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Chapter 1

Introduction and Literature Review

1.0 Introduction

In 1972, the Fluid-Mosaic Membrane Model of biological cell membrane structure was
introduced, and it proposed the plasma membrane as a fluid-matrix consisting of a bilayer of
phospholipids embedded with the integral membrane proteins [1]. With time, great
advancements and knowledge have been gained and the model has been improved in terms of
explaining the mobility of phospholipids, diffusion of membrane components, cohesive forces
which act to maintain the membrane-structures, and the introduction of lipid-rafts [2-4].
Plasma membrane acts as an important structural component of a cell in terms of protecting
the cell from extracellular environment and it compartmentalize the cellular cytoplasm from
the extracellular matrix [5]. Plasma membrane also acts as a bridge in conveying the
extracellular signals to intracellular milieu and helps in generating cytoplasmic responses via
various integral membrane protein complexes [6, 7]. In a higher organism, approximately
30% of genes code for membrane proteins and they play crucial roles in transport of ions,
nutrients and waste across the cell membranes [8, 9]. The plasma membrane is selectively
permeable to ions and macromolecules, thereby functioning towards maintaining the survival
of the living cells [10, 11]. With evolution, many bacterial pathogens have understood the
eukaryotic plasma membrane structures and have evolved with the strategies to destroy this
plasma membrane integrity. Apart from bacterial species, various eukaryotic species like sea
anemones and earthworms secrete toxins which can perturb the plasma membrane integrity as
a part of their defense, invasion and toxicity mechanism. The size of the toxins can vary from
a small peptides to large macromolecular protein complexes, all released to destroy the plasma
membrane integrity [12-14]. The largest class of bacterial toxins are such pore-forming toxins
(PFTs), which represent ~30% of all known bacterial toxins.

The present thesis work describes the structure-function mechanism of action of thermostable
direct hemolysin (TDH), a major pore-forming toxin produced by the Gram-negative
pathogenic bacteria, Vibrio parahaemolyticus, which is the causative agent of gastro-enteric

diseases in humans.



1.1 Pore-forming toxins

Pore-forming toxins (PFTs) are the largest class of bacterial protein toxins that form pores in
the membranes of target host cells and cause colloid-osmotic lysis of the cells [15]. Apart
from bacteria, PFTs are also produced by higher organisms like cnidaria [16], sea anemones
[17], earthworm [18], and plants [19]. Even higher organisms, like mammals, use the
mechanism of membrane pore-formation to kill the pathogens and the pathogen-infected cells
by employing specialized PFTs (Membrane Attack Complex of the complement cascade
pathway and perforin) as the component of the innate and adaptive immune defense [20]. The
mechanism of pore-formation across the different species is so well conserved that it is
considered to be the ancient form of the cell-killing action, used by different organisms [21].
PFTs are secreted in the form of water-soluble molecules, which after binding to the target cell
membrane undergo various structural rearrangements thereby converting to a transmembrane
protein. This feature of converting from the water-soluble state to the transmembrane protein,
from the same primary amino acid sequence, is a unique feature of PFTs [14, 22]. The general
mechanism of pore-formation by the PFTs involves distinct steps like (i) secretion of the toxin
as water-soluble molecule, (ii) binding of the toxin to the surface of the target cell membrane,
(iii) self assembly of the toxin on the membranes to form oligomeric species, (iv) formation of
membrane pore by the toxin [14, 21, 22]. Due to the membrane pore formation, free diffusion
of ions and water takes place across the cell membrane, and as a result, the turgor pressure on
the membrane increases which leads to colloid-osmotic lysis (bursting) of the cells.
Depending upon the number of the protomers that participate in oligomer formation, the sizes
of the pores formed on the membrane may vary from 2 nm to 50 nm [21]. In response to the
pore-formation, the cells may respond in multiple ways to survive the stress generated due to
the membrane pore formation. The decrease in the cellular potassium ion concentration may
lead to the activation of stress- and mitogen-activated protein kinases (MAPK) along with the
release of calcium ions from the cell storage [23, 24]. In addition, membrane repair
mechanism pathway may get activated either by shedding the vesicles or endocytosis of the

pore structure [14, 25].



1.1.1 Structural classification of pore-forming toxins:

The most acceptable classification of PFTs is on the basis of the type of secondary structure
used for forming the transmembrane pore: o-PFTs use a-helices to span the membrane and
B-PFTs utilize B-strands to form the [B-barrel transmembrane pore. On the basis of the

secondary structure used for membrane insertion few PFTs are mentioned below (Tablel):

PFT Organism No. of protomers Type of
PFT
Melittin Apis mellifera bee venom 1-3and 3.5-4.5 a-helix
a-Latrotoxin Latrodectus tredecimguttatus spider 2.5 a-helix
venom
Equinatoxin 11 Actinia equina sea anemone venom 3-4 a-helix
Sticholysin 11 Stichodactyla helianthus 3-4 o-helix
Sea anemone venom
Magainin Xenopus laevis clawed 4-7 a-helix
frog skin
Protegrin Porcine leukocytes 8-10 [3-sheet
Human perforin ~ Human lymphocytes 20 [-sheet
Colicin E1 Enterobacteria 1 o-helix
Diphtheria toxin  Corynebacterium diphtheriae 4 a-helix
VacA Helicobacter pylori 6 a-helix
a-Hemolysin Escherichia coli 1 a-helix
Pneumolysin Streptococcus pneumoniae 44 [-sheet
a-Hemolysin Staphylococcus aureus 7 [3-sheet
Hemolysin 11 Bacillus cereus 6-8 [3-sheet
Aerolysin Aeromonas hydrophila 7 [3-sheet
a-Toxin Clostridium septicum 6 [3-sheet
VCC Vibrio cholerae 7 [3-sheet
Leucocidin Staphylococcus aureus 8 B-sheet
y-Hemolysin Staphylococcus aureus 7 [-sheet




Hemolysin E Escherichia coli 8 B-sheet

Protective Antigen Bacillus anthracis 7 [B-sheet
(Anthrax toxin)

Nisin Lactococcus lactis 5-8 cyclic
Viroporin p7 Hepatitis C virus 7 o-helix
Listeriolysin O Listeria monocytogenes ? [3-sheet
Hemolysin ShlA Serratia marcescens ? a-helix
Defensin Animals and plants ? [3-sheet, a-helix
Cardiotoxin Taiwan cobra venom ? [3-sheet
CTXA3

Pardaxin Pardachirus marmoratus ? o-helix

ish mucous glands

Toxin A-111 Cerebratulus lacteus ? a-helix
marine worm-nemertine

Pandinin 2 Pandinus imperator ? o-helix
african scorpion venom

Oxyopinin 1 Oxyopes kitabensis ? a-helix
spider venom

Lycotoxin I Lycosa carolinensis wolf ? o-helix
spider venom

Cecropin A Hyalophora cecropia 2 a-helix
moth hemolymph

TDH Vibrio parahaemolyticus 4 ?

Table 1: Classification of the pore-forming toxins on the basis of the secondary structure element used
for pore formation on the membranes of the target cells from different organisms. ‘?” indicates that the
number of protomers involved in oligomerization and pore-formation remains unknown (Adapted
from Andreeva et.al., Biochemistry, 2008) [26-81].



1.1.2 a-Pore-Forming Toxins:

The a-PFTs are known to form pores in the membranes of the target cells by utilizing
a-helices. These PFTs are rich in a-helical structures and their pore-forming domain usually
consists of a three-layer structure of up to ten a-helices. The membrane-spanning domain
sandwiches a hydrophobic helical hairpin in the middle of the structure which undergoes
partial unfolding and inserts into the membrane [82].

After membrane binding, the toxins generally oligomerizes on the membrane to form the
transmembrane pores which allow free diffusion of ions. This class of PFTs is barely
understood in detail so far, and the exact mechanism of the pore formation still remains

unclear [21]. Some of the structurally characterized o-PFTs are discussed below:

1.1.2.1

Cytolysin A (ClyA)

Cytolysin A (ClyA), also known as Hemolysin E, is a 34 kDa «o-PFT produced by bacteria
like Escherichia coli and Salmonella enterica [83]. Apart from the hemolytic activity of
bacteria against human erythrocytes, ClyA can also kill cultured macrophages and tumor cells
[84-86]. The soluble monomeric ClyA consists of two domains: (i) a large tail domain with
four long a-helices and one short a-helix (residues 1-159 and 206-303), along with two
conserved cysteine residues (Cys 87 and Cys 285) that form a disulphide bond, (ii) a small
head domain consisting of a central hydrophobic B-hairpin (the B-tongue, residues 185-195),
which is surrounded by two short a-helices (residues 160-205) (Fig. 1.1A). The solution
monomeric toxin undergoes several structural rearrangements to form the final dodecameric
pore complex in the membranes of the target cells [87-89]. The transition of monomer to
dodecameric pore involves following steps: (i) membrane binding of ClyA with the
hydrophobic [-tongue present in the head domain; membrane binding triggers the
rearrangements of the head domain along with the neighboring helices, (ii) this is followed by
swinging-up movement of the N-terminal helix by 180° (iii) formation of inter-subunit
interface by rearrangements of the helices present in the tail domain, (iv) penetration of the
N-terminal region (residues 1-34) from all protomers to form a transmembrane pore with the

inner diameter of 3.5 nm (Fig. 1.1B) [90].



Tail

Fig. 1.1: (A) Crystal structure of Cytolysin A monomer (PDB ID: 1QQY). Representation of
(i) tail domain consisting of four long a-helices and one short a-helix (residues 1-159 red;
206-303 magenta), (ii) head domain consisting of a central hydrophobic B-hairpin (the
B-tongue, residues 185-195, yellow) surrounded by two short a-helices (residues 160-205
blue). (B) Oligomeric assembly of ClyA monomers into dodecameric pore structure
highlighting membrane inserted region (PDB ID 2WCD) (Side view and top view) [90].

1.1.2.2

Colicin la

Colicin la is an elongated 210 A long structure with a molecular weight of 69 kDa. It is an
a-helical PFT produced by the bacteria Escherichia coli to kill other competing bacteria like
Escherichia coli and Shigella sonnei [91, 92]. It shares structural and functional similarities to
Colicins A, E1, and N [93-95]. The elongated structure of this toxin is prominently due to a
long coiled-coil region from residues 176-282 and 359-467 (marked red in Fig. 1.2). The
protein consists of three domains with three distinct functions: (i) the receptor domain (R),

which binds to the outer membrane protein receptor, ‘Cir receptor’ (Colicin Ia receptor)
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present on the target cells, (ii) the N-terminal translocation domain (T), consists of ‘TonB box’
which helps in traversing the outer membrane and periplasmic space, as part of an antiparallel
helix bundle to deliver the (iii) C-terminal pore-forming domain (C) to the bacterial inner
membrane (Fig. 1.2). The C domain then undergoes conformational changes and forms a
voltage-gated ion channel in the plasma membrane resulting in the efflux of ions that depletes
the cellular energy and leads to the cell death [96-98]. The single monomer forms the channel

with the pore size of 2-3 nm.

Fig. 1.2: Crystal structure of Colicin la (PDB ID 1CIl) highlighting all structural and functional
domains. (i) the receptor (R) domain, marked in red, (i) N-terminal, translocating domain (T), marked
blue, (iii) C-terminal channel-forming domain (C), marked in green [98].

1.1.2.3
CrylA

Bacillus thuringiensis (Bt) is a ubiquitous Gram-positive bacterium that produces insecticidal
proteins like Cry proteins during its sporulation phase. It is widely used as a biopesticide, and
when ingested by the insects it kills the insects by affecting their gut [99]. The major effect is
mediated via Cry proteins which are stored inside the cells in the crystal forms (protoxin), and
gets activated once they reach the gut of the insects by certain proteases. After activation, Cry
toxin (CrylA) binds specifically to the midgut epithelial cells of the insects, and forms channel
in the membrane of these cells. As a result, the cell swells up and ultimately burst thereby

killing the insect [100, 101]. The lepidopteran specific CrylA(a) is a 65 kDa toxin (active
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form). One model of the membrane pore-formation suggests the following steps: (i)
low-affinity binding of the activated form of the toxin to the aminopeptidase N or alkaline
phosphatase receptors that are present on the cell membranes, (ii) high-affinity interaction
with the cadherin receptor that facilitates (iii) cleavage of N-terminal end of the toxin thereby
facilitating oligomerization of the toxin, which further facilitates strong interaction with
aminopeptidase receptor, and (iv) insertion of the pre-pore into the target cell membranes
forming the functional channel [102-105]. Another model of pore formation suggests that after
binding to cadherin receptors the toxin inserts first into the membrane followed by
oligomerization and functional pore-formation [106]. The crystal structure of CrylA suggests
that it is a globular protein consisting of three different domains. The N-terminal domain |
(residue 33-253, red) is hydrophobic, rich in a-helical structures, consists of 8 a-helices, and
are responsible for membrane-insertion and pore-formation. Domain 1l consists of three
anti-parallel B-sheets and two short a-helices (residues 265-461, blue). Domain 111 (463-6009,
green) contains two highly twisted anti-parallel B-sheets (Fig. 1.3). Domain Il and Il are
involved in receptor recognition and binding of the toxin to the target cell membranes (Fig.

1.3) [107, 108].

Domain Il
B Doam Il

Domain Il .
Domain Il

Fig. 1.3: Crystal structure of CrylA toxin (PDB ID 1CIY) highlighting all the structural domains.
Domain I consists of N-terminal residues from 33-253 (colored in red) forms the channel, domain Il
is from residues 265-461(colored in blue), domain 111 contains residues 463-609 (colored in green).
Domain Il and 11 are involved in binding of the toxin to the receptor present on the target cells [107,
108].



1.1.3 B-barrel pore-forming toxins:

Like all PFTs, B-barrel PFTs (B-PFTs) are water-soluble proteins secreted by different classes
of bacteria, as well as by many higher organisms. These toxins insert into the membrane lipid
bilayer of the target cells and form the pores by using p-barrel architecture. Such p-barrel
motifs are amphipathic in nature, and the pore architecture is composed of hydrophilic
residues which line the inner opening of the pore and hydrophobic residues facing the
membrane lipid bilayer. The general mechanism of pore formation is similar in this family of
toxins involving secretion of the toxin as a monomer, binding of the toxin as a monomer to
the target cell membranes, oligomerization and formation of pre-pore complex followed by
membrane perforation and pore formation. As compared to o-PFTs, B-PFTs are more
well-studied in terms of structural characterization and pore-formation mechanism. Few

examples are discussed below.

1131

Staphylococcus aureus a-hemolysin:

Staphylococcus aureus a-hemolysin (a-HL) is a water-soluble toxin with a molecular weight
of 33.3 kDa. It has been known to cause toxicity in various type of human cells like human
erythrocytes, human platelets, epithelial cells, endothelial cells, and an array of other
hematopoietic-lineage cells including T cells, monocytes, macrophages, and neutrophils
[109-112]. After binding to the target cell membrane as a monomer, the toxin oligomerizes
and makes the transition from pre-pore to final pore structure in which 7 protomers participate,
and makes a B-barrel-like heptameric pore structure in the membrane with the pore diameter
of 1.5 nm (Fig. 1.4). The final membrane-inserted heptameric pore structure resembles a
mushroom-like structure and has three distinct domain, (i) the cap domain, present on the
extracellular face of the membrane-inserted toxin, is a hydrophilic domain which is
exposed to aqueous environment; (ii) the rim domain, is present in the close proximity of
the outer leaflet of host cell membrane; and (iii) the stem domain, constituted from 14
B-strands (2 from each protomer) thus generating p-barrel pore that forms the

membrane-perforating region (Fig. 1.4) [113-115].
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Fig. 1.4: Crystal structure of a-Hemolysin toxin (PDB ID 7AHL) highlighting all structural domains:
Cap domain, Rim domain and Stem domain [114].

1.1.3.2

Aerolysin:

Aerolysin is a water-soluble 52 kDa (monomer) PFT secreted by the bacterium Aeromonas
hydrophila. The toxin is initially secreted as an inactive precursor called proaerolysin.
Aerolysin is known to cause gastroenteritis, sepsis and wound infections in humans [116]. The
protein is present as a homodimer and the monomer-monomer interactions are mostly
hydrophobic interactions. The crystal structure of the monomeric toxin suggests that it has
four domains. The N-terminal domain | and Il play important role in binding of the toxin to
N-glycosylated glycosylphosphatidylinositol (GPI)-anchored proteins, which are known to
be the receptor of aerolysin [117]. Domain Il contains five stranded [-sheets and prestem
loop, which plays a critical role in insertion of the B-barrel in the membrane. Domain IV is an
extended structure of domain Il and contains C-terminal peptide (CTP) (Fig. 1.5). In its
precursor proaerolysin form, it contains CTP in domain IV which prevents nonspecific
oligomerization of the toxin. The steps involved in mechanism of pore-formation are as
follows: (i) secretion of toxin as proaerolysin via type 1l secretion system by the bacteria, (ii)
binding of monomeric proaerolysin to the target GPI-anchored protein receptors present on

the target cell membranes, (iii) conversion of proaerolysin to aerolysin via certain proteases
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like bacterial gut protease (trypsin or a-chymotrypsin), or mammalian cell-surface proteases
like furin, which removes C-terminal peptide (CTP), the last 40 amino-acids from the toxin,
(iv) removal of CTP triggers conformational changes in the toxin which promotes process of
oligomerization and membrane insertion. The final heptameric pore structures formed on the
membrane are voltage-gated channels of 1 nm in diameter [118-120]. Cryo-EM analysis of the
structure of aerolysin suggested that during pore-formation, domain Il and domain IV
undergoes various conformational rearrangements [121]. The amphipathic hairpins move
away from the toxin core towards the lipid bilayer and associates with hairpins of another

protomer to form the final transmembrane B-barrel architecture (Fig. 1.5).

Domain Il (

Fig. 1.5: (A) Crystal structure of proaerolysin monomer highlighting four different domains (PDB
ID 1PRE), (B) CryoEM structure of transmembrane aerolysin oligomer (PDB ID 5JZT) highlighting
the heptameric pore structure (side view and top view) [119].
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1.1.3.3

Vibrio cholerae cytolysin (VCC):

VCC is a pore-forming toxin secreted by the Gram-negative bacteria Vibrio cholerae, the
causative agent of the diarrheal disease cholera in humans. The bacterial genome consists of
hlyA gene which codes for an inactive, 80 kDa pro-toxin [69, 122-124]. The crystal structure
of water-soluble VCC monomer is a cross-shaped structure highlighting four different
domains: (i) Pro-domain: an N-terminal domain which has homology to the chaperone
proteins like Hsp90 family (Fig. 1.6). This domain plays a critical role in proper secretion and
folding of the VCC molecule. Following the pro-domain is a 15 amino acid long linker which
acts as a cleavage site for various proteases like trypsin, a-chymotrypsin, subtilisin, HA
protease, papain. Proteolytic cleavage at this site releases pro-domain and the toxin converts
from pro-toxin to mature toxin (active form) [125]. (ii) Cytolysin domain: following the
pro-domain and proteolytic cleavage site, is the 325 amino acids long cytolysin domain. This
domain is the structural and functional core of VCC molecule with structural similarity to
Staphylococcal LukF and a-hemolysin (B-barrel PFTs). Cytolysin domain contains 42 amino
acids long pre-stem loop which forms the transmembrane region in the final pore structure. In
the water-soluble state, the pre-stem is folded and is associated with the cytolysin domain, but
during pore-formation, the pre-stem loop moves away from the cytolysin domain, towards the
lipid bilayer, and associates with pre-stem loops of six other protomers to form a heptameric
B-barrel transmembrane structure. The cytolysin domain also contains a membrane-proximal
rim-domain, which mediates protein:lipid interaction present on the target cell membranes. (iii)
B-trefoil lectin-like domain: following the cytolysin domain are two different domains with
lectin-like folds. The first domain is [-trefoil lectin-like domain which has structural
similarity to carbohydrate-binding B domain of plant toxin ricin. It also has two disulphide
bonds and a B-trefoil fold. This domain is the topmost domain and might play important role
in binding of the toxin to carbohydrates present on the membranes of target cells. (iv) B-prism
lectin-like domain: is a 15 kDa domain present at the C-terminal end of VCC. It has structural
similarity with the B-prism lectins, like plant lectin jacalin, Maclura pomifera agglutinin

(MPA), and possesses a carbohydrate-binding pocket. This domain is exclusively present in
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VCC and is absent in any other B-PFT including those from Vibrio vulnificus and Aeromonas
hydrophila. It plays important role in membrane-binding and assembly of the toxin. During
pore-formation mechanism, B-prism domain undergoes various structural rearrangements. In
the pro-VCC, B-prism domain is present opposite to the pro-domain and masks pre-stem loop,
but during pore formation on the membrane, it moves 180° and comes to the position of
pro-domain thereby facilitating oligomerization and insertion of pre-stem loop into the

membrane to form the transmembrane pore structure (Fig. 1.6) [69, 125-132].

~ ‘ Yy
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Prodomain

Cytolysin domain

Fig. 1.6: (A) Crystal structure of VCC monomer highlighting four different domains (PDB ID 1XEZ),
(B) Crystal structure of transmembrane VCC oligomer (PDB 1D 3044 ) highlighting the heptameric
pore structure (side view and top view) [69].
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1.1.4 Cholesterol-dependent cytolysins (CDCs):

There is another subclass of B-PFTs known as cholesterol-dependent cytolysins (CDCs) that
show the obligatory requirement of cholesterol for membrane pore formation. The size of the
pores formed by the CDCs, and the number of protomers used for pore formation are much
larger than the conventional 3-PFTs.

CDCs are widely distributed PFTs across five different Gram-positive bacteria like
Clostridium, Bacillus, Streptococcus, Listeria, and Arcanobacterium. The members of the
CDC family show high sequence similarities (40%-80%) suggesting similar activities and
similar structure. CDCs exhibit various unique features like the requirement of cholesterol in
the target cell membranes, the involvement of a large number of protomers to form the pore,
and formation of large oligomeric transmembrane pore, greater than 150 A in diameter. There
can be involvement of up to 50 monomers, each contributing two B-hairpins thereby
generating a 200-strand B-barrel pore structure, hence forming very large pores [21, 22, 133].
The large size of CDC pores can allow translocation of fully folded proteins across the
membrane, and they have been widely used in cell biology to generate semi-permeabilized
cell systems [134]. The structural studies of different CDCs have suggested that there is a
conserved undecapeptide sequence (ECTGLAWEWWR) present near the C-terminal region
which is important for membrane-binding of the toxin. The mechanism of membrane insertion
and membrane permeabilization is used either to Kill the target cell or to transfer the secreted

proteins produced by the bacteria into the host cells [135, 136].

1.1.4.1 Perfringolysin O (PFO):

PFO is a 52.5 kDa water-soluble toxin, secreted by the Gram-positive bacterium Clostridium
perfringens. PFO is the first CDC whose crystal structure was solved in 1997 and it revealed
that PFO is a long rod-shaped molecule consisting of four different domains and is rich in
B-sheets (Fig. 1.7) [137]. Domain I: the N-terminal domain and present at the top of the PFO
molecule. It has an a-p topology with the B-sheet core surrounded by a-helices. It is the only

domain in PFO molecule which does not undergo various structural rearrangements. Domain
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Il: it is the central domain in the elongated molecule and consists of a pair of anti-parallel
B-sheet which connects top end to the bottom end of the PFO molecule. During pore
formation, it collapses vertically to allow the insertion of p-hairpins to form the
transmembrane pore [58, 138, 139]. Domain IlI: consists of B-sheets that play important role
in oligomerization of the toxin and also it contains six short a-helices that transform into two
amphipathic B-hairpins to form the B-barrel pore [140-142]. Domain IV: a B-sandwich
structure, present at the distal tip of the PFO molecule. It contains a conserved Trp-rich motif
which helps in generating a hydrophobic surface in domain IV (Fig. 1.7). This domain is
important for recognizing cholesterol on the target cell membranes as well as binding of the
toxin to the target cells [143, 144].

The mechanism of pore-formation by PFO involves (i) binding of the toxin to cholesterol-rich
membranes via domain IV, which facilitates the flipping out movement of the hydrophobic
Trp-rich loop, and penetrates into the membrane partially and anchors the toxin onto the
membrane. This results in (ii) bringing the domain 1l in proximity to the membrane surface,
which further facilitates the oligomerization of the toxin and formation of the pre-pore

complex [145-147].

Domain |

Domainlll

Domain IV

Fig. 1.7: (A) Crystal structure of perfringolysin O (PFO) highlighting four different domains (PDB ID
1PFO), (B) Surface view of PFO molecule [137].

(iii) The formation of oligomers triggers a conformational change in domain IV which moves
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away from the long axis of the molecule, and domain 111 moves away from the molecule,
towards the membrane and transforms from transmembrane a-helices to B-hairpins. The
B-hairpins from all the monomers then insert into the membrane and to form the large

transmembrane B-barrel structure [148, 149].

1.1.4.2 Listeriolysin O (LLO):
Pathogens like Listeria monocytogenes produce CDC both extracellularly and intracellularly

(when phagocytosed by the cell). LLO is a 56 kDa, water-soluble toxin, produced by Listeria
monocytogenes, the causative agent of listeriosis [150]. LLO form pores in the phagosomal
membrane and gets released from phagosomes to the cytoplasm of the host cells. Generally,
CDCs are known to act on cholesterol-rich cell membranes, but LLO gets activated at low pH
and shows higher activity at low pH when compared with the high pH. This is logical because
the pH of the phagosomes is low which is suitable for LLO to act on phagosomal membranes
thereby translocate L. monocytogenes from phagosomes to the cytoplasm to enhance
intracellular growth [151-155].

LLO is long elongated molecule consisting of four different domains similar to present in PFO.
LLO monomer binds to the membranes which are rich in cholesterol [151]. After binding to
the target cell membranes, LLO oligomerizes and forms a pre-pore complex, which undergoes
major conformational changes to allow membrane insertion and pore-formation. As discussed
above, LLO is unique and different from other CDCs because of its low pH activity and
stability [59, 156, 157]. After ingestion of contaminated food, Listeria monocytogenes enters
the human gut where it is phagocytosed by the cells. In the phagosomes, pH is low as
compared to the cytosol, at this low pH, LLO gets activated and forms pores in the
membranes of phagosomes and hence releases the L. monocytogenes from phagosomes to
cytosol [158-160]. In the cytosol, the bacteria grow and modulate cellular processes like
changes in gene expression and intracellular ca®* oscillations. Domain | has an o/P topology
with five B-sheets surrounded by six a-helices (Fig. 1.8). Domain Il connects domain | (top
end) to domain IV (bottom end) and also consists of o/p topology with four B-stands forming
three-stranded antiparallel p-sheet structure. Domain Il is made up of five-stranded
antiparallel B-sheet surrounded by six a-helices in a o/p/a fold. Domain I and 111 play role in

oligomerization of the toxin. Domain I, Il and Il are clustered together, domain IV on the
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other hand, forms a separate and independent folding unit. Domain 1V is compact 3-sandwich
structure and plays important role in membrane binding and receptor recognition. Within
domain IV various tryptophan residues are present which play a crucial role in membrane
interaction (W512) and oligomerization of the toxin (W189 and W489) [161].

Another unique feature in LLO is a PEST-like sequence (marked in blue in domain 1) present
in domain I. This sequence contains six proline residues and forms a polyproline type Il helix
(PPII). It is known to play important role in compartmentalization of the toxin and regulation

of pore-forming activity, limiting it to vacuole of the host cells (Fig. 1.8) [162].
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Fig. 1.8: (A) Crystal structure of Listeriolysin O (LLO) highlighting four different domains (PDB ID
4CDB), PPII sequence in domain I (marked blue); (B) Surface view of LLO molecule [162].

1.1.5 Actinoporins:

There is another unique class of eukaryotic PFTs, named as actinoporins, that are secreted by
the sea anemones. Actinoporins are present in the nematocysts of the sea anemones [163]. The
physical contact of the tentacles of sea anemones with their prey releases these toxins and
inject the toxin into the prey thereby generating a noxious effect in the target [164].
Actinoporins produced by different sea anemones show common structural and functional

features: (i) they are all produced as single polypeptide chain of around 175 amino acids; (ii)
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they have compact B-sandwich structure surrounded by short a—helices; (iii) they lack
cysteine residues; (iv) they have basic isoelectric point; (v) they all act as a-PFTs, i.e they use
a-helices to form transmembrane channel; (vi) form pore having size of around 1-2 nm in
diameter; (vii) require presence of phosphocholine/sphingomyelin for binding on the target
cell membranes [165-172]. Actinoporins are water-soluble protein toxins and show high
sequence similarity (60-80%) and structural similarity. The well-studied actinoporins are
equinatoxin 1l (Eqgtll) from Actinia equina and sticholysin Il (Stnll) from Stichodactyla
helianthus [173, 174]. Apart from Eqtll and Stnll, the crystal structure of Fragaceatoxin C
(FraC) has also been determined [175]. They all have a compact 3-sandwich core domain of
10-12 B-strands which are flanked by two a-helices, present at both sides of B-sandwich
domain. The N-terminal region consists of the first, long helix, which is composed of almost
30 amino acids [173-176]. The N-terminal helix is amphipathic in nature and undergoes
various structural rearrangements to form the final a-helical transmembrane channel [33].
There are different structural regions present in actinoporins which might play a functional
role in the pore-formation mechanisms like (i) phosphocholine (POC) binding pocket, (ii)
cluster of aromatic residues, and (iii) stretch of basic amino acid residues. It is known that all
these three features play important role in membrane binding ability of the toxin [177, 178].
The crystal structural of Stn 11 has been solved with the bound POC and is discussed in further
sections. The mechanism of channel formation in actinoporins proceeds via (i) binding of the
toxin to sphingomyelin on the target cell membrane by using aromatic amino acids and POC
binding pocket, (ii) oligomerization of the toxin and (iii) insertion of the a-helices from the

protomers into the membrane to form the transmembrane a-helical pore.

1.1.5.1 Equinatoxin I11:

Equinatoxin Il is a water-soluble, 179 amino acid containing toxin with a molecular weight of
~20 kDa. It is a eukaryotic PFT secreted by sea anemone Actinia equina [166]. The protein
adopts a 12 B-stranded folded structure with o-helices on each end of the toxin (Fig. 1.9). It
contains a unique region of ‘aromatic amino acid cluster’ made up of residues Trp112, Tyr113,
Trp116, Tyrl33, Tyrl37 and Tyr 138 (marked red in Fig. 1.9), that play a crucial role in

membrane binding of the toxin. The N-terminal helix consisting of 30 amino acid residues
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(marked blue in Fig 1.9), moves away from the core B-sandwich domain, towards the
membrane and partitions itself into the membrane by inserting into the bilayer to form
transmembrane a-helical pore [33]. The N-terminal a-helix from 3-4 monomers insert into the

membrane to form a cation-selective pore with the diameter of 20 A [179].

Fig. 1.9: (A) Crystal structure of Equinatoxin Il highlighting N-terminal transmembrane region (in
blue) and a cluster of aromatic amino acid residues (in red) (PDB ID 1l1AZ), (B) Surface view of
Equinatoxin Il molecule [173].

1.1.5.2 Sticholysin 11

Sticholysin 11 (Stnll) is an a-PFT secreted by a sea anemone Stichodactyla helianthus. It is a
water-soluble toxin of molecular weight around 20 kDa. There is a high structural similarity
between Stnll and Eqtll, with a similar -sandwich topology flanked by two a-helices (Fig.
1.10) [174]. The N-terminal a-helix is amphipathic (marked in purple, Fig. 1.10 A), and
consists of 30 amino acid residues which form the transmembrane region of the final pore
structure. The unique lipid (POC) binding pocket of Stnll has been resolved by solving the
crystal structure with phosphocholine. The POC binding site is partly hydrophobic (made with
the side chains of Val-85, Pro-105, Tyr-111 and Tyr-135) and partly hydrophilic (made with
the side chains of Ser-52 and Ser-103, Tyr-131, Tyr-135 and Tyr-136) (shown in yellow in Fig.
1.10A). Few residues which are present in POC binding pocket are also part of the conserved

cluster of aromatic amino acid residues (side chains of Phe-106, Trp-110, Tyr-111, Trp-114,
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Tyr-131, Tyr-135, and Tyr-136) (marked green in Fig. 1.10 A). Both POC-binding pocket
and clustered aromatic amino acid residues play important role in binding of the toxin to
phosphocholine/sphingomyelin present on the target cell membranes. Analysis of the
structural comparison of Stnll with Eqtll suggests that Stnll consists of a region rich in basic
amino acid residues (shown in blue, Fig. 1.10 C). It is proposed that these basic residues
mediate the initial interaction of Stnll with the negatively charged lipid groups on the

membrane [170, 171, 180].

Fig. 1.10: (A) Crystal structure of Sticholysin Il highlighting N-terminal region (in violet) and cluster
of aromatic amino acid residues (in green; Fig. 1.10 A) (PDB ID 1GWY), (B) Surface view of Stn 1l
highlighting POC binding pocket (in yellow; Fig 1.10 B), (C) Surface view of Stn Il highlighting basic
amino acid residues (in blue; Fig 1.10 C) [174].

1.1.5.3 Fragaceatoxin C (Fra C):

Fra C is a potent hemolysin from a sea anemone Actinia fragacea, with a molecular weight

of ~20 kDa. Transmembrane pore structure of Fra C has been solved showing that it forms
oligomeric a-helical transmembrane pore. Fra C forms a symmetrical and funnel-shaped pore
comprising of eight protomers with a diameter of 110 A and height of 70 A (Fig. 1.11). It is

known that sphingomyelin act as the receptor for actinoporins and critical for pore-formation.
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The initial interaction of Fra C with the phosphate groups present on the lipid bilayer is
mediated by electrostatic interactions. Along with electrostatic interactions, various
non-covalent interactions like Hydrogen bonding and cation- = interactions play important
role in membrane binding of the toxin. From the analysis of transmembrane oligomeric pore
structure, it is known that the N-terminal residues (4-29 amino acids) move more than 50 A as
compared to the monomeric water-soluble structure, and can span the entire membrane.
During pore-formation, the helices align perpendicular to the membrane plane, and the
hydrophilic residues are oriented towards the lumen while the hydrophobic residues are faced
towards the membrane lipids. The lumen of the pore is comprised of negatively charged
residues suggesting it forms a cation-selective pore [168, 170, 171]. The oligomeric pore

structure is stabilized by protein-protein and protein-lipid interactions [181].

Fig. 1.11: (A) The crystal structure of Fragaceatoxin C (PDB ID 4TSY) transmembrane pore, top view
(B) side view of the a-helices inserted into the lipid [181].

1.2: Vibrio parahaemolyticus

1.2.1 Microbiology:

Vibrio parahaemolyticus is a member of Vibrio species from the Vibrionaceae family. Vibrio
parahaemolyticus was discovered by Tsunesaburo Fujino in 1950 as a causative agent of
foodborne disease that led to an outbreak in Japan, causing illnesses in 272 individuals with
20 deaths after consumption of shirasu [182]. V. parahaemolyticus is a Gram-negative
halophilic bacterium that is distributed across estuarine, marine and coastal surroundings

[183, 184]. V. parahaemolyticus can be classified depending on the antigenic properties of
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the somatic (O) and capsular (K) antigen produced in different environmental conditions
[185]. Depending on the environmental conditions, V. parahaemolyticus can produce a
capsule with more than 70 different K antigens found in many strains. Most of the
pathogenic strains are of serotype O3:K6, while other reported serotypes are O4:K12 and

04:K68.

1.2.2 Disease:

V. parahaemolyticus cause three distinct pathophysiological effects: gastroenteritis, wound
infections, and septicemia. Acute gastroenteritis shows symptoms like abdominal cramping,
diarrhea, nausea, vomiting, low-grade fever, headache and occasional bloody diarrhea. After
consumption of contaminated sea food, infection results after 4 to 96 hours, and lasts up to
three days [186, 187]. When V. parahaemolyticus enters the blood stream of the patient, it
spreads across the body and causes septicemia. This results in activation of immune responses
leading to inflammation and increased vascular permeability, which might further result in

hypovolemic shock, multisystem organ failure, and may ultimately lead to death [188].

1.2.3 Pathogenicity associated with Vibrio parahaemolyticus:

V. parahaemolyticus harbor several virulence factors like adhesins, thermostable direct
hemolysin (TDH) and TDH related hemolysin (TRH), as well as two type Il secretion
systems, T3SS1 and T3SS2 [189]. In addition to Type IlI secretion systems and TDH/TRH, V.
parahaemolyticus contain two different types of flagella for two different functions like
swimming and swarming (Fig. 1.12). It also has an ability to produce a capsule surrounding
the entire bacteria. These factors collectively mediate the pathogenicity caused by V.
parahaemolyticus and help the bacteria to survive in different environmental conditions as

well as in colonization within the human host [190].

1.2.3.1 Adhesion to host cells
The first and critical step in V. parahaemolyticus pathogenesis is initial interaction with the
host cells. Bacterial adhesion factors like MAM7 (multivalent adhesion molecule 7), present

at the bacterial cell surface, forms contact with the host cell surface followed by secretion of
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effectors and toxin proteins. The N-terminal region of MAM7 consists of 44 hydrophobic
amino acid residues, which play a critical role in accurate localization and anchoring of the
bacteria onto the host cells (Fig. 1.12) [191]. The binding of MAM7 to fibronectin and
phosphatidic acid present on the host cells lead to the up-regulation of other

pathogen-specific and host cell-specific adhesion and virulence factors [192].

Polar flagellum
(swimming)

Lateral flagella
(swarming)

MAM7
(Initial adhesion)

PvuBCDE
ABC complex

FhuCDB
ABC complex

Vibrioferrin
Ferrichrome ‘

Aerobactin

Fig. 1.12: Virulence factors associated with V. parahaemolyticus: A single flagellum is present that
is required for swimming motility of the bacteria. Lateral flagella are needed for swarming. MAM?7 is
responsible for mediating the binding of the bacteria to fibronectin and phosphatidic acid, and
mediates initial attachment to host cells. V. parahaemolyticus contains siderophores like, vibrioferrin,
ferrichrome, and aerobactin, along with heme, to extract iron from the external environment, which is
required for bacterial growth.

1.2.3.2 Iron acquisition
V. parahaemolyticus require iron for its growth and survival. Inside the host, the bacteria

utilize several strategies to acquire iron. In humans, iron is associated with the complexes like
transferrin, lactoferrin and hemoglobin [193]. During infection, bacteria use iron chelators
called siderophores to scavenge iron from such complexes. Different siderophores are acquired
with the help of siderophores membrane receptors. For example, vibrioferrin is acquired with

the help of receptor PvuA, ferrichrome by FhuA, and aerobactin by IutA receptors. The
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ATP-binding cassette (ABC) transporters like pvuBCDE and FhuCDB ABC complexes are

required for transporting siderophores across the inner membrane (Fig. 1.12) [194, 195].

1.2.3.3 Toxins
Most of the V. parahaemolyticus strains isolated from the patients show the presence of two

effector protein toxins, thermostable direct hemolysin (TDH) and TDH-related hemolysin
(TRH) (Fig. 1.13). In V. parahaemolyticus, TDH and TRH are the two virulence factors which
display hemolytic and cytotoxic activity [190]. TDH and TRH-containing bacteria are able to
lyse human erythrocytes when plated on high-salt containing media called Wagatsuma agar, a
process known as Kanagawa phenomenon (KP). The KP test is used to screen the pathogenic

strains of V. parahaemolyticus.

Toxins

Bacterium

TDH/TRH

S

Eukaryotic
cell

Hemolysis and
Cytotoxicity

T3SS1
Effectors

Bacterium

Eukaryotic
cell

Cytotoxicity

T3SS2
Effectors

Bacterium

A
A o

AA
A A

Eukaryotic
cell

Enterotoxicity
and Cytotoxicity

Fig. 1.13: Major toxins and type 3 secreted effector proteins of V. parahaemolyticus:

TDH is a secretory toxin which forms pores in the target host cell membrane, leading to hemolysis or
cytotoxicity (left panel). Different T3SS1 effector proteins of the bacteria (VopQ, VopR, VopS, and
VPAO0450) are known to show cytotoxicity in various cell types (middle panel). T3SS2 effector
proteins (VopA, VopC, VopL, and VopT) also cause cytotoxicity and enterotoxicity in the host cells
(right panel).
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The tdh gene is encoded and co-regulated with the genes of T3SS2 [196]. In V.
parahaemolyticus RIMD 2210633 (scientific name), there are two copies of the gene for the
TDH toxin, vpal314 (tdhA) and vpal378 (tdhS) emphasizing on the importance of TDH on the
pathogenicity caused by the bacteria [189]. TDH binds to the cholesterol and
sphingomyelin-containing lipid rafts [197]. Disruption of lipid rafts abrogates the cytotoxicity
in nucleated cells, but not the hemolytic activity again erythrocytes suggesting two distinct
mechanisms for such activities of this toxin [198]. The analysis of the crystal structure of TDH
suggests that it forms a tetramer with a central pore of 23 A in diameter and 50 A in depth,
which allows water and ions to pass through the membrane channel [199]. The mechanism of
channel formation results in the colloid-osmotic lysis of the cells. TRH and thermolabile
hemolysin (TLH) are also the pore-forming toxins from V. parahaemolyticus showing similar

cell-killing property like TDH (Fig. 1.13).

1.2.3.4 Type I11 secretion systems (T3SS) of Vibrio parahaemolyticus:

The T3SS of V. parahaemolyticus is a complex bacterial organelle, made up of 20-30 different
proteins, and it is used to deliver effector proteins directly from the cytoplasm of the bacteria
into the cytoplasm of the host cells. The secretion apparatus is a needle-like structure which
has a basal body spanning the inner and outer bacterial membranes, an elongated rod-like
structure that acts as a channel between the bacterial and eukaryotic cell, and a pore that is

inserted in the host cell membrane (Fig. 1.13) [190, 200, 201].

1.2.3.4.1 T3SS1:
T3SS1 is present in all strains of V. parahaemolyticus and is one of the major effector systems

utilized by the bacteria [202]. During infection, T3SS1 causes cytotoxicity in human cells, but
does not cause enterotoxicity as confirmed by rabbit ileal loop model [203]. The major
effectors of T3SS1 are VopQ, VopS, and VPA0450 that induce autophagy, membrane blebbing,
cell rounding, followed by cell lysis (Fig. 1.14). The different actions of T3SS1 effectors are
shown in Fig. 1.14, and are also discussed in Table 2. VopQ induces autophagy in the infected
cells, and also prevents phagocytosis of the bacteria. VPA0450 disrupts the cellular integrity

by detaching the plasma membranes from the actin cytoskeleton.
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Fig. 1.14 Toxicity of T3SS1 effectors of V. parahaemolyticus: VopS effector inhibits Rho protein,
thereby causing cell rounding and invasion of phagocytes (1). VPAO0450 hydrolyzes
phosphatidylinositide (4, 5)-biphosphate to D5 phosphate and destroys the assembly of membrane and
active cytoskeleton, thereby causing membrane blebbing (2). VopQ inhibits MAPK pathway and
promotes autophagy (3), VopR binds to PIP2 present in the membrane, thus promoting the refolding of
the T3SS effectors (4).

\VopS prevents actin assembly and destabilizes the actin cytoskeleton, leading to cell rounding

and cell shrinkage, which eventually kill the infected cells.

Effectors Gene Biological activity Effects on host cells

Toxins

TDH tdh Forms pores on cells Cytotoxicity and enterotoxicity

TRH trh Forms pores on cells Cytotoxicity and enterotoxicity

TLH tlh Hemolysin activity or?

T3SS1 effectors

Vop Q vp1680 Form pores and binds V-ATPase  Autophagy, cell lysis, MAPK
activation, 1L-8

Vop S vp1686 Inhibition of Rho by AMPylation  Cells rounding, phagocytes
invasion

VPA0450 vpa0450 Phosphatidylinositol phosphatase  Membrane blebbing,

destabilization
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Vop R vp1683 Binds PIP2 in membrane Promoting refolding of T3SS

effectors
T3SS2 effectors
Vop A/P vpal346 Inhibition of MAPK by Blocking of phosphorylation
acetylation of MKK and ATP binding
Vop T vpal327 Ras ADP-ribosylation Cytotoxicity and yeast growth
inhibition
Vop L vpal370 Actin nucleation Stress fibres formation and cell
ishape changing
Vop C vpal32l Activation of Rac and CDC42 by Invasion of non-phagocytic
deamidation cells
Vop V vpal357 Actin-binding and bundling Enterotoxicity and blunting of
villi
Vop Z vpal336 Inhibition of TAK1 and
downstream pathways Enterotoxicity and colonization
VPA1380 vpal380 Cysteine catalysis dependent on  Toxicity in Yeast
IP6

Table 2: List of known virulence factors of V. parahaemolyticus (Adapted from Wang et.al., Frontiers
in Microbiology, 2015)

1.2.3.4.2 T3SS2:

T3SS2 is a secretion system encoded by the pathogenicity island (VP-PAL) on chromosome I,
and can be isolated from the patients infected by V. parahaemolyticus [204]. T3SS2 has been
known to cause enterotoxicity in rabbit ileal loop, cytotoxicity in intestinal cell lines like
CaCO-2 cells, and disruption of tight junction integrity in cultured cell monolayers [203-205].
The major effectors of T3SS2 are Vop C, Vop T, Vop Z, Vop A/P, Vop V, Vop L, and VPA1380.
Vop A/P (VPA1346) inhibits cell division by blocking mitogen-activated protein kinase
(MAPK) signaling pathway (Fig. 1.15) [206]. Vop L binds and accelerates the formation of
polarized actin fibers. It also enhances the process of stress fibers formation independent of
Rho GTPase [207]. Vop L also promotes the uptake and invasion of the bacteria by providing
a favorable microenvironment for bacterial growth. Vop C disrupts the actin network and
enhances bacterial invasion by deamidating glutamine 61 in both Rac and CDC42, resulting in
constitutive activation of Rho family GTPases, thereby promoting the infected cells to engulf

the bacteria (Fig. 1.15) [208, 209].
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Fig. 1.15: Toxicity of T3SS2 effectors of V. parahaemolyticus: (1) VPA1380 catalyzes it targeted
substrate. VopC promotes invasion of the bacteria (2). VopZ induces enterotoxicity and fluid
accumulation (3). VopL promotes actin bundling (4). VopV binds to F-actin and promotes the stress
fibers formation (5). VopA blocks the binding of ATP and phosphorylation (6). VopT induces
cytotoxicity in intestinal cells of the host (7).

\Vop T has been known to inhibit the yeast cell growth and shows cytotoxicity in human
intestinal cultured cell lines [210]. Vop V promotes accumulation of F-actin filaments thereby
facilitating enterotoxicity in rabbit ileal loop models [211]. Vop Z inhibits the activation of
TAK1 kinase, which further inhibits the MAPK and NF-kB signaling pathways resulting in
fluid accumulation, cellular detachment, and epithelial damage [212]. VPA1380 is a cysteine

protease and is possibly involved in the invasion of the bacteria.

1.3 Thermostable direct hemolysin (TDH):
Thermostable direct hemolysin (TDH) is a major virulence factor of Vibrio parahaemolyticus,
and is responsible for the biological activities like hemolytic activity, cardiotoxicity and

enterotoxicity in humans [213-217]. TDH is a 165 amino acid-containing protein which forms
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pores in the membranes of the target cells (Fig. 1.17A). Therefore, it is designated as a
member in the family of pore-forming toxins (PFT). As discussed earlier, the general
mechanism of action of PFTs involve the following critical steps: (i) PFTs usually exist as
monomer in solution; (ii) binding of the monomeric unit of PFTs to the target host cell
membrane via specific receptor; (iii) the conversion of membrane-bound monomeric toxins
into oligomeric complexes; (iv) conformational changes in the oligomeric unit of PFTs, which
drive membrane insertion of the toxins and transmembrane pore formation. Formation of such
transmembrane pores on the host cell membranes leads to colloid-osmotic lysis of the cells.
TDH deviates from this general scheme of pore-formation and follows a distinct and unique
pathway of cell-killing. As suggested by earlier studies, TDH forms tetrameric assembly in
aqueous solution [218]. Crystal structure of TDH also confirms tetrameric assembly of the
toxin, which is indispensable for its hemolytic activity (Fig. 1.17B) [199]. The key
inter-protomer interactions necessary for oligomerization have been identified: Arg46 is
involved in multiple interactions at the oligomeric interface. The guanidium group of Arg46
forms an ion pair with both the carboxyl group of Glu138 and the C-terminal carboxyl group
of GIn165 in the adjacent protomer. Also, the guanidium group of Arg46 forms a r-cation
interaction with the aromatic ring of Tyr140 in the adjacent protomer [199]. The mechanism
of pore-formation in TDH is different from general mode of action of the PFTs. The distinct
steps of pore-formation of TDH are proposed to be as follows: (i) TDH exists as a tetramer in
solution; (ii) as an oligomer, it binds to the target cell membranes; (iii) after binding, certain
conformational changes (as yet unknown) in the toxin leads to membrane insertion and pore
formation in the target cell membranes (Fig. 1.16) [218-220].

The identity of the receptor for TDH still remains controversial. There are some studies which
suggest that gangliosides Gr; (present in neuronal cell membranes and endoplasmic reticulum)
is the receptor of TDH. This has been challenged by other studies claiming that ganglioside

asialo GM-2 is the most probable membrane receptor [221, 222].
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Fig. 1. 16: Steps Involved in pore-formation mechanism of TDH: TDH is present as a tetramer in
solution (I); as an oligomer, it binds to the membranes of the target host cells (I1); after binding, certain
structural changes in the oligomeric assembly drives the membrane insertion and channel formation
process (I11); due to channel formation, water molecules and ions can pass across the channel leading
to colloid-osmotic lysis of the cells (1V).

The functional pore-forming activity of TDH gets inhibited upon heating at 60 °C due to
formation of B-sheets rich, amyloid-like structures [197]. However, it gets converted into
unfolded states when heated at higher temperatures (80 °C), and regains its native structure
with functional pore-forming activity, when refolded under fast cooling conditions. Such
paradoxical responses to heat treatment is known as Arrhenius effect, and is documented in
other toxins like o-hemolysin of Staphylococcus aureus, exotoxin of Pseudomonas
aeruginosa, hemolysins of Bacillus cereus and Klebsiella pneumoniae [197, 223-226]. The
crystal structure of TDH suggests that the mature toxin is rich in B-sheets secondary structure,
and adopts a compact B-sandwich core structure (10 B-strands), with two short a-helices (a-1
and 3-19 helix) flanking the core (Fig. 1.17A) [199]. The N-terminal region consisting of first
11 amino acid residues is absent in the crystal structure, possibly because of its tendency to
adopt multiple conformations. The C-terminal region (CTR) of TDH forms a 3-1p helix
structure, and is held to the main B-sandwich core domain via a conserved disulphide bond
(between C151 and C161 residues) (Fig. 1.17A). Each protomer of TDH faces the other
protomer with its CTR present at the protomer:protomer interface, and forms a tetrameric

assembly with a central pore of 23 A in diameter and 50 A in depth (Fig. 1.17B,C) [199].
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Fig. 1. 17: Structural model of TDH: (A) TDH monomer consisting of a -sandwich core
domain surrounded by short a-helices. The C-terminal region forms a 3-1¢ helix structure (in
red) which is anchored to the main body via a disulphide bond (in yellow), (B) oligomeric
assembly of TDH forming a central pore, (C) dimeric interface of TDH, each protomer faces
other protomer and C-terminal region is present at the oligomeric interface [199].

A similar B-sandwich core domain has also been observed in the eukaryotic PFTs in the
actionporin family that includes Equinatoxin Il, Fragaceatoxin C, and Sticholysin Il [173,
174, 181]. This structural similarity of bacterial PFT TDH, with the eukaryotic actinoporins
is very unique (Fig. 1.18). However, despite such structural similarities, there are certain
structural differences observed in TDH when compared to the actinoporins. For example: (i)
presence of an extended C-terminal region which is absent in actinoporins; (ii) unlike
actinoporins (which contains a long ~30-residue N-terminal region with a-helical signature),
TDH has a shorter (11-residue long) N-terminal region which is absent in the crystal

structure;
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Fig. 1. 18: Structural superimposition of TDH with actinoporins using WinCoot: (A)
TDH monomer (in cyan) overlapped with Equinatoxin Il (in blue), (B) TDH monomer (in
cyan ) overlapped with Sticholysin Il (light pink), (C) TDH monomer (in cyan) overlapped
with Fragaceatoxin C (in green), the extended CTR (in red) and the disulphide bond (in
yellow) are present in TDH but absent in actinoporins.

(iii) presence of a conserved disulphide bond between C151 and C161 residues, whereas
actinoporins lack any cysteine residues. Also, the solution states of the actinoporins are of
monomer, whereas TDH is present as a tetramer in solution.

The present thesis work aimed toward understanding the functional implications of the unique
structural features present in TDH that are otherwise not documented in the structurally
related PFTs. In particular, the present work intended to unravel the role of different structural
motifs of TDH (like, flexible N-terminal region, and the unique C-terminal region) in the

mode of action of TDH.
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1.4 Specific objectives:

Toward determining the structure-function relationship of thermostable direct hemolysin
(TDH), the present thesis work aimed to explore two specific objectives:

1. To elucidate the implications of the C-terminal region (CTR) of TDH in the
structure-function mechanism of the toxin.

2. To explore the role of the N-terminal region (NTR) of TDH in the membrane-damaging
activity of the toxin.

The present thesis work provided novel insights regarding the role of the CTR in regulating
the oligomerization mechanism of TDH. Also, the present work elucidated the implications of
the NTR for the membrane-damaging cell-killing action of TDH. Altogether, the present
thesis work provided critical new insights regarding the functional implications of some of the

unique structural features present in TDH for the mode of action of this atypical bacterial PFT.

34



Chapter 2

Implications of the C-terminal region (CTR)
of TDH in the structure-function mechanism
of the toxin*

*This part of the study has been published as: Kundu, N., Tichkule, S., Pandit, S. B., &
Chattopadhyay, K. (2017). Disulphide bond restrains the C-terminal region of thermostable
direct hemolysin during folding to promote oligomerization. Biochemical Journal, 474(2),

317-331.
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Chapter 2

Implications of the C-terminal region (CTR) of TDH in the structure-function mechanism

of the toxin

2.1 Abstract

Pore-forming toxins (PFTs) are typically produced as water-soluble monomers, which upon
interacting with target cells assemble into transmembrane oligomeric pores. Vibrio
parahaemolyticus thermostable direct hemolysin (TDH) is an atypical PFT that exists as a
tetramer in solution, prior to membrane binding. The TDH structure highlights a core
B-sandwich domain similar to those found in the eukaryotic actinoporin family of PFTs.
However, the TDH structure harbors an extended C-terminal region (CTR) that is not
documented in the actinoporins. This CTR remains tethered to the 3-sandwich domain through
an intra-molecular disulphide bond. Part of the CTR is positioned at the interprotomer interface
in the TDH tetramer. Here we show that the truncation, as well as mutation, of the CTR
compromise tetrameric assembly, and the membrane-damaging activity of TDH. Our study
also reveals that intra-protomer disulphide bond formation during the folding/assembly process
of TDH restrains the CTR to mediate its participation in the formation of inter-protomer
contact, thus facilitating TDH oligomerization. However, once tetramerization is achieved,
disruption of the disulphide bond does not affect oligomeric assembly. Our study provides
critical insights regarding the regulation of the oligomerization mechanism of TDH, which has

not been previously documented in the PFT family.
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2.2 Introduction

Thermostable direct hemolysin (TDH) is a major virulence factor of Vibrio parahaemolyticus.
During the course of V. parahaemolyticus infection, TDH is secreted by the bacteria and causes cell
death by generating pores onto the target cell membranes [215-217]. TDH shows multiple distinct
biological activities that include enterotoxicity, cardiotoxicity and hemolytic activity [186, 214, 217,
218, 227]. TDH shows structural similarity with the eukaryotic pore-forming toxins (PFTs) in the
actinoporin family, i.e., Equinatoxin Il, Fragaceatoxin C, and Sticholysin 1l [173, 174, 181, 199].
Previous structure-function studies suggest that TDH follows a distinct mechanism of action within
the PFT family. The general steps in the pore-formation mechanism of the PFTs are as follows: (i)
secretion of the toxin as a monomeric molecule, (ii) binding of the monomeric toxin onto the
surface of the plasma membrane of the target cells, (iii) oligomerization of the toxin on the plasma
membrane of cells, and (iv) insertion of the specific structural motif from the toxin oligomers into
the cell membrane to form the transmembrane pores thereby causing the cell death [58, 61, 120,
127-129, 143, 145]. In contrast to this generalized mode of action, TDH appears to follow distinct
mechanism of action. TDH forms a terameric assembly in solution that subsequently binds to the
target cell membrane [218]. PFTs in the actinoporin family, which show structural similarity to
TDH, exist as monomer in solution, and form functional oligomers only upon binding to the target
cell membrane [171]. The mechanism that regulates the oligomerization mechanism of TDH in
solution has remained unclear. Previous studies highlighted key interacting residues at the
oligomerization surface of TDH, the mutation of which has been found to disrupt the tetrameric
assembly of the toxin in solution [199]. However, implications of the additional structural motifs,
that might be operational in the regulation of the tetrameric assembly of TDH, have remained
obscure.

Crystal structure of TDH shows a tetrameric assembly of the toxin, where each of the toxin
protomer is composed of a core B-sandwich domain [199]. Crystal structure of TDH also shows
presence of an extended C-terminal region (CTR) at the C-terminal end of the -sandwich domain.
This CTR (157SFFECKHQQ165) forms a 310-helix structure, and it is not an integral part of its

B-sandwich core [199]. The CTR of each protomer is positioned at the inter-protomer interface of
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the tetrameric assembly of TDH. Also, several amino acid residues within the CTR appear to
participate in making the interactions with the neighboring protomer. However, it remains unknown
whether the CTR indeed plays any role in the oligomerization process of TDH. From the crystal
structure, it is also observed that the CTR of each of the TDH protomer is tethered against the core
B-sandwich domain via an intra-protomer disulphide bond formed between the two Cys residues
(C151 and C161). Implication of such “disulphide-locked” structural disposition of CTR of TDH
also remains unexplored. Notably, such extended CTR, and the presence of the intra-protomer
disulphide bond that tethers the CTR against the main body if the toxin core, are absent in the
structurally related actionoporin family of PFTs. Therefore, in this part of the present study, we

examined the implications of the CTR for the structure-function mechanism of TDH.

2.3 Material and methods

2.3.1 PCR amplification and cloning of the nucleotide constructs of the TDH variants into the
pET-14b vector

Nucleotide sequences encoding the TDH variants were amplified by polymerase chain reaction
(PCR)-based approach using the wild-type construct as the template. The PCR cycle conditions
used were as follows:

1) Initial denaturation for 5 min at 94 °C
2) Denaturation for 30 sec at 94 °C
3) Annealing for 30 sec at 54 °C 30 X
4) Amplification for 1.30 min at 68 °C

5) Final extension for 7 min at 68 °C
The PCR-amplified product was digested with Xhol and BamH1 restriction enzymes for 3 h at
37 °C followed by short heat inactivation step at 80 °C for 5 min. The digested PCR product
was separated on 1% agarose gel by electrophoresis and the band corresponding to the
amplified product was extracted (using the Gel Extraction Kit; Qiagen). The ligation reaction
of the digested product was set by using 50 ng of pET-14b vector (digested) with 27 ng of the
insert (digested PCR product) for 1 h at 25 °C. The ligated product was transformed into

TOP10 cells (Novagen) and the recombinants were screened on Ampicillin (50
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ug/ml)-containing plate. The positive colonies containing the gene of interest were confirmed
by colony PCR, and the recombinant plasmid was isolated from the respective colony grown in

an overnight culture. The DNA sequence of the recombinant construct was confirmed by DNA

sequencing.
Primer Sequence (5°-3°)
1| TDHFW?S’ ATATTGCTCGAGATGTTTGAGCTTCCATCTGTCCC
2 | TDHRC 3’ AACATTGGATCTTATTGTTGATGTTTACATTCAAAAAACGAT

3 | Del 157-165_3’RC AACTAAGGATCCTTATTCTTTGTTGGATATACACATTACCAATATATT

4 | Q164A_3’RC CGGGCTTTGTTAGCAGCCGGATCCTTATTGGGCATGTTTACATT

5 | Q165A_3’RC CGGGCTTTGTTAGCAGCCGGATCCTTAGGCTTGATGTTTACATT

6 | Q164A-Q165A_3’RC|CGGGCTTTGTTAGCAGCCGGATCCTTAGGCGGCATGTTTACATT

7 | F159A_3’RC AACTAAGGATCCTTATTGTTGATGTTTACATTCGGCAAACGATTCTTT
8 | YS3A_S5’FW TACAAAGATGTTGCCGGTCAATCAGTATTCACAACGTCAG
9| YS3A_3’RC TACTGATTGACCGGCAACATCTTTGTACGGTTTTCTTTTT

2.3.2 Protein expression and purification

2.3.2.1 Protein purification from the soluble fraction of the bacterial cell lysate:

The nucleotide sequence coding for the wild-type Vibrio parahaemolyticus thermostable direct
hemolysin (TDH) was cloned into the pET-14b expression vector (Novagen) between the
Xhol and BamH1 sites. All the constructs for the mutated/truncated variants of TDH were
generated via the PCR-based approach as described above, and were also cloned in the
pET-14b bacterial expression vector. The pET-14b expression vector allowed incorporation of
(His)e-tag at the N-terminal end of the recombinant proteins. Recombinant pET-14b vector
harboring the constructs of the TDH variants were transformed into the Escherichia coli
Origami B cells (Novagen) for protein expression. The transformed E. coli Origami cells were
inoculated for a small-scale seed culture in LB medium supplemented with ampicillin (50
ug/ml), and were grown overnight at 37 °C with shaking at 180 rpm. The overnight seed
culture was inoculated for large scale (1 liter) culture in LB broth medium (2% of LB medium

volume) supplemented with ampicillin (50 pg/ml), at 37°C, until the mid-log growth phase
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(corresponding to OD600 = 0.5) with continuous shaking at 180 rpm. Protein expression was
induced with 1 mM IPTG (Isopropyl B-D-1-thiogalactopyranoside), and the culture was grown
for additional three hours at 30 °C with continuous shaking. The bacterial cells were then
harvested by centrifugation at 2700 x g for 30 minutes in a hanging bucket centrifuge, followed
by resuspension in 10 ml of PBS [20 mM sodium phosphate buffer containing 150 mM NaCl
(pH 7.5)], supplemented with bacterial protease inhibitor cocktail (Sigma). Cells were then
lysed by ultrasonic disruption using a Mesonix Ultra-Sonicator with twenty pulses of thirty
seconds, with ten seconds interval between each pulse, at amplitude of 20, followed by
high-speed centrifugation at 18, 000 x g for 20 minutes at 4 °C. The supernatant (soluble)
fraction of the cell lysate was collected, adjusted with 20 mM imidazole (prepared in PBS),
was passed through Ni-NTA agarose column (Qiagen) pre-equilibrated with PBS. The loosely
bound, non-specific proteins were removed by washing the Ni-NTA column with 50 ml of the
20 mM imidazole in PBS. The tightly bound His-tagged protein was eluted with 300 mM
imidazole in PBS.

The eluted protein from Ni-NTA was diluted four-fold with 10 mM Tris-HCI buffer (pH 7.5)
and subsequently was loaded onto Q Sepharose Fast Flow (GE Healthcare/Amersham) resin
(pre-equilibrated with 10 mM Tris-HCI buffer (pH 7.5). The loosely bound non-specific
proteins were removed by giving a wash with 10 mM Tris-HCI buffer containing 100 mM
NaCl (pH 7.5). The specifically bound protein was eluted using 10 mM Tris-HCI buffer
containing 500 mM NaCl (pH 7.5). Purified His-tagged protein was analyzed by
SDS-PAGE/Coomassie staining.

2.3.2.2 Protein purification from inclusion bodies:

For purification of TDH via refolding from the inclusion body fraction, E. coli Origami B cells
containing the constructs were grown till mid-log growth phase (corresponding to ODgyy =
0.5), as described above. Protein expression was induced with 1 mM IPTG. In order to increase
the yield of the inclusion body fraction, after the induction the cells were grown at 37 °C for 3
h in the presence of 1 mM IPTG. When TDH was recombinantly overexpressed in the
heterologous expression system in E. coli, a significant part of the overexpressed protein was

present in the form of insoluble inclusion bodies. Cells were lysed by ultrasonic disruption
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followed by centrifugation at 18, 000 x g, and the pellet fraction containing the insoluble
inclusion bodies was harvested. The pellet containing inclusion bodies was washed with the
lysis buffer [10 mM Tris-HCI, 100 mM NaCl, 0.5% Triton X-100, 1 mM EDTA (pH 8)] with
or without 10 mM DTT (dithiothreitol) to remove the unlysed cells. Finally, one wash was
given with the same buffer without Triton X-100. The washed pellet fraction containing the
inclusion bodies was solubilized under denaturing conditions in 8 M urea in 10 mM Tris-HCI
buffer (pH 8), in the presence or absence of 10 mM DTT. The solubilized denatured protein
was refolded by dialysis against the refolding buffer [10 mM Tris, 150 mM NaCl (pH 7.5)],
with or without 10 mM DTT. Denatured protein extraction from the inclusion body followed
by refolding in the presence of DTT would block formation of the intra-molecular disulphide
bond in TDH, while absence of the reducing agent DTT would allow formation of the
disulphide bond. High speed centrifugation at 16,000 x g for 15 min was done to remove the
aggregated proteins generated during the refolding process, and the supernatant was passed
through a 0.22 um syringe filter. Finally, the purity of the refolded protein was confirmed by
SDS-PAGE/ Coomassie staining analysis. Protein concentrations were determined by
monitoring the absorbance at 280 nm, using the theoretical extinction coefficient based on the

amino acid composition of the protein.

2.3.3 Removal of the His-Tag from the recombinant proteins:

Expression of the recombinant TDH variants from the pET-14b expression vector incorporated
a tag of 6 Histidine residues at the N-terminal end of the recombinant protein. The N-terminal
(His)e-tag from the purified protein was removed by proteolysis with thrombin
(Sigma-Aldrich). The (His)s-tagged TDH variants were incubated with thrombin for 2 h at
37°C (1 unit thrombin/250 g protein) and the reaction was stopped with 1 mM Phenyl Methyl
Sulfonyl Fluoride (PMSF). The processed protein was further purified by passing through the
Q Sepharose Fast Flow resin. Purity of the protein and the cleavage of His-tag was confirmed
by monitoring the difference in the migration pattern of the corresponding protein bands by
SDS-PAGE/ Coomassie staining. The protein concentration was estimated by monitoring the
absorbance at 280 nm, using the theoretical extinction coefficient based on the amino acid

composition of the protein.
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2.3.4 Far-UV circular dichroism (CD) measurements

The important secondary structural information of proteins can be determined by far-UV
circular dichroism (CD) spectroscopy. Far-UV CD spectra of the TDH variants were recorded
on a Chirascan spectropolarimeter (Applied Photophysics, Leatherhead, Surrey, UK) equipped
with a peltier-based temperature-controlled sample chamber, using a quartz cuvette of 5 mm
pathlength. All the samples were dialysed for overnight with intermittent changes against 1
mM Tris-HCI buffer, pH 7.5. Far-UV CD spectra of the refolded proteins were taken in 1 mM
Tris-HCI buffer, pH 7.5 with or without 0.1 mM TCEP [tris(2-carboxyethyl)phosphine
hydrochloride]. The protein concentration used for collecting the spectra were in the range of 1
-3 uM. All the protein spectra were corrected for the baseline by subtracting with the

corresponding buffer spectra.

2.3.5 Intrinsic tryptophan fluorescence emission measurements

Intrinsic tryptophan fluorescence spectra of the TDH variants (in 1 mM Tris-HCI buffer, pH
7.5) were recorded on a Fluoromax-4 spectrofluorimeter (Horiba Scientific, Edison, NJ)
equipped with a peltier-based temperature controller. The spectra were collected upon
excitation at 290 nm, and the tryptophan fluorescence emission spectra were recorded between
310-400 nm. The excitation and emission slit widths were 2.5 nm and 5 nm, respectively. The
final concentration of the protein used for the measurement was 2 puM. For the refolded
proteins, spectra were collected in 1 mM Tris-HCI buffer, pH 7.5, with or without 0.1 mM
TCEP.

2.3.6 Hemolytic activity assay to monitor pore-forming activity of the TDH variants

The membrane-damaging pore-forming cytolytic activity of the TDH variants were determined
against the human erythrocytes (suspended in PBS; corresponding to ODggo ~0.9) by measuring
the release of hemoglobin (hemolytic activity assay), spectrophotometrically at 415 nm, over a
period of 1 h at 37 °C [130]. The hemolytic activity plot was obtained by increasing
concentration of toxin ranging from 0-1.5 uM incubated with human erythrocytes in a 100 pl

reaction volume. Data represent the average + standard deviation determined from the three
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independent treatments. The pore-forming activity of TDH under reducing conditions was
monitored in PBS containing 1 mM DTT. The presence of an equivalent quantity of DTT in
the buffer without protein (control) did not cause any hemolysis indicating the lytic activity is

not caused by DTT but by the protein toxin.

2.3.7 Sedimentation velocity analytical ultracentrifugation

WT-TDH exists as tetramer in-solution. Oligomerization of TDH is important for functional
pore-formation. Different solution oligomerization states of wild type TDH and its variants
were examined by sedimentation velocity analytical ultracentrifugation (AUC) on a Beckman
Coulter ProteomeLab XL-I analytical ultracentrifuge equipped with an An-50 Ti 8-hole rotor.
In the channels of a two-channel centerpiece (Epon charcoal-filled) with 12 mm path length,
380 ul of sample and 400 ul of the reference buffer (10 mM Tris-HCI, 500 mM NacCl, pH 7.5)
were taken. Absorbance scans were collected while spinning the rotor at 42,000 or 40,000 rpm
at 20 °C, using the continuous scan mode without any time delay between the scans. A total of
300 scans were taken. Data was analyzed using the continuous c¢(S) distribution model with the
program SedFit. Data were presented using the plot of c(S) (sedimentation coefficient
distribution) on Y-axis versus the sedimentation coefficient [S] on X-axis (expressed in the
svedberg unit). Partial specific volume, buffer density, and viscosity values were determined

using the Sednterp server available online (http://sednterp.unh.edu/) and were used during the

data analysis in SedFit [228]. For assessing the sedimentation velocity AUC profile of TDH
under reducing conditions, an experiment was performed in 10 mM Tris-HCI buffer, 500 mM
NaCl, pH 7.5, containing 0.1 mM TCEP. TCEP does not absorb at 280 nm hence no false
positive signals were obtained due to the presence of TCEP. Same buffer except the protein

samples served as the blank.

2.3.8 Size exclusion chromatography

Size exclusion chromatography is one of the conventional techniques to determine the protein
oligomerization states. Therefore, information related to the different oligomerization states of
TDH and its mutant variants was confirmed by performing size exclusion chromatography

using a XK16/40 column packed with Superdex 200 resin (GE Healthcare Life Sciences). Size
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exclusion chromatography was performed on an AKTA Purifier platform (GE Healthcare).
Superdex 200 resin allows the separation of proteins ranging from 10 kDa to 600 kDa.
Superdex 200 column was equilibrated with the 10 mM Tris-HCI buffer (pH 7.5) with a flow
rate of 0.5 ml/min. Each of the test proteins (TDH variants; 1 ml at a concentration of ~60 uM)
was loaded onto the column, and was allowed to separate at a flow rate of 0.5 ml/min. The
fractions (1 ml) were collected, and analyzed by SDS-PAGE/Coomassie staining to confirm the
presence of the TDH variants in the different fractions. Assembly states of the TDH variants
were estimated by monitoring their corresponding elution profile, as compared to the elution
profile of the molecular weight markers. The column was calibrated with the following
molecular weight markers: Blue Dextran 2000 [2000 kDa; eluting at the void volume (V,) =
26.9 ml], aprotinin (6.5 kDa; eluting at 59.8 ml), and carbonic anhydrase (29 kDa; eluting at
50.6 ml).

2.3.9 Flow cytometry-based assay to monitor binding of the TDH variants with human
erythrocytes:

Binding of the TDH variants to the human erythrocyte cell membrane was determined by a
flow-cytometry-based assay [129, 229]. Human erythrocytes were washed multiple times with
PBS, and the pellet was resuspended in PBS containing 10 mM dextran (average molecular
weight of dextran was 9000-11000, Sigma-Aldrich). The cells were diluted and were counted
on hemocytometer. Human erythrocytes (10° cells) were then treated with the TDH variants in
PBS-dextran, pH 7.5, for 1 h at 37 °C. Final concentration of the toxin used for binding
experiment was 1 uM. After incubation with the toxin, the cells were washed with
PBS-dextran to remove unbound protein. Cells bound with the TDH variants were then treated
with anti-TDH antibody (polyclonal antibody raised in rabbit) for 30 min at 37 °C. Unbound
anti-TDH antibody was removed by giving three washes with PBS-dextran. The cells were
then treated with FITC (fluorescein isothiocyanate)-conjugated goat anti-rabbit antibody for 30
min at 37 °C. Unbound FITC-conjugated antibody was removed by washing the cells three
times with PBS-dextran. Cells were finally resuspended in PBS-dextran, and the extent of
fluorescence was determined by acquiring the cells on a FACSCalibur (BD Biosciences) flow

cytometer. The FITC fluorescence signal was directly correlated with the extent of binding of
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the TDH variants with the human erythrocytes.

2.3.10 DTNB experiment:

The free sulfhydryl groups in the refolded form of the TDH variants were determined by using
a water-soluble reagent 5, 5’-dithio-bis-(2-nitrobenzoic acid)(DTNB; Ellman’s reagent).
DTNB reacts with the free thiol groups to form a yellow-colored complex
2-nitro-5-thiobenzoic acid (TNB), which can be read spectrophotometrically at 412 nm. DTNB
solution was prepared freshly (4 mg/ml) in 10 mM Tris-HCI, pH 7.5 buffer, containing 1 mM
EDTA. 1 uM of protein was incubated with DTNB for 15 min at room temperature, and the
yellow-colored product formation was monitored spectrophotometrically at 412 nm. The extent

of color produced was directly proportional to the free sulphydryl groups present in the protein.

2.3.11 Analysis of protein structural models

Protein structural coordinate of TDH was obtained from the Protein Data Bank (PDB) [PDB
code: 3A57]. Protein structural co-ordinates of the eukaryotic pore-forming toxins from the
actinoporin family (that are structurally similar to TDH), Equinatoxin Il (PDB code: 11AZ),
Sticholysin 11 (PDB code: 1GWY), and Fragaceatoxin C (PDB code: 3VWI) were also
obtained from the PDB. The extent of structural similarity was visualized from the structural
superimposition of TDH with the different actinoporins, Equinatoxin II, Sticholysin Il and
Fragaceatoxin C using the program WinCoot [230]. All the protein structural models were
visualized -using the program PyMOL [DelLano, W. L. (2002) The PyMOL Molecular

Graphics System, found online (www.pymol.org)].

2.4 Results

2.4.1 Analysis of crystal structure of TDH and its comparison with those of the
actinoporin family of PFTs:

The crystal structure of TDH (PDB: 3A57) consists of a 3-sandwich core which is flanked by
two short a-helices. The mature TDH consists of 165 amino acids, and a single conserved
disulphide bond present at the C-terminal region (between Cys151 and Cys161) [199]. TDH

shares high structural similarity with eukaryotic pore-forming toxins (PFTs), actinoporins, e.g.
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Equinatoxin 1l (PDB code: 11AZ) secreted by Actinia equina, Fragaceatoxin C (PDB code:
3VWI) secreted by Actinia fragacea, Sticholysin Il (PDB code: 1GWY) secreted by
Stichodactyla helianthus. The structural comparison of TDH monomer with actinoporins
suggests that the central B-sandwich core domain of TDH is similar to those of the actinoporins.
However, the extended C-terminal region (CTR) of TDH that adopts extra short 3;o-helix
configuration is unique, and is absent in the actinoporins. This CTR is tethered against the
main B-sandwich domain via a single disulphide bond present between Cys151 and Cys161

residues (Fig. 2.1).

TDH Equinatoxin Il Fragaceatoxin C Sticholysin Il

Fig. 2.1: Structural comparison of TDH with the members of actinoporin family like Equinatoxin I,
Fragaceatoxin C and Sticholysin Il. TDH structure highlights an extended C-terminal region, which is
disulphide bonded to the main 3-sandwich core. Such unique structural features like extended C-terminal tail
and disulphide bond are absent in actinoporins.

The amino acid sequence alignment of TDH secreted by various bacteria in the Vibrio species like
Vibrio parahaemolyticus, Vibrio alginolyticus, Vibrio mimicus, Grimontia hollisae and Vibrio
cholerae suggests that the position of cysteine residues (C151 and C161) which form the disulphide
bond is conserved across the species. (Fig. 2.2) Such unique structural features like an extended
C-terminal tail and the intra-protomer disulphide bond are not present in the actinoporins which

indicate that these features are unique in TDH.
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Fig. 2.2: The amino acid sequence alignment of V. parahaemolyticus TDH with the TDH secreted by
different bacteria. The black line above the sequence is of CTR from V. parahaemolyticus and the conserved
cysteine residues (C151 and C161) are marked with *.

2.4.2 Analysis of the structural model of TDH tetramer and identification of possible
interactions at the oligomeric interfaces.

The crystal structure of TDH (PDB code: 3A57) shows that the protein adopts a tetrameric
assembly [199]. The crystal structure also highlights some of the important amino acid
residues involved in the interactions between the two neighboring protomers (Arg46 from one
protomer interacting with Tyr140 from the neighboring protomer. Mutations of these residues
have been found to disrupt the oligomer formation by TDH in solution [199]. Crystal structure
of TDH, however, highlights several additional features that might play roles in the
oligomerization mechanism of TDH. Analysis of the crystal structure shows that the
C-terminal region (CTR; 157SFFECKHQQ165) of TDH is not an integral part of the core
B-sandwich domain of the toxin, and it protrudes out from the main body of the toxin. Part of
this CTR adopts a 310-helix configuration. Also, the CTR is positioned at the oligomeric
interface where one protomer is interacting with the neighboring protomer. An
intra-molecular disulphide bond between C151 and C161 residues appears to lock the CTR to

the B-sandwich core domain (Fig. 2.3A).

Further analysis of the CTR at the inter-protomer interface of TDH tetramer shows that a

number of polar and aromatic/hydrophobic residues within the CTR are engaged in

interactions with the residues from the neighboring protomer (Fig. 2.3B).
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Fig 2.3: (A) The tetrameric assembly of TDH highlighting the positioning of CTR (red) at the
inter-protomer interface. The disulphide bond (pale orange) which locks the CTR to the B-sandwich
domain is also shown. (B) Zoomed view of the possible interactions mediated by the CTR with the
neighboring protomer. The disulphide bond between C151 and C161 is highlighted with *.

The amino acid residues of CTR that are found to make possible interactions with the
neighboring protomer are F159, Q164 and Q165. F159 present in CTR seems to be
interacting with Y53 present in the neighboring protomer via hydrophobic interaction. Q164
and Q165 are seemed to be involved in hydrogen bond interactions with the peptide bond and
side chain of the amino acid residues present in the adjacent protomer. All these interactions
at the oligomeric interface via CTR highlight a strong possibility of CTR playing a
significant role in oligomerization of the toxin. As mentioned earlier, such unique structural
features (CTR and disulphide bond), and the above-mentioned interactions are absent in the
actinoporins which remain monomer in solution. Altogether, the information obtained from
the literature and the crystal structure of TDH prompted us to investigate the

structure-function mechanism of CTR in the mode of action of TDH.

2.4.3 Purification and structural characterization of TDH-ACTR" %
In order to explore the function of CTR in the structure-mechanism of TDH, we constructed a

truncated variant of TDH (TDH-ACTR®" %) lacking the CTR (Fig. 2.4A). The construct
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corresponding to the wild type TDH (WT-TDH) shown in the figure below depicts a short helix
(red colored) at the C-terminal end representing the CTR. The TDH-ACTR™"*®* construct lacks the
motif corresponding to the CTR (157SFFECKHQQ165). The TDH-ACTR*"® was expressed in
E. coli origami cells, and was purified from the soluble fraction of the cell lysate. The mutant was

purified to homogeneity and the size of the protein was confirmed on SDS-PAGE/Coomassie

staining (Fig. 2.4B).
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Fig. 2.4: (A) The cartoon representation of the constructs WT-TDH consists of a short helix (red) at
the C-terminal end. The construct of mutant lacks this short helix consisting of residues from 157-165.
(B) SDS-PAGE coomassie staining profile of WT-TDH (lane 1) and TDH-ACTR™"*® (lane 2).
Marker is represented in lane M

2.4.4 Comparison of functional pore-forming activity of WT-TDH and TDH-ACTR™" %
In order to investigate the role of CTR (residues 157-165) in the membrane-damaging pore-forming

activity of TDH, we incubated human erythrocytes with the WT-TDH and TDH-ACTR*" %, The
tendency of the TDH and its variant to make pores in the target erythrocyte membranes was
observed by treating the human erythrocytes with different concentrations of the proteins for 1 h at
37°C. The extent of hemoglobin release from the cells (hemolytic activity) due to the
membrane-damaging  pore-forming activity of the toxin variants was assessed

spectrophotometrically, and was correlated to the functionality of the proteins (Fig. 2.5).
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Fig. 2.5: Membrane-damaging hemolytic activity profile of WT-TDH and TDH-ACTR*"*¢®
against human erythrocytes.

When compared with the hemolytic activity profile of the wild-type toxin (WT-TDH),
TDH-ACTR™" % displayed significantly reduced hemolytic activity against human
erythrocytes. At a concentration of 0.375 uM, TDH-ACTR>'*® exhibited 13.5% hemolytic
activity, as compared to the 80% hemolytic activity displayed by WT-TDH. At 0.75 uM
concentration, TDH-ACTR™"® showed <30% activity, while WT-TDH showed ~90%
hemolytic activity. Altogether this data suggested that the truncation of CTR abrogated the

functional pore-formation activity of the toxin to a drastic extent.

2.45 Characterization of secondary and tertiary structural organization of
TDH-ACTR"™®

Deletion of the CTR affected the membrane-damaging pore-forming activity of TDH.
Therefore, we wanted to examine whether the deletion of the CTR affected the secondary
and/or tertiary structural organization of the truncated protein. For this, we examined the
far-UV CD (as the signature of secondary structural organization) and intrinsic tryptophan
fluorescence emission profile (as the signature of overall tertiary structural organization) of
the truncated protein, and compared them with those of the wild type protein. In the far-Uv
CD experiments, both WT-TDH and TDH-ACTR™"*®® showed nearly overlapping ellipticity
profile (Fig. 2.6A). This data suggested that the truncation of CTR did not affect the overall
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secondary structural organization of the toxin. Next, we monitored the intrinsic tryptophan

15718 1o examine any possible change in the

fluorescence emission profile of TDH-ACTR
environment of the tryptophan residues present in the truncated mutant (as the signature of
any change in the overall tertiary structural organization of the protein). In this experiment,
both WT-TDH and TDH-ACTR % showed nearly similar and overlapping tryptophan
fluorescence emission profile suggesting that the truncation of CTR from TDH did not affect
the overall folding and tertiary structural organization of the protein (Fig. 2.6B). Altogether
these data confirmed that the truncation of CTR from TDH did not trigger any noticeable

change in the overall secondary and tertiary structural organization of the protein.
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Fig. 2.6: (A) Far-UV CD spectra profile of WT-TDH and TDH-ACTR™"*®*, (B) Normalized intrinsic
tryptophan emission spectra of WT-TDH and TDH-ACTR>" %,

2.4.6 Determination of the quaternary structural organization of the truncated form of
TDH lacking the CTR

In the crystal structure of TDH tetrameric assembly, the C-terminal region (CTR) of the
protein is found to be positioned at the inter-protomer interface, and is also found to make
prominent interactions with the neighboring protomer, using a number of
aromatic/hydrophobic and/or polar interactions. Based on such observations, we wanted to
investigate whether the CTR played any crucial role in the oligomerization of the toxin. For
this, we monitored the solution oligomerization tendency of the truncated form of TDH

(TDH-ACTR™" %) by sedimentation velocity analytical ultracentrifugation (AUC)

157-165

experiment. The AUC profile showed that the major population of TDH-ACTR existed
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as monomer in solution, whereas, consistent with the earlier reports, WT-TDH existed as

tetramer in solution (Fig. 2.7).
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Fig. 2.7: Sedimentation velocity AUC profile of WT-TDH and TDH-ACTR™" ¢

For WT-TDH, the plot of sedimentation coefficient distribution, c(S), gave the major peak at
around a sedimentation coefficient value ([S]) of 4.8, corresponding to a tetrameric state of the
protein. For TDH-ACTR®" % ¢(S) plot showed the major peak at around a sedimentation
coefficient value of 1.8, corresponding to a monomeric state, along with a very small peak
corresponding to the tetrameric state of the truncated protein. Altogether, this data suggests that the
truncation of CTR from TDH abrogated the solution tetrameric assembly of the TDH.

In order to further confirm the solution monomeric state of TDH-ACTR™"®® we performed
size-exclusion chromatography. The WT-TDH, being in its oligomeric state (high molecular
weight), came into early fraction, at around 46.3 ml. On the other hand, TDH-ACTR*"*® eluted in
latter fraction, at around 52.6 ml, indicating the truncated mutant to be of lower molecular weight
species (corresponding to the size of the monomeric protein) (Fig. 2.8). Size-exclusion
chromatography column of Sephacryl S-200 was calibrated with the molecular weight markers. The
void volume (V,) of the column was estimated by passing Blue Dextran 2000 (corresponding to the
molecular weight 2000 kDa). Elution volume of Aprotinin (Molecular mass of 6.5 kDa) is also

indicated in the chromatogram.
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In sum, the sedimentation velocity AUC and size-exclusion chromatography data confirmed that

the truncation of the CTR abolished the ability of TDH to form the tetrameric assembly in solution.
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Fig. 2.8: Size-exclusion chromatography profile of WT-TDH and TDH-ACTR*" %,
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Fig. 2.9: Major effect of CTR: Cartoon representation of TDH tetramer highlighting CTR (red).
Removal of CTR abrogates oligomerization and protein exists as monomer with reduced activity.
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2.4.7 Truncation of CTR compromises the membrane-binding ability of TDH against human
erythrocytes

We found that the truncation of CTR from TDH disrupted the solution oligomerization of the toxin,
and the truncated protein existed as monomer in solution. The tendency to make pores on the target
cells was significantly reduced for this truncated mutant of TDH. We next wanted to know if this
loss in functionality was due to the reduced membrane-binding ability of TDH-ACTR™"*®°, For
this we tested the binding ability of TDH-ACTR™"***with the human erythrocytes by using flow
cytometry-based assay. The flow cytometry data suggested that the binding ability of
TDH-ACTR>" % was significantly reduced, as compared to WT-TDH (Fig. 2.10).
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Fig. 2.10: Binding of WT-TDH (black line) and TDH-ACTR""*® (red line) with human erythrocytes
determined by the flow cytometry-based assay.

This data clearly suggested that being monomer, there was a significant loss in the

membrane-binding ability of TDH-ACTR™ % and this observation explained the loss in the
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hemolytic activity of TDH-ACTR®"®. In other words, deletion of the CTR not only
affected the oligomerization ability of TDH, but it also affected the membrane-binding
efficacy of the protein, and thus leading to the compromised functionality of the truncated

toxin.

2.4.8 Mutation of the aromatic amino acid residue within the CTR does not affect the
functional pore-forming activity and solution oligomerization of TDH

Analysis of the crystal structure of TDH suggests that the side chain of Phel159 present within the
CTR makes hydrophobic stacking interaction with Tyr53 from the neighboring protomer (at the
oligomeric interface). To investigate if this interaction plays any significant role in the
oligomerization of the toxin via CTR, we introduced single point mutation of Phel59Ala and
Tyr53Ala in TDH. We wanted to examine if these mutations disrupt the functional
membrane-damaging pore-forming activity of the toxin. To assess any change in the functional
pore-forming ability of the mutants, we performed hemolytic activity assay with human

erythrocytes at 37 °C for 1 h by using different toxin concentration (Fig. 2.11).
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Fig. 2.11: Membrane-damaging hemolytic activity profile of WT-TDH, Phe159Ala and Tyr53Ala
against human erythrocytes

Both the mutants (Phel59Ala-TDH and Tyr53Ala-TDH) showed almost similar hemolytic
activity profile as compared to WT-TDH. At 1.5 uM protein concentration, Phe159Ala showed

70% of activity while Tyr53Ala showed close to 80% of the activity, which is almost similar to
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80% of WT-TDH activity. This data suggested that the interactions between Phe159 and Tyr53 do
not play any significant role in the functional pore-formation by TDH.

Next, we wanted to examine if the interaction between Phel59 and Tyr53 play any significant
role in the oligomerization mechanism of the toxin. For this, we performed sedimentation
velocity AUC and size-exclusion chromatography to monitor their solution oligomeric state. The
AUC profile showed that the major population of both the mutants existed as tetramer in solution,
with a very small population being present in the monomeric state (Fig. 2.12). This data
suggested that the interaction between Phel59 and Tyr53 do not play any crucial role in the

solution oligomerization of the toxin.
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Fig. 2.12: Sedimentation velocity analytical ultracentrifugation profile of WT-TDH, Phel59Ala and
Tyr53Ala

In order to further confirm the solution tetrameric state of Phe159Ala-TDH and Tyr53Ala-TDH, we
performed size-exclusion chromatography. The WT-TDH, being in its tetrameric state, eluted at
around 46.3 ml. Phel59Ala-TDH and Tyr53Ala-TDH showed nearly similar elution profile as
compared to that of WT-TDH; Phel59Ala-TDH and Tyr53Ala-TDH eluted around 50 ml and 48.2
ml, respectively (Fig. 2.13). Such elution profile confirmed the tetrameric states of

Phel59Ala-TDH and Tyr53Ala-TDH, similar to that of WT-TDH.
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Fig. 2.13: Size-exclusion chromatography profile of F159A and Y53A mutants as compared to that of
wild-type TDH (WT). Elution volumes of Blue Dextran 2000 (Vo, void volume) and aprotinin (6.5
kDa) are also indicated.

Altogether, these data suggested that the hydrophobic interaction between Phel59, located within
the CTR from one protomer, and Tyr53 from the neighboring protomer at the oligomeric interface

are not critical for maintaining the solution oligomers.

2.4.9 Mutation of GInl64Ala within the CTR disrupts solution oligomerization and
membrane-damaging pore-forming activity of TDH.

Analysis of the crystal structure showed that the CTR interacts with the neighboring protomer via
another important residue, GIn164. From the crystal structure, it appears that GIn164 (within the
CTR) is involved in multiple interactions with the adjacent protomer at the oligomeric interface.
Therefore, we wanted to explore whether GIn164 plays any role in the oligomerization mechanism
of TDH. To test this hypothesis, we generated a mutant variant of TDH harboring mutation of
GIn164Ala, and tested its membrane-damaging activity and solution oligomerization ability. When
tested for its membrane-damaging activity against the human erythrocytes, GInl164Ala-TDH

showed significant compromised hemolytic activity (Fig. 2.14).
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Fig. 2.14: Membrane-damaging hemolytic activity of GIn164Ala-TDH and WT-TDH against human
erythrocytes.

At a concentration of 0.375 uM, WT-TDH showed 40% of hemolytic activity whereas GIn164Ala
shows around 5% of the activity. When the toxin concentration was increased to 0.75 uM,
WT-TDH showed 80% hemolysis, while GIn164Ala-TDH showed 10% activity. Altogether, this
data suggests that a single point mutation of GIn164Ala within the CTR abrogated the functional
pore-forming activity of the toxin to a significant extent.

Next, we examined whether this drop in functionality was due to disruption of the oligomeric
assembly of the mutant. To test this possibility, we assessed the sedimentation velocity AUC and
size-exclusion chromatography profile of GIn164Ala-TDH. The AUC profile of GIn164Ala-TDH
showed that the mutant existed exclusively as monomer in solution (Fig. 2.15). The profile showed
a single peak corresponding to the sedimentation coefficient value of ~2, corresponding to that of a

monomeric species.
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Fig. 2.15: Sedimentation velocity AUC profile of GIn164Ala mutant of TDH (Q164A)
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We also performed the size-exclusion chromatography to confirm the monomeric state of

GIn164Ala (Fig. 2.16).
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Fig. 2.16: Size-exclusion chromatography profile of GIn164Ala mutant (Q164A)

GIn164Ala-TDH eluted at around 52.5 ml from the size-exclusion chromatography column, while
the tetrameric form of WT-TDH eluted at 46.3 ml. This elution profile of GIn164Ala-TDH
suggested reduced molecular assembly of the mutant protein in solution. Altogether, these results
confirmed a critical role of GIn164 residue, present within the CTR, in the solution oligomerization
mechanism of the toxin. We wanted to examine if the loss in membrane-damaging activity and
solution oligomerization ability of the toxin was due to any change in the secondary and tertiary
structural features of the toxin. For this we examined far-UV CD and intrinsic tryptophan

fluorescence emission profile of the mutant (Fig 2.17A).
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Fig. 2.17: (A) Far-UV CD spectra of WT and Q164A. (B) Normalized intrinsic tryptophan
fluorescence emission spectra of WT and Q164A.
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GIn164Ala-TDH showed nearly similar and overlapping far-UV CD and intrinsic tryptophan
fluorescence emission profile as observed with the wild type TDH protein, suggesting that the
single point mutation in CTR of GInl64Ala did not affect the overall secondary and tertiary

structural organization of the protein (Fig. 2.17B).

2.4.10 Mutation of GIn164Ala within the CTR compromises membrane-binding ability of the
toxin.

The mutation of GIn164Ala critically abrogated the functional pore-forming activity and solution
oligomerization ability of TDH. We next wanted to know if this drop in functionality was due to
reduced membrane-binding ability of GIn164Ala-TDH. For this we tested the binding ability of
GIn164Alawith the human erythrocytes by using flow cytometry-based assay. The flow cytometry
data suggested that the binding ability of GIn164Ala-TDH was critically compromised as compared
to WT-TDH (Fig. 2.18).
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Fig. 2.18: Binding of WT-TDH (black line) and GIn164Ala (red line) with human erythrocytes as
determined by the flow cytometry-based assay.
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When compared with the percentage of target cells bound with the toxin, we observed that 70.3%
of cells were bound with the WT-TDH as compared to 44.1% of cells were bound with
GIn164Ala-TDH. This data clearly suggested that GInl164Ala-TDH, being monomer, showed
compromised membrane-binding ability, which further explained reduced hemolytic activity of

GIn164Ala-TDH.

2.4.11 Mutation of GIn165Ala within the CTR does not affect the functional pore-forming
activity and solution oligomerization of the toxin

The primary amino acid sequence and the crystal structure of the TDH shows that there are two
consecutive GIn residues at positions 164 and 165 within the CTR, at the C-terminal end of TDH.
As described above, GIn164 acts as a critical amino acid residue which plays significant role in the
membrane-damaging pore-forming activity and solution oligomerization of the toxin. As they are
similar amino acid, just one after another, we questioned whether GIn165 can also play similar
roles. To investigate the role of GIn165 in structure-function mechanism of TDH, we generated a
mutant (GIn165Ala) of TDH. When examined for its membrane-damaging activity, we found that
there is no change in the hemolytic activity profile of GIn165Ala, as compared to WT-TDH. This
data suggested that GIn165 does not play any functional role in the mechanism of action of TDH

(Fig. 2.19).
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Fig. 2.19: Membrane-damaging hemolytic activity of wild-type TDH (WT) and the Q165A
mutant against human erythrocytes.
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Next, we wanted to test whether GIn165Ala shows any defect in the solution oligomerization
ability of the toxin. For this, we performed sedimentation velocity AUC and size-exclusion
chromatography. The AUC profile showed that the major peak of GIn165Ala corresponded to the

sedimentation coefficient value of 5, suggesting it to be a tetramer in solution (Fig. 2.20).
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Fig. 2.20: Sedimentation velocity AUC profile of GIn165Ala (Q165A)

We confirmed the tetrameric state of GIn165Ala-TDH by size-exclusion chromatography. The
elution profile of GIn165Ala-TDH overlapped with that of WT-TDH, and eluted at around 46.3 ml.
(Fig 2.21). This data confirmed that GIn165Ala-TDH existed exclusively as tetramer. Altogether,
these results showed that GIn165 residue does not play any critical role in the oligomerization

mechanism of TDH, and also in the membrane-damaging pore-forming activity of the toxin.
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Fig. 2.21: Size-exclusion chromatography profile of GIn165Ala-TDH (Q165A)



2.4.12 Intra-protomer disulphide bond between Cys151 and Cysl161 restrains the CTR to
facilitate oligomerization of TDH and membrane-damaging activity

Analysis of the TDH crystal structure reveals that an intra-protomer disulphide bond (between
Cys151-C161) appears to tether the CTR to the core B-sandwich domain of the toxin. The locking
of CTR via a disulphide bond positions the CTR at the inter-protomer interface which might
facilitate the interaction between GIn164 within the CTR and the residues from the neighboring
protomer, thus maintaining the tetrameric assembly of TDH in solution. Based on this notion, we
wanted to test if the disulphide bond present between C151 and C161 plays any critical role in the

structure-function mechanism of TDH.

Two strategies used to break the disulphide bond:
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o Serit
1. Muta
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WT-TDH
Reduced

Fig. 2.22: Two strategies to break the disulphide bond: (1) Cysteine residues were mutated to serine
(Cys151Ser-Cys161Ser). In this case the disulphide bond is not formed in the protein. (2) Treat the
WT-TDH protein with a reducing agent to break the pre-formed disulphide bond.
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Strateqy (1): Disruption of the disulphide bond via mutation of the cysteine residues to serine

(Cys151Ser-Cys161Ser) breaks the tetrameric assembly of TDH and compromises the

membrane-damaging activity of the toxin:

We wanted to investigate whether the the intra-protomer disulphide bond play any crucial role in
positioning of CTR at the intra-protomer interface, thereby facilitating the solution oligomerization
of TDH. For this we disrupted the disulphide bond by generating a construct,
Cys151Ser-Cys161Ser-TDH. In this mutant, the disulphide bond would never form. Therefore, we
wanted to investigate how the absence of disulphide bond formation affected the solution
oligomerization ability and membrane pore-formation activity of the toxin. When tested for the
functional pore-forming activity against human erythrocytes, we found a significant drop in the

hemolytic activity as compared to the WT-TDH (Fig. 2.23).
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Fig. 2.23: Membrane-damaging hemolytic activity of wild type TDH (WT) and the TDH variant
harboring the mutations of Cys151Ser and Cys161Ser (C151S-C161S) against human erythrocytes.

At a concentration of 0.5 uM, Cys151Ser-Cys161Ser showed nearly 40% of the activity whereas
WT-TDH showed 80% of the hemolytic activity. The hemolytic profile suggests that disruption of
disulphide bond formation affects the functionality of the toxin.

We next wanted to determine if this loss in activity was due to changes in the secondary and tertiary
structural integrity of the toxin. For this we performed far-UV CD spectroscopy and intrinsic

tryptophan fluorescence studies (Fig. 2.24A).

64



A WT 510 —WT

2 10% ——C1515-C161S 3 ——C1518-C161S

@ S 0.8

o i Q

g ° $ 0.6

= [e]

%'10* = 04

S -20] o2

g T

w -301 . : . . . Eoo

200 210 220 230 240 250 260 = 340 380 @ 420

Wavelength (nm) Wavelength (nm)

Fig. 2.24: (A) Far-UV CD spectra of WT and Q164A. (B) Normalized intrinsic tryptophan
fluorescence emission spectra of WT-TDH and Cys151Ser-Cys161Ser.

Far-UV CD data revealed that both the wild type and the mutant proteins showed overlapping
profile. This data suggested that the disruption of disulphide bond did not affect the overall
secondary structural integrity of the toxin. The change in tertiary structural organization of the
protein was monitored by assessing the intrinsic tryptophan fluorescence emission studies (Fig.
2.24 B). In this experiment, both, WT-TDH Cys151Ser-Cys161Ser showed overlapping spectrum
suggesting that the absence of disulphide formation in TDH did not affect the overall folding and
tertiary structure of the protein. Altogether these data suggested that the Cys151Ser-Cys161Ser
mutation in TDH did not change the overall secondary and tertiary structural organization of the
protein.

2.4.13 Disruption of disulphide bond compromises solution oligomerization:

Analysis of the crystal structure of TDH suggests that disulphide bond between Cys151 and
Cys161 residues act to tether the CTR at the inter-protomer interface. The restraining of CTR via
disulphide bond therefore may act facilitates oligomerization of TDH via CTR-mediated
interactions. To test this, we performed the sedimentation velocity AUC experiments with
Cys151Ser-Cys161Ser-TDH. The AUC profile of the Cys151Ser-Cys161Ser-TDH suggested that
the major population of the mutant peaked at the sedimentation coefficient value of 2, suggesting
the major population of the mutant existed as monomer in solution. There is also a small peak at the

sedimentation coefficient value of 4.2, corresponding to the tetramer population (Fig. 2.25).
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Fig. 2.25: Sedimentation velocity AUC profile of Cys151Ser-Cys161Ser (C151S-C161S).

To confirm the monomeric state of Cys151Ser-Cys161Ser mutant, we performed size-exclusion
chromatography. Analysis of the size-exclusion chromatography profile showed that the mutant
lacking the disulphide bond (Cys151Ser-Cys161Ser-TDH) eluted at around 52.3 ml, which
corresponded to the monomeric state of the protein. Elution profile of Blue Dextran 2000 (Vo) and

Aprotinin were also monitored as the standards (Fig. 2.26).

—— WT-TDH
—— C1515-C161S

=523 ml

120: 46.3 m|=»

80 1
D
<C
£ ]
40 4
Aprotinin
\
0 —

0 10 20 30 40 50 60 70 80
Elution volume (ml)

Fig. 2.26: Size-exclusion chromatography profile of WT-TDH and Cys151Ser-Cys161Ser
(C151S-C161S).
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The sedimentation velocity AUC profile and size-exclusion chromatography data confirmed that
the Cys151Ser-Cys161Ser mutant of TDH existed as monomer in solution. In other words,
disruption of the disulphide bond formation in the mutant (C151S-C161S) abrogated solution
oligomerization of the toxin. This data proved our hypothesis and speculation that formation of the
disulphide bond indeed locks the CTR at the oligomeric interface, and this restraining of CTR
allows Q164 to make interaction with the neighboring protomer, thus facilitating the
oligomerization. In the absence of disulphide bond, the CTR possibly becomes too flexible that in
turn prohibits the positioning of CTR at the oligomeric interface. As a result, Q164 cannot establish
interactions with the residues from the neighboring protomer. As a result, the mutant remains as

monomer in solution.
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Fig. 2.27 Mechanism of disulphide bond mediated oligomerization: (A) Formation of disulphide
bond positions CTR at oligomeric interface which facilitates interaction of GIn164 with neighboring
protomer thereby forming oligomers in solution. (B) Absence of disulphide bond formation makes
CTR flexible thereby preventing GIn164 interaction, generating monomers in solution.

Similar observations were obtained by the computational based MD simulation studies carried out
by our collaborators, Dr. Shashi Bhushan Pandit and Mr. Swapnil Tichkule. To explore the role of
disulphide bond in restraining the possible structural/conformational fluctuation of the CTR, MD
simulation of TDH monomer was performed for 30 ns in the presence of explicit water, with or
without the disulphide bond (Fig. 2.28). The atomic fluctuations of residues were averaged for 30

ns and the results suggested that in the absence of the disulphide bond the CTR exhibited greater
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flexibility, when compared with the disulphide bond. Altogether these results confirmed that the

Cys151-Cys161 disulphide bond restricted the motion of the CTR.
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Fig. 2.28: MD simulation of TDH monomeric structure in the presence and absence of
disulphide bond between Cys151 and Cys 161 residues: (A) RMSF comparison is shown for the
TDH monomers with and without the disulphide bond. The RMSF computed from B-factor obtained
from the X-ray crystal structure is shown as a dotted line. (B) Conformations of the TDH monomer
structures with or without the disulphide bond during the simulations were aligned to illustrate the
relative motion of the CTR with respect to the rest of the domain. TDH monomer with the disulphide
bond was simulated against TDH monomer without disulphide bond. Color indicates time, with red
being the early stages of the simulations and blue indicating the later stages of the simulations
(Figure taken from Kundu et.al., Biochemical Journal, 2017).

2.4.14 Disruption of the disulphide bond in Cysl151Ser-Cys161Ser mutant compromises
membrane-binding ability of the toxin
The disruption of disulphide bond formation in the mutant Cys151Ser-Cys161Ser compromises the

solution oligomerization and functional pore-forming activity of the toxin. We wanted to
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investigate if the loss in the functionality was due to compromised membrane-binding ability of the
toxin. For this we tested the membrane binding efficacy of Cys151Ser-Cys161Ser with the human

erythrocytes by using flow-cytometry based assay (Fig. 2.29).
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Fig. 2.29: Binding of WT-TDH (black line) and Cys151Ser-Cys161Ser (C151S-C161S) (red line) with
human erythrocytes determined by the flow cytometry-based assay.

The flow cytometry data suggested that the binding ability Cys151Ser-Cys161Ser is significantly
compromised as compared to WT-TDH. When we compared the percentage of cell population with
bound TDH variants, we found that ~70% cell population were having bound WT-TDH. In
contrast, only 57.3% of the cells were having bound Cys151Ser-Cys161Ser-TDH. This data clearly
suggested Cys151Ser-Cys161Ser-TDH showed compromised membrane-binding ability.
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2.4.15 Disruption of the intra-protomer disulphide bond during the folding/assembly process
compromises oligomerization, while reduction in the disulphide bond after completion of the

folding/assembly process does not affect the oligomerization of TDH

Strateqy (2): Disruption of the disulphide bond by treating WT-TDH with a reducing agent

does not affect solution oligomerization and membrane-damaging activity of the toxin:

As discussed above, disruption of the disulphide formation (strategy 1) in the TDH
(Cys151Ser-Cys161Ser) compromises the solution oligomerization and pore-forming activity of the
toxin. Next, we wanted to test the second strategy (strategy 2) of breaking the disulphide bond, i.e.
treating the WT-TDH with a reducing agent (DTT/TCEP), and then to study its solution
oligomerization ability and membrane-damaging activity. The WT-TDH (reduced with 1 mM
DTT) was treated with human erythrocytes, and the cell-killing ability of the WT-TDH (reduced)
was monitored. Surprisingly, we found that there was no change in the hemolytic activity profile of
WT-TDH under the reducing condition, as compared to that under the non-reducing condition.
Thus, disruption of the pre-formed disulphide bond in WT-TDH, with a reducing agent, did not
show any change in the functionality of the toxin (Fig. 2.30).
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Fig. 2.30: Hemolytic activity of wild-type TDH against human erythrocytes, in the presence of the
reducing agent DTT (reducing) and without DTT treatment (non-reducing).
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Next, we wanted to investigate if the disruption of the disulphide bond in WT-TDH with a
reducing agent (strategy 2) affected the solution oligomerization ability of the toxin. For this we
performed sedimentation velocity AUC experiment of the reduced WT-TDH (treated with 0.1
mM TCEP). The reducing conditions were maintained during the AUC experiment as well. The
AUC profile of reduced WT-TDH showed that the major population of the protein existed as

tetramer in solution (Sedimentation coefficient value 5) (Fig. 2.31).

0.8- - Tetramer
0.6-
c(S) 0.4 —e— Reducing
0.2
0.0- ———— .
0 2 4 6 8 10 12 14
[S]

Fig. 2.31: Sedimentation velocity AUC profile of wild-type TDH, under reducing conditions in the
presence of 0.1 mM TCEP.

So, the two strategies of breaking the disulphide bond showed opposite results. Strategy 1, where
there was no possibility of disulphide bond formation in the protein (via usage of
Cys151Ser-Cys161Ser mutation), showed that the toxin existed as monomer. The strategy 2, in
which we reduced the pre-formed disulphide bond by treating the WT-TDH protein with a

reducing agent, showed that the toxin existed as tetramer.

In order to resolve this, we hypothesized that it is possible that the preformed tetrameric assembly
of wild-type TDH, once generated via interactions involving GIn164 and the other critical
residues important for oligomerization, cannot be disassembled via disruption of the disulphide
bond. In other words, once the GIn164 interacts with its neighboring protomer, disruption of the
disulphide bond does not affect oligomerization because GIn164 has already interacted, and this

interaction now plays a major role in oligomerization of the toxin.
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Denaturation and renaturation of WT-TDH from inclusion bodies, in the presence and

absence of the reducing agent (Fig. 2.32)
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Fig. 2.32: Scheme for denaturation and renaturation of WT-TDH from inclusion bodies. Renaturation
of protein in the presence of DTT was expected to exist as monomer and renaturation in the absence of
DTT was expected to exist as tetramer.

To understand further the role of the disulphide bond in mediating the oligomerization mechanism
of the toxin, we attempted to refold the WT-TDH protein from the denatured form, in the presence
and absence of a reducing agent. WT-TDH from the insoluble inclusion body was solubilized under
denaturing conditions of 8 M urea, refolded and purified, in the presence of DTT throughout the
process to ensure the blockade of disulphide bond formation. We also refolded the protein in the
absence of DTT, to allow formation of disulphide bond formation. We expected that the protein

refolded under the reducing agent would display compromised activity and would exist in solution
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as monomers, because in this case disulphide won’t be formed and CTR would be fluctuating, thus
possibly inhibiting proper positioning of GIn164 and its interaction to the neighboring protomer.
On contrary, we expected that protein refolded under non-reducing conditions would generate
tetramers because here disulphide bond would be allowed to formed, and thus CTR would be
positioned at the oligomeric interface, and GIn164 would be able to interact with the neighboring
protomer.

After refolding of the proteins in respective conditions (reducing/non-reducing), we tested the
membrane-damaging functional pore-forming activity of the proteins with human erythrocytes. The
hemolytic activity profile suggested that WT-TDH refolded under reducing conditions showed
reduced hemolytic activity as compared to WT-TDH, refolded under the non reducing conditions

(Fig. 2.33).
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Fig. 2.33: Membrane-damaging hemolytic activity of TDH, refolded under non-reducing (in the
absence of DTT) and reducing conditions (in the presence of DTT), against human erythrocytes.

We wanted to investigate if this decrease in hemolytic activity profile was due to loss in
secondary and tertiary structural integrity of WT-TDH protein (reducing/non reducing) during
refolding. Proteins refolded under both the reducing and non-reducing conditions displayed
similar secondary and tertiary structural organizations, as observed from the far-UVv CD and

tryptophan fluorescence spectra (Fig. 2.34 A and B respectively).

73



A \WT-TDH refolded B WT-TDH refolded

5 from inclusion body from inclusion body
] o 1.04 —Eog—re_ducing
o ] — Reducing
o O O
5 5 081
T -5 ?
= ] L 0.64
E -10] E

| [T _
£ -15; 5 04
= .20 —— Non-reducing % 0.2
Ll 1 —— Reducing
25 : , . ' : . s 0dtH——v7-—F———
200 210 220 230 240 250 260 <= 340 380 420
Wavelength (nm) Wavelength (nm)

Fig. 2.34: (A) Far-UV CD spectrum of TDH, refolded under reducing conditions (in the presence of
DTT), was collected in the presence of 0.1 mM TCEP to maintain the reducing conditions. Far-UV CD
spectrum of the protein refolded under non-reducing conditions (in the absence of DTT) was
monitored in the absence of TCEP, as the control. (B) Normalized intrinsic tryptophan fluorescence in
the presence and absence of 0.1 mM TCEP

The far-UV CD and intrinsic tryptophan fluorescence emission spectra of protein refolded
from inclusion bodies were similar to those proteins isolated from the soluble fraction of
bacterial cell lysates. Small differences were observed in the profile of the protein refolded
under reducing conditions, probably due to the presence of small amount of misfolded

proteins generated during refolding process.

Next, we wanted to determine the solution oligomerization state of the WT-TDH proteins
refolded under reducing and non-reducing conditions. For this, we performed sedimentation
velocity AUC experiments, and the AUC profile suggested that the major population of

proteins refolded under reducing conditions existed as monomer (Fig. 2.35).

74



WT-TDH refolded
from inclusion body

@
£
o)
c
o)
=
|

0.4 -« Tetramer

0.3 —e— Non-reducing
—e— Reducing

01 J

0.0

0 2 4 6 8 10 12 14
[S]

Fig. 2.35: Sedimentation velocity AUC profile of TDH, refolded under reducing conditions (in the
presence of DTT), was monitored in the presence of 0.1 mM TCEP. The sedimentation velocity AUC
profile of the protein refolded under non-reducing conditions was monitored in the absence of TCEP,
as the control.

On the other hand, the WT-TDH protein refolded under non-reducing conditions showed a
major peak belonging to the population of tetrameric assembly in solution. This data
confirmed that the disruption of disulphide bond formation during the process of protein
folding/assembly (under reducing conditions) did not allow the restraining of CTR at the
oligomeric interface, and as a result CTR becomes too flexible, because of which GIn164 was
unable to come to its proper position (protomer:protomer interface). As a result, the major
population of the protein remained in solution as monomers. Altogether, these data suggested
that the blockade of Cys151-Cys161 disulphide bond formation prior to the folding/assembly
of TDH could compromise the tetramerization of the protein in solution, but not after the
completion of the folding and assembly process. The present results also highlight that the
formation of disulphide bond from the process of folding and assembly itself regulates the

solution oligomerization process in TDH.
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Fig. 2.36: Disulphide bond formation regulates the process of solution oligomeriazation:
(A) The refolded protein in the absence of DTT (-DTT) allowed the formation of disulphide
bond, and positioned the CTR at the oligomeric interface thereby facilitating the interaction of
GIn164 to its neighboring protomer, hence maintaining the tetramers. Now reduction of
preformed disulphide bond by a reducing agent reduces the disulphide bond, but still
tetramers are maintained because of the interaction of GInl164. The GIn164 interaction
remains unaffected by reduction of the preformed disulphide bond. (B) The refolded protein in
the presence of DTT (+DTT) does not allow disulphide bond formation. As a result CTR
fluctuates, and GIn164-mediated interactions get inhibited, thereby generating monomers in
solution.
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2.5 Discussion and conclusion

Bacterial PFTs are, in general, secreted as water-soluble monomers, which upon associating with
target cell membranes converts into oligomeric pores [127, 231]. The mode of action of V.
parahaemolyticus TDH shows an atypical mechanism in that it exists as a tetramer in solution.
Tetramer formation in solution appears to be important for the membrane-damaging activity of
TDH. A previous study has identified two of the key residues (Arg46 and Tyr140), within the core
B-sandwich domain of TDH, that are implicated in oligomerization of the toxin. Our present study
shows that the C-terminal segment of TDH, which does not appear to be an integral part of the core
B-sandwich domain, plays a critical regulatory role in the oligomerization process of the toxin8.
Restrained configuration of the C-terminal segment, mediated by the disulphide bridge that tethers
this region to the B-sandwich domain, appears to be critical for creating the inter-protomer contact
toward oligomerization of TDH. Such a mechanism for regulating the oligomerization process has
not been documented for any other bacterial PFT. Even for the structural homologues of TDH in
the eukaryotic actinoporin family, such a regulatory mechanism does not appear to be operational.
Equinatoxin 1II, Fragaceatoxin C, and Sticholysin II represent the ‘structurally most
well-characterized’ members in the eukaryotic actinoporin family. TDH shares similar structural
organization for the core p-sandwich domain as displayed by those of Equinatoxin II,
Fragaceatoxin C, and Sticholysin Il. However, none of these actinoporins possesses any C-terminal
extension beyond the B-sandwich domain. In addition, all three actinoporins lack any Cys residue in
their primary structures. Consistent with such a notion, oligomerization of the actinoporins appears
to be triggered only upon interaction with target membranes [171, 231]. The presence of the CTR
motif, therefore, appears to provide a unique advantage for TDH in terms of allowing its prior
oligomerization in solution. The functional implication of such CTR-mediated oligomerization is
also manifested in the observation that prior oligomerization in solution is critical in the optimal
mode of action of TDH. Future studies would be required to explore in detail how the
structure-function mechanisms have evolved, in TDH and its structurally related homologues in the
eukaryotic actinoporin family of PFTs, toward employing differential regulation of their
oligomerization process.

Based on our study, it is possible to hypothesize that the C-terminal segment of TDH acts as a

mediator to allow tetramerization of the protein in solution prior to membrane interaction. In the
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absence of C-terminal segment-mediated oligomerization, the membrane-binding and subsequent
pore-formation event are compromised to a marked extent. It is important to emphasize, however,
that even in the absence of the C-terminal segment-mediated tetramer formation in solution, TDH
can display a prominent ability to bind to target cells. This observation clearly suggests that even in
the absence of oligomerization in solution, the monomeric form of TDH mutants can bind to target
cells. TDH may harbor potential structural motif(s) for binding to target membranes; however, the
identity of such structural motif(s) remains unknown at present. In the absence of CTR-mediated
oligomerization, TDH variants may bind to target cells by employing such structural motif(s)
present within the monomeric unit of the toxin. In the presence of the CTR-mediated
oligomerization of TDH in solution, binding is possibly augmented due to the increased avidity of
the tetrameric form of the toxin molecules. It is also important to note that even in the absence of
CTR-mediated oligomerization in solution, TDH variants show noticeable membrane-damaging
activity. This observation indicates that the monomeric TDH mutants are capable of forming
oligomeric pores upon binding to target cells. This can be explained by the fact that TDH contains
additional key residues (Arg46 and Tyr140) within the core B-sandwich domain that are implicated
in oligomerization of the toxin; such residues possibly facilitate the oligomerization of the protein
upon membrane association, in the absence of prior tetramer formation in solution. In sum, the
present study provides critical insights regarding the structure-function mechanism of V.
parahaemolyticus TDH. The study also extends our current understanding regarding the structural

mechanisms employed by PFT family members.
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Chapter 3

Implications of the N-terminal region
(NTR) of TDH in the membrane-damaging
activity of the toxin*

* This part of the study is in communication as: Kundu, N., Verma, P., Dhar, V., &
Chattopadhyay, K. (2018). Intrinsically disordered N-terminal region of Vibrio
parahaemolyticus thermostable direct hemolysin regulates the membrane-damaging action of

the pore-forming toxin.
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Chapter 3

Implications of the N-terminal region (NTR) of TDH in the membrane-damaging

activity of the toxin

3.1 Abstract

Thermostable direct hemolysin (TDH) is a major virulence factor secreted by the
gram-negative bacterial pathogen Vibrio parahaemolyticus. TDH has been characterized as
a membrane-damaging pore-forming toxin (PFT) with potent cytolytic/cytotoxic activity.
Mature form of the TDH polypeptide chain adopts a core -sandwich domain that exists as a
tetramer in solution. The 11-amino acid long N-terminal region (NTR) of the mature TDH is
predicted to be intrinsically disordered, and could not be modelled in the crystal structure
presumably due to its high degree of structural/conformations fluctuations. In the present
study, we have explored the role of the NTR in the structure-function mechanism of TDH.
Our data show that the presence of the NTR modulates the physicochemical properties of
TDH, in terms of augmenting the amyloidogenicity of the protein. Presence of the NTR acts
to generate surface-exposed hydrophobic patch(s) on TDH, and favors partitioning of the
toxin to the amphipathic phase of the membrane lipid bilayer of liposomes. Deletion of the
NTR compromises binding of TDH toward the target cell membranes, and drastically affects
the membrane-damaging cytolytic/cytotoxic activity of the toxin. Mutations of the
aromatic/hydrophobic residues within the NTR also confer compromised cell-killing activity.
Interestingly, restraining of the NTR against the core -sandwich domain, via engineered
disulphide bond, also abrogates the cytolytic/cytotoxic activities of TDH, suggesting that the
flexible configuration of the disordered NTR is crucial for the functionality of the toxin.
Based on our study, we propose a model explaining the role of the NTR in the

membrane-damaging functions of TDH.
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3.2 Introduction

The mature form of the TDH primary structure consists of 165 amino acid residues, and it
adopts a core B-sandwich domain structure (Fig. 3.1A). The primary structure of the mature
TDH highlights an N-terminal 11-amino acid long sequence (‘FELPSVPFPAP; NTR) (Fig.
3.1B), which does not appear to be a part of the core 3-sandwich domain. This NTR could not
be modelled in the crystal structure of TDH, presumably due to high conformation fluctuation
of the motif [232]. The NTR is found to be enriched in aromatic/hydrophobic residues, and it
also contains number of proline residues. Moreover, theoretical/computational analysis predicts
NTR to be intrinsically disordered (Fig. 3.1C). However, there is no information available till
date whether the NTR plays any role in the mechanism of action of TDH.

The present chapter discusses the implications of the NTR in the structure-function
mechanism of TDH. The results obtained from the study showed that the presence of the
NTR contributes toward some of the unique physicochemical properties of TDH. Deletion
of the NTR critically affected the membrane-damaging activity of the toxin. Mutations of
the key aromatic/hydrophobic residues within the NTR affected the TDH functionalities.
Covalent trapping of the NTR against the B-sandwich domain, via engineered disulphide
bond, also compromised the cytolytic/cytotoxic activity of TDH against the target cells,
suggesting that the predicted conformational fluctuation of the N-terminal arm is
presumably required for the optimal functionalities of the toxin. These results provided new
critical insights regarding the implications of the NTR present in TDH for the

membrane-damaging cytolytic/cytotoxic activity of the toxin.
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Fig. 3.1: Intrinsically disordered N-terminal region (NTR) of TDH. A) Tetrameric assembly of
TDH. The extended C-terminal region (CTR) is highlighted in orange color. B) Monomeric unit of
TDH is shown with the amino acid sequence of the NTR. C) Analysis of the TDH primary structure
predicted the NTR to be highly disordered. Predicted disordered region(s) in the TDH primary
structure was calculated using PASTA 2.0 available online
(http://protein.bio.unipd.it/pasta2/index.html) [233]. Segment corresponding to the NTR is indicated
with an arrow.
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The cartoon representation of WT-TDH highlighting flexible NTR (blue zigzag line). The crystal
structure lacks first 11 residues (NTR) and structure starts from residue Gly12 (represented by red
arrow). Rest of the amino acids forms a compact 3-sandwich structure surrounded by 2 short helices
(represented in green).
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3.3 Materials and Methods

3.3.1 PCR amplification and cloning of the nucleotide constructs of the TDH variants

into the pET-14b vector

Nucleotide sequences encoding the TDH variants (wild type, NTD, F1A-F8A-TDH,

L3A-V6A-TDH, and S5C-S13C-TDH) were amplified by polymerase chain reaction

(PCR)-based approach using the wild-type construct as the template (as described in the

previous chapter).

S.No. Primer Sequence (5°-3°)
1 TDH FW 5° ATATTGCTCGAGATGTTTGAGCTTCCATCTGTCCC
2 TDH RC 3’ AACATTGGATCTTATTGTTGATGTTTACATTCAAAAAACGAT
3 NTD FW 5° ATTGAACTCGAGATGGGTTCTGATGAGATATTGTTTGTTGTTCGA
4 S5C-S13C FW 5 | CTCGAGATGTTTGAGCTTCCATGTGTCCCTTTTCCTGCCCCCGG
TTGTGATGAGATATTG
5 F1A-FSA FW 5° CTCGAGATGGCCGAGCTTCCATCTGTCCCTGCCCCTGCCC
6 L3A-V6AFW 5 | CTCGAGATGTTTGAGGCCCCATCTGCCCCTTTTCCTGCCC

3.3.2 Protein expression and purification from soluble fraction

The nucleotide sequence coding for the wild type TDH and its variants were cloned into the

pET-14b expression vector (Novagen) between the Xhol and BamH1 sites. The proteins were

expressed and purified as described in the previous chapter.

3.3.3 Far-UV circular dichroism (CD) measurements

Far-UV CD spectra of the TDH variants were recorded on a Chirascan spectropolarimeter

(Applied Photophysics,

Leatherhead, Surrey, UK) equipped with a peltier-based

temperature-controlled sample chamber, using a quartz cuvette of 5 mm pathlength. The

spectra of each protein were taken, and were buffer corrected (as described in the previous

chapter).
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3.3.4 Intrinsic tryptophan fluorescence emission measurements
Intrinsic tryptophan fluorescence spectra of the TDH variants (in 1 mM Tris-HCI buffer, pH
7.5) were recorded on a Fluoromax-4 spectrofluorimeter (Horiba Scientific, Edison, NJ). The

spectra were collected and buffer corrected (as described in the previous chapter).

3.3.5 Hemolytic activity assay to monitor pore-forming activity of the TDH variants

The pore-forming activity of the TDH variants were determined against the human
erythrocytes (suspended in PBS (pH 7.5); corresponding to ODgy ~0.9) by measuring the
release of hemoglobin (hemolytic activity assay), spectrophotometrically at 415 nm, over a

period of 1 h at 37 °C (as described in the previous chapter).

3.3.6 Sedimentation velocity analytical ultracentrifugation

Oligomerization states of wild type TDH and NTD in solution were examined by
sedimentation velocity analytical ultracentrifugation (AUC) on a Beckman Coulter
ProteomeLab XL-I analytical ultracentrifuge equipped with an An-50 Ti 8-hole rotor (as

described in the previous chapter).

3.3.7 ANS (1-anilinonaphthalene-8-sulfonic acid) fluorescence measurement

ANS is an environment sensitive dye. When present in the aqueous solution, it shows nominal
fluorescence emission, but when bound to the hydrophobic surface on proteins it shows
increased fluorescence emission, along with a blue shift in the emission wavelength maximum
[234]. The presence of any exposed hydrophobic patch on the surface of the TDH variants
was examined by recording the ANS fluorescence on a Fluoromax-4 (Horiba Scientific,
Edison, NJ) spectrofluorimeter equipped with a Peltier-based temperature controller. ANS
fluorescence was recorded in 10 mM Tris-HCI buffer (pH 7.5), in the presence of 5 uM of
protein, using a final ANS concentration of 10 uM in the solution. Steady-state ANS
fluorescence was recorded upon excitation at 350 nm, using excitation and emission slit

widths of 2 nm and 5 nm, respectively.
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3.3.8 ThT fluorescence measurement to monitor amyloid formation

Ability of the TDH variants to form amyloid-like aggregates was examined by monitoring
the Thioflavin T (ThT) fluorescence in the presence of the protein at 60 °C [197]. ThT
shows strong fluorescence emission when bound to B-sheet rich, amyloid like structures
[234, 235]. The ThT fluorescence was monitored in 10 mM Tris-HCI buffer (pH 7.5). The
kinetics of amyloid formation was monitored at 60 °C. Initially, the buffer was preincubated
at 60 °C for 5 minutes, and then the protein (1 uM) along with ThT was added to get a final
ThT concentration of 10 uM in the reaction volume. The kinetics of amyloid formation was
monitored by exciting at 450 nm, and using emission wavelength of 485 nm, with excitation
slit width of 1 nm and emission slit width of 2.5 nm. The spectra were corrected with the

blank containing the ThT without protein.

3.3.9 Mammalian cell culture

T84 human intestinal epithelial cells were maintained and propagated in DMEM [supplemented
with 10% fetal bovine serum (FBS), 100 units mI™* penicillin and 100 pg ml™ streptomycin
(Invitrogen Life Technologies)], at 37°C in a humidified atmosphere of 5% CO, THP-1 human
monocytic cells was maintained in RPMI 1640 (Invitrogen Life Technologies, Carlsbad, CA,
USA) supplemented with 10 % fetal bovine serum (FBS; Invitrogen), 100 units ml™* penicillin

and 100 pg/ml streptomycin (Invitrogen) [129].

3.3.10 Cytotoxicity measurements using LDH release assay

T84 human intestinal epithelial cells and THP-1 human monocytic cells (10° cells) were
incubated with the TDH variants (using the protein concentration of 1 uM) for 24 h at 37 °C in
a 96 well plate. After 24 hours of treatment, cells were pelleted and supernatant for each of the
treated samples was collected and subjected to LDH-release assay. LDH release assay was
performed using the CytoTox 96® NonRadioactive Cytotoxicity Assay kit (Promega
Corporation, Madison, WI), as per the manufacturer’s instructions. It is based on the principle
that upon permeabilization of the plasma membranes due to the membrane-damaging activity of
the TDH variants, cytosolic enzyme lactate dehydrogenase (LDH) would be released into the

culture supernatant. After addition of the substrates like tetrazolium salts, LDH released in the
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culture supernatant, converts the salt into a colored product (formazen) that can be monitored
spectrophotometrically at 490 nm. Cells treated with Triton X-100 served as the positive control,
and cells without any treatment served as the negative control to calculate the %cytotoxicity.

Data shown are the average + standard deviation from the three independent treatments.

3.3.11 Surface Plasmon Resonance to determine binding to the liposome membranes

Binding of TDH and NTD to the membrane lipid bilayer of the Asolectin-cholesterol liposomes
and the PC (phosphatidylcholine)-cholesterol liposomes was examined by using surface
plasmon resonance on a Biacore 3000 instrument (GE Healthcare Life Sciences) [128, 129]. Briefly,
the L1 chip was preconditioned with HEPES Buffer Saline [20 mM HEPES, 150 mM NacCl, pH 7.5
(HBS)]. The liposomes (0.150 mg/ml) were coated on an L1 chip with a flow rate of 2 ul/min for 5
min. Loosely bound liposomes were removed by giving one injection of 20 mM NaOH for 12
seconds with a flow rate of 100 ul/min, thereby stabilizing the baseline. Non-specific binding of the
protein to the L1 chip surface was blocked by passing 0.1 mg/ml of BSA for 3 min with a flow rate
of 10 pl/min. Binding of the TDH variants to the membrane lipid bilayer of the liposomes was
examined by flowing the protein, with a flow rate of 5 pl/ min for 10 min, followed by
additional wash with HBS without protein to achieve final end point response signals
corresponding to the irreversibly bound fraction of the protein. The whole surface was
regenerated by injecting 40 mM octyl B-D-glucopyranoside for 2 min at a flow rate of 10 ul/min
followed by another round of injection with higher protein concentration was given. The
sensogram plots were generated with the BlAevaluation 4.1.1. software (GE Healthcare Life

Sciences).

3.3.12 Flow cytometry-based assay to monitor binding of the TDH variants with the target
cells

Binding of the TDH variants to the human erythrocytes, T84 and THP-1 cells were
determined by the flow-cytometry-based assay, as described in the previous chapter. Briefly,
cells (10° cells) were incubated with the TDH variants (0.25 uM protein for the human
erythrocytes; 1 uM protein for T84 and THP-1 cells) for 1 hour at 37 °C in a reaction

volume of 100 ul. For human erythrocytes and THP-1 cells, incubation was in PBS
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containing dextran (10 mM; the average molecular weight of the dextran was 9000-11000)
(Sigma-Aldrich), while for the T84 cells incubation was in PBS. After the protein treatment,
cells were washed, and treated with the rabbit anti-TDH antiserum for 1 hour at 37 °C. After
washing, cells were treated with FITC (fluorescein isothiocyanate)-conjugated goat
anti-rabbit secondary antibody for 1 hour at 37 °C. Cells were analyzed for the FITC
fluorescence on a FACSCalibur (BD Biosciences) flow cytometer. The FITC fluorescence
signal was directly proportional to the binding of the TDH variants to the target cells. The
cells treated with anti-TDH and FITC-conjugated anti-rabbit antibodies without the protein

treatment, were taken as the negative control.

3.4 Results

3.4.1 Purification and characterization of the secondary, tertiary and quaternary
structural features of the truncated form of TDH lacking the N-terminal region (NTR)
TDH primary structure consists of an 11-amino acid long sequence at the N-terminal end of the
mature toxin (*FELPSVPFPAP!; NTR). This NTR, however, is not modelled in the crystal
structure of TDH (PDB id: 3A57), presumably due to high conformational flexibility of this
region [199].

M  WT NTD

FELPSVPFPAP
N-terminal
region of TDH

Fig. 3.3: (A) Structural model of TDH crystal structure highlighting the N-terminal region of TDH
with the sequence of NTR. The structure represents the core B-sandwich domain with two short
helices (green). (B) SDS-PAGE/Coomassie staining of purified protein WT-TDH and NTD. NTD
shows marginal shift in size when compared to WT-TDH. Lane M represents the marker of known
molecular weight.
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To explore the functional implication of the NTR in the mode of action of TDH, we
constructed a truncated variant of the toxin deleting the NTR (NTR-deleted; NTD) (Fig.
3.3A). Consistent with the absence of the NTR in the truncated protein, NTD, when
analyzed by SDS-PAGE/Coomassie staining, showed marginal shift in its band position as
compared to the wild type protein (Fig. 3.3B).

Also, Far-UV CD spectra and the intrinsic tryptophan fluorescence emission profile of NTD
were found to be nearly overlapping to those of the wild type TDH, suggesting that the
truncation of the NTR did not affect the overall secondary and tertiary structural
organization of the protein to any noticeable extent (Fig. 3.4A-B). Another unique and
notable structural feature of TDH is that it exists as a tetramer in solution. Such tetrameric
assembly in solution has been shown to be important for membrane damaging activity of
TDH. Therefore, we wanted to examine whether NTD, in the absence of the NTR, retained
the ability to form the tetrameric assembly in solution. Sedimentation velocity AUC profile
of NTD showed a major peak corresponding to the sedimentation coefficient value of 4.2,
suggesting that the majority of NTD existed as tetramer in solution, with only a small

population being present as monomer (Fig. 3.5).
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Fig. 3.4: (A) Far-UV CD spectroscopy profile of WT-TDH and NTD, (B) Intrinsic tryptophan
fluorescence emission profile of WT-TDH and NTD mutant.
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Altogether these data suggested that the deletion of the NTR did not affect the overall
secondary, tertiary and quaternary structural arrangement of the protein to any noticeable

extent.
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Fig. 3.5: Sedimentation velocity AUC profile of NTD (N-terminal deleted mutant) showing that the
majority population of NTD exists as tetramer.

3.4.2 Deletion of the NTR compromises the amyloidogenicity of TDH

TDH is known to display prominent amyloidogenic property in terms of transforming into
B-sheet rich, amyloid aggregates, when incubated at higher temperature of 60 °C [236]. The
tendency to form the amyloid-like aggregates is commonly attributed to the presence of
intrinsically disordered region(s) within the primary structure of a protein. Based on the
analysis of the TDH primary structure, NTR is predicted to be intrinsically disordered (Fig.
3.1C). Therefore, we wanted to test whether the presence of the NTR contributes toward the
amyloidogenicity of TDH. For this, we examined ThT fluorescence in the presence of the
TDH variants (wild type and NTD), upon incubating the proteins at higher temperature of
60 °C. As reported in the earlier study [236], incubation of the wild type TDH at 60 °C
displayed significant increase in the ThT fluorescence (Fig. 3.6), thereby confirming the
formation of the amyloid fibrils. In contrast, deletion of the NTR resulted in the significant
reduction in the amyloidogenic property of TDH, as suggested by the reduced ThT

fluorescence emission observed in the presence of NTD under the similar experimental

89



Normalized fluorescence

setup (Fig. 3.6). Overall, these data suggested that the deletion of the intrinsically disordered

NTR compromised the amyloidogenic propensity of TDH, to a prominent extent.
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Fig. 3.6: Amyloidogenecity of TDH: Kinetics of amyloid-like fibril formation at 2.5 uM (A), and 1
uM (B) protein concentration.

3.4.3 NTR contributes toward generation of the surface-exposed hydrophobic patch(s)
on TDH

Analysis of the primary amino acid sequence of TDH suggests that the NTR consists of a
number of aromatic/hydrophobic residues (‘*FELPSVPFPAP™). Therefore, we wanted to
examine whether the presence of the NTR contributes toward constituting any hydrophobic
patch/pocket on the TDH surface. For this, we compared and analysed the ability of the
TDH variants (wild type and NTD) to bind to ANS (1-anilinonaphthalene-8-sulfonic acid),
an environment-sensitive hydrophobic fluorophore. ANS shows nominal fluorescence when
present in the polar environment. Upon binding to the surface-exposed hydrophobic
patches/pockets on the proteins, it shows significant increase in the fluorescence emission
profile, along with the prominent blue shift in the fluorescence emission wavelength
maximum [234, 237, 238]. However, when incubated in the presence of the wild type TDH,
ANS fluorescence was found to be increased to a prominent extent, along with a blue shift
in the fluorescence emission wavelength maximum, thus suggesting binding of ANS to the
surface-exposed hydrophobic patch(s) on TDH (Fig. 3.7). However, in the presence of

NTD, ANS fluorescence was found to be almost negligible, and nearly similar to that
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observed with the buffer control (Fig. 3.7). Altogether, these data suggested that TDH
indeed consists of a hydrophobic patch(s) on its surface, and the presence of the NTR

presumably plays a critical role toward constituting such hydrophobic patch(s).
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Fig. 3.7: ANS fluorescence emission profile of WT-TDH and NTD-TDH. ANS spectrum in the
buffer containing no protein is shown in blue.

3.4.4 Deletion of the NTR compromises the binding ability of TDH toward the membrane
lipid bilayer of the liposomes

As mentioned above, NTR is enriched with a number of aromatic/hydrophobic residues, and
the presence of the NTR appears to facilitate formation of ‘surface-exposed hydrophobic
patch’ on TDH. Presence of the NTR contributes toward the binding of TDH to the
hydrophobic fluorophore, ANS. Based on such observation, we tested whether the presence
of the NTR could play any role in the binding ability of TDH toward the amphipathic phase
of the membrane lipid bilayer of the synthetic lipid vesicles or liposomes. For this, we
examined binding of the TDH variants (wild type and NTD) with the Asolectin-cholesterol
(Fig. 3.8) and PC-cholesterol (Fig. 3.9) liposome membranes, by using an SPR-based assay.
Results obtained from the SPR-based assay suggested that NTD displayed prominent
reduction in binding to the membrane lipid bilayer of the Asolectin-cholesterol and

PC-cholesterol liposomes, as compared to those observed with the wild type protein.
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Fig. 3.8: Truncation of the NTR from TDH compromises the binding efficiency toward the
membrane lipid bilayer of the Asolectin-cholesterol liposomes: Binding of the TDH variants
(NTD and WT) to the membrane lipid bilayer of the Asolectin-cholesterol (A-C) was examined by
the SPR-based assay. A-B, Real time binding sensograms of the TDH variants with the
Asolectin-cholesterol liposomes. C, End point binding profile of the TDH variants with the
Asolectin-cholesterol liposomes.

This observation suggests that the presence of the NTR indeed contributes toward
partitioning of TDH into the membrane lipid bilayer of the liposomes. Our data suggest that
the deletion of the NTR from TDH affected the binding efficacy of the toxin with the
membranes of the liposomes.
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Fig. 3.9: Truncation of the NTR from TDH compromises the binding efficiency toward the
membrane lipid bilayer of the PC-cholesterol liposomes: Binding of the TDH variants (NTD and
WT) to the membrane lipid bilayer of the PC-cholesterol (A-C) was examined by the SPR-based
assay. A-B, Real time binding sensograms of the TDH variants with the PC-cholesterol
liposomes. C, End point binding profile of the TDH variants with the PC-cholesterol
liposomes.
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3.4.5 Presence of the NTR plays a critical role in the membrane-damaging cytolytic
activity of TDH

In order to explore the functional implication of the NTR in the mode of action of TDH, we
examined whether the deletion of the NTR affected the cytolytic/cytotoxic activity of the
toxin. For this we performed the hemolytic activity assay. In this assay, NTD displayed
drastically reduced ability to cause the lysis of human erythrocytes, when compared to the
wild type TDH (Fig. 3.10). Consistent with the earlier studies, wild type TDH protein
exhibited potent hemolytic activity against the human erythrocytes under the similar
experimental conditions. For example, WT-TDH showed nearly 90% hemolytic activity at a
concentration of 0.75 uM. In contrast, 0.75 uM of NTD displayed less than 5% hemolytic

activity under the similar experimental conditions.
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Fig. 3.10: Hemolytic activity profile of WT-TDH and NTD incubated with human erythrocytes with
different toxin concentration.

Next, we wanted to determine whether the reduced cytolytic activity of NTD was due to the
deficient binding ability toward the target cells. For this, we performed flow
cytometry-based assay of binding with the human erythrocytes. Our result suggested that the
binding of NTD with human erythrocytes was severely compromised, as compared to those
observed with the wild type protein (Fig. 3.11). Fractions of the cell population having
bound TDH variants were found to be considerably less in the case of NTD treatment, as

compared to that observed upon treatment with the wild type protein.
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Therefore, this data suggested that the presence of the NTR plays an important role in the
optimal binding process of TDH toward the target human erythrocytes cell membranes, and

promotes efficient membrane-damaging cytolytic activity of the toxin.
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Fig. 3.11: Binding profile of NTD and WT-TDH to the membrane human erythrocytes by flow
cytometry-based assay

3.4.6 Deletion of the N-terminal region (NTR) compromises the membrane-damaging
cytotoxic activity of TDH

Deletion of the NTR showed a drastic reduction in the functional pore-forming activity
against human erythrocytes. We also examined the cytotoxic activity of TDH against the
T84 intestinal epithelial cells, and THP-1 monocytic cells by employing the LDH-release
assay of cytotoxicity. In this assay we observed that no prominent cytotoxicity was induced
by NTD (at a concentration of 1 uM) against both the cell types studied. In contrast, wild
type TDH (at a concentration of 1 uM) induced potent cytotoxicity (~75-80%) in both the
cell types, under the similar experimental conditions (Fig. 3.12). This data suggested that the

removal of the NTR from TDH critically affected the cytotoxic activity of the toxin.
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Fig. 3.12: (A) Cytotoxic activity profile of WT-TDH and NTD in human intestinal cells T84,
(B) Cytotoxic activity profile of WT-TDH and NTD in human monocytic cell line THP-1

Next, we wanted to determine whether the reduced cytotoxic activity of NTD was due to the
deficient binding ability of the truncated protein toward the target cells. For this, we
performed the flow cytometry-based assay of binding with the T84 and THP-1 cells. Our
results showed that the binding of NTD with the T84 and THP-1 cells were severely
compromised, as compared to those observed with the wild type protein (Fig. 3.13).
Fractions of the cell population having bound TDH variants were found to be considerably
less in the case of NTD treatment, as compared to that observed upon treatment with the
wild type protein.

Therefore, this data suggested that the presence of the NTR plays an important role in the
optimal binding process of TDH toward the target cell membranes, and promotes efficient

membrane-damaging cytotoxic activity of the toxin.
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Fig. 3.13: (A) Flow cytometry-based binding profile of WT-TDH and NTD in human intestinal cells
T84 (B) Flow cytometry-based binding profile of WT-TDH and NTD in human monocytic cell line
THP-1

3.4.7 Aromatic and hydrophobic residues within the NTR play critical roles in binding
and cytolytic/cytotoxic activity of TDH

The NTR of TDH harbors a number of aromatic/hydrophobic residues. We explored whether
the aromatic/hydrophobic residues within the NTR play any role in the cytolytic/cytotoxic
activity of TDH. For this, we generated two mutant variants of TDH: in one mutant both the
phenylalanine residues at position 1 and 8 were mutated to alanine (FLA-F8A-TDH), and in
the other case the leucine residue at position 3 and valine residues at position 6 were
mutated to alanine (L3A-V6A-TDH). Both the mutants displayed nearly similar far-UV CD
(Fig. 3.14) and intrinsic tryptophan fluorescence emission profile (Fig. 3.15), as compared
to those of the wild type TDH, suggesting wild type like secondary and tertiary structural
organization of the mutated variants Both the mutated variants, F1A-F8A-TDH and
L3A-V6A-TDH, displayed marked reduction in the hemolytic activity against the human
erythrocytes, as compared to the wild type protein (Fig. 3.16). At a concentration of 0.75

uM, F1A-F8A-TDH and L3A-V6A-TDH displayed ~50% and ~30% hemolytic activity,
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respectively, while the wild type TDH showed ~90% activity under the similar experimental

conditions.
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Fig. 3.14: (A) Far-UV CD spectroscopy profile of WT-TDH and F1A-F8A-TDH, (B) Far-UV CD
spectroscopy profile of WT-TDH and L3A-V6A-TDH mutants.
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Fig. 3.15: (A) Intrinsic tryptophan fluorescence emission profile of WT-TDH and F1A-F8A-TDH,
(B) Intrinsic tryptophan fluorescence emission profile of WT-TDH and L3A-V6A-TDH mutants.
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Fig. 3.16: (A) Hemolytic activity profile of WT-TDH and F1A-F8A-TDH (B) Hemolytic activity
profile of WT-TDH and L3A-V6A-TDH

Next, we wanted to determine if the reduced cytolytic activity was due to the compromised
membrane-binding ability of the mutated variants of the toxin. Flow cytometry-based assay
of binding showed that the binding efficiencies of both the mutants toward the human

erythrocytes were significantly reduced as compared to that of the wild type TDH
(Fig.3.17).
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Fig. 3.17: (A) Flow cytometry based binding profile of WT-TDH and F1A-F8A-TDH (B) Flow
cytometry based binding profile of WT-TDH and L3A-V6A-TDH
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Consistent with the reduced membrane-damaging hemolytic activity, FLA-F8A-TDH and
L3A-V6A-TDH (at a protein concentration of 1 uM) also displayed significant reduction in
their cytotoxic activity against the T84 intestinal epithelial cells and THP-1 monocytic cells,
as compared to those observed with the wild type protein (Fig. 3.18A-B). Mutations of
F1A-F8A were found to cause more deleterious effect on the cytotoxicity, as compared to
the mutations of L3A-V6A. F1A-F8A-TDH could not display any noticeable cytotoxicity
(<5% cytotoxicity) in both the T84 and THP-1 cells, while L3A-V6A-TDH showed
moderate to low-level cytotoxicity in the range of ~20-40% (Fig. 3.18A-B). As mentioned
above, wild type TDH displayed ~75-80% cytotoxicity in these cell types, under the similar

experimental condition.
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Fig. 3.18: (A) Cytotoxic activity profile of WT-TDH, F1A-F8A-TDH and L3A-V6A-TDH in human
intestinal cells T84 (B) Cytotoxic activity profile of WT-TDH, F1A-F8A-TDH and L3A-V6A-TDH
in human monocytic cell line THP-1

When examined for their binding ability to the membranes of T84 and THP-1 cells, both the
mutants were found to display noticeably reduced binding as compared to the wild type
protein (Fig. 3.19A-D). Altogether, these results suggested that the aromatic/hydrophobic
residues within the NTR of TDH play crucial roles in the membrane-damaging cytotoxic

activity of the toxin.
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Fig. 3.19: (A) Flow cytometry based-binding profile of WT-TDH, F1A-F8A-TDH with T84 cells, (B)
L3A-V6A-TDH in T84 cells, (C) F1LA-F8A-TDH with THP-1 cells, (D) L3A-V6A-TDH with THP-1
cells

3.4.8 Trapping of N-terminal region (NTR) via engineered disulphide bond abrogates
the membrane-damaging cytolytic/cytotoxic activity of TDH

Analysis of the crystal structure of TDH predicts the NTR as an intrinsically disordered
region (Fig. 3.1C). Also, the NTR could not be modelled in the TDH crystal structure,
presumably due to high degree of structural/conformational fluctuation of this region [199].
We wanted to explore the functional implication, if any, of such predicted flexibility of the

NTR in the mode of action of TDH. For this, we attempted to restrain the predicted
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structural/conformational fluctuation of the NTR. We constructed a variant by introducing
two cysteine residues (Ser5Cys and Ser13Cys) in TDH (S5C-S13C-TDH) (Fig. 3.20A).
Presence of these two engineered cysteine residues would allow formation of a disulphide

bond that, in turn, would restrain the NTR against the core B-sandwich domain of TDH.
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Fig. 3.20: Introduction of two cysteine residues via double mutations of Ser5Cys and Ser13Cys in
TDH (S5C-S13C) allowing the formation of an disulphide bond that, in turn, would lock the NTR.
B. Hemolytic activity (against the human erythrocytes) of S5C-S13C in the absence or presence of
the reducing agent DTT. Presence of the reducing agent would break the disulphide bond involving
the engineered Cys residues in S5C-S13C mutant, thereby opening the locking of NTR.

Far-UV CD and intrinsic tryptophan emission fluorescence profile of S5C-S13C-TDH were
found to be nearly similar to those observed with the wild type TDH, suggesting that there
was no overall change in the secondary and tertiary structural organization of the protein

upon incorporation of the two additional cysteine residues (Fig. 3.21A-B)
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Fig. 3.21: (A) Far-UV CD spectra of WT-TDH and S5C-S13C-TDH highlighting the secondary
structural information (B) Intrinsic tryptophan fluorescence emission profile of S5C-S13C-TDH
suggesting that the tertiary structure of the mutant remains intact.

When tested for the functional pore-forming activity of the S5C-S13C-TDH, the variant
showed marked reduction in the hemolytic activity. At a protein concentration of 0.75 uM,
it induced nominal ~20% hemolytic activity against the human erythrocytes, as compared to
~90% hemolytic activity of the wild type TDH (Fig. 3.20B). Interestingly, when monitored
in the presence of the reducing agent DTT (1 mM), hemolytic activity of S5C-S13C-TDH
was found to be rescued, although not fully, but at least to a prominent level (~60%
hemolytic activity, at a protein concentration of 0.75 uM) (Fig. 3.20B). S5C-S13C-TDH
also displayed reduced cytotoxic activity (<10% cytotoxicity) against the T84 and THP-1
cells, and such compromised cytotoxic activity was reversed, at least to a noticeable extent,
when the experiments were conducted in the presence of the reducing agent DTT (Fig.
3.22). These data suggested that restraining of the NTR via engineered disulphide bond
formation abrogated the membrane-damaging cytolytic/cytotoxic activity of the toxin. Also,
the release of the restrained configuration of the NTR via reduction of the disulphide bond,
by treating with DTT, restored the cytolytic/cytotoxic activity of TDH. These results, in

turn, allowed us to conclude that, not only the presence of the NTR, but also the
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structural/conformational flexibility of this motif is critical for the efficient execution of the

membrane-damaging cell-killing activity of TDH.
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Fig. 3.22: (A) Cytotoxic activity profile of WT-TDH and S5C-S13C-TDH (in the absence and
presence of 1 mM DTT) against the T84 human intestinal epithelial cells (A), and THP-1 human

monocytic cells (B).

3.5 Discussion and conclusion
The available crystal structure of TDH lacks the first 11 residue-long N-terminal region (NTR),

presumably due to its tendency to adopt multiple conformations, or possibly due to its
structural/conformational fluctuations [199]. Based on the analysis of the amino acid sequence,
NTR is predicted to be intrinsically disordered. Lack of any available study related to the role of
the flexible NTR in the mode of action of TDH prompted us to investigate its functional
implications in the cell-killing mechanism of TDH. The present chapter has discussed the results
of our detail investigation on the role of the NTR in the structure-function mechanism of TDH.
By using a truncated variant of TDH, deleting the first 11-residues corresponding to the flexible
NTR, we showed that NTR plays a critical role in the membrane-damaging pore-forming
activity of the toxin. Our data showed that the NTR also plays a significant role in the

anchoring/binding of the toxin to the target cell membrane.
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The analysis of the primary amino acid sequence of TDH has suggested that the NTR sequence
is rich in hydrophobic residues (‘FELPSVPFPAP™). Accordingly, the presence of the NTR was
found to contribute toward formation of surface-exposed hydrophobic patch(s) that binds
hydrophobic dye ANS. It is therefore reasonable that NTR contributes to the membrane-binding
activity of TDH. When the hydrophobic amino acids present in the NTR were specifically
mutated, like in the mutants F1A-F8A-TDH and L3A-V6A-TDH, we found a significant
reduction in the membrane-damaging and membrane-binding activities. In particular,
F1A-F8A-TDH showed significantly reduced membrane-damaging activities. These results
suggested that the aromatic-hydrophobic amino acids like F1-F8 are the key residues that play
critical roles in the process. When we restrained the flexibility of the by engineering a
disulphide bond (that would lock the NTR against the core f-sandwich domain; in the mutant
S5C-S13C-TDH), the mutant showed reduced functional membrane-damaging activity. In
contrast, when the trap was opened by treating with DTT, the compromised
membrane-damaging activity was rescued. This data confirmed that flexibility of the NTR is a
crucial structural feature in TDH which plays important role in the cytolytic/cytotoxic responses
generated by TDH. It is important to note that the deletion, mutations, and covalent trapping
(restraining the structural/conformational fluctuation) of the NTR affected the
cytolytic/cytotoxic activity of TDH to a greater extent, while the membrane-binding ability was
found to be affected less drastically. It is possible that NTR alone may not be responsible in
membrane binding, and additional structural motif(s) in TDH may be involved in mediating the
membrane-binding process of the toxin. In contrast, efficient membrane-damaging ability of
TDH appears to be critically dependent on the presence of the NTR, presumably with its
intrinsically disordered configuration. It is possible that the NTR might play critical role during
the process of structural rearrangement/readjustment upon membrane binding, for the efficient
execution of the subsequent cell-killing mechanism of TDH.

TDH shows high structural similarity for its core B-sandwich domain with the eukaryotic
actinoporins like Equinatoxin Il, Fragaceatoxin C and Sticholysin Il [170]. However, analysis of
the actinoporin structures suggests distinct structural disposition of their NTR segments.
Actinoporin structure shows the presence of an extended (~30 amino acid long) NTR, part of

which adopts a-helical transmembrane motif. The crystal structure of the transmembrane form
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of Fragaceatoxin C further suggests that the NTR undergoes structural/conformational
reorganization upon membrane binding, and transforms into an elongated membrane-inserted
a-helical structure that forms the transmembrane region of the pore complex [181]. Similar
roles of the NTRs of other actinoporins, like Equinatoxin Il have also been suggested through
biochemical/biophysical studies [33, 170]. The crystal structure of the transmembrane pore state
of TDH has not been elucidated yet. Also, there is no information available in the literature, at
present, regarding the identity of the transmembrane motif used by TDH to form the membrane
pore. Based on the critical role(s) of the NTR in the mechanism of action of TDH, as shown for
the first time in the present study, it is possible to speculate that the NTR may form the
membrane pore-forming motif of the toxin. However, the NTR consists of only 11 residues that
would be too short to span the entire ~25 A depth of the plasma membrane, and to form the
transmembrane motif. Nevertheless, the results obtained from the present work suggest that
NTR plays a critical role in the efficient membrane-binding ability, and membrane-damaging

cytolytic/cytotoxic activity of TDH.
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Fig. 3.23: N-terminal region-mediated binding mechanism of TDH: (I) TDH is present
as a tetramer in solution with flexible N-terminal region (NTR; marked as black zigzag
structure). (I1) NTR mediates the association of the toxin on to the cell membrane surface.
(1) Structural changes possibly take place upon binding to the target membranes. (1V)
Pore-formation in the membrane resulting in the membrane permeabilization and cell death.

105



Conventional/archetypical PFTs generally generates ‘protein-only’ transmembrane pores on
the target membranes, which can be classified as either a-PFT or B-PFT, depending on the
type of secondary structures used in the construction of the transmembrane region [127,
231]. However, additional mechanisms of the membrane pore-formation by the PFTs have

emerged in the recent years. For example, many pore-forming proteins and peptides are now

shown/predicted to form the ‘so-called’ ‘toroidal pores’

Equinatoxin Il Fragaceatoxin C Sticholysin Il Oligomeric pore of
Fragaceatoxin C
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Fig. 3.24: Proposed model for the role of the NTR in the membrane-damaging
cytolytic/cytotoxic activity of TDH. A. Structural models of Equinatoxin 1, Fragaceatoxin
C, and Sticholysin Il highlighting the presence of an extended NTR (shown in orange) in the
eukaryotic actinoporin family of PFTs. B. Structural model of the oligomeric pore state of
Fragaceatoxin C showing involvement of the NTR (in orange color) in generating the
transmembrane motif. C. Amino acid sequence alignment of the NTR of TDH with those of
Equinatoxin 1, Fragaceatoxin C, and Sticholysin II. D. Proposed model speculating the role
of the NTR of TDH in the membrane-damaging activity of the toxin [173, 174].
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[170, 239]. Toroidal pores are formed by the systematic distortion of the membrane
phospholipid assembly, imposed by the specialized pore-forming peptides/protein segments,
where pore-linings are formed partly by the polypeptide motifs, and partly by the membrane
phospholipid headgroups. Therefore, for the toroidal pore formation, it may not be necessary
that the protein motif(s) would have to span the entire depth of the membrane.

Toroidal pore model has been predicted for the actinoporin family of PFTs, particularly for
Equinatoxin Il and Sticholysin IlI, where the numbers of the protomers involved in the
pore-formation are limited to 3-4 [170]. In such cases, a-helices from the contributing
protomers (3-4 protomers) would not be able to fill the entire pore lining, unless the lipid
molecules are involved in the formation of the pore wall. Based on such observations, and
also based on the results obtained from the present study, it is possible to speculate that the
NTR of TDH, despite its shorter length as compared to those of the actinoporins, could be
acting as the structural motif toward forming the toroidal pores on the target membranes.
However, more structural studies would be required in future to conclusively prove that
TDH indeed follows the toroidal model of membrane pore formation, and NTR plays a
direct role in constituting the pore architecture.

In sum, the present study provides critical new insights regarding the functional implications of
the intrinsically disordered N-terminal segment of TDH. This, in turn, prompts us to elucidate

the mechanistic basis of the membrane-damaging action of TDH.
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Structure-function studies on Vibrio parahaemolyticus thermostable direct

hemolysin

The plasma membrane of a cell acts as a selective permeable barrier and protects the
cellular environment from the extracellular milieu [1, 2]. Many bacterial pathogens
employ virulence factors that act by disrupting the cellular membrane integrity [3, 4].
Pore-forming toxins (PFTs) are the largest class of bacterial protein toxins which are
known to destroy the plasma membrane integrity [5]. PFTs are secretory protein toxins
and form pores/channels in the target host cell membranes, leading to the
colloid-osmotic lysis of the cells. The general mechanism of pore-formation by bacterial
PFTs involves following step: (i) secretion of the PFT as a water-soluble monomeric
molecule, (ii) binding of the toxin to the membranes of the target cells, (iii)
oligomerization of the toxin onto the target cell membranes, and (iv) membrane insertion
of the designated structural motif(s) of the toxin molecule to form transmembrane pores
[3,5, 6].

Thermostable direct hemolysin (TDH) is the major virulence factor of the bacterial
pathogen Vibrio parahaemolyticus, and it is known to show biological activities like
cardiotoxicity, enterotoxicity, and hemolytic activity [7, 8]. TDH is an atypical
pore-forming toxin that deviates from the general scheme of pore-formation mechanism
of the PFTs. TDH exists as a tetramer in solution, and as an oligomer it binds to the
target cell membranes to exert its membrane-damaging pore-forming activity. Unlike
other PFTs, the oligomerization process of TDH is independent of the
membrane-binding event [9-11]. Tetramer formation in solution appears to be important
for the membrane-damaging activity of TDH. Analysis of the crystal structure of TDH
shows that the toxin adopts a pB-sandwich core structure [12]. A previous study has
identified two key residues (Arg46 and Tyr140) present in the core B-sandwich domain
that are implicated in the oligomerization of the toxin [12]. Another unique feature of
TDH is that, being a bacterial PFT, it has high structural similarity with the members of
the eukaryotic actinoporin family of PFTs that include Equinatoxin I1, Sticholysin 11 and

Fragaceatoxin C [9, 12]. Actinoporins also contain a conserved B-sandwich domain,



similar to that present in TDH [13-15]. Despite having high structural similarities, the
mechanism of action of TDH is different from the actinoporins. Unlike TDH,
actinoporins exist as monomer in solution, and oligomerize on the membranes of the
target cells. There are additional unique structural features, which are limited to TDH,
but not present in the actinoporins. For example, (i) presence of an extended C-terminal
region (CTR), which is absent in the actinoporins, (ii) presence of cysteine residues
(Cys151 and Cys161), which allow formation of an intra-protomer disulfide bond to
tether the CTR against the core B-sandwich domain. Analysis of the crystal structure
also shows that the extended CTR of TDH is positioned at the inter-protomer interface in
the tetrameric assembly of the toxin. Also, a number of residues within this CTR appear
to participate in polar and/or hydrophobic interactions with the residues from the
neighboring protomer. We, therefore, speculated that the CTR of TDH may potentially
contribute to the oligomerization process of the toxin. In the present research work, we
have examined the implications of the CTR in the oligomerization mechanism of TDH,
and have also explored the functional implications of this unique structural motif in the
mode of action of the toxin.

Another distinct feature of TDH is the presence of 11-amino acid residue long,
N-terminal region (NTR). The NTR of TDH could not be modeled in the crystal
structure of the protein, presumably due to high degree of conformational/structural
fluctuations of this motif, or possibly due to the tendency of the NTR to adopt multiple
conformations [12]. The NTRs of the actinoporins are significantly longer (consist of
~30 amino acid residues), which adopt an a-helical structure, and forms the
transmembrane region in the final pore structure upon encountering the target
membranes [13-15]. Till date, no information is available regarding the structural or
functional characterization of the flexible NTR of TDH in the mode of action of the
toxin. The present study unravels the implications of the NTR in the structure-function

mechanism of TDH.



Part I: C-terminal region (CTR) regulates the oligomerization mechanism of TDH
thereby facilitating the membrane-damaging activity of the toxin

Analysis of the crystal structure of TDH suggested that the CTR of TDH is positioned at
the protomer:protomer interface. Also, a number of residues within the CTR appear to
make several polar/hydrophobic interactions with the neighboring protomer. In order to
understand the role of the CTR in the oligomerization mechanism of TDH, a truncated
mutant lacking the CTR was generated (TDH-ACTR™"*®). The mutant lacking the
CTR displayed significant decrease in the functional pore-forming activity. Also, the
ability to form oligomeric assembly in solution was compromised for the truncated
mutant; TDH-ACTR™"® existed exclusively as monomer in solution. The binding
ability of TDH-ACTR™ ™ toward the target cell membranes was also found to be
compromised as compared to the wild type TDH. To explore further the mechanistic
basis of CTR-mediated regulation of TDH oligomerization, point mutations were also
introduced within the CTR to determine the key residues involved in the inter-protomer.
Our data showed that the residue GInl164, when mutated to Ala, resulted into
significantly reduced pore-forming activity; the mutant existed exclusively as monomer
in solution. This data indicated that GIn164, present within the CTR, plays a critical role
in the oligomerization mechanism of the toxin. As mentioned earlier, TDH harbors
single intra-protomer disulfide bond (between Cys151 and Cys161 residues), which
appears to tether the CTR at the oligomeric interface of the protein. Mutations of the
cysteine residues to serine (C151S-C161S-TDH) resulted in the disruption of the
oligomerization ability of TDH, and the mutant existed as monomer in solution with
drastically reduced activity. Our study further showed that the intra-protomer disulphide
bond presumably acts to restrain the conformational fluctuation of the CTR during the
folding and assembly process of TDH, and thus mediates spatial locking of the CTR at
the inter-protomer interface, thereby facilitating the oligomerization mechanism of
TDH. Altogether, the present study provides novel insights regarding the regulation of
the oligomerization mechanism of TDH in the bacterial PFT family. Such mechanism is

not commonly documented in the structurally related members in the PFT family.



Part Il: Flexible and intrinsically disordered N-terminal region (NTR) of TDH
plays critical roles in the membrane-damaging cytolytic/cytotoxic activity of the
toxin

The N-terminal region (*FELPSVPFPAP!:; NTR) of TDH could not be modelled in the
crystal structure of TDH, presumably due to high structural/conformational flexibility of
the region. Analysis of the NTR also suggested that the motif would be intrinsically
disordered. The NTR of TDH is also unusual in that it is populated with a number of
aromatic/hydrophobic residues, as well as a number of proline residues. However, no
information is available at present regarding the role of the NTR in the structure-function
mechanism of TDH. Second part of the present thesis work has, therefore, aimed to explore
the role of the NTR in the physicochemical properties, as well as in the
membrane-damaging cell-Killing activities of TDH. In order to examine the significance of
the NTR in the mode of action of TDH, a truncated mutant lacking the NTR (NTR-deleted,;
NTD-TDH) was generated. Deletion of the NTR resulted into prominent changes in the
physicochemical properties of TDH, without causing any global overall change in the
secondary and tertiary structural organization of the protein. For example, deletion of the
NTR was found to cause marked reduction in the amyloidogenic property of TDH.
Presence of the NTR was also found to allow binding of hydrophobic dye, ANS
(1-anilinonaphthalene-8-sulfonic acid) to TDH, while deletion of the NTR abolished the
ANS-binding ability of the truncated protein. This was consistent with the increased
aromatic/hydrophobic residue-content within the NTR of TDH. Presence of the NTR was
also found to enhance the ability of TDH to bind to the amphipathic phase of the membrane
lipid bilayer of liposomes. The mutant variant NTD-TDH showed significantly reduced
cytolytic and cytotoxic activity against the multiple target eukaryotic cells that include
human erythrocytes, T84 human intestinal epithelial cells, and THP-1 human monocytic
cells. Our data also showed that the deletion of the NTR also compromised the binding
ability toward the target cells to a prominent extent. Mutations of the aromatic/hydrophobic
residues within the NTR also led to the compromised membrane-damaging
cytolytic/cytotoxic activity of TDH. More interestingly, restraining of the

structural/conformational flexibility of the NTR of TDH, via engineered disulfide locking



of the NTR against the B-sandwich domain, also disrupted the functionality of the toxin.
Overall, these data showed that the NTR of TDH, with its intrinsically disordered
structural/conformational flexibility, plays a critical role in the membrane-damaging

cytolytic/cytotoxic activity of the toxin.
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