer.
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1.4 CD59 and its variants

Human protein CD59 was expressed in mammalian HEK293T cells
(ATCC Cat. No. CRL-321) as a soluble protein secreted into the media as it
lacked the sequence coding for the GPl-anchor attachment. In order to purify
the protein, its gene was fused with a 6xHis-tag at C-terminal end. C-terminal
6xHis-tag was used to attach the protein to the surface of DGS-NTA(NI)
lipids-containing liposomes.

The coding sequence for human protein CD59 was amplified from the
pFUSE-CD59 construct (described in Methods 2 section) and cloned into a
mammalian cell expression vector pHLsec (Aricescu et al., 2006) via Agel
and Kpnl restriction endonuclease sites fusing the gene with secretion signal
sequence at the N-terminal end and 6xHis-tag at the C-terminal end. The
internal N-linked glycosylation site was disrupted by Asn-16 substitution to
GIn. HEK293T cells were transiently transfected with pHLsec-CD59 plasmid.
An artificial N-linked glycosylation site was introduced downstream of the
CD59 gene at the junction with Kpnl restriction endonuclease site as it
improved the amount of media-secreted CD59. N-linked glycosylation was
subsequently removed during the protein purification. Protein expression was
carried out in 12 roller bottles (2125 cm? growth area) by transfecting the cells
with 0.5 mg of plasmid and 1 mg of polyethylenimine per roller bottle
followed by the incubation at 37 °C for five days. After the media was
collected, it was cleared by centrifugation at 5000 g for 20 min, filtered
through 0.22 um filter membrane and buffer-exchanged into 20 mM HEPES
(pH 7.5 at 25 °C), 300 mM NaCl 5 mM imidazole buffer using QuixStand
system. All purification steps were carried out at RT. The media was loaded
onto HisTrap HP column (GE Healthcare), which was subsequently washed
with 20 mM HEPES (pH 7.5 at 25 °C), 300 mM NaCl, 5 mM imidazole. The
protein was eluted by imidazole gradient (20 mM HEPES (pH 7.5 at 25 °C),
300 mM NaCl 5-500 mM imidazole). Eluted protein was treated with
PNGase F (Cat. No. PO704S, New England BiolLabs) at 37 °C for 72 h to
remove artificially introduced N-linked glycan. The removal of glycans was
proved by SDS-PAGE. After PNGase F treatment, the protein was further
fractionated using size-exclusion chromatography Superdex S75 16/60
column (GE Healthcare) in 20 mM HEPES (pH 7.5 at 25 °C), 150 mM NacCl
buffer.
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Table 1. Overlapping oligonucleotides for linker insertion at the N-terminal end of the

CD59-encoding gene.

Forward oligonucleotide

Reverse oligonucleotide

GCTGCAAAGGCT-3¢

2n linker | 5‘-CATGGCCGAAGCT | 5°-CGGCTTCGACGTCG
GCAGCCAAAGAGGCC | GTTTCTCCGGCGACGT
GCTGCAAAGGCT-3¢ TTCCGACATGGTAC-3°
4n linker | 5°-CATGGCCGAAGCT | 5‘-CGGCTTCGACGTCG
GCAGCCAAAGAGGCC | GTTTCTCCGGCGTCGA
GCAGCTAAGGAGGCC | TTCCTCCGGCGACGTT

TCCGAGTAC-3°

For CD59 constructs bearing linkers the rigid helical linkers of
A(EAAAK)A (CD59-2n construct) or A(EAAAK).ALEA(EAAAK).A
(CD59-4n construct) at the C-terminus between the gene for CD59 and
6xHis-tag were introduced. The linkers were introduced by a pair of
oligonucleotides, which were annealed, extended and cloned into the plasmid
through Kpnl restriction endonuclease cutting site (Table 1). Expression and
purification protocol applied for these CD59 variants was the same as
described above for CD59.

2 Generation of CHO cell line expressing human CD59

To characterise VLY tropism to human CD59-bearing cells, we generated
a set of stable cell lines by transfecting non-human origin CHO cells with a
plasmid encoding GPIl-anchored human CD59. As the protocol was based on
random integration into the genome, different clones expressed different
levels of surface-exposed CD59.

The plasmid encoding GPI-anchored human CD59 was constructed in our
laboratory previously by Dr Milda Pleckaityte. pFUSE (InvivoGen) vector
bearing zeocin-resistance gene was used into which a synthetic gene for
human CD59 (GenScript) comprising 1-76 amino acids of CD59 together with
GPl-anchoring encoding sequence at the C-terminal end was inserted. The
N-linked glycosylation site was disrupted by the single amino acid
substitution of Asn-18 into GIn. This mutation was previously shown not to
affect the activity of CD59 (Yu et al., 1997). During this work, CHO cells
were transfected, and surface-exposed CD59 expression was assessed by
labelling it with FITC conjugated anti-CD59 antibodies (Cat. No. 555763, BD
Pharmingen) followed by the flow-cytometric analysis.

CHO cells (ECACC Cat. No. 8505030) were cultivated in DMEM:Ham's
F-12 (1:1) media supplemented with 10 % heat-inactivated fetal bovine serum
(FBS). The transfection was carried out using TurboFect reagent (Thermo
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Fisher Scientific). For the transfected cell selection, the cell growth media was
supplemented with 250 pg/ml zeocin (InvivoGen). After selection, the cells
were cloned, and the clones were screened by labelling intact cells with
FITC-conjugated anti- CD59 antibodies and analysing using flow cytometry.
The level of surface-exposed CD59 was evaluated by a normalised median of
fluorescence intensity (nMFI) in the FITC channel. MFI was normalised by
dividing the MFI value of the anti-CD59 antibody-labelled cells by the
averaged MFI value of the isotype control (Cat. No. 555573, BD Pharmingen).
Each experiment was repeated three times. The value of nMFI, together with
standard deviation, was calculated for each clone. Four clones
(CHO-CD59%4°, CHO-CD59*A1, CHO-CD59%, CHO-CD59%)
characteristic of an increasing level of CD59 expression were selected for
further experiments (Methods 4, 6 sections).

3 Haemolytic assay

The haemolytic assay was used as one of the approaches for evaluating the
cytolytic activity of CDCs (Cauci et al., 1993). It is based on the ability of
CDCs to lyse human erythrocytes and release haemoglobin, which can be
measured spectrophotometrically.

Five ml of blood from a volunteer was collected, and the erythrocytes were
washed to remove the blood plasma using sterile PBS by centrifugation at
200 RCF at RT. Erythrocytes were suspended in 950 ul PBS for each reaction,
which was carried out in 1.5 ml microtubes. The dilution of erythrocyte
suspension was chosen to get an absorbtion at 415 nm (As1snm) equal to 2.5-2.7
when lysed by deionised H.O representing maximal lysis of erythrocytes.
CDCs were serially diluted in PBS, 50 ul of diluted CDCs were used for an
individual reaction. Upon erythrocyte treatment with CDCs, the tubes were
incubated for 15 min at RT, followed by centrifugation for 5 min at 200 RCF
at RT. One-hundred pl of the supernatant of each data point was transferred
to a 96-well plate, and Asisnm Was measured. PBS without CDCs was used as
a negative lysis control; the Asisnm value of it was subtracted from each data
point as a background. The percentage of maximal lysis (positive control
acquired with deionised H,O) was evaluated for each data point. Erythrocyte
lysis versus CDC concentration was fitted with a four-parameter
dose-response curve using GraphPad Prism. Each experiment was repeated
three times. HD50 value that represented the CDC concentration inducing
half-maximal erythrocyte lysis, for each data set was calculated together with
standard deviation.

42



4 Cell proliferation MTS assay

MTS assay was used to measure the effect of CDCs on cell proliferation
as opposed to their cytolytic activity. The assay was based on MTS
(3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium) compound that is reduced by NAD(P)H-
dependent dehydrogenases in metabolically active cells generating the soluble
coloured formazan product.

Adherent HEK293 (human embryonic kidney) (ATCC Cat. No. CCL-2),
CHO (Chinese hamster ovary) (ECACC Cat. No. 8505030) and CHO-CD59
(Methods 2 section) cell lines were used in the MTS assay. HEK293 cells were
cultivated in DMEM media supplemented with 10 % heat-inactivated FBS.
CHO cells were cultivated in DMEM:Ham’s F12 media (1:1) supplemented
with 10 % heat-inactivated FBS. CHO-CD59 cells were cultivated in
DMEM:Ham’s F12 media (1:1) supplemented with 10 % heat-inactivated
FBS and 250 ug/ml zeocin. The cells were cultivated in 96-well plates at
37 °C 5 % CO to the confluence of approximately 70 %. The cell monolayer
was washed twice with serum-free DMEM. Recombinant CDCs (VLY, PLY,
ILY) were serially diluted in serum-free DMEM in the range of 0.03 to 200
nM. 100 pl of each CDC dilution was added to the wells with the cells.
Reaction mixture without CDCs was used as a negative control of lysis. The
plates were incubated for 1 h at 37 °C and 5% CO,. Twenty ul of MTS
reagent (Promega) was added to the wells and incubated for 4 h at 37 °C 5 %
CO,. The absorbance at 630 nm and 490 nm wavelengths was measured.
Assonm Values were subtracted from Aasgonm. The wells with cells untreated with
CDCs were used as a negative control of lysis. Percentage of maximal lysis
(positive control of lysis acquired from the wells without cells) was evaluated
for each data point. The cell lysis versus CDC concentration was fitted with a
four-parameter dose-response curve using GraphPad Prism. Each experiment
was repeated three times. EC50 value that represented the CDC concentration
inducing half-maximal cell lysis was calculated for each data set together with
standard deviation. For better visualisation of the different effect of CDCs on
CHO and HEK?293 (or CHO-CD59) cells the ratios of EC50 values for CHO
and HEK293 (or each clone of CHO-CD59) cells were calculated and the
variance of the ratios was evaluated by 95 % confidence intervals.
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5 Construction of the homology-based VLY structural
model

As the crystal structure of VLY was not known at the time of the study, we
aimed to generate a homology model would guide us in designing the VLY
mutants for structural and functional studies.

The model was constructed using HHPRED software (S6ding et al., 2005)
relying on the closest structural template of ILY (PDB ID: 1S3R) (Polekhina
et al., 2005) with the sequence identity of 58 %. As an additional reference of
which the crystal structure was known (Rossjohn et al., 1997), a homology
model of PFO was constructed using the same ILY crystal structure as a
template (41 % sequence identity). Assessment of model quality was
evaluated by ProSA Z-score using ProSA knowledge-based energy potentials
(the more negative the ProSA Z score, the more energetically favourable the
model) (Sippl, 1993).

6 Flow cytometric cell binding assay

VLY binding to the cell surface was evaluated by treating the cells with
non-lytic VLY variants that were probed with primary anti-VLY and
secondary fluorescently labelled Abs and analysed using flow cytometry.

Subconfluent CHO and CHO-CD59 cells were detached from the surface
using StemPro Accutase enzyme (Gibco by Life Technologies), washed,
resuspended in PBS and counted. For each sample 1 x 10° cells (40 ul) were
mixed with 10 pl of VLY variant to the final concentration of 15 nM, 30 nM
or 100 nM, as stated, and incubated for 30 min at 37 °C. The sample mixture
without VLY was used as a negative control. After incubation, the cells were
washed twice with 1.5 ml of incubation buffer (PBS supplemented with 1 %
heat-inactivated FBS and 0.1 % NaNs) followed by centrifugation (for 5 min
at 200 RCF). After washing, the cells were incubated with an excess of
primary mouse anti-VLY MADs (clone 9B4 or 21A5) for 30 min at RT. The
cells were washed twice and subsequently incubated with an excess of
secondary PE-conjugated goat anti-mouse 1gG Abs for 30 min at RT (Cat. No.
550589, BD Biosciences). After washing, the cells were fixed using BD
CytoFix (BD Biosciences) for 10 min at 4 °C. After washing, the cells were
transferred to 200 ul of incubation buffer and analysed by CyFlow Space flow
cytometer (Partec, Muenster). Flow cytometry data were analysed using
FlowJo software. The median of fluorescence intensity (MFI) was normalised
dividing it by the values of the negative control (cells directly probed with
antibodies only). Each experiment was repeated three times. Normalised MFI

44



(nMFI) values, together with standard deviation, were used to evaluate the
binding of VLY variants to the surface of the cells.

7 ELISA
7.1 Indirect ELISA

Indirect enzyme-linked immunosorbent assay (ELISA) was used to
determine the apparent dissociation constants (Kq) between VLY (or its
mutants) and anti-VLY MADbs (9B4 and 21A5 clones).

Purified recombinant VLY (or its mutants) was immobilised on the surface
of 96-well plates (Nunc MaxiSorp, Thermo Fisher Scientific) by adding
100 pl of 5 pg/ml VLY (or its variants) diluted in 50 mM Na-carbonate,
(pH 9.5 at 25 °C) buffer and incubated overnight at 4 °C. Blocking was carried
out by incubating the plates with 250 ul of 1 % BSA dissolved in PBS for 1 h
at RT. The plates were washed with PBS supplemented with 0.1 % Tween-
20. The plates were incubated with 100 ul of serially diluted mouse anti-VLY
MADbs (clone 9B4 or 21A5) in the range of 1.9 x 107 to 3.3 x 10? M
concentration in PBS supplemented with 0.1 % Tween-20 for 1 h at RT. After
washing, the plates were incubated with 100 ul of HRP-conjugated goat
anti-mouse 1gG Abs (Cat. No. 5178-2504, Bio-Rad) diluted 1:5000 in PBS
supplemented with 0.1 % Tween-20 for 1 h at RT. After washing, bound
MADbs were quantified using HRP enzymatic reaction by adding 50 ul of
ready-to-use TMB liquid substrate reagent (Sigma-Aldrich). The reaction was
stopped by adding 25 ul of 3.6 % H,SO4 solution, and the absorbance at
620 nm was subtracted from the absorbance at 450 nm. The concentration of
MAD that gave one-half of the maximal absorbance was averaged from three
replicates that defined an apparent Kq for each antigen-MADb pair.

7.2 Sandwich ELISA

Sandwich ELISA was used for quantification of VLY in G. vaginalis
growth media. For this purpose, two non-competitive mouse anti-vVLY MADb
clones were used, namely 12E1 and 9B4, which were previously generated in
our laboratory (Zvirbliene et al., 2010). 100 pl of 5 pg/ml 12E1 (diluted in
50 mM Na-carbonate pH 9.5 (pH 9.5 at 25 °C)) was immobilised on the
surface of 96-well plate by incubating it overnight at 4 °C (Nunc MaxiSorp,
Thermo Fisher Scientific). The plates were blocked with 1% of BSA
(dissolved in PBS) for 1 hour at RT. G. vaginalis growth media was serially
diluted in PBS supplemented with 0.1 % Tween-20, 100 pl of each dilution
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was added to the wells and incubated for 1 h at RT with shaking. After
washing, the plates were incubated with HRP-labelled mouse anti-VLY 9B4
MADbs (conjugation was carried out as described in Methods 7.2.1 section) for
1 h at RT with shaking. 100 pl of ready-to-use TMB reagent was added to the
wells. The reaction was stopped by adding 25 ul of 3.6 % H.SO4. The
absorbances at 620nm and 450nm were measured. The absorbance at 620 nm
was subtracted from the absorbance at 450 nm.

A calibration curve was obtained using recombinant VLY protein dilutions
in the range of 1 ng/ml to 1 pg/ml. Recombinant VLY was diluted in fresh
G. vaginalis growth media The absorbance data points were plotted against
the recombinant VLY concentrations. The linear part of the calibration curve
was used as a standard to evaluate VLY concentrations in experimental G.
vaginalis samples

G.vaginalis growth media supernatants were provided by Miglé
Janulaitiené (Lithuanian National Public Health Surveillance Laboratory,
Vilnius, Lithuania) growing the bacteria for 24 h or 48 h.

7.2.1 MAD conjugation with HRP

MAD conjugation with horseradish peroxidase (HRP) was based on
periodate linkage. Anti-VLY MADb clone 9B4 was purified from the
hybridoma media using Protein A Sepharose CL-4B (GE Healthcare)
according to the manufacturer’s recommendations. 5 mg of MAb was dialysed
against 0.2 M Na-carbonate buffer pH 9.5 (pH 9.5 at 25 °C) overnight at 4 °C.
HRP (Merck Millipore, Cat. No. 516531) (5 mg) was dissolved in 1 ml of
deionised water and mixed with 0.25 ml of freshly prepared 0.2 M NalO, and
incubated for 2 h at RT in the dark. The solution of HRP was exchanged into
1 mM sodium acetate (pH 4.5 at 25 °C) using Sephadex G-25 PD-10 column
(GE Healthcare). Activated HRP was mixed with Mab solution followed by
pH adjustment to pH 9.5 (at 25 °C) by adding 0.2 M sodium carbonate
(pH 9.5 at 25 °C). The mixture was incubated for 24 °C. Finally, the solution
was dialysed against PBS, followed by the addition of BSA up to 2 % and
glycerol up to 50 %.

8 Membrane-immobilised cholesterol dot blot analysis

The direct interaction between VLY and cholesterol was assessed using
membrane-immobilised cholesterol dot blot technique.

Cholesterol was dissolved in chloroform to concentrations ranging from
32.5t0 0.01 mM (w/v). Polyvinylidene fluoride (PVVDF) membrane (pore size
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0.45 um) was prewetted with 100 % methanol and washed in PBS. The dots
with different amounts of immobilised cholesterol were formed by loading
2 ul of serially diluted cholesterol solution. The membrane was dried and
blocked with 3 % low-fat milk powder dissolved in PBS for 1 h at RT. After
blocking, the membrane was incubated with wild-type or mutated VLY
diluted in blocking solution supplemented 0.01 % Tween-20 for 1 h at RT.
After washing with PBS supplemented with 0.01 % Tween-20, the membrane
was incubated with primary mouse anti-VLY MAb 9B4 in blocking solution
supplemented with 0.01 % Tween-20 for 1 h at RT. After washing, the
membrane was incubated with secondary goat anti-mouse HRP-labelled Abs
(Cat. No. 5178-2504, Bio-Rad) (diluted 1:5000 in blocking solution
supplemented with 0.01 % Tween-20) for 1 h at RT. After washing, the
membranes were incubated with ready-to-use TMB substrate reagent
(Sigma-Aldrich) for 1 min followed by placing the membrane into the water
to terminate the reaction. The experiment for each VLY variant was repeated
at least three times, and the representative membranes were imaged.

9 Liposome-based assays
9.1 The preparation of liposomes

Lipids were dissolved in chloroform and premixed according to the
required composition to the final amount of 2 mg (Table 2). The lipid film was
prepared by evaporating chloroform. Dry lipids were hydrated in 1 ml of
10 mM HEPES (pH 7.5 at 25 °C), 150 mM NaCl buffer by vigorous vortexing
for 10 min followed by three freeze-thaw cycles. The hydrated lipid solution
was extruded 11 times through a 100 nm polycarbonate membrane.
Liposomes were stored at 4 °C and used within a week of preparation.

Table 2. The compositions of the liposomes that were used.
1 | DOPC/cholesterol 45/55 mol%

2 60/40 mol%

3 70/30 mol%

4 | DOPC 100 mol%

5 | POPC/POPS/DGS-NTA(Ni)/cholesterol 49/10/1/40 mol%
6 | POPC/POPS/DGS-NTA(NI) 89/10/1 mol%

9.2 Liposome co-sedimentation assay

Liposome co-sedimentation assay was used to assess the binding of
6xHis-tagged CD59 to 18:1 DGS-NTA(Ni) containing liposomes.
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100 pl (2 mg/ml) of liposomes were incubated with 15 pl of 72 uM CD59
for 30 min at RT. The samples were ultracentrifuged for 30 min at 67,000 rpm
15 °C (Beckman Coulter TLA 100.4 rotor). The supernatant was collected,
and the pellet was resuspended in 115 ul 10 mM HEPES (pH 7.5 at 25 °C),
150 mM NaCl buffer and ultracentrifuged again. The supernatant was
discarded, and the pellet was resuspended in reducing SDS-PAGE loading
buffer. After heating for 5 min at 95 °C, the samples of the supernatant and
the pellet were analysed using SDS-PAGE.

9.3 Liposome leakage assay

Functional CDC pore formation was assessed by liposome leakage assay.
A fluorescent dye, sulforhodamine B (SRB), was encapsulated into the
liposomes, which self-quenches at high concentrations, whereas upon pore
formation the dye leaks out of the liposomes and is diluted in a buffer resulting
in the increase of fluorescent signal.

SRB dye encapsulation was carried out during liposome preparation —
50 mM SRB was added into the buffer (10 mM HEPES (pH 7.5 at 25 °C),
150 mM NaCl), which was used to hydrate lipid film. Hydration was
performed by vortexing the sample for 10 min, followed by three freeze-thaw
cycles. Hydrated liposomes were extruded 11 times through a 100 nm
polycarbonate membrane. To remove non-encapsulated SRB dye, the sample
was buffer-exchanged into 10 mM HEPES (pH 7.5 at 25 °C), 150 mM NacCl
using PD-10 desalting columns (GE Healthcare). After PD-10 equilibration
with buffer, 1 ml of liposome sample was loaded followed by 2 ml of buffer
and eluted by loading 2 ml of buffer. For liposome leakage assay, two
compositions (No. 5 and 6 described in Table 2) of liposomes were used.
Where indicated, liposomes were decorated with soluble C-terminally 6xHis-
tagged CD59 by overnight incubation at 4 °C. To remove most of the unbound
CD59, liposomes were run through the PD-10 column. Liposome leakage
assay was carried out in 96-well plates, and the fluorescence was measured at
25°C every 10sec using Agilent Stratagene Mx3005 Real-Time PCR
machine. Triton X-100 at the final concentration of 3 % was used as a
complete lysis control. The data points over time were plotted and fitted with
two-phase accumulation curve using GraphPad Prism. Each experiment was
repeated four times. To define the rate of liposome leakage, the rate constant
of the fast-phase (KFast) with standard deviation were evaluated.
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9.4 SDS-agarose gel electrophoresis

SDS-agarose gel electrophoresis (SDS-AGE) was used to fractionate high
molecular weight oligomers of CDC proteins after incubation with liposomes.
The protocol was adapted from Shepard et al. (Shepard et al., 2000).

The gel was prepared from TopVision LE GQ agarose (Thermo Fisher
Scientific) dissolved in Tris-glycine SDS buffer (Pierce, Thermo Fisher
Scientific) to the final concentration of 1.5 % (w/v). In a reaction mixture of
20 ul, CDCs (53.7 pmol VLY, 54.6 pmol PLY or 52.4 pmol ILY) were
incubated alone or with 15 nmol (total lipid) of liposomes for 30 min at 37 °C
or 4 °C, as indicated. The 5x sample loading dye (300 mM Tris-HCI (pH 6.8
at 25 °C), 0.05% bromophenol blue 50 % glycerol) with or without 2 % (w/v)
of SDS was added to the sample mixture and incubated for 2 min at 37 °C
followed by heating for 7 min at 95 °C unless stated otherwise. The samples
were loaded onto a gel, and the electrophoresis was performed. The gel was
stained with the staining solution (0.25 % (w/v) Coomassie Brilliant Blue R,
10 % (v/v) acetic acid, 40 % (v/v) methanol) followed by destaining with
destaining solution (5 % (v/v) acetic acid and 20 % (v/v) methanol). High
molecular weight thyroglobulin protein was used as a reference.
Thyroglobulin is known to exist as a dimer of ~670 kDa and a monomer of
~335 kDa.

9.5 Transmission electron microscopy

The ability of VLY to form oligomers was visualised using negative-stain
transmission electron microscopy imaging the liposomes after incubation with
VLY.

20 pl sample of liposomes (2 mg/ml total lipid concentration) were
incubated with 3 pug of VLY (0.15 mg/ml final concentration) for 30 min at
37 °C. 3.5 pl of the sample was then loaded onto a C-flat carbon-coated grid
(Cat. No. CF300-Cu-50, Electron Microscopy Sciences) and incubated for
1 min and dried using filter paper. Subsequently, the top side of the grid was
immersed into the drop of MiliQ H.O and dried again. After repeating the
washing two more times, the top side of the grid was immersed in uranyl
formate, dried, immersed again and incubated for 1 min before drying it out.
The samples were imaged using FEI T12 transmission electron microscope
operating at 120 kV. Imaging was performed by Dr Tao Ni (University of
Oxford, Division of Structural biology).
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10 Analytical ultracentrifugation

The state of VLY after incubation with CD59 protein in solution was
assessed using analytical ultracentrifugation performing sedimentation
velocity experiments.

Analytical ultracentrifugation (AUC) was performed for three samples —
the mixture of VLY and CD59 as well as the individual proteins, VLY and
CD59. The protein samples were mixed and incubated for 30 min at 37 °C.
The reference samples were prepared by mixing the buffers at the same ratios
as in the protein samples. AUC experiment was performed using a Beckman
Optima XL-1 machine at 40,000 rpm 20 °C. Sedimentation data was collected
using absorbance optics at the wavelength of 210 nm and interference optics
every 6 min (120 scans in total). The data was analysed using Sedfit software
using the protocols of sedimentation coefficient distribution, c(s) and two-
dimensional c(s,f/fo). The data points were plotted using GraphPad Prism.
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RESULTS

1 Isolation of VLY and other cholesterol-dependent
cytolysins

In the study of vaginolysin (VLY) from Gardnerella vaginalis, we
included two other CDCs for comparison — intermedilysin (ILY) from
Streptococcus intermedius and pneumolysin (PLY) from Streptococcus
pneumoniae. ILY is a CD59-dependent cytolysin, and its pore-forming
activity strictly depends on human protein CD59 (hereafter, CD59). PLY does
not have a preference for CD59-expressing cells and does not engage a known
protein receptor during its pore formation.

We used recombinantly expressed CDC proteins. The genes encoding
VLY, ILY, PLY proteins were cloned into bacterial pET28a(+) vector fusing
with N-terminal 6xHis-tag and expressed in either E. coli Tuner (DE3) or
BL21 (DE3) strains. The constructs contained a thrombin cleavage site
between the 6xHis-tag and the CDC. The thrombin-catalysed cleavage was
performed to remove the 6xHis-tag from VLY and PLY proteins for the
experiments with liposomes containing 18:1 DGS-NTA(NI) lipids (Results 9,
10 sections). CDCs were purified using Ni-chelating affinity and
ion-exchange chromatography followed by size-exclusion chromatography.

The functional activity of recombinant CDC proteins was confirmed using
human erythrocyte-based haemolytic assay. The addition of generated CDCs
to human erythrocytes lysed the cells in a concentration-dependent manner.

A collection of monoclonal antibodies (MAbs) against VLY were
generated in our laboratory previously (Zvirbliene et al., 2010). Three
anti-VLY MADbs were used, namely clones 9B4, 21A5 and 12E1.

2 VLY displays species tropism towards human cells

Previous insights into the cytolytic activity of VLY showed that it is
directed towards human cells, e.g. human erythrocytes. In addition to being
dependent on cholesterol, VLY engages human protein CD59 (Gelber et al.,
2008). One of our attempts to demonstrate and characterise species tropism of
VLY was performed using a CHO cell line (derived from Chinese hamster)
and human HEK293 cell line. The end-point cell viability measurements were
conducted using the MTS assay.
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Figure 10. Vaginolysin (VLY) and intermedilysin (ILY) are directed towards human cells.
A — Cytolytic activity of VLY, ILY, pneumolysin (PLY) on CHO and HEK?293 cells measured
using MTS assay; data points were fitted with a four-parameter dose-response curve using
GraphPad Prism; error bars show standard deviation; N=3. B — EC50 values of cells lysis by
VLY, ILY, and PLY with standard deviation. The barplot represents ratios of EC50 value for
the cytolysis of CHO to HEK?293 cells by VLY and PLY:; error bars show 95 % confidence
intervals; N=3.

The results on CDC-induced concentration-dependent cell lysis are
presented in Figure 10, A. The cell lysis was evaluated by determining the
EC50 value (half-maximal effective concentration) that refers to the
concentration of toxin able to lyse half of the cells (Figure 10, A). HEK293
cells were susceptible to lysis by all three CDCs. However, in the case of CHO
cells, clear differences were seen. ILY did not affect the viability of CHO
cells, even at very high concentration of 200 nM (Figure 10, A). Unlike ILY,
VLY did lyse CHO cells, but approximately 40 times more toxin was required
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than for HEK293 cells (Figure 10, A). PLY had a similar effect for both CHO
cells and HEK293 cells (Figure 10, A). The ratio of EC50 value for CHO to
EC50 for HEK293 cells emphasises VLY tropism towards human cells that
was not seen in the case of PLY (Figure 10, B).
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Figure 11. CD59 enhances the cytolytic activity of vaginolysin (VLY) in an
amount-independent manner. A — the relative amount of surface-exposed CD59 in
CHO-CD59 cell lines was evaluated using flow cytometry analysis by labelling cells with
mouse anti-human CD59 FITC-conjugated antibodies; the barplot visualises normalised
median fluorescence intensity (nMFI); error bars show standard deviation; N=3. B — the
cytolytic activity of VLY for CHO and CHO-CD59 cells measured using MTS assay; error bars
show standard deviation; N=3. C — ratios of EC50 values for the cytolysis of CHO cells to EC50
for CHO-CD?59 cells by VVLY; error bars show 95 % confidence intervals; N=3.

To provide more insight into the role of CD59 in VLY-induced cell lysis,
stable CHO cell lines expressing different levels of GPl-anchored CD59
protein were generated by transfecting CHO cells with human protein
CD59-encoding plasmid. The relative amount of surface-exposed CD59 was
evaluated by labelling cells with mouse anti-human CD59 FITC-conjugated
antibodies (Abs) and subsequently analysing them using flow cytometry. Four
stably transfected cell lines (CHO-CD59*%, CHO-CD59*A11, CHO-CD59%¢°,
CHO-CD59* — listed in order from the lowest to the highest amount of
CD59) were selected for further study (Figure 11, A). MTS assay was used to
investigate the effect of the amount of CD59 for VLY-induced cell lysis
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(Figure 11, B). The ratios of EC50 value for CHO to EC50 for CHO-CD59
cell lines clearly showed that CD59 significantly enhanced the cytolytic
activity of VLY. However, the increase of cell lysis did not depend on the
amount of CD59 as cells expressing very little CD59 (CHO-CD59*°,
CHO-CD59*A!1) were similarly susceptible to VLY -induced lysis as the ones
expressing a high amount of it (CHO-CD59°%°, CHO-CD59*) (Figure 11, C).
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Figure 12. Vaginolysin (VLY) and intermedilysin (ILY) are directed towards
CD59-expressing cells. A — the cytolytic activity of VLY, ILY and pneumolysin (PLY) for
CHO and CHO-CD59*! cells measured using MTS assay; data points were fitted with a
four-parameter dose-response curve using GraphPad Prism; error bars show standard deviation;
N=3. B — the table contains EC50 values of VLY, ILY and PLY with standard deviation; the
barplot visualises ratios of EC50 values for cytolysis of CHO to EC50 for CHO-CD59* cells
by VLY and PLY; error bars show 95 % confidence intervals; N=3.

CHO-CD59*? cell line (the highest CD59 expression) was selected for a
comparison of VLY activity with that of ILY and PLY. The comparison was
performed to minimise the unpredicted cellular changes that could impact on
higher cell sensitivity to CDCs unrelated to CD59. The cell lysis, monitored
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by MTS assay, followed a similar trend as it was described above for HEK293
cells (Figure 12, A). CHO cells expressing CD59 became prone to
ILY-induced lysis and were markedly more susceptible to the cytolytic
activity of VLY. The ratio of EC50 values for VLY- or PLY-treated CHO
cells to CHO-CD59*? cells revealed the importance of CD59 enhancing the
cytolytic action in the case of VLY but not PLY (Figure 12, B).

These findings suggested that species tropism of VLY towards human cells
is directly related to human protein CD59 being incorporated in the cellular
membrane. Furthermore, even a small amount of CD59 significantly increased
VLY cytolytic activity.

3 Membrane cholesterol induces VLY oligomerisation

CDCs are known to form B-barrels that penetrate the cell membrane and
open up pores. Oligomerisation itself is not enough to perforate the membrane,
and a couple of maturation steps, including massive conformational changes,
have to occur. As long as the CDC oligomer is above the membrane, it is
called a prepore. In the late stage of oligomerisation, the prepore becomes an
SDS-resistant oligomer followed by prepore-to-pore transition and the
perforation of the membrane (van Pee et al., 2017; Shepard et al., 2000).

In our study, the SDS-resistance of oligomer was used as a characteristic
of a late prepore or pore formation. Regarding oligomerisation, one of the
questions was whether the cholesterol-rich bilayer alone could successfully
trigger VLY oligomer formation. Thus, we aimed to investigate whether
SDS-resistant VLY oligomers were formed. Unilamellar artificial
cholesterol-rich liposomes were used as a model for simplified membrane
containing POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) or
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)  phospholipids  and
40 molar per cent (mol%) of cholesterol. VLY was incubated with liposomes,
and then the sample was subjected to SDS-agarose gel, which was
subsequently stained with Coomassie Blue stain.
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Figure 13. Vaginolysin (VLY) can form SDS-resistant oligomers on cholesterol-rich
liposomes. A — SDS-agarose gel visualising VLY oligomers after incubation with
DOPC:cholesterol (60 mol%:40 mol%) liposomes; the indication above the gel defines the
temperature (37 °C or 4 °C) the incubation was carried on and the treatment of samples before
loading into the gel. Lane 1 — thyroglobulin was used as a high molecular weight marker (a
dimer of ~670 kDa and a monomer of ~335 kDa). B — SDS-agarose gel visualising VLY
oligomers after incubation with liposomes containing varying concentrations of cholesterol
(30 mol%, 40 mol% and 55 mol%) and the ones lacking cholesterol. Lane 1 — thyroglobulin
was used as a high molecular weight marker (a dimer of ~670 kDa and a monomer of
~335 kDa). C — SDS-agarose gel visualising the capability of ILY and PLY to form oligomers
after incubation with DOPC:cholesterol (60 mol%:40 mol%) liposomes; the captions above the
gel indicate the treatment samples underwent before being loaded onto the gel. Lane 11 —

thyroglobulin was used as a high molecular weight marker (a dimer of ~670 kDa and a
monomer of ~335 kDa).

The experiment showed a clear difference between VLY state before and
after incubation with cholesterol-rich liposomes (Figure 13, A). After
incubation with liposomes, VLY formed SDS-resistant oligomers, which are
indicative of late prepores or pores (lanes 2-9 in Figure 13, A). Incubation at
37 °C resulted in a higher amount of oligomers than at 4 °C. Furthermore,
oligomers formed at 4 °C seemed to be more sensitive to SDS treatment (lanes
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2-5 and lanes 6-9, Figure 13, A). Depending on the conditions the sample was
treated before loading to the gel, the electrophoretic mobility for some of the
conditions differed greatly. Heating of the samples did not have any impact
on the electrophoretic mobility: both heated and non-heated samples migrated
as oligomers of a high order and did not break down to monomers (lanes 4-5,
lanes 8-9, Figure 13, A). When SDS was added directly to the sample before
heating, the heterogeneity of oligomers increased (lanes 3, 7, Figure 13, A).
The oligomers, which were formed at 4 °C, were more sensitive to SDS than
the ones formed at 37 °C (lanes 3, 7, Figure 13, A). Once these SDS-treated
oligomers were heated at 95 °C, a very distinct, high molecular weight band
was formed while a great portion of VLY was reverted into the monomeric
form (lanes 2, 6, Figure 13, A).

Next, we tested if VLY oligomerisation is related to the amount of
cholesterol in the membrane. We used liposomes containing 30, 40, 55 mol%
cholesterol and subjected them to the oligomerisation assay described above.
The samples were treated with SDS, followed by heating at 95 °C for 7 min
(Figure 13, A). As expected, no VLY oligomers were observed in the case of
liposomes lacking cholesterol (lane 5, Figure 13, B). Interestingly, liposomes
containing 30 mol% of cholesterol also did not produce a detectable amount
of oligomers (lanes 2, 5, Figure 13, B). Judging by the band density, more
VLY oligomers were formed on the liposomes containing 55 mol%
cholesterol than those containing 40 mol% (lanes 3, 4, Figure 13, B).

For a more detailed comparison of the oligomerisation stage between the
other CDCs, we assayed ILY and PLY with cholesterol-containing liposomes.
As expected, ILY did not show a similar tendency of oligomerisation, because
CD59 was not present on the liposomes. However, some higher oligomeric
species were seen, although they did not resemble the pattern observed for
VLY (Figure 13, C). PLY formed clear SDS-resistant oligomers, although
PLY oligomers were more heterogeneous than VLY oligomers (Figure 13, C).

Thus, artificial cholesterol-rich liposomes were shown to act as a platform
for VLY and PLY oligomerisation. Moreover, the cholesterol-rich membrane
was demonstrated to be a necessary and sufficient component for VLY
oligomers to form, as opposed to ILY, where no clear evidence for oligomer
formation was generated. The oligomers of VLY and PLY were resistant to
SDS treatment implying the formation of late prepore or functional pore
structures.

57



4 VLY can bind cholesterol and CD59 independently

Cholesterol-dependent cytolysin, namely PFO, is being used for labelling
cholesterol embedded in cellular membranes (Johnson et al., 2017a).
Cholesterol binding is a defining feature of this class of proteins. It is,
however, thought and in some cases proven by experimental data that
cholesterol is not the only one membrane component, which defines the
affinity of the toxin for the membrane (Gelber et al., 2008; Giddings et al.,
2004; Shewell et al., 2014). We investigated whether CD59 plays a role in
helping to attract more VLY to the surface of the attacked cells. And if so,
does VLY bind to the cholesterol and the CD59 at the same time or is it
possible for the toxin to bind to the cell through CD59 only?

4.1 Binding to cholesterol

Two conserved amino acid motif of Thr-Leu in the L1 loop of PFO D4
domain was shown to be responsible for the interaction with cholesterol
(Farrand et al., 2010). We investigated whether Thr-Leu motif is engaged in
the interaction between VLY and cholesterol and whether the interaction with
cholesterol is necessary for the VLY-induced cell lysis.

To visualise the direct interaction between VLY and cholesterol, we
performed a dot blot experiment. Decreasing amounts of cholesterol were
immobilised on PVDF membrane starting from 65 nmol down to 0.02 nmol.
The membrane was then incubated with VLY. The interaction between
membrane-immobilised cholesterol and VLY was detected by primary
anti-VLY 9B4 antibodies followed by secondary anti-mouse IgG antibodies
conjugated with HRP enzyme (Figure 14, A). The intensities of the dots,
indicative of the amount of VLY present, faded away as the amount of
membrane-immobilised cholesterol was lowered, suggesting that VLY was
binding in a cholesterol concentration-dependent manner.
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Figure 14. Thr-474/Leu-475 motif in the D4 domain plays a key role in VLY binding to
cholesterol. A — schematic representation of dot blot experiment. B — dot blot images
visualising VLY and VLYT" binding to PVDF membrane-immobilised cholesterol. C — the
haemolytic activity of VLY and VLYT- by haemolytic assay using human erythrocytes; data
points were fitted with a four-parameter dose-response curve using GraphPad Prism; error bars
show standard deviation. N=2. D — the cytolytic activity of VLY, VLY for CHO and CHO-
CD59%* cells measured using MTS assay; data points were fitted with a four-parameter dose-
response curve using GraphPad Prism; error bars show standard deviation; N=3.

By homology to PFO, the two amino acid motif of Thr-Leu in the L1 loop
in the D4 domain of VLY was expected to be responsible for interaction with
cholesterol. To prove this, we mutated the Thr-474/Leu-475 motif of VLY
into Gly-Gly. The generated VLY mutant, named VLY ™, was not able to bind
to the membrane-immobilised cholesterol as we demonstrated using dot blot
assay described above (Figure 14, B). It should be noted that the interaction
of VLY™ with anti-VLY MAb 9B4 was not lost due to the mutation (Table
3). VLY™ mutant was able to induce human erythrocyte lysis, but an
extremely high amount of this mutant was required that was about 1000-fold
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higher as compared to wild-type VLY (Figure 14, C). Moreover, VLY™ in
high concentration lysed CHO-CD59* cell line (with the highest amount of
CD59) while non-transfected CHO cells remained intact (Figure 14, D).

Table 3. Apparent dissociation constants (Kad) of the affinity of anti-VLY monoclonal
antibodies (MAbs) for wild-type vaginolysin (VLY), VLY®® and VLYT- mutants.

VLY VLY®C VLYT-
9B4 MAb 3.0x1010M 22x1010M 25x1010M
21A5 MADb 27x1090M 9.0x10%0M 7.0x1090M

Thr-Leu motif plays a key role in cholesterol recognition in VLY.
Substitution of Thr-474/Leu-475 to Gly-Gly eliminated VLY binding to
PVDF membrane-immobilised cholesterol and the ability to lyse CHO cells.
Surprisingly, the ability to lyse CD59-expressing cells was maintained even
though a much higher amount of VLY was required.

4.2 Binding to CHO and CHO-CD59 cells

Furthermore, we investigated whether CD59-driven enhancement of VLY
cytolytic activity might be related to the higher affinity of VLY for the
membrane. We aimed to measure whether CD59 bearing cells can attract more
VLY than the ones lacking it. For this purpose, we needed a non-lytic mutant
of VLY, which would mimic VLY binding to the membrane but would not
lyse the cells.

Using site-directed mutagenesis, we generated a VLY®® mutant
(G308A-G309A), which had a substitution of the conserved Gly-Gly motif to
Ala-Ala chosen by homology to PFO and its previously published mutation
(Ramachandran et al., 2004). VLY®® maintained binding to PVDF
membrane-immobilised cholesterol and was recognised by anti-VLY 9B4 and
21A5 MADs (Table 3, Figure 15, A). Importantly, the ability to lyse human
erythrocytes was lost in the case of VLY®® mutation (Figure 15, B).
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Figure 15. Mutation of Gly-308/Gly-309 motif in the D3 domain of VLY turns off its
haemolytic activity but does not interrupt cholesterol binding. A — dot blot images
visualising VLY and VLY ©€ binding to PVDF membrane-immobilised cholesterol detected by
anti-VLY MAb 9B4. B — the haemolytic activity of VLY and VLY ©C by haemolytic assay using
human erythrocytes; data points were fitted with a four-parameter dose-response curve using
GraphPad Prism; error bars show standard deviation. N=3.

Next, we set out an experiment to determine relative amounts of VLY®¢
and VLY that bind to the cell membranes containing or lacking CD59. To
do so, we used flow cytometry for the detection of VLY mutants by primary
anti-VLY MADbs and fluorescently labelled secondary goat anti-mouse 1gG
antibodies (Figure 16, A). Detection using both primary VLY-specific MAbs
(clones 9B4 and 21A5) followed a similar trend (Figure 16, B, C). The lower
detection level of 21A5 is probably related to its higher Ky (Figure 16, C;
Table 3). VLY®® binding to CHO cells increased as its concentration was
increased (Figure 16, B, C). CD59 helped to attract much more VLY®® and
no significant difference was seen between the two VLY®® concentrations of
75 nM and 300 nM (Figure 16, B, C). As expected, the binding of VLY to
CHO cells was not detected as the cholesterol recognition site was disrupted
(Figure 16, B, C). In contrast, the interaction between CHO-CD59* cells and
VLY was detected by flow cytometry, suggesting that interaction with the
membrane can be fulfilled through CD59 only (Figure 16, B, C).
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depiction of the experimental approach for the quantification of the amount of VLY bound to
cells by labelling with primary MADbs, which were probed with secondary goat anti-mouse 19G
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PE-labelled Abs. B — the relative amount of VLY®® and VLY™ bound to CHO and CHO-
CD59% cells; two VLY®® and VLYTt concentrations were used (75 nM and 300 nM);
detection was carried out with anti-VLY MAb 9B4; bar plots show normalised median
fluorescence intensity (nMFI) of the secondary goat anti-mouse 1gG PE Abs; error bars show
standard deviation; N=3. C — the relative amount of VLY®¢ and VLY™ bound to CHO and
CHO-CD59*1 cells; two VLY®C and VLY concentrations were used (75 nM and 300 nM);
detection was carried out with anti-VLY MAb 21A5; bar plots show normalised median
fluorescence intensity (nMFI) of the secondary goat anti-mouse IgG PE-conjugated Abs; error
bars show standard deviation; N=3. D — the relative amount of VLYS¢ bound to CHO-CD59
cells expressing a different amount of CD59 and CHO cells; bar plots evaluate nMFI of
secondary goat anti-mouse 1gG PE-conjugated Abs; error bars show standard deviation; N=3.
E — linear correlation between the averaged amount of VLY ©C bound to the cell surface and the
number of CD59 exposed on the cell surface that were detected using flow cytometric analysis.

For a better understanding of how CD59 attracts more VLY to the cellular
membrane, we conducted a cell-binding experiment using four cell lines of
CHO-CD59 expressing a different level of CD59 — CHO-CD59*,
CHO-CD59%*A!, CHO-CD59%°, CHO-CD59%*, listed in the order of
surface-exposed CD59 expression level (Figure 11, A). Interestingly, VLY®C
binding to the cell surface increased with the increasing level of
surface-exposed CD59 (Figure 16, D). Furthermore, the amount of VLY
bound to cell surface suggested a linear correlation with the number of CD59
exposed on the surface of stably transfected CHO cells (Figure 16, E).

Thus, it can be concluded that VLY can bind to the cell surface either
through cholesterol or CD59. We showed that CD59-harbouring cell
membrane could attract much more VLY. Furthermore, an implication for a
positive correlation between the amount of cell surface-exposed CD59 and the
amount of VLY bound to these cells was demonstrated.

5 Mutagenesis study of VLY monomer-monomer and
VLY-CD59 interactions

5.1 Construction of the homology-based VLY structural model

At the time the study was carried out, the crystal structure of VLY was not
yet known. In collaboration with Prof. Dr Ceslovas Venclovas (Vilnius
University, Life Sciences Center, Institute of Biotechnology), we constructed
a homology-based model of VLY.

VLY homology model was constructed with HHpred (S6ding et al., 2005)
using the crystal structure of ILY (PDB ID: 1S3R) (Polekhina et al., 2005) as
the closest structural template (58% sequence identity). To assess the model
quality, a homology-based model for PFO was constructed. Prosa Z-score of
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VLY and PFO model structures and experimental ILY crystal structure were
calculated (Sippl, 1993). Prosa Z-score of the VLY model was equal to -11.31
and placed VLY structure in between of the ILY structure with the score of -
12.27 and PFO with the score of -11.08. This structural assessment suggested
that the accuracy of VLY model was sufficient to provide the details of
individual residues and hinted that structurally VLY is closer to ILY than
PFO.

5.2 Disruption of VLY monomer-monomer interaction

The model for typical CDC monomer-monomer interaction is based on the
B-sheet extension in D3 domain between neighbouring monomers (Dowd and
Tweten, 2012; Ramachandran et al., 2004). Studies of PFO provided data that
proper register between two B-strands is acquired with the help of n-stacking
interaction (Ramachandran et al., 2004). However, other studied CDCs (VLY,
ILY, PLY) do not have one of the respective aromatic amino acids. We
investigated whether the same monomer-monomer interface is engaged by
VLY.

Firstly, we investigated whether Tyr-165, one of the preserved aromatic
residues, in Bl of VLY may still be important for monomer-monomer
interface formation. Substitution of Tyr-165 to Ala (HD50=18 + 1 pM) did
not affect the haemolytic activity of mutant protein significantly comparing
the HD50 values with wild-type VLY (HD50=10 £ 1 pM).

Another question we approached was whether VLY oligomerises through
the same D3 region (B1- and P4-strands) as PFO. We aimed to prevent
edge-to-edge interaction between D3 B1- and B4-strands of the neighbouring
monomers. Using a homology-based model of VLY (Results 5.1 section), we
designed a probable interface between B1- and B4-strands in D3 domain of
two monomers. We chose to substitute Ala-304 and Ile-306 amino acids,
which were likely to participate in the monomer-monomer interface (Figure
17, A). -NH groups of Ala-304 and Ile-306 are supposed to be oriented
towards D3 B5-strand and after its rotation appearing accessible by the other
monomer to interact with. Whereas Val-305 was taken as control, which forms
a hydrogen bond with Tyr-262 in the p3-strand in individual monomer and
does not contribute to the monomer-monomer interface (Figure 17, A). We
attempted to mutate these amino acids to Pro to get rid of backbone -NH group
serving hydrogen atom for a hydrogen bond. We succeeded in generating three
mutants, namely VLY V305P \/LY1306P \/| YA304P/IS06P The starting point was to
assess whether the overall structure of the mutants was not disrupted.
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Figure 17. Vaginolysin (VLY) monomer-monomer interaction is maintained through p1-
and p4-strands of neighbouring monomers. A — schematic interface between two VLY
monomers highlighting the interaction of B1- and p4-strands; hydrogen bonds targeted to be
disrupted by substitution to proline at positions 304-306 in 4 are indicated with red crosses. B
— dot blot images visualising VLY, VLYV305P V[ Y!308P \/| YAS04P/IS06P hinding to PVDF
membrane-immobilised cholesterol detected by anti-VLY MAb 9B4. C — the haemolytic
activity of VLY, VLYV30P VLYR0P \/| YASPI306P [y hemolytic assay using human
erythrocytes; data points were fitted with a four-parameter dose-response curve using GraphPad
Prism; error bars show standard deviation. N=3.

For that reason, we performed dot blot assay, which showed that all mutants
were able to bind to cholesterol immobilised on polyvinylidene fluoride
(PVDF) membrane and can be detected by anti-VLY MAb 9B4 (Figure 17,
B). Different outcomes were observed in the haemolytic assay as VLY 3%
and VLYAS4PIS06P shared a non-haemolytic feature. Meanwhile, VLY V3P
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targeting an internal hydrogen bond maintained haemolytic activity similar to
wild-type VLY (Figure 17, C).

Proline substitution was shown as an effective way to disrupt p-sheet
extension between D3 domains at VLY monomer-monomer interface but not
the overall structure of individual monomers. Ala-304 and lle-306 amino acids
positioned in the p4-strand were shown to take part in forming the interface
of two neighbouring VLY molecules. Hence, the edge-to-edge [B-sheet
interface is maintained during VLY oligomerisation. However, n-stacking
interaction is not required to either stabilise or align the respective -strands
to achieve a proper register of alignment.

5.3 Disruption of VLY-CD59 interaction

At the time the study was carried out only one crystal structure of the
complex of CDC and CD59 had been solved. In 2013 Johnson and colleagues
solved a crystal structure of ILY complexed with CD59 (Johnson et al., 2013).
Two distinct interfaces between ILY and CD59 were suggested that were
placed on the opposite sides of the ILY molecule. We investigated whether
the interaction between VLY and CD59 resembled the interfaces of ILY-
CD59 complex.

A set of amino acids that were incorporated in ILY-CD59 interface were
selected for further mutagenesis study (listed in Table 4). Using the
information from pairwise sequence alignment between ILY and VLY and
homology modelling, ten amino acid positions in VLY were selected as
candidates for single amino acid substitutions (Figure 18, A). Amino acids in
the predicted interface between VLY and CD59 were substituted to alanines
and introduced into the non-cytolytic VLY®®. Eight of 10 mutants were
successfully generated (listed in Table 4). Using flow cytometry and the
previously described experiment (Results 4.2 section), we measured the ability
of these mutants to bind to CHO-CD59* cells. We evaluated median
fluorescence intensities (MFI) for all the mutants that were normalised by
dividing their MFI value by MFI value of negative control (cells treated with
both antibodies only). Unexpectedly, single mutations did not have any effect
on cell binding property (Figure 18, B).

66



Table 4. List of VLY mutants bearing single mutations targeting 1t or 2" VLY-CD59
interfaces that were proposed from the crystal structure of ILY-CD59 (Johnson et al.,

2013).

The targeted | Name of mutant Mutations

interface  of

VLY-CD59

1% interface VLY D39AEGE) D395A / G308A / G309A
VLY E400A(GE)* E400A / G308A / G309A *
V/LYDP402A(GG) D402A / G308A / G309A
VLY Y40BA(GE) Y406A / G308A / G309A
VLY VAOTAGE) V407A / G308A / G309A
VLY S409A(GG) S409A / G308A / G309A
VLYRASTAGC)* R437A / G308A / G309A *

2" interface VLY DS0AGE) D50A / G308A / G309A
VLYNSSAGG) N53A / G308A / G309A
VLY MOIAGE) 1401A / G308A / G309A

* expression of soluble protein was not obtained,;

A lack of effect of single substitutions to alanines brought us to a question
whether the binding either through one or the other predicted interfaces might
be strong enough and not so easily interfered. Moreover, we asked whether
two interfaces can compensate each other. Hence, even some of the mutations
did disrupt one of the interfaces, that might enable another interface masking
the effect. To test these hypotheses, we designed more robust single or
multiple mutations that would disrupt either two interfaces independently or
both of them at the same time. All the mutations were designed as substitutions
to alanine. Furthermore, Val-407, which might contribute to 3-sheet extension
between CD59 and ILY, was substituted to proline. We aimed to measure how
these mutations affect VLY binding to CHO-CD59** cells and how they
shape their haemolytic activity. Using site-directed mutagenesis, mutations
were introduced either into cytolytically inactive VLY®C for cell binding
experiment or into wild-type VLY for the measurement of haemolytic activity.
For each experiment, ten mutants were generated, four of them were targeting
the 1% interface of VLY-CD59 complex, two — targeting the 2" interface and
four — targeting both interfaces (listed in Table 5).
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Figure 18. The interface of vaginolysin (VLY) and CD59 is based on B-sheet extension. A
— visualisation of two proposed VLY-CD59 interfaces. Amino acid positions chosen for
mutagenesis are highlighted in sticks model (the 1% interface in cyan, the 2™ interface in
magenta). B — the relative amount of single VLY mutants (targeting the proposed VLY -CD59
interfaces) bound to CHO-CD59! cells; VLY®® was used as a reference; bar plots show
normalised median fluorescence intensity (nMFI) of secondary anti-mouse 1gG PE-conjugated
Abs; error bars show standard deviation; N=3. C — the relative amount of single and multiple
VLY mutants (targeting the proposed VLY-CD59 interfaces individually or together) bound to
CHO-CD59%* cells; VLY®C® was used as a reference; red arrows highlight mutants containing
V307P mutation; bar plots show normalized median fluorescence intensity (nMFI) of secondary
goat anti-mouse IgG PE-conjugated Abs; error bars show standard deviation; N=3. D — the
haemolytic activity of single and multiple VLY mutants (targeting the proposed VLY-CD59
interfaces individually and together) lysing human erythrocytes; VLYC®C was used as a
reference; bar plots show normalised HD50; error bars show standard deviation; N=3.

Mutations in the proposed 1st interface seemed to have more impact on
VLY binding to cells than the 2" interface. However, the mutations in the 2™
interface did influence haemolytic activity even though they did not hinder
VLY binding to the cells.

68



Table 5. List of VLY mutants targeting the proposed VLY-CD59 interfaces, either
separately or both at the same time. VLY mutants were generated for cell binding assay
and haemolysis assay. Mutants for cell binding assay had additional G308A/G309A
mutation, making them non-cytolytic.

Targeted | VLY mutants for cell binding assay | VLY mutants for hemolysis assay
interfaces | Name  of | Mutations Name of mutant | Mutations
of VLY- | mutant
CD59
1t VLYVP(G6) V407P / G308A / VLYVP V407P
interface G309A
VLYVP/SA V407P / S409A / VLYVP/SA V407P /
©6) G308A / G309A S409A
VLYVP/SAI 1 \407P | SA09A | VLYVP/SAIDA V407P /
DA(GG) D395A / G308A / S409A /
G309A D395A
VLYVAISAT 1 V407TA | S409A / VLYVA/SAIDA VA07A /
DA(GG) D395A / G308A / S409A /
G309A D395A
2nd VLYNA/DA N53A / D50A / VLYNA/DA N53A / D50A
interface (©6) G308A / G309A
VLYNA/DAT | N53A / D50A / 1401A | VLYNA/DATIA N53A / D50A
IA(GC) / G308A / G309A /1401A
Both VLYEA/IA/ E400A / 1401A / VLYEA/IAIVA E400A /
interfaces | VA(GO) V407A | G308A / 1401A /
G309A V407A
VLYEA/IA/ E400A / 1401A / VLYEA/IATVP E400A /
VP (GG) V407P / G308A / 1401A /
G309A V407P
VLYEA/IAI E400A / 1401A / VLYEATIATVAISA | EAQ0A /
VAISA(GG) V407A | S409A / 1401A /
G308A / G309A V407TA |
S409A

Flow cytometry data on VLY mutant proteins‘ binding to CHO-CD59*™
cells are presented in Figure 18, C. Binding of VLY®¢ was held as a reference.
Interestingly, only mutants carrying proline substitution (V407P, abbr. VVP)
shared significantly lower binding capabilities (Figure 18, C). For instance,
VLYVA/SATDAGE) gnd VLYEA/IATVAGE) phound the cells to a similar or even
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higher extent. However, analogous mutants bearing the substitution to proline,
instead of alanine, namely VLY VP/SA/DAGC) gnd VVLLYEA/IATVP(CE) expressed
significantly poorer cell-binding activities.

Haemolytic properties of VLY mutant proteins described above were
evaluated by haemolytic assay, and HD50 values were calculated. HD50
values were normalised by dividing them by the HD50 value of wild-type
VLY (Figure 18, D). The highest differences in HD50 were seen in the case
of proline substitution mutants (Figure 18, D). Haemolytic activity appeared
to be more sensitive to the introduced mutations. For instance, the binding of
VLYVATSATDAGE) tg cells did not differ from VLY®® while HD50 of its
analogue VLYVA/SA/DA showed 10-fold lower haemolytic activity.

The mutagenesis data suggest that only the 1% interface proposed for ILY
by Johnson et al. plays an important role in VLY pore formation and is based
on the B-sheet extension. The disruption of intermolecular B-sheet can be
easily disrupted by single proline substitution and strengthened by additional
mutations.

6 Generation of recombinant CD59

For a more in-depth study of the interplay between VLY and CD59, we
decided to generate a recombinant CD59 protein. Recombinant CD59 was
produced in a mammalian cell expression system.

We cloned a gene encoding CD59 into pHLsec vector bearing a signal
sequence to transport the target protein into the growth media. The gene did
not contain a GPl-anchor attachment sequence. The internal known
N-glycosylation site Asn-18 was mutated into GIn. The gene of CD59 was
fused with C-terminal His-tag. Small-scale expression trial transiently
transfecting HEK293T cells showed that protein is expressed and secreted into
the media, but its amount was not high enough. One of the ways to increase
the level of expression was to introduce an artificial N-glycosylation site at
the C-terminus of the protein. 6xHis-tag was used for the first step of
purification protocol using nickel-chelating affinity chromatography.
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Figure 19. Artificially introduced C-terminal N-linked glycan can be cleaved by PNGase
F glycosidase, and active form of CD59 can be purified by size-exclusion chromatography.
A —SDS-PAGE of CD59 sample before cleavage by PNGase F and after; lane 1 — CD59 sample
before treatment with PNGase F; lane 2 — CD59 cleaved by PNGase F, lane 3 — molecular
marker PageRuler™ 26619. B — size-exclusion chromatogram of CD59 sample after cleavage
by PNGase F; I, 11, 11l highlights multiple UV absorption (280 nm) peaks of pure CD59,
whereas only the third peak was found functionally active; Superdex 75 16/60 column was
used.

We tested whether it was possible to cleave the artificially introduced
N-linked glycan. The successful glycan cleavage was achieved using PNGase
F glycosidase (Figure 19, A). We chose to use this strategy for the expression
of CD59 for further study. The second purification step was carried out using
size-exclusion chromatography. Pure CD59 was eluted in three major peaks
from Superdex 75 size-exclusion column (Figure 19, B). Only fractions from
the third peak (marked in red) were active in the liposome leakage experiment
described in Methods 9.3 section.

7 VLY is a monomer in solution

PFO was shown to form antiparallel dimers in solution (Gilbert, 2005;
Rossjohn et al., 2007). Thus, one of the hypotheses regarding this fact was
related to the state of VLY in solution. We investigated whether CD59 may
affect the state of VLY in solution and therefore unlock VLY molecules to
bind to the membrane or oligomerise in solution.

To investigate the functional significance of VLY-CD59 interaction, we
performed analytical ultracentrifugation (AUC) experiment. Using
sedimentation velocity analysis, we assessed the state of VLY alone and after
mixing it with soluble CD59. Firstly, we found that even at high
concentrations (100 uM) VLY is a monomer — in continuous c(s) distribution,
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its sedimentation coefficient is around 3.6S (Figure 20). Using
two-dimensional c(s,f/fo) analysis, the identity of the monomeric peak was
confirmed via its molecular weight, which was determined as ~50kDa.
Secondly, we failed to observe a significant amount of higher oligomeric
particles either when analysing VLY alone or after mixing VLY with a 5-fold
molar excess of soluble CD59 (Figure 20).
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Figure 20. VLY is monomeric in solution. Analytical ultracentrifugation, using sedimentation
velocity analysis of VLY, CD59 and the mixture of both, was carried out; the continuous c(s)
distributions were plotted and curve-fitted using GraphPad Prism. VLY alone stays in the
monomeric state in solution. The species of higher oligomeric order in either of the sample was
not observed.

Thus, we concluded that VLY is monomeric even at 100 uM (5.6 mg/ml)
concentration, and soluble CD59 is not capable of unlocking VLY
oligomerisation.
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8 CD59 can be reconstituted on the surface of the
liposomes

To further investigate the role of CD59 in VLY pore formation, we aimed
to make a simplified membrane model system that would have CD59 attached
to it.

B P s kDa

CD59-/chol*
{ i CD59%/chol-
-
15
CD59*/chol* 0

1212

Figure 21. 6xHis-tagged CD59 binds to 18:1 DGS-NTA(Ni) phospholipid containing
liposomes. A — schematic depiction of the liposomes used in the study. B — SDS-PAGE gel of
the pellet (P) and supernatant (S) fractions of co-sedimentation assay; Lanes 1 —
POPC/POPS/cholesterol/DGS-NTA(Ni) (69 mol%/10 mol%/20 mol%/1 mol%) liposomes
were used; lanes 2 — POPC/POPS/DGS-NTA(NI) (79 mol%/20 mol%/1 mol%) liposomes were
used; M — unstained BenchMark ladder (Thermo Fisher Scientific, Cat. No. 10747012).

We designed a strategy to attach recombinant CD59 to the surface of
artificial unilamellar liposomes (Figure 21, A). Recombinant CD59 described
above was directly attached to NTA(Ni)-modified lipids through the
C-terminal 6xHis-tag. Liposomes were prepared as previously discussed, with
the addition of 1 % of 18:1 DGS-NTA(NI) lipids into their composition. The
attachment of CD59 was demonstrated by the co-sedimentation assay —
pelleting liposomes after incubation with CD59 and running SDS-PAGE of
the pellet and supernatant fractions. A fair amount of CD59 co-sedimented
together with liposomes compared to CD59 that remained in the supernatant
(Figure 21, B).

9 CD59 triggers VLY oligomerisation

As we previously found that soluble CD59 fails to unlock VLY
oligomerisation in solution, we proceeded to use liposomes with reconstituted
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CD59. Basic liposome composition used in the experiments below was
POPC:cholesterol:DGS-NTA(NI) (59 mol%/40 mol%/1 mol%) or
POPC:DGS-NTA(NI) (99 mol%/1 mol%) that were either preincubated with
CD59 or not, depending on the experiment.

Firstly, we incubated VLY with liposomes bearing CD59, but no
cholesterol (hereafter, CD59*/chol”) and visualised the samples using
negative-stain transmission electron microscopy. Incomplete ring-shaped
oligomers were observed that did not reflect functional pores as most of the
oligomers were fallen off the liposomes (Figure 22, A). As resistance to SDS
is indicative of the stage of oligomer maturity, we ran the samples on
SDS-AGE. No higher oligomeric species were observed (Figure 22, B). Thus,
the oligomers were sensitive to SDS, suggesting that the oligomers observed
were intermediate prepores lacking the capability to perforate the membrane.
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Figure 22. CD59 triggers SDS-sensitive vaginolysin (VLY) oligomer formation. A —
representative negative-stain EM images of CD59*/chol~ liposomes preincubated with VLY; B
— SDS-agarose gel of liposomes preincubated with VLY; C — representative negative-stain EM
images of CD59*/chol*liposomes preincubated with VLY; D — representative negative-stain
EM images of CD59/chol* liposomes preincubated with VLY.
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When CD59-bearing liposomes contained cholesterol (CD59%/chol®),
incubation with VLY resulted in visually clear oligomers perforating the
membrane observed in EM images (Figure 22, C). Cholesterol-rich liposomes
lacking CD59 (CD59 /chol*) were capable of inducing visually observable
VLY oligomers, which were seen in EM images (Figure 22, D). These
oligomers were SDS-resistant by forming a distinct band on SDS-AGE gel
(Figure 22, B). This is in agreement with the previous observation using
DOPC/cholesterol (60 mol%/40 mol%) liposomes (Results 3 section).

10 CD59 enhances VLY pore-forming activity

To prove the functionality of pores, observed in negative-stain EM images,
we encapsulated fluorescent dye sulforhodamine B (SRB) inside the
liposomes, where dye’s concentration was high enough to self-quench its
fluorescence. The increase in fluorescence intensity of the sample is directly
proportional to SRB release from liposomes and is indicative of the bilayer
disruption by pore formation (Faudry et al., 2013).

We tested whether the treatment of these SRB-loaded liposomes with VLY
would perforate the membrane and release the dye out of them (Figure 23, A).
As expected, CD597/chol™ and CD59*/chol* liposomes were disrupted by
VLY (Figure 23, B). Furthermore, CD59 had a clear impact on the increased
liposome leakage over the broad range of VLY concentrations — from 5 nM
to 325 nM (Figure 23, B). The same amount of VLY was able to perforate
only a fraction of CD597/chol* liposomes, thus demonstrating the enhancer
nature of CD59. The treatment of CD59*/chol™ liposomes with VLY did not
induce any dye leakage, implying that the oligomers were early prepores
(Figure 23, B).

We further tested the impact of CD59 on the liposome leakage by PLY
(CDC that is non-dependent on CD59) to control for the unexpected effects of
attaching CD59 to the liposomes in the manner described. CD59 did not affect
the liposome leakage induced by PLY (Figure 23, C). The extent of liposome
leakage was directly proportional to the concentration of PLY (Figure 23, C).
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Figure 23. CD59 increases maximum sulforhodamine B (SRB) leakage from liposomes
treated with vaginolysin (VLY) but is not sufficient to induce VLY pore formation. A —
schematic depiction of the liposome leakage assay; violet colour intensity indicates the level of
SRB dye fluorescence. B — bar plots show maximum leakage of liposomes treated with VLY
concentrations ranging from 5 nM to 325 nM; error bars show standard deviation; N=4. C — bar
plots show maximum leakage of liposomes treated with PLY concentrations ranging from 5
nM to 325 nM; error bars show standard deviation; N=4.

Thus, CD59 reconstituted on liposomes was able to induce VLY prepore
formation. However, cholesterol was necessary for functional pores to be
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formed. Furthermore, CD59 acted as an enhancer for the leakage from the
liposomes treated with VLY, but not PLY.

10.1 Kinetics of VLY pore-forming activity on liposomes

We further postulated that we could elucidate the role of CD59 by
monitoring VLY pore formation Kkinetics on liposomes of different
compositions, i.e. containing either cholesterol, CD59 or both in the
membrane, as used above.

To perform such observations, we monitored liposome leakage in near
real-time. We optimised an assay to monitor the dye leakage from liposomes
treated with VLY over 1.5 hours. The profile of the leakage over time
resembled exponential two-phase association followed by the plateau of
maximal leakage that remained steady over a long time. We evaluated the
fast-phase rate constants (KFast) of liposome leakage as this allowed us to
roughly compare VLY pore formation on liposomes of different composition.

We found a significant increase in the rate of CD59*/chol* liposome
leakage compared to CD597/chol* liposomes (Figure 24, A). In VLY
concentration range of 5 nM — 325 nM the KFast of fitted two-phase curve
varied from 0.27 to 0.79 min* and from 0.96 to 1.61 min* for CD59/chol*
and CD59"/chol* liposomes, respectively (Figure 24, B).

77



>

< 5nM VLY « 325nM VLY
£ 100- £ 100+
b3 Y
o o
X 754 X 75
o g
o ()]
£ 50 g 50
© ©
o o
g 25 “E> 25
o o
(%2} [72]
8 o y . . 8 o . . : . ‘
3 0 20 40 60 8 100 O O 20 40 60 80 100
Time, min Time, min
__ 5nMPLY _ 325nMPLY
x x
£ 1004 £ 100-
S S
2 % R 75 —
3 604 o
g 8 50
g 40 3
2 ol f e 25
[e] o
w (%2}
8 o 8 o ‘ ‘
5 0o 20 40 60 8 100 5 0 20 40 60 80 100
Time, min Time, min
—— CD597/chol” liposomes
-~ CD59%/chol” liposomes
2.0+
- 1.5q
S
€
+s 1.0
@
E osl EE CD597chol” liposomes
i i I I J Bl CD59*/chol” liposomes
oo MEL M ME BIS S SIS N
5 10 20 40 80 160 325

VLY concentration, nM

Figure 24. CD59 expedites the rate of liposome leakage treated with vaginolysin (VLY). A
— representative profiles of liposome leakage over time after treatment with 5 nM and 325 nM
VLY or PLY; data points were fitted with two-phase accumulation curve using GraphPad
Prism. B — Fast-phase rate constants (KFast) of liposome leakage for CD59*/chol* and CD59~
[chol* liposomes treated with VLY ranging in concentration from 5 nM to 325 nM; KFast was
calculated from two-phase accumulation model using GraphPad Prism; error bars show
standard deviation; N=4.
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CD59 increases the KFast of the VLY -treated liposome leakage multiple
times. This suggests that the role of CD59 in VLY pore formation is related
to the rate of pore formation.

10.2 Increasing the distance of CD59 from the membrane reduces
VLY pore-forming activity

We examined whether the orientation of CD59 in the context of the
membrane is important in the enhancement of VLY activity. We aimed to
sever VLY contacts with cholesterol from those with CD59 in time or space.
To achieve this, we decided to place CD59 farther away from the membrane.
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Figure 25. Vaginolysin pore-forming activity decreases as CD59 is placed farther away

from the membrane. A — schematic representation of CD59 constructs used to distance the

receptor from the membrane. B — liposome leakage after treatment with VLY concentrations of

10 nM, 80 nM, 325 nM visualised as maximum liposome leakage; t-test (alpha=0.05) p<0.001;

error bars show standard deviation; N=4.

We generated two CD59 variants (hereafter referred to as CD59-2n* and
CD59-4n") by introducing rigid helical linkers containing two and four repeats
of EAAAK, respectively, at the C-terminal end of the CD59 protein (Figure
25, A). We showed that elongated CD59 binds to 1:18 DGS-NTA(Ni)
containing liposomes to a similar extent to CD59 without a linker. After
incubation of SRB-loaded cholesterol-rich liposomes bearing CD59-2n* and
CD59-4n* (CD59-2n*/chol* and CD59-4n*/chol*), we performed liposome
leakage assay by treating the liposomes with serial dilutions of VLY ranging
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from 5 nM to 325 nM, as described above for CD59*/chol* liposomes (Figure
25, B). There was no significant difference in maximum liposome leakage in
the case of CD59-2n*/chol* liposomes, although CD59-4n*/chol* liposomes
did reduce the extent when compared to CD59-2n*/chol* (Figure 25, B).

These results suggest that CD59 has to be at the correct distance away from
the membrane. While some allowance can be made for the distance
(CD59-2n%), it seems that CD59 serves to bring VLY in proximity to the
cholesterol in the membrane, which is hindered by the increased distance from
the membrane. However, other, unforeseen, structural dynamics may be at
play and cannot be yet excluded.

11 Detection of VLY in clinical samples

A case study was carried out in collaboration with Universite Pierre et
Marie Curie to characterise G. vaginalis strain isolated from a 19-year-old
female patient’s blood. The patient experienced severe toxic encephalopathy
that was related to a very rarely seen outcome of G. vaginalis infection —
bacteremia (Florez et al., 1994; Reimer and Reller, 1984). In collaboration
with Lithuanian National Public Health Surveillance Laboratory (Vilnius,
Lithuania), we succeeded in isolating G. vaginalis clinical strain, hereafter
GV37, and cultivating it in vitro. One of the aims was to define the level of
VLY secretion as a possible predictor of this strain’s virulence when
compared with other clinical isolates that are not related to the phenotype of
severe bacteremia.
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Figure 26. Sandwich-based ELISA is suitable for quantitative VLY detection in
G. vaginalis growth media. A — representative calibration curve generated using serial
dilutions of recombinant VLY detected by sandwich-based ELISA; error bars show standard
deviation; N=3. B — barplot visualises recovery of spiked concentrations of recombinant VLY,
which was diluted in fresh G. vaginalis growth media; error bars show standard deviation; N=3.
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We optimised a quantitative detection system for VLY in G. vaginalis
growth media. The detection was carried out using sandwich-based ELISA
relying on VLY-specific binding of two non-competitive mouse anti-VLY
MADs (clone 12E1 as a coating MAb and clone 9B4 conjugated to HRP as a
detection MADb) (Zvirbliene et al., 2010). The concentrations of VLY in
G. vaginalis growth media was calculated from the calibration curves
generated using serial dilutions of recombinant VLY protein (Figure 26, A).
To assess the accuracy of the detection system and possible hindrance of VLY
by the growth media components, we added known concentrations of
recombinant VLY and measured them using our assay. We confirmed that the
hindrance was minor, and the system is suitable for quantitative measurement
of VLY concentration in the G. vaginalis growth media (Figure 26, B).
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Figure 27. Clinical G. vaginalis strain GV37 possessed increased secretion of vaginolysin
(VLY) when cultured in vitro. The relative amount of secreted VLY in the supernatants of
clinical G. vaginalis strains (GV23, GV24, GV26, GV28, GV35, GV36, GV37) cultured in
vitro was evaluated at specific time interval (24 h or 48 h) and normalised to ODeoo by
calculating the ratio of VLY concentration (ug/ml) to ODeoo; error bars show standard
deviation; N=3 (Tankovic et al., 2017).

The concentrations of VLY that were evaluated in the supernatants of
clinical G. vaginalis growth media were normalised by dividing them by the
optical density values (ODsoonm) defining the density of bacterial biomass in
the sample. G. vaginalis isolate GV37 displayed a markedly higher secretion
of VLY compared to other clinical isolates (Figure 27).

We propose that enhanced secretion of VLY in the case of G. vaginalis
isolate GVV37 may have contributed to a rarely observed severe bacteremia.
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DISCUSSION

As CDCs are produced by a variety of bacterial pathogens, they are thought
to play an important role in the pathogenesis of infectious diseases. More and
more data appear to corroborate this idea, and new roles for CDCs in
promoting bacterial virulence are found (Los et al., 2013). There are many
hypotheses on the role of vaginolysin (VLY) in Gardnerella vaginalis
virulence (Gelber et al., 2008; Nowak et al., 2018). However, an insufficient
amount of direct evidence on its pathogenic effects has been found to date.
During our study, we isolated a G. vaginalis strain from the blood of a 19-year
old patient who experienced a severe toxic encephalopathy associated with
G. vaginalis bacteremia. The strain secreted elevated levels of VLY when
cultured in vitro compared to other strains unrelated to such a severe clinical
outcome. As G. vaginalis genome variability is high between different strains,
it is difficult to predict the pathogenic potential of a given strain on genetic
grounds (Schellenberg et al., 2017). It is, however, hypothesised that the levels
of secreted VLY might be directly related to the pathogenicity of the bacteria
(Nowak et al., 2018). One of the classifications suggested up to date sorts
G. vaginalis strains into four clades (Ahmed et al., 2012; Jayaprakash et al.,
2012; Schellenberg et al., 2016). No clear correlation is found between the
defined clades and their pathogenicity. However, one of the clades
distinguishes itself as low-virulence, perhaps due to low levels of sialidase and
VLY. Moreover, the pathogenic relevance of G. vaginalis is challenging to
demonstrate as, despite its abundance, it is only one of many players of vaginal
microbiota imbalance. The field is also lacking animal models that would have
multicomponent microbiota similar to human microbiota. However, it may be
the case that virulence factors in vaginal microbiota imbalance are
species-specific or at least species preferential, and thus, the potential of any
animal model might be limited at least.

This thesis was mainly focused on studying the pore-forming ability of
VLY and the mechanism behind its binding to the cell surface, oligomerisation
and membrane perforation of the targeted cell. VLY lyses erythrocytes from
different species with different efficiencies, with a clear preference for human
erythrocytes (Cauci et al., 1993). VLY species preference is mediated by
human complement regulatory protein CD59 (Gelber et al., 2008). We
investigated this previously observed phenomenon to understand the role of
CD59 in VLY pore formation.

Firstly, transfected non-human cells (CHO) expressing GPl-anchored
human CD59 were more susceptible to VLY-mediated lysis, similar to
ILY-mediated lysis but distinct from PLY (Results Figure 12). The
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mechanistic study on ILY carried out in parallel to our study by another group
lead to a model for the ILY pore formation (Boyd et al., 2016). The model
states that CD59 serves as primary contact with the cellular membrane and is
required for oligomerisation, whereas during the vertical collapse and
membrane perforation ILY disengages from CD59 and interacts with
cholesterol (Literature overview Figure 6)

Our study on VLY highlighted the differences between the cytolytic
mechanism of ILY and VLY. VLY can bind to the cell membrane in two
distinct ways. One is through the interaction with human CD59 and the other
one through cholesterol. Thus, our data support the attribution of VLY to a
group of atypical CDCs in the mode of receptor-based classification
introduced by Tabata et al. (Tabata et al., 2014). Notably, GPl-anchored CD59
proteins are known to colocalise with cholesterol in transient lipid rafts in the
membrane (Kinoshita et al., 2017; Sezgin et al., 2017). Cholesterol is a
hallmark of the eukaryotic cell membrane and the usual membrane target of
CDCs, whereas CD59 proteins are unique for different species and do not
share sequence-based or functional interchangeability with more distantly
related species (Nagamune et al., 1996). The ability of VLY to engage both
human protein CD59 and cholesterol when binding the target membrane
shows only a partial tropism or preference for human cells whereas ILY
strictly depends on the interaction with human CD59 when binding to the cell
surface.

We found that apart from binding, CD59-bearing CHO cells were more
susceptible to VLY pore formation compared to untransfected CHO cells.
Therefore, we hypothesised that VLY binding to the cell surface might be the
critical step that governs its cytolytic activity. The high toxin affinity for the
membrane may play an essential role for all CDCs in physiological conditions,
where the toxin concentration is likely to be low, especially during early
infection. We showed that CD59 containing cells (HEK293, CHO-CD59)
could attract much more VLY than untransfected CHO cells (Results Figure
16, B, C). The higher the number of CD59 molecules was exposed on the
surface of the cells, the more VLY was bound to those cells (Results Figure
16, E). Thus, the interaction between VLY and CD59 directly influences and
enhances VLY affinity for the membrane.

Furthermore, negative-stain EM visualisation of the liposomes, which had
CD59 attached to them but lacked cholesterol, showed that CD59 could trigger
VLY oligomerisation. However, the oligomers formed in the absence of
cholesterol were early prepores — sensitive to SDS and incapable of
perforating the membrane. This finding is in agreement with the model

proposed for ILY pore formation, highlighting the role of CD59 in the initial
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stages of pore formation (Boyd et al., 2016). The closer look into the oligomer
interface with CD59 would benefit the further understanding of CD59’s role.
Unfortunately, we were not able to evaluate the stoichiometry between VLY
and CD59 to detect how many molecules of CD59 are required to induce VLY
oligomerisation. This feature is not known for ILY or any other
CD59-dependent CDC. We hypothesise that VLY:CD59 ratio is far from 1:1
and not every VLY molecule has to bind to CD59.

Although the more CD59 cells had, the more VLY they attracted, but more
CD59 did not enhance the overall cell lysis. Interestingly, the end-point
measurement of liposome leakage revealed that the presence of CD59
(CD59f/chol*) causes maximal liposome leakage independent of VLY
concentration in the range tested. In contrast, in the case of cholesterol-rich
liposomes lacking CD59 (CD59/chol*), a clear VLY
concentration-dependent pattern of liposome leakage was observed. Next, we
investigated the kinetic aspect of the liposome leakage. Liposome leakage
over time followed a biphasic exponential trend of increasing overall leakage
with increasing VLY concentration. Aside from the maximal liposome
leakage, we observed 2- to 3-fold higher rate constants in perforation of the
CD59*/chol* liposomes compared to CD59/chol* liposomes.

Independently from CD59, cholesterol can successfully mediate VLY pore
formation even though the amount of VLY needed to reach the level of pore
formation similar to the one enhanced by CD59 is significantly higher.
Comparing CHO and CHO-CD59 cells, at least 30 times more VLY is
required to get the same lysis outcome in CHO cells.

Interestingly, our study indicates that oligomers formed in both cases may
be similar. We managed to obtain SDS-resistant VLY oligomers upon treating
cholesterol-rich liposomes with VLY both in the presence and absence of
CD59. Surprisingly, after heating the samples, the oligomers formed a
compact band on SDS-agarose gel, suggesting a specific single species of
SDS- and heat-resistant oligomers. Besides, the electrophoretic mobility of
SDS and heat-treated oligomers did not depend on the presence of CD59.
Unfortunately, we were not able to estimate the size of the oligomers.
However, we observed the leakage of liposome-encapsulated sulforhodamine
B dye both in the presence and absence of CD59 that indicated that the
obtained SDS- and heat-resistant oligomers were functional pores. In addition
to findings directly related to our work, we demonstrated that simple
unilamellar liposomes could serve as a platform for VLY pore formation.

In the studies with artificial liposomes, cholesterol concentration in the
bilayer needs to be above 30-40 molar per cent of the total lipids for VLY pore

to be formed. This requirement is likely related to the amount of cholesterol
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that is surface-exposed and, hence, accessible from the solution, although the
threshold for the amount of cholesterol depends on the rest of the lipids as they
influence the accessibility of cholesterol (Flanagan et al., 2009). Furthermore,
cholesterol influences the physical properties of the membrane, such as
fluidity and thickness. This challenges the understanding of CDC interaction
with the cholesterol because cholesterol distribution across the bilayer is
uncertain. On the other hand, CDCs can be used as a tool to map or track
membrane cholesterol accessible from solution (Johnson et al., 2017a).

It is unclear whether VLY binds to cholesterol or CD59 first or whether
binding occurs simultaneously. Interestingly, CD59-dependent CDCs contain
an atypical undecapeptide (UDP) sequence. Crystal structure of monomer-
locked VLY (VLYMY) in the complex with CD59 revealed that UDP could
occupy two distinct conformations. One of the conformations is similar to that
of ILY, and the other is similar to that of PFO (Lawrence et al., 2016). If the
UDP could switch between these conformations depending on the membrane
in its proximity, it may tailor the way VLY binds to the membrane that
contains CD59 or is cholesterol-rich only.

VLY homology modelling based on the structure of ILY and ILY-CD59
complex that at the time was the only solved CDC-CD59 complex structure
allowed us to predict and determine the positions of the interface between
VLY and CD59 (Johnson et al., 2013). The first ILY-CD59 crystal structure
suggested that two interfaces may exist between the two proteins, even though
any clear mechanistic evidence was not provided (Johnson et al., 2013). We
aimed to disrupt these interfaces between VLY and CD59. We succeeded in
disrupting the 1% interface. Interestingly, even a single amino acid substitution
to proline in the B-strand of VLY D4 domain resulted in the hindrance of the
mutant binding to CHO-CD59 cells. However, we could not find any clear
evidence to prove the existence of the 2" interface. Our data turned out to be
in a strong agreement with the crystal structure of VLY-CD59 complex that
found only one interface (Figure 28) (Lawrence et al., 2016). Moreover,
mutations in VLY D4 domain, that strengthened the interaction with CD59
did not enhance VLY haemolytic activity but, oppositely, decreased it. This
finding is in accordance with the view that PFPs need to release their protein
receptors during the membrane perforation as it was previously demonstrated
for ILY (LaChapelle et al., 2009).
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Figure 28. Key amino acids maintaining vaginolysin (VLY) interaction with CD59. VLY
is coloured in grey; CD59 — in pink. Our mutagenesis study of VLY revealed D395, V407,
S409 (depicted in yellow sticks) as key amino acids in VLY and CD59 interface, which are
visualised in the crystal structure of VLY-CD59 complex (PDB ID: 5IMY, Lawrence et al.,
2016). These amino acids participate in hydrogen bonding between VLY D4 domain and CD59.
Backbone-based hydrogen bonds are visualised in black, water-based hydrogen bonds — in red,
hydrogen bonds through side chains — in blue dashed lines.

Moreover, both membrane partners of VLY are known to cluster in lipid
rafts suggesting that CD59 may help to attract VLY molecules to cholesterol.
Pore formation at the distinct localisation in a particular membrane
microdomain may be much more efficient as the physical properties of the
bilayer differ due to its composition. Cholesterol clustering is known to
thicken the bilayer as it changes the organisation of the surrounding
phospholipids into a more ordered state. Huge B-barrel structures of CDCs are
likely to be able to perforate membranes of a limited range of thicknesses and,
therefore, targeting particular membrane microdomains may help to meet this
requirement.

Thus, VLY dependence on CD59 is not strict in vitro as we showed in this
study. However, the picture in vivo might be quite different. For instance,
arcanolysin ~ form  Arcanobacterium  haemolyticum  relies  on
sphingomyelin-specific phospholipase D to enhance its rate of pore formation
(Gellings and McGee, 2018). Sphingomyelin and cholesterol also tend to
cluster in lipid rafts. Moreover, due to membrane packing, sphingomyelin
largely obscures cholesterol. Therefore phospholipase D removes the choline
head of sphingomyelin and exposes cholesterol for arcanolysin to act upon
(Gellings and McGee, 2018). We propose that, similarly, VLY may use CD59
not only as a species-specific receptor but also as a lipid raft beacon that serves
to guide VLY to cholesterol.

The proper alignment between the B-strands extending B-sheets is believed
to be required for a stable pore to form. m-stacking interaction between
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neighbouring monomers was shown to play an essential role in the case of
PFO between the B1- and B4-strands in D3 domain (Ramachandran et al.,
2004). A large number of CDCs, including VLY, do not contain one of the
aromatic amino acids that could participate in n-stacking, which was shown
to stabilise the monomer-monomer interface of PFO. Moreover, mutating the
existing VLY aromatic residue (Tyr-165) to alanine did not affect VLY
haemolytic activity. As this suggested that z-stacking interaction did not play
a part in the establishment of the monomer-monomer interface, we
investigated whether the VLY monomer-monomer interface was typical in
comparison to other CDCs. Results of site-directed mutagenesis within
B4-strand showed the necessity of the backbone -NH hydrogen for hydrogen
bonding in the B-sheet extension as even single substitution to proline
significantly decreased VLY haemolytic activity. However, it is still not
obvious how the proper register between the B1- and p4-strand is ensured.

Moreover, we hypothesised that CD59 serves as a tether to force VLY
monomers into the correct orientation against the plane of the membrane and
therefore increases oligomerisation by increasing the chance that two
monomer molecules meet in the correct orientation, simply because only one
of them has degrees of freedom and the other is locked in position. This may
allow the oligomer to grow efficiently to become large enough to perforate the
membrane. To answer this, we introduced linkers at the C-terminal end of
CD59. When we attached a distanced CD59 to cholesterol-rich liposomes, we
still observed an enhancement of VLY pore formation compared to CD59~
/chol™ liposomes in liposome leakage assay. When the length of the linker was
increased, liposome leakage decreased — although not much. It may be the
case that we have failed to place CD59 far enough to get a definitive answer.
However, it is clear that CD59 attracts and likely concentrates and/or orients
VLY with respect to the membrane.

However, the role of CD59 to attract and properly orient VLY molecules
cannot be its only function, as even alone, it induces prepore formation on the
membrane, as discussed above. Therefore, we investigated the role of CD59
in unlocking VLY pore-formation. For example, PFO forms antiparallel
dimers in solution that are used to avoid premature oligomerisation before
encountering the membrane. PFO dimers are subsequently disrupted by
binding to the cholesterol-rich membrane (Gilbert, 2005; Rossjohn et al.,
2007). Hence, we hypothesised that CD59 might work similarly to separate
preformed VLY dimers. If VLY dimers exist, the enhancement of the
cytolytic activity we observed could be attributed to CD59 disrupting the
dimers. Using analytical ultracentrifugation, we demonstrated that VLY is a

monomer in solution even at a relatively high concentration. Furthermore, we
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did not observe any significant higher oligomeric state products after
incubating the toxin with CD59 in solution. This suggests that interaction with
CD59 itself does not induce sufficient changes in the VLY molecule itself or
if it induces these changes, they may not be enough to trigger VLY
oligomerisation in solution. All these considerations strengthen the hypothesis
that CD59 might be essential in concentrating and orientating VLY on the
plane of the membrane (Figure 29).
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Figure 29. Proposed model of membrane-bound CD59 role in VLY concentration and
orientation. A — in the hypothetical case of soluble CD59, VLY may form short-lived
complexes with it; however, before this complex could meet another VLY monomer in a correct
orientation and position, it dissociates. This happens because all free monomers have rotational
and translational degrees of freedom, and short-lived CD59-VLY complexes can rotate and
translate as well. B — in the case of membrane-bound CD59, membrane-bound VLY (through
the contacts with CD59 and cholesterol-rich membrane) has almost no degrees of freedom and
are thus more likely to meet VLY monomers in a correct or close to correct orientation thus
greatly facilitating oligomerisation. Explicitly, we hypothesise that CD59-VLY complexes or

small oligomers do not survive long enough to reach a stable size, whereas, on the membrane,
they do.

In this study, we present novel insights about VLY from G.vaginalis,
which shares some key features with other CDCs but also has a unique
dependence on CD59, that our findings help to explain. Furthermore, our
attempts in disentangling the role of CD59 from the role of cholesterol bore
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fruit in the realisation that the enhancer nature of CD59 in VLY pore
formation likely resides in CD59 acting similar to a guide-post of lipid rafts
and cholesterol therein. However, as CD59 alone fails to induce
oligomerisation of VLY in solution, but readily does it when tethered to the
membrane, we hypothesise, that it orients a growing oligomer against the
plane of the membrane thus effectively reducing degrees of freedom of the
whole pore-forming system (Figure 29).
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CONCLUSIONS

Vaginolysin (VLY), similarly to pneumolysin, is able to lyse cells of
non-human origin. In contrast to intermedilysin, VLY does not
necessarily need human protein CD59 for its cytolytic activity.

Artificial liposomes bearing membrane-embedded cholesterol and
human protein CD59, designed during this study, represent a suitable
tool for the monitoring of VLY pore formation dynamics.

CD59 boosts the cytolytic activity of VLY by improving the affinity
of VLY for cholesterol-rich membrane and accelerating VLY pore
formation. Membrane-attached CD59 is able to initiate VLY
oligomerisation, while cholesterol is required for VLY pore
formation.

Cholesterol is necessary and sufficient for VLY pore formation,
although, in the absence of CD59, notably higher amount of VLY is
required for the same level of pore formation to be achieved.

VLY monomer-monomer interface is based on the B-sheet extension
via hydrogen bonding between B1- and p4-strands in D3 domains of
the respective monomers.

The interface between VLY and CD59 is based on the p-sheet
extension via hydrogen bonding between CD59 and the D4 domain of
VLY. The key amino acids of VLY involved in the interaction with
CD59 are Val-407, Ser-409, Asp-395.
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