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Chapter 1: Introduction 

1.1 Pore-forming toxins 

Pathogenic bacteria have evolved a variety of ways to invade the host cellular systems 

and to disable the cells of the host immune system, in order to create a safe environment for 

their multiplication and dissemination. Pathogenic bacteria employ a battery of virulence 

factors and toxins to exert their pathogenesis mechanisms. Toxins produced by the 

pathogenic bacteria, in general, act distant from the site of infection (1). Bacterial toxin 

molecules are physically organized into distinct domains that recognize receptors on the host 

cell surface and activate a cascade of cellular pathways, thus leading to killing of the host 

cells (2). Bacterial toxins are most often protein molecules. A major class of toxins produced 

by the pathogenic bacteria are membrane-damaging toxins. Membrane-damaging toxins act 

by (i) ezymzymatically degrading the components of host cell membranes or cytoplasm, (ii) 

solubilising the cell membranes by detergent like actions, (iii) acting as pore-forming toxins 

(PFTs) (3). PFTs constitute 30% of all the toxins produced by the bacterial pathogens.  PFTs 

act by forming pores in the host target cell membranes leading to colloid-osmotic lysis of the 

target cells (4-5) (Figure 1.1).   

 

 

Figure 1.1: The general mechanism of the membrane pore-formation by PFTs. 
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1.2 Classification of the Pore-forming toxins 

Pore-forming toxins (PFTs) can be classified based on their pore size formed on the 

target membranes. However, the widely accepted classification is based on the type of the 

secondary structures that the toxins employ to cross the host cell membranes. Based on this, 

PFTs are categorised as either α-helical or β-barrel PFTs (4).  

α-PFTs form pores in the host cell membranes by using α-helices. (4). Based on the 

overall structural features, these toxin molecules consist mainly of α-helices. Pore-forming 

domains generally consist of a three-layer structure of up to ten α-helices entrapping a 

hydrophobic helical hairpin. This hairpin drives the initial steps of the membrane insertion 

process, and leads to the formation of the transmembrane pores (3, 6). Some examples of the 

members in this class are the pore-forming colicins produced by Escherichia coli (7), 

Pseudomonas aeruginosa exotoxin A (8), the insecticidal Bacillus thuringiensis δ-endotoxins 

(Cry) (9), Cytolysin A produced by pathogenic E. coli (10-11) and Diphtheria toxin produced 

by Corynebacterium diphtheria (12-13). 

β-PFTs insert β-barrels into the target cell membranes to form a functional oligomeric 

pore structure. Each monomer contributes a β-hairpin structure toward pore formation. As 

observed in their structures, all β-PFTs consist mainly of β-structures (4, 14). The class 

includes Aeromonas hydrophila aerolysin (15-16), Clostridium septicum α-toxin (17-18), 

Staphylococcus aureus α-hemolysin (19), Pseudomonas aeruginosa cytotoxin (20), the 

protective antigen component of anthrax toxin produced by Bacillus anthracis (21), Vibrio 

cholerae cytolysin (22), and the members in the family of cholesterol-dependent cytolysins 

(23-24). 

The oligomers formed by β-PFTs are highly stable, and remain intact even after 

solubilisation of the membranes with detergents. In contrast, oligomers of α-PFTs are far less 

stable and fall apart when the membranes are exposed to the detergents (4).  

 

1.3 α-Pore-forming toxins 

1.3.1 Colicins 

Colicins belong to the α-PFT family of PFTs. These are secreted by E. coli and kill 

other related bacteria (7). The E. coli secreting these toxins also secretes an immunity protein 

that protects it against the actions of the colicins (7, 25-26). Once the toxin is secreted, it 

binds to the host cells via specific receptors on the bacterial outer membranes, and gets 

localized into the periplasmic space (27-29). In the periplasmic space, some colicins, like 

Colicin A form pores in the inner bacterial membranes, while other colicins are further 
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internalized into the cytoplasm where they perform various functions such as by acting as 

DNAse, RNAse, or by inhibiting the protein synthesis process (7, 25). Based on the structure 

(Figure 1.2), colicin molecules can be divided into three distinct domains (30): (i) the 

translocation domain, consisting of three α-helices, one of which extends into the receptor-

binding domain, (ii) the receptor-binding domain, composed of three α-helices and a short β-

hairpin, (iii) the pore-forming domain consisting of a bundle of 10 α-helices and a 

hydrophobic core composed an α-helical hairpin. The α-helical hairpin is exposed during 

pore formation through partial unfolding of the pore-forming domain triggered by low-pH 

environment at the membrane interface (27, 31).  

 

 

Figure 1.2: Crystal structure of α-PFT, Colicin A (PDB ID: 1CII) 

 

1.4 β-Pore-forming toxins 

β-barrel pore-forming toxins (β-PFTs) share a broadly similar mode of action (Figure 

1.3). β-PFTs are secreted as water-soluble monomers; upon interaction with the host cell 

membranes, they convert into β-barrel transmembrane channels. The mode of action β-PFTs 

involves (i) secretion of the toxin as soluble monomers by the bacteria, (ii) binding of the 

toxin to specific cell-surface receptor, (iii) self-assembly of 6-7 monomers to form a non-

functional pre-pore oligomer, (iv) conversion of the pre-pore oligomer into the functional 

transmembrane β-barrel pore (32). The following subsections will provide a brief overview of 

the representative β-PFTs. 
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Figure 1.3: Sequential representation of β-PFT mode of action. (A) secretion of the toxin as soluble monomers 

by the bacteria, (B) binding of toxin to specific cell surface receptor, (C) self-assembly of 6-7 monomers to form 

a non-functional pre-pore oligomer, (D) conversion of pre-pore oligomer into functional transmembrane β-

barrel. 

 

1.4.1 Aerolysin 

Aerolysin is seceted by the Gram-negative bacterium Aeromonas hydrophilla (33). It 

is secreted as a ~52 kDa inactive toxin known as Proaerolysin, through the type II secretion 

system. A signal peptide guides the translocation of proaerolysin across the inner membrane 

in an unfolded state. The molecule is subsequently folded and transported across the bacterial 

outer membrane into the extracellular space (3, 15). Upon secretion, proaerolysin is 

converted into active mature aerolysin after proteolytic removal of 41-43 amino acid residues 

from the C-terminal end (34). Eukaryotic proteases such as trypsin, α-chymotrypsin and cell-

associated proteases such as furin and many proteases secreted by A. hydrophilla have been 

found to activate proaerolysin (35-36). Maturation of aerolysin is accompanied by 

conformational changes in the molecule, which result in the exposure of hydrophobic patches 

that might assist in protomer-protomer interactions and subsequent oligomerization (35).  
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Figure 1.4: Structure of Proaerolysin (PDB ID: 1PRE) 

 

Mature aerolysin monomers bind to specific receptors on the host cell surface, known 

as glycosyl-phophatidyl-inositol (GPI) anchored proteins (34). GPI-anchored proteins are 

mainly distributed in the lipid raft microdomains and perform diverse functions such as 

enzymes, adhesion molecules, antigens or receptors for various ligands. Aerolysin is known 

to mainly bind Thy-1 (37), contactin (38), CD14, arboxypeptidase M or NCAM (neural cell-

adhesion molecule) (39) and surface glycoprotein of Trypanosoma brucei (34). Binding of 

aerolysin to the GPI-anchored proteins, which are mainly localized in the membrane 

microdomains or lipid rafts, helps in concentrating the toxin monomers, facilitating 

subsequent oligomerization (40). 

The crystal structure for proaerolysin has been solved. Proaerolysin is an L-shaped 

molecule consisting of 4 domains (Figure 1.4) (41). Domain 1 and domain 2 of aerolysin are 

involved in the binding of aerolysin to specific receptor on the target cell membranes. 

Domain 2 and 3 are involved in the oligomer formation and stability. Domain 3 comprises of 

the characteristic channel forming transmembrane region. It consists of 20 amino acids 

forming two amphipathic β-sheets connected by a hydrophobic loop generating a β-hairpin-

like structure. Domain 4 consists of the pro-peptide, which is proteolytically removed during 

the toxin activation. Toxin activation and receptor binding are the two events that trigger 

aerolysin oligomerization. This is followed by exposure of hydrophobic regions within 

domain 3, driving monomer-monomer interactions. Local conformational changes leading to 

unfolding drive β-hairpins from each monomer insert into the cell membrane leading to the 
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formation of a 14-stranded-β-barrel. The mushroom-shaped head is composed of domains 1 

and 2, whereas the stem region is composed entirely of domains 3 and 4 (41). 

Aerolysin forms heptameric transmembrane channels that are anion selective and lead 

to rapid loss of water and ions from the cell. This includes loss of K
+
, influx of Ca

+
 from 

endoplasmic reticulum
 
and disruption of Na

+
/K

+
 gradient (42). This leads to activation of 

caspase-1, inflammasome and Nod-like receptors. Caspase-1 in turn activates cytokines IL18 

and IL-1β, a characteristic of aerolysin-intoxicated cells (43). Pore formation by aerolysin 

also leads to the activation of Sterol Regulatory Element Binding Protein (SREBP) -1 and -2, 

responsible for membrane biogenesis and enhancement of cell survival (39). 

 

1.4.2 Epsilon toxin 

Epsilon toxin (ETX) belongs to the class of β-barrel PFTs. It is responsible for 

enterotoxemia, and accumulates in brain and kidneys. It is able to cross the blood-brain 

barrier. ETX is secreted by Clostridium perfringens, which is a spore-forming anaerobic, 

Gram-positive bacterium (44-46).  ETX is secreted as an inactive pro-toxin of ~32.9kDa, 

which upon proteolytic removal of 11 N-terminal and 29 C-terminal residues converts into 

the active form of ~28.6 kDa. The removal of 29 amino acid residues from the C-terminal 

end results in the decrease in the pI value from 8.02 to 5.36 (47). Pro-toxin has been shown to 

bind to target eukaryotic cells but does not form oligomers. Therefore, the 29 C-terminal 

residues regulate the oligomerization of ETX on host cell membrane (48). ETX forms anion 

selective heptameric pores permeable to hydrophilic solutes of mass ~1 kDa (49). 

 

 

Figure 1.5: Structure of monomeric epsilon protoxin (PDB ID: 1UYJ)  



7 
 

The monomeric structure of ETX contains three distinct domains (Figure 1.5) 

composed mainly of β sheets (50). The domain 1 of ETX is composed mainly of α-helical 

structures and is implicated in the binding of ETX to specific receptors on the target cell 

surface through a cluster of aromatic residues: Tyr49, Tyr43, Tyr42, Tyr209 and Phe212. 

Domain 2 of ETX contains an amphipathic double stranded β-sheet structure implicated in 

the channel-forming activity. Each ETX monomer contributes two β-sheets in the formation 

of a functional heptameric channel. Site-directed mutagenesis studies have shown that the 

residues between His151-Ala181 in domain 2 contain alternative hydrophilic-hydrophobic 

residues, characteristic of channel forming β-hairpins in other β-PFTs (51). The domain 3 of 

ETX primarily contains the cleavage site for activation of the toxin.  

ETX is secreted during the exponential growth phase of C. Perfringen. High level of 

ETX in the intestine is a characteristic feature of enterotoxemia. The toxin passes through the 

intestinal barrier and disseminates through circulation to several organs causing toxic shock 

(46). It has been argued that the ETX receptor is localized in the lipid raft microdomains.  

Disruption of lipid rafts by methyl-β-cyclodextrin treatment results in impairment of ETX 

binding and pore-formation (52). Moreover, the inactive pro-toxin and the active form of the 

toxin have been shown to preferentially bind lipid rafts (53). The initial steps in the mode of 

action of ETX following binding to specific receptors involve membrane blebbing and 

disruption (54-55).  The cytotoxicity induced by ETX is characterised by rapid loss of 

intracellular K
+
, ATP depletion, mitochondrial membrane permeabilization, increase in 

intracellular Ca
+
 and Na

+
 levels followed by cell death due to necrosis (49, 52).   

 

1.4.3 Staphylococcus aureus -Hemolysin (α-toxin) 

 Hemolysin (α-toxin) is secreted by Staphylococcus aureus, a facultatively anaerobic       

Gram-positive bacterium. It is known as hemolysin due of its ability to lyse red blood cells 

(erythrocytes). It has been established as a prominent factor in S. aureus-induced infections. 

Hemolysin is encoded by hla gene as a 293-amino acid long protein of molecular mass 33 

kDa. It is secreted by the bacterium during the late log phase or stationary phase of growth. 

The expression of hemolysin is controlled by accessory gene regulator (agr) locus via 

regulatory RNA, RNA III (56-57). The mechanism of action of hemolysin involves (i) 

secretion of the toxin by S. aureus, (ii) binding to host cell surface, (iii) formation of 

heptameric non-toxic pre-pore oligomer, (iv) conversion of the pre-pore oligomer into a 

functional transmembrane pore. 
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Figure 1.6: Structure of α-hemolysin heptamer (PDB ID: 7AHL). (A) Shows the Cap, Rim and the Stem 

domain of the transmembrane pore. (B) Shows the central pore. 

 

Hemolysin binds to phosphocholine headgroups in the target cell membrane (58). Also the 

depletion of cholesterol from the host cells diminishes toxin binding. Recently, it was shown 

that A Disintegrin And Metalloprotease 10 (ADAM10) acts as the cell surface receptor for 

hemolysin (59). ADAM10 is a transmembrane zinc-dependent metalloprotease on the cell 

surface of host cells. The crystal structure for hemolysin heptamer has been solved (Figure 

1.6). The hemolysin heptamer is composed of three domains. (i) The Cap domain forms the 

extracellular face of the toxin and defines entry of the pore while being exposed to the 

aqueous environment. (ii) The Rim domain is positioned on the outer leaflet of host plasma 

membrane. (iii) The Stem domain forms the transmembrane β-barrel structure (60). During 

the event of pore formation, N-terminal region of hemolysin undergoes a conformational 

change and interacts with the neighbouring protomer, stabilizing the heptameric pore 

structure. The Histidine residue at position 35 in the primary amino acid sequence of α-

hemolysin  has been shown to drive the insertion of stem into the membrane by moving into a 

hydrophobic environment during pre-pore to pore transition. Deletion mutations in the N-

terminus or within the glycine rich stem region (residues 118-142) were shown to arrest the 

toxin in a pre-pore stage, indicating that these two regions are important in the pre-pore to 

pore transition (14). Hemolysin heptamer shows that the central glycine-rich stem region 
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from each monomer contributes a two-stranded antiparallel β-sheet to the β-barrel of the 

trans-membrane pore, which therefore comprises of 14 β-strands. 

 

1.4.4 Anthrax toxin protective antigen (PA) 

Anthrax toxin belongs to the family of binary toxins. It is produced by Bacillus 

anthracis, a rod-shaped, endospore forming, Gram-positive bacterium which is the causative 

agent of anthrax. Anthrax toxin is composed of three proteins, (i) Lethal factor (LF), a ~90 

kDa Zinc-dependent protease that cleaves and inactivates MAP kinase kinase (61-62), (ii) 

Edema factor (EF), a ~89 kDa Calcium and calmodulin dependent adnylyl cyclase (63), (iii) 

Protective antigen (PA), a ~ 83 kDa (PA83) β-pore-forming toxin that acts as the vehicle for 

delivery of LF and EF into the host cell cytoplasm. Protective antigen (PA) consists of 4 

domains (Figure 1.7). Domain 1 is a β-sandwich with four α-helices. The 1-167 residues in 

the N-terminal of the protein known as PA20 inhibits monomer-monomer interactions 

required for heptamer formation; hence the PA20 is removed from the receptor-bound PA83 by 

cell-associated furin proteases,  generating a truncated form of the protein known as PA63 (64-

65). During proteolytic removal of PA20, a β-sheet is ruptured, exposing a large hydrophobic 

region. Domain 1 of PA63, the N-terminal segment left after removal of PA20 acts as the 

binding site for LF and EF in the oligomer.   

 

 

Figure 1.7: Structure of anthrax toxin Protective Antigen monomer (PDB ID: 1ACC) 
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Figure 1.8: Heptameric pore structure of Protective Antigen (PDB ID: 1TZO).  

 

Domain 2 is composed of a β-barrel core. After formation of the heptameric pre-pore 

oligomer by PA63, domain 2 undergoes a major pH-dependent conformational rearrangement, 

allowing domain 2 from each monomer to contribute a 2 β-sheet hairpin, forming a 14 

stranded-β-barrel transmembrane structure (66-67). Domain 3 consists of a ferridoxin-like 

fold. It mediates the interaction between monomers to allow for the self-association of PA63 

leading to formation of a heptameric pore structure (Figure 1.8). Mutations in this domain 

have been shown to inhibit oligomerization of PA63 (68-69). Domain 4 of protective antigen 

is involved in the binding to specific cell receptors (70).  

 

1.4.5 Cholesterol-dependent cytolysins 

Cholesterol-dependent cytolysins (CDC) constitute the largest group among the 

family of β-PFTs. CDCs are mostly secreted by Gram-positive bacteria (24, 71). Some of the 

prominent members in the CDC family include Listeriolysin (LLO) from Lysteria 

monocytogenes (72), Pneumolysin (PLO) from Streptococcus pneumonia (73), Intermedilysin 

(ILY) from Streptococcus intermedius (74). CDC mode of action is critically dependent on 

the presence of cholesterol in the target cell membranes (71). Functionality of CDCs is also 

found to be pH-dependent (75). CDCs are known to make the largest pores in the β-PFT 

family, ranging from 25-30 nm size of pore diameter (24). The mode of action of CDCs 
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involves (i) cholesterol-dependent association of the soluble toxin monomers with host cell 

membranes, (ii) concentration of the monomers on the target membrane by lateral diffusion, 

(iii) formation of non-functional pre-pore oligomers, and (iv) insertion of the β-hairpin loop 

from the toxin protomers into the membrane leading to the formation of a functional pore (23, 

71). The crystal structure of different CDCs revealed that a CDC protein is, in general, 

composed primarily of 4 domains. Domain 4 of the CDCs consists of a highly conserved 11 

amino acid residue-long motif (ECTGLAWEWWR) known as the un-decapeptide or 

tryptophan-rich motif. This motif is responsible for the cholesterol-dependent membrane 

interactions of CDCs. The un-decapeptide partially inserts into the membrane to interact with 

the cholesterol leading to the lateral diffusion of the monomer on the membrane to interact 

with other monomers in order to form a functional β-barrel pore (76). Binding of Domain 4 to 

cholesterol initiates a conformational change in the Domain 3 exposing a β-strand. Hydrogen 

bonding between the Domain 3 β-strands of adjacent monomers leads to the formation of a 

non-functional pre-pore oligomer (defined as a completed ring complex on the membrane 

surface without insertion of the β-hairpin loops). After formation of the pre-pore oligomer, a 

second conformational change in the Domain 3 leads to the conversion of three α-helices into 

two β-sheets comprising the transmembrane β-hairpin (TMH) structure for each of the 

monomers. During the insertion, each monomer contributes two β-sheets in the form of a 

transmembrane β-hairpin leading to the functional pore-formation (23, 76-77).  

 

1.4.6 Vibrio cholerae Cytolysin 

Vibrio cholerae cytolysin (VCC) is a prominent member in the family of β-barrel 

pore-forming toxins (-PFTs) (22). It is secreted by the bacterium as a water-soluble 

monomer (78), which upon binding to the host eukaryotic cell membranes converts into the 

heptameric transmembrane -barrel channels (79). The VCC mode of action involves (Figure 

1.9) (i) secretion of the water-soluble monomers in an inactive state (Pro-VCC), (ii) 

conversion of the Pro-VCC into mature VCC by proteolytic removal of the N-terminal Pro-

domain, (iii) binding of the mature VCC to the host eukaryotic cell membranes, (iv) 

heptamerization to form  intermediate assembly states known as Pre-pore oligomers, (v) 

conversion of the Pre-pore oligomers into the functional transmembrane -barrel pores 

leading toward the killing of the host cells by colloid-osmotic lysis. 
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Figure 1.9: Mode of action of Vibrio cholerae cytolysin. (A) Secretion of the toxin as soluble monomer by V. 

cholerae, (B) proteolytic removal of the N-terminal Pro-domain, (C) binding of the mature form of the toxin 

onto the host cell membrane, (D) self-assembly of 6-7 monomers to form a non-functional pre-pore oligomer, 

(E) conversion of pre-pore oligomer into functional transmembrane β-barrel channel. 

 

The present research thesis deals with the structure-function mechanism of VCC as a 

prototype in the -PFT family. Therefore, a more detail literature review regarding VCC, in 

the context of the V. cholerae pathogenesis process is presented in the subsequent pages. 

Also, a detail overview of its mode of action is presented here. 

VCC is secreted by most of the pathogenic strains of the Gram-negative bacterium V. 

cholerae, the causative agent of the severe diarrhoeal disease cholera (80). Cholera is 

characterised by the passage of stools of rice water leading to rapid dehydration. V. cholerae 

has been responsible for seven pandemics of cholera (81).  

V. cholerae is a curved rod-shaped, Gram-negative bacteria. It is facultatively 

anaerobic, non-spore forming microorganism (81). V. cholerae belongs to the family 

Vibrionaceae. Of the 63 species in the genus Vibrio, many are pathogenic to humans, 

including V. cholerae, V. vulnificus, V. parahaemolyticus, V. hollisae, V. fluvialis, V. 

mimicus, V. alginolyticus, V. damsela, V. furnissii, V. metschnikovii, and V. cincinnatiensis. 
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V. cholerae is classified into three serogroups: O1, O139 and non-O1 based on the 

differences in heat-labile surface antigen “O”. V. cholerae O1 serogroup is further subdivided 

into two biotypes, classical and El Tor. The current cholera pandemic is caused by V. 

cholerae O1 El Tor. Pathogenic strains of V. cholerae O1 are characterised by the presence of 

gene for Cholera Toxin (CT), the major virulence factor of the organism. The first step in the 

pathogenesis of cholera induced by V. cholerae is ingestion of the contaminated food or 

water. The organism after passing the acidic stomach, colonizes in the small intestine by 

means of several colonization factors. V. cholerae produces its characteristic toxin, CT that 

disrupts the ion transport by the intestinal epithelial cells, causing loss of water and 

electrolytes, leading to severe dehydration. However, strains of V. cholerae lacking the gene 

encoding for CT have been shown to cause mild to moderate form of diarrhea, suggesting the 

roles of accessory virulence factors in the cholera pathogenesis (81). 

V. cholerae has been shown to produce many extracellular toxins with deleterious 

effects on human intestinal cells. The well-studied toxins include: 

i. Cholera Toxin (CT) (82-84) 

ii. Zonula Occludens Toxin (Zot) (85-86) 

iii. Accessory Cholera Enterotoxin (Ace) (87-88) 

iv. Shiga-like Toxins (SLTs) (89-90) 

v. V. cholerae hemolysin/cytolysin (VCC) (91-92) 

Hemolytic V. cholerae strains of the biotype El Tor were first isolated during the 

seventh cholera pandemic during 1973–1978. Subsequently, hemolytic activity was 

established as an epidemiological marker for characterising different V. cholerae strains (80). 

During the early 1980s, hemolytic V. cholerae O1 strains lacking the gene for CT were 

isolated from the patients with severe diarrhea (80). This suggested the presence of unknown 

virulence factor(s) responsible for the diarrhea-like symptoms. 

Toward characterising the source of hemolytic activity in V. cholerae, the V. cholerae 

hemolysin protein was cloned, sequenced (93-94) and purified (94-95). V. cholerae 

hemolysin purified from the wild type bacteria or extracted from the recombinant expression 

systems was found to display potent lytic activity against a wide range of erythrocytes. 

Moreover, it was found to display critical cytotoxic activities against wide variety of 

nucleated eukaryotic cells, and thus was also named as V. cholerae cytolysin (VCC) (93, 95-

96). Subsequently, it was shown that the purified form of VCC from the V. cholerae El Tor 

strains resulted in the accumulation of the bloody and mucoid fluids in the ligated rabbit ileal 

loops (91).  It was also shown that VCC was an enterotoxic factor responsible for causing 
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diarrhea-like symptoms in patients infected with the V. cholerae strains lacking the gene for 

CT (80). Based on such observations, VCC has been considered as a potential virulence 

factor of V. cholerae capable of contributing toward the cholera pathogenesis process. 

 

 

Figure 1.10: Primary amino acid sequence of VCC 

 

V. cholerae hemolysin/cytolysin (henceforth abbreviated as VCC) is encoded by the 

structural gene hlyA in the form of pre-pro-VCC of Mr ~82 kDa.  It contains an 18-amino 

acid long N-terminal signal sequence. The protein, after removal of the signal peptide, is 

secreted as an inactive ~79 kDa precursor known as Pro-VCC (93). The ~ 79 kDa proteins is 

processed into its active form, the mature VCC, by removal of ~15 kDa N-terminal peptide, 

known as the Pro-peptide. The soluble haemagglutinin protease (HA protease), a major 

protease secreted by V. cholerae has been implicated in the proteolytic removal of the Pro-

peptide. However, other proteases such as trypsin, α-chymotrypsin,  subtilisin and papain 

have also been shown to activate VCC in vitro by proteolytic removal of the N-terminal Pro-
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peptide (95). Crystal structure of the monomeric Pro-VCC revealed a cross-shaped 

architecture of the molecule (Figure 1.10) with a central 325 amino acid long “cytolysin” 

domain, onto which three ~15 kDa accessory domains are attached (22). These additional 

domains are the N-terminal Pro-domain, C-terminal β-trefoil lectin-like domain, and a β-

prism lectin-like domain. The central cytolysin domain contains the transmembrane β-hairpin 

structure known as the Pre-stem loop (Figure 1.10). 

 

 

Figure 1.11: Crystal structure of Pro-VCC (PDB ID: 1XEZ) 

 

Figure 1.12: Structure of the mature-VCC protomer displaying the structutal changes during the process of 

oligomerisation 
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The Pro-domain 

Pro-domain is an N-terminal domain of ~15 kDa. Presence of the Pro-domain 

maintains VCC molecules in a functionally inactive precursor form (95). Although the 

presence of the Pro-domain does not inhibit binding of VCC to target cell membranes, it 

possibly inhibits the monomer-monomer interaction required for oligomerization of the toxin. 

It is connected to the cytolysin domain by a flexible linker of approximately 15 amino acids 

that harbours the recognition sequences for various proteases (95). Pro-domain is composed 

of four β-strands and three α-helices (22). It has sequence homology to Hsp90 family of heat 

shock proteins. Deletion of the Pro-domain form the hlyA gene results in the degradation of 

the toxin in bacterial periplasm (97). Pro-domain is speculated to act as an intra-molecular 

chaperone, and that it might act to assist in proper folding of VCC into its native architecture 

(97). 

 

The Cytolysin domain   

Cytolysin domain forms the central core of VCC onto which all other domains are 

attached. Cytolysin domain is the structural and functional core of VCC (22). During pore-

formation on target cell membrane, it forms the rim-domain of the oligomer which remains 

seated on the cell membrane and forms the entry of the pore (79). The folds in VCC cytolysin 

domain have been shown to be similar to folds in the cytolysin domain of S. aureus α-

hemolysin (22). The cytolysin domain harbours the so called ‘pre-stem’ loop, which in the 

process of membrane pore formation contributes to the generation of the stem region of the 

-barrel pore structure. 

 

The β-trefoil lectin-like domain 

The β-trefoil lectin-like domain is a C-terminal ~15 kDa domain composed mainly of 

β-sheet structure (22). Sequence alignments studies show that it has sequence similarity to 

Ricin, a toxic carbohydrate-binding protein produced by plant, Ricinus communis (98). The 

β-trefoil lectin-like domain also contains the conserved QXW carbohydrate-binding site. 

 

The β-prism lectin-like domain 

 The ~15 kDa C-terminal β-prism lectin-like domain is connected to the β-trefoil 

domain by a long linker (22). It has sequence similarity to Maclura pomifera agglutinin 

(MPA) (99) and jacalin (100). (98). Super position of the C-terminal lectin-loke domain of 

VCC and MPA show a root mean square deviation of 1.8 Ả in α-carbon for 96 out of 130 
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amino acids. Deletion of the β-prism domain abolishes VCC hemolytic activity (101). The β-

prism domain binds to carbohydrate receptors on the target cell membrane, thereby 

increasing the local toxin concentration presumably aiding in monomer-monomer interaction 

leading to pore-formation (102-104). 

 

 

Figure 1.13: Structure of VCC heptamer (PDB ID: 3O44). (A) Shows the position of the β-trefoil lectin-like 

domain, β-prism lectin-like domain and the transmembrane β-barrel composed of the pre-stem motif. (B) Shows 

the central pore. 

 

Mechanism of oligomeric membrane pore formation by VCC 

High-resolution three-dimensional structures have been determined for the water-

soluble monomeric state, as well as the transmembrane oligomeric pore state of VCC (22, 

79). Analysis of the structural models reveals important insights regarding the mechanism of 

membrane pore formation process employed by VCC. The structural models show that in the 

event of pore-formation, each monomer contributes a pre-stem motif toward formation of the 

transmembrane β-barrel pore structure comprising 14 β-sheets. In this process VCC 

protomers undergo a major conformational rearrangement in the overall protein structure 

leading to the insertion of the pre-stem loop into the membrane lipid bilayer, a crucial step for 

the conversion of the pre-pore state into a functional transmembrane pore structure (79).  

The most important step in VCC mode of action is the formation of a membrane 

bound pre-pore oligomer, followed by insertion of the pre-stem into membrane lipid bilayer 

leading to formation of a functional transmembrane β-barrel. In the water-soluble form of 

VCC, pre-stem loop is bracketed by an extended loop (residue 191-204) which maintains 

hydrophobic contact with pre-stem loop (22). It also interacts with numerous charged and 
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polar residues at the interface of the pre-stem- β-sandwich (22). The pre-stem loop is also 

bound on the edge to the adjacent β-prism lectin domain, creating a stearic effect for the loop. 

Hence, in order for the stem to penetrate membrane lipid bilayer, VCC undergoes a major 

conformational rearrangement. During the event of pore-formation, the β-prism lectin domain 

takes a 180˚ rotation around the core cytolysin domain followed by  movement of the 

extended loop that might result in the destabilization of the interactions holding pre-stem in 

the water-soluble state and initiate partial unfolding of the pre-stem resulting in its insertion 

into the membrane lipid bilayer (79). In the transmembrane β-barrel, each of the seven pre-

stem loops contributed by seven protomers transforms into a 19 residue long antiparallel β-

sheet structure that forms 21 hydrogen bonds with each of its two neighbouring stem loops, 

thereby, stabilizing the pore structure leading to formation of a anion specific pore 1-2 nm in 

diameter (79). 
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1.5 Unsolved issues in the VCC mode of action 

 VCC has been shown to be a potential virulence factor of V. cholerae. Previous 

studies have established that VCC exerts its pathophysiological effects on the target host 

eukaryotic cells by acting as a membrane-damaging -barrel pore-forming toxin. In its mode 

of action, the toxin is secreted as an inactive precursor (Pro-VCC), which upon removal of its 

N-terminal Pro-domain converts into the active mature form of the toxin. Pro-domain has 

been suggested to act as an intramolecular entity, facilitating proper folding and secretion of 

the toxin. It is however still not known how exactly the presence of the Pro-domain 

modulates the structure-function mechanism of VCC. In the same direction, functional 

implication of the other unique structural features present in the VCC molecule has not been 

addressed in mechanistic detail. Membrane pore-formation process employed by VCC also 

represents a mechanism that poses several intriguing aspects requiring in depth structure-

function investigation. In particular, regulation of the structural rearrangement within the 

VCC molecule in the process membrane pore-formation has been explored only to a limited 

extent. Analysis of the structural models have suggested that conversion of the pre-stem motif 

into stem configuration acts as a key step leading toward the functional -barrel pore-

formation. Covalent locking of the pre-stem motif has been shown to trap the toxin in its 

membrane-bound pre-pore state. However, it has not been explored yet whether the physical 

presence/absence of the pre-stem motif is indeed required for the membrane binding and pre-

pore formation by the VCC protomers. Another aspect of VCC mode of action also remains 

unsolved: the mechanistic basis of the cholesterol-dependency for its membrane binding and 

functional pore-formation. Presence of cholesterol in the target membrane has been shown to 

be critical for the functional membrane pore-formation by VCC. It has also been indicated 

that cholesterol modulates the efficacy of the VCC mode of action, not by altering the 

physicochemical properties of the target membranes, rather by physically interacting with as 

yet unknown structural motif present within the VCC molecular structure. However, 

structural basis of VCC-cholesterol interaction and its implication for the VCC mode of 

action remains to be validated.   
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1.6 Specific Objectives 

Vibrio cholerae cytolysin (VCC) is a prominent member of the β-barrel family of 

pore-forming toxins (-PFTs). It is produced by most of the pathogenic strains of the Gram-

negative bacterium V. cholerae. VCC is secreted in the form of a water-soluble monomeric 

precursor of ~79 kDa, known as Pro-VCC. Pro-VCC becomes activated by proteolytic 

removal it’s N-terminal ~15 kDa Pro-domain to generate the mature form of the VCC toxin. 

Mature VCC binds to the target eukaryotic cell membranes, and forms heptameric 

transmembrane -barrel pores, leading to the colloid-osmotic lysis of the target host cells. A 

large number of studies have indicated VCC as a potential virulence factor of V. cholerae 

contributing toward the disease process caused by the bacterium. Previous studies have 

explored the molecular mechanisms associated with the membrane pore formation process 

employed by VCC. Structural studies done on the monomeric and the oligomeric pore state 

of VCC have also provided valuable insights regarding the structural mechanisms of its 

membrane pore formation process. However, a large number of issues regarding the 

structure-function mechanism of VCC remain only partly explored and/or addressed. For 

example, functional implications of the distinct structural domains/motifs/modules present in 

the VCC molecular structure have not been explored previously. Several studies have probed 

the mechanism of membrane pore-formation employed by VCC. However, the structural 

constraints that regulate the distinct steps of membrane pore-formation have not been 

elucidated in mechanistic detail. Also, membrane interaction mechanisms of VCC, and the 

roles of cholesterol in the process have been studied in a large number of studies. However, it 

has not been tested earlier whether VCC contains any specific structural signature/motif 

having implication for the cholesterol-dependent membrane interaction mechanism and 

subsequent steps of the membrane pore-formation process. Therefore, in this background, the 

present thesis work investigates the structure-function mechanisms of VCC with special 

emphasis on the following three objectives: 

(i) To elucidate the role of the Pro-domain in the structure-function mechanism of VCC. 

(ii) To explore the implication of the pre-stem motif in regulating the structure-function 

mechanism of VCC. 

(iii) To explore the structural basis of cholesterol-dependent membrane interaction 

mechanism of VCC. 

 Successful exploration of these objectives would not only provide novel insights 

regarding the mode of action of VCC, but would also enrich our current understanding 

regarding the structure-function mechanisms of b-PFT family of bacterial protein toxins. 
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Chapter 2 

Implications of the Pro-domain in the structure-function mechanism of VCC* 

2.1 Abstract 

Vibrio cholerae cytolysin (VCC) is a prominent member in the β-barrel pore-forming 

toxin (β-PFT) family. VCC is secreted by most of the pathogenic strains of V. cholerae. VCC 

causes colloid-osmotic lysis of the target eukaryotic cells by forming transmembrane 

oligomeric β-barrel pores. VCC is released by the bacteria as a ~79 kDa inactive precursor, 

known as Pro-VCC. Upon proteolytic processing of the N-terminal Pro-domain, this 

precursor form is converted into the active mature form of the toxin, Mature-VCC. Previous 

studies have suggested an intramolecular chaperone-like function of the Pro-domain, where it 

has been shown to assist in proper folding and efficient secretion of the toxin. However, exact 

implication of the Pro-domain in the structure-function mechanism of VCC remains 

unknown. In this direction, we compared the Pro-VCC and Mature-VCC in terms of 

structural changes during the event of protein unfolding under a wide range of conditions 

including low pH-induced unfolding, urea-induced denaturation and thermal denaturation. 

We found that the Pro-VCC molecule displayed a more profound tendency to undergo 

unfolding-related structural changes under given conditions, as compared to Mature-VCC. 

Exposure of isolated Pro-domain to similar denaturing conditions revealed that it is a much 

more stable entity as compared to both the variants of VCC. Hence, an increased propensity 

of Pro-VCC toward unfolding could not be attributed to an increased unfolding tendency of 

Pro-domain within the Pro-VCC structure. Altogether, it appears from our study that the 

presence of the Pro-domain allows Pro-VCC to adopt a natively folded architecture with 

sufficient structural/conformational plasticity, which might be critically required for proper 

folding, efficient secretion, and maturation of the toxin under the physiologically relevant 

conditions. 

 

2.2 Introduction 

Many proteins exist in a functionally inactive precursor form, which upon limited 

proteolysis undergo physiological and/or biochemical changes and become active. Most 

common examples of such proteins are the enzymes secreted by the pancreas such as 

trypsinogen (105), chymotrypsinogen (106) and pepsinogen (107), enzymes involved in the 

programmed cell death (procaspases) (108), proteolytic enzymes secreted by bacteria such as 

α-lytic protease by Lysobacter enzymogenes (109), subtilisin E (110) and carboxypeptidase Y 
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(111). Generally, the removal of inactivating peptide (also known as the “Pro” peptide) is 

accompanied by either some conformation change(s) or exposure of the active site(s) (35).  

The pro-domain has been shown to help/aid in the folding of the protein molecules 

into their functionally active native forms. In some proteins, the pro-domain has been shown 

to guide protein folding without any physical linkage with the protein (109). Sibtilisin E, an 

alkaline serine protease, contains a 77-amino acid long pro-region. Deletion of the pro-

sequence yields an inactive enzyme. Hence the pro-sequence must be present in order to 

guide the mature protein toward an active conformation. The pro-domain in isolation is able 

to activate the unfolded mature subtilisin, when exogenously added to mature subtilisin 

denatured in 6M guanidine hydrochloride, showing that the pro-domain can guide the 

refolding of its denatured mature counterpart in an intermolecular process in-vitro (110). α-

lytic protease, an extracellular serine protease, contains a 166-amino acid long pro-sequence. 

When recombinantly expressed in E. coli, the protein is autocatalytically processed in 

periplasmic space, and the functional protease domain lacking the pro-region accumulates 

extracellularly. The protein lacking the 166-amino acid pro-sequence is inactive, and remains 

cell associated rather than being secreted by the bacterium. Hence, the pro-region, which is 

covalently associated with the protease domain, is necessary for correct folding of the 

protein. However, when the pro-domain and the protease-domain are independently 

expressed in-vivo, it results in the secretion of the protease domains in its active 

configuration, suggesting that the pro-domain does not require any covalent linkage for 

efficient folding, activation and secretion of the protease domain (109). Thus, it can be 

concluded that the pro-domain acts as a template that binds to and stabilizes the intermediate 

unfolded state of the protein for folding into functionally active configuration.  

The β-barrel Pore forming toxins (β-PFTs) are a unique class membrane damaging 

cytolytic proteins that are secreted as accessory virulence factors by many pathogenic 

bacteria. The β-PFT mode of action involves, binding of the toxin onto the target eukaryotic 

cell membranes, and its subsequent oligomerization into transmembrane β-barrel channels. 

Although, the general scheme among the members of the β-PFT family is highly conserved, 

these toxins differ in the intricate details of their mechanisms of action (3).    

Vibrio cholerae cytolysin (VCC) is a prominent member in the β-PFT family (22). It 

is secreted as a ~79 kDa inactive precursor form known as Pro-VCC. Subsequent proteolytic 

removal of it’s N-terminal segment leads to conversion of the toxin into a ~65 kDa active 

form known as Mature-VCC (95). The proteolytic activation of VCC is the first step in the 

VCC mode of action. X-ray crystal structure of Pro-VCC shows the presence of a ~15 kDa 
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N-terminal Pro-domain (residue 1-118) (22). Presence of the Pro-domain keeps VCC in a 

functionally inactive form presumably via blocking the protomer-protomer interaction 

surfaces. Proteolytic removal of the Pro-domain leads to the generation of the Mature-VCC, 

which in contact with the target cell membranes, oligomerises into heptameric 

transmembrane -barrel channels, thus exerting the cytotoxic action. It is not known whether 

the removal of the ‘Pro-domain’ results in any major structural and conformational change(s) 

in the VCC molecular structure. It has been suggested that the presence of the N-terminal 

‘Pro-domain’ possibly allows the VCC molecule to adopt a suitable configuration that might 

be critical for efficient secretion and proper folding of the toxin (97). Moreover, it has also 

been shown that the presence of the ‘Pro-domain’ preserves the toxin molecule in an inactive 

precursor state, which is incapable of displaying the cytolytic activity towards its target cells. 

Removal of the Pro-domain from VCC gene (hlyA) results in the degradation of VCC 

in the bacterial periplasmic space. Chemically denatured Pro-VCC recovers complete activity 

after denaturation, but Mature-VCC lacking the Pro-domain does not get activated upon 

renaturation from the unfolded states. The Pro-domain also bears sequence similarity with the 

Hsp90 family of chaperones (97). Since the location of the Pro-domain is within the VCC 

molecule, it has been proposed as an intramolecular chaperone, suggesting that the N-

terminal Pro-domain might play some role in the folding of VCC molecule into its native 

architecture (97). 

Aerolysin, a β-PFT secreted by the bacterium A. hydrophila also contains a C-

terminal Pro-peptide (41). Proteolytic removal of the pro-peptide is essential for subsequent 

activation and oligomerization of the toxin. Proteolytic removal of the C-terminal pro-peptide 

from pro-aerolysin causes a little change in the tertiary and secondary structures as monitored 

by near- and far-UV circular dichroism spectroscopy respectively. However, intrinsic 

tryptophan fluorescence emission studies show that removal of pro-peptide results in a red 

shift in intrinsic tryptophan fluorescence emission spectra accompanied by an increase in the 

tryptophan emission of mature aerolysin (lacking the pro-peptide) suggesting a change in the 

tryptophan environment. The results from Rayleigh light scattering show that pro-aerolysin in 

monomeric form could not scatter light but light scattering increased with the addition of 

trypsin presumably due to formation of mature aerolysin and its subsequent oligomerization. 

Removal of the pro-peptide also results in an increase in the binding of hydrophobic probe 1-

anilino-8-naphthalene sulfonic acid to mature aerolysin, indicating that the pro-peptide might 

mask a hydrophobic surface required for the necessary protomer-protomer interactions (35).  
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 Information regarding exact role of Pro-domain in the structure-function mechanism 

of VCC is unknown. In the present study, we characterised the precursor and mature form of 

VCC namely, Pro-VCC and Mature-VCC, respectively, in terms of changes in the tertiary 

and the secondary structures during the events of protein unfolding. We studied the changes 

in the protein structure in its solution state in response to a wide range of conditions, namely, 

low pH-induced unfolding, urea-induced unfolding and thermal denaturation to induce 

unfolding of the protein.   

2.3 Materials and Methods 

 

Cloning and Expression of the Pro-VCC  

The nucleotide sequence encoding Pro-VCC was amplified by the PCR-based method 

using the VCC chromosomal DNA as the template. Amplified PCR product was cloned into 

the expression vector pET14b (Novagen), between Nde1 and BamH1 restriction digestion 

sites. The pET14b vector allows addition of an amino terminal hexahisitidine tag into the 

recombinant protein. To remove the histidine tag from the protein, a TeV (Invitrogen) 

cleavage site was introduced between the sequence and hexahistidine tag using PCR-based 

method. Recombinant nucleotide sequence was verified by DNA sequencing. Recombiant 

pET14b vector harbouring the nucleotide sequence for Pro-VCC was transformed into E .coli 

Origami B cells  

Expression and Purification of Soluble Pro-VCC 

E. coli Origami B cells harbouring recombinant pET14b vector containing nucleotide 

sequence for Pro-VCC were grown in LB medium supplemented with 50 µg/ml of 

carbenicillin. A seed culture was inoculated with transformed Origami cells and grown 

overnight at 37 ˚C. The overnight culture was diluted 50-fold into 2 liters of LB broth, the 

culture were grown at 37 ˚C to an A600 of 0.6.  Protein expression was induced with 1 mM 

IPTG (Isopropyl β-D-1-thiogalactopyranoside), and the cultures were grown for additional 

three hours with shaking at 30 ˚C. Cells were pelleted by spinning at 4000 rpm for 20 minutes 

in a hanging bucket centrifuge and cells were resuspended in 10 ml phosphate buffered saline 

(PBS), pH 7.0 containing bacterial protease inhibitor cocktail (Sigma). Cells were lysed using 

a Mesonix Ultra sonicator with six pulses of thirty seconds each at an amplitude of 20 

followed by centrifugation at 12,000 rpm for 10 minutes at 4 ˚C. The supernatant was 

adjusted with 20 mM imidazole before passing through Ni-NTA chelating column (Qiagen) 

pre equilibrated with PBS (pH 7.0). The column was washed with 50 x volume  of the same 

buffer adjusted with 20 mM imidazole. - Bound protein was eluted with 300 mM imidazole. 
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The peak fractions were diluted five times with a buffer containing 10 mM Tris-HCl and 1 

mM EDTA (pH 8.0), and loaded onto a Q–sepharose column (GE healthcare) pre 

equilibrated with the same buffer.  Bound protein was eluted in a linear gradient of 0 to 500 

mM NaCl over 50 ml in an FPLC system (AKTA purifier, GE healthcare), at a 2 ml per 

minute flow rate.  Eluted protein fractions were analysed for Pro-VCC by SDS-PAGE and 

Coomassie staining. The histidine tag was removed by incubating with 1 unit of TeV protease 

(Invitrogen) per 10 µg of protein for overnight at 25˚C followed by a second round of 

purification on a Q-sepharose column. Purified Pro-VCC was analysed by SDS-PAGE and 

Coomassie staining. Protein concentration was estimated by monitoring A280 using the 

theoretically calculated absorbance values as predicted from the protein’s primary structure 

(1.43 for 1 mg/ml Pro-VCC).  

Generation of Mature-VCC  

Mature-VCC was generared by treating Pro-VCC with trypsin at a protein:protease 

ratio of 2000:1 for 10 minutes at room temperature. Reaction was terminated with 1 mM 

Phenyl Methyl Sulfonyl Fluoride (PMSF). The Mature-VCC was purified by passing through 

Q-sepharose column. Purified Mature-VCC was analysed by SDS-PAGE and Coomassie 

staining. Protein concentration was estimated by monitoring the A280 using the theoretically 

calculated absorbance value as predicted from the protein’s primary structure (1.6 for 1 

mg/ml Mature-VCC). 

Purification of Pro-domain protein 

Nucleotide sequence encoding the Pro-region of Pro-VCC was PCR-amplified and 

cloned into the pET14b expression vector between the Nde1 and BamH1 sites. Nucleotide 

sequence was verified by DNA sequencing. Recombinant vector harbouring the cloned gene 

was transformed into E. coli Origami B cells. Protein expression was induced with 1 mM 

IPTG. Protein was purified by Ni-affinity chromatography followed by anion-exchange 

chromatography on Q-sepharose. Homogeneity of the purified protein was analysed by SDS-

PAGE and Coomassie staining. Protein concentration was estimated by monitoring A280 

based on the theoretically predicted extinction coefficient based on the primary structure of 

the protein. 

Fluorescence Measurements 

Fluorescence spectra were measured using Perkin-Elmer LS55 spectrofluorimeter in a 

quartz cell of 10 mm pathlength. Protein concentration of 75 nM was used for Pro-VCC and 

Mature-VCC. For purified Pro-domain, a protein concentration of 1 µM was used. 
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For intrinsic tryptophan fluorescence spectra, the protein samples were excited at 

wavelength of 290 nm, and tryptophan fluorescence emission was measured between 310-

400 nm. The slit widths were kept at 2.5 nm and 5 nm for excitation and emission, 

respectively. For measuring the steady-state tryptophan fluorescence intensity, data was 

collected in triplicates at 340 nm and 355 nm. Integration time of 20 seconds was used. All 

the spectra were corrected with respect to the buffer spectra. 

1-anilinonaphthalene-8-sulfonic acid (ANS) (Sigma-Aldrich) binding to the protein 

was measured using a Perkin-Elmer LS55 spectrofluorimeter. Protein solutions containing a 

final ANS concentration of 2 µM were excited at 350 nm using an excitation and emission 

slit width of 2.5 nm and 5.0 nm, respectively. For steady state ANS fluorescence intensity 

measurements, data were collected in triplicates at an emission wavelength of 480 nm and 20 

second integration time. For measuring the kinetics of ANS binding to protein samples, 

intensity values at 480 nm were collected with an interval of 10 seconds and integration time 

of 5 seconds. Data were collected with an initial delay of 10 seconds after mixing ANS into 

the protein samples. All spectra and intensity values were corrected with suitable buffer 

blanks containing ANS only. 

Aggregation of protein was followed by monitoring the increase in light scattering 

using the Perkin-Elmer LS 55 spectrofluorimeter setup. For measurement of the aggregation 

kinetics, light scattering intensities were recorded at 550 nm upon excitation at the same 

wavelength, using excitation and emission slit widths of 2.5 and 2.5 nm, respectively. Data 

were recorded at an interval of 10 s with an integration time of 5 s. 

Far-UV circular dichroism experiments 

Far-UV circular dichroism (CD) measurements were taken on an Applied 

Photophysics Chirascan spectropolarimeter with a Peltier based temperature controlled 

sample chamber in a quartz cuvette of 5 mm pathlength. A final protein concentration in the 

range of 0.5-1 µM for Pro-VCC and Mat-VCC was used. For Pro-domain alone, a 

concentration range of 2-4 µM was used. All the CD spectra were corrected for the respective 

buffer blanks. 

Structural Analysis 

The coordinates for Pro-VCC crystal structure were obtained from the Protein Data 

Bank (PDB) (Entry 1XEZ). The coordinate for Mature-VCC lacking the N-terminal Pro-

domain was generated using the PDBSET in CCP4 suite (112). Areaimol (113) in CCP4 was 

used to calculate the accessibility of tryptophan residues in both the structures. APBS tool in 
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PyMol was used to calculate the surface electrostatic potential of both the structures (114). 

For determining the surface hydrophobic patches on the proteins, HOTPATCH server 

(http://hotpatch.mbi.ucla.edu/) was used. The Pymol Molecular Graphics System found 

online (http://www.pymol.org) was used for visualizing the structures (115).  

Data Analysis 

The data obtained were analysed using OriginPro version 8.0. Steady state and 

kinetics data obtained from the fluorescence, light scattering and CD experiments were 

analysed using the Non-linear curve fittings function in OriginPro 8.0. R
2
 values and 

residuals were analysed to check the quality of the curve fitting. 

 

2.4 Results 

Purification and structural analysis of Pro-VCC and Mature-VCC 

 

 

Figure 2.1: SDS-PAGE profile of Pro-VCC (Lane 2) and Mature-VCC (Lane 3) as visualized by Coomassie 

staining. 

 

The gene for Pro-VCC lacking the signal peptide was cloned into the expression 

vector pET14b, and the protein was overexpressed in E. coli Origami B cells. The 

hemolytically inactive form (Pro-VCC) was purified to homogeneity (Figure 2.1). The 

functionally active form of the protein (Mature-VCC) was generated by proteolytic removal 

of the N-terminal Pro-domain (Figure-2.1). The primary amino acid sequence of Pro-VCC 

and the mature form of the toxin show the presence of 12 and 11 tryptophan residues, 

http://hotpatch.mbi.ucla.edu/
http://www.pymol.org/
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respectively (1 tryptophan residue in Pro-VCC being contributed by the Pro-domain). 

Removal of the N-terminal Pro-domain does not result in any major change in the %content 

of the tryptophan residues in the Pro- and Mature-VCC (1.7% and 1.9%, respectively). 

 

 

Figure 2.2: Characterization of the recombinant Pro-VCC and Mature-VCC proteins. (A) Intrinsic 

tryptophan fluorescence emission spectra of Pro-VCC and Mature-VCC under native and denatured conditions. 

Pro-VCC in 0 M urea; (– –), Mature-VCC in 0 M urea; (—), Pro-VCC in 8 M urea; (– ∙ –), Mature-VCC in 8 M 

urea; (∙∙∙∙). (B) Far-UV CD profile of Pro-VCC; (– –) and Mature-VCC; (—). 

 Consistent with this, the two proteins displayed similar intrinsic tryptophan 

fluorescence spectra upon excitation at 290 nm (Figure 2.2). Both the variants displayed 

intrinsic tryptophan fluorescence spectrum with maxima at around ~339 nm, upon excitation 

at 290 nm, when tested under the native condition. When tested under the denaturing 

condition in presence of 8 M urea, the two proteins exhibited nearly overlapping tryptophan 

fluorescence emission profile with emission maxima at around ~355 nm (Figure 2.2). Taken 

together, intrinsic tryptophan fluorescence spectra indicated overall similar environments for 

the tryptophan residues in the precursor and the mature form of the VCC molecule (Figure 

2.2). This, in turn, indicated overall similar global tertiary structures for the Pro-VCC and the 

Mature-VCC molecules. The analysis of the surface distribution of the 

electrostatics/hydrophobic patches on the two protein variants also predicted a similar trend 

(Figure 2.3).  
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Figure 2.3: Analysis of surface distribution of the electrostatics/hydrophobic patches on Pro-VCC and 

Mature-VCC. Surface electrostatic potentials on the Pro-VCC (A) and Mature-VCC structures (B) were 

calculated and visualized using PyMol APBS tools, and are contoured from -10 (red) to +10 (blue). The 

probability of surface hydrophobic patches on the Pro-VCC (C) and Mature-VCC structures (D) were 

calculated using the HOTPATCH server (http://hotpatch.mbi.ucla.edu/), and were visualized using PyMOL 

(115) as colored from red (hydrophobic) to blue (hydrophilic) gradient. 

Pro-VCC and Mature-VCC show similar changes in the global tertiary structure during 

low pH-induced unfolding as monitored by intrinsic tryptophan fluorescence 

Since the two proteins displayed an overall similarity in terms of global tertiary 

structures under the native condition (as revealed by the intrinsic tryptophan fluorescence 

emission profile), we wanted to probe if Pro-VCC and Mature-VCC have similar 

physicochemical properties. To differentiate between the physicochemical properties of the 

two variants, we first studied the unfolding behaviour of the two forms of the toxin under low 

pH conditions using intrinsic tryptophan fluorescence emission spectroscopy. Changes in pH 

conditions are known to influence protein stability by altering the net charge on a protein 

molecule. This destabilisation causes the protein molecules to unfold resulting in an increase 

in the solvent exposure of buried tryptophan residues, which would be reflected in a red shift 

in the intrinsic tryptophan fluorescence emission maxima. To monitor low pH-induced 

unfolding propensity, the proteins (Pro-VCC and Mature-VCC) were incubated with buffers 

of varying pH in the range of 2.25-7.0. The intrinsic tryptophan fluorescence spectra of the 

two proteins were compared as a function of different low pH conditions to monitor the 

unfolding behaviour of the precursor and mature form of the toxin (Figure 2.4). 

http://hotpatch.mbi.ucla.edu/)
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Figure 2.4: Low pH-induced conformational changes in Pro-VCC and Mature-VCC as monitored 

by intrinsic tryptophan fluorescence emission spectroscopy.  

 

 To gain a quantitative insight into the low pH-induced unfolding behaviour of the 

proteins, we compared the changes in the ratio of fluorescence emission pattern i.e. I340/I355 

(fluorescence emission intensities at 340 nm and 355 nm), upon excitation at 290 nm (Figure 

2.5). A drop in the I340/I355 ratio indicated a red shift in the tryptophan fluorescence emission 

maxima, resulting from the increased solvent exposure of tryptophan residues. Both the 
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proteins showed a two-step transition in response to low pH-induced unfolding: the first 

transition in the I340/I355 value came in the pH range of 3.0-4.0, followed by the second 

transition in the pH range of 2.0-3.0 (Figure 2.5). Our data suggested that Pro-VCC and 

Mature-VCC follow a similar pattern during low pH-induced unfolding in terms of changes 

in the global tertiary structures. 

 

Figure 2.5: Changes in the ratio of fluorescence emission pattern i.e. I340/I355 (fluorescence emission 

intensities at 340 nm and 355 nm) under low pH conditions. I340/I355 values were plotted as function of pH.  

Error bars indicate the standard deviations determined from at least three measurements. 

Low pH-induced unfolding induces different extents of local conformational changes in 

Pro-VCC and Mature-VCC as revealed by ANS binding 

Pro-VCC and Mature-VCC showed no difference in terms of changes in the global 

tertiary structures in response to low pH-induced unfolding. Next, we wanted to probe if the 

two proteins show a similar trend with respect to local conformational changes in terms of 

opening up of surface-exposed hydrophobic patches. Initial events during acid-induced 

unfolding of proteins lead to local conformational changes (primarily, surface exposure of 

hydrophobic patches). 1-Anilino-8- naphthalene sulfonic acid (ANS) is a dye that binds to 

pre-existing hydrophobic (nonpolar) patches on protein surfaces (through its nonpolar 

anilino-naphthalene group) that are mostly absent in the native and completely denatured 

forms of the protein. This binding results in an increase in ANS fluorescence emission 

intensity and a blue shift in the fluorescence emission maxima (from 520 nm in water to 480 

nm in nonpolar environment). Hence, the increase in ANS fluorescence intensity can be 

directly correlated with the extent of opening of hydrophobic patches on the protein surface. 
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Figure 2.6: Local conformational changes in Pro-VCC and Mature-VCC due to low pH-induced 

unfolding as monitored by ANS binding. (A), ANS fluorescence emission spectra of Pro-VCC (curve 2, at pH 

4.0; curve 4, at pH 3.0) and Mature-VCC (curve 1, at pH 4.0; curve 3, at pH 3.0). (B) Comparison of ANS 

fluorescence emission intensities of Pro-VCC (– –) and Mature-VCC (—) at different low pH conditions. 

 

Exposure of the proteins in the pH range of 3.0-4.0 resulted in a drastic change in 

ANS fluorescence emission intensity (Figure 2.6). Interestingly, both the proteins displayed 

maximum ANS binding (as revealed from the fluorescence intensity measurements at 480 

nm) at pH 3.0 with the Pro-VCC showing considerably higher ANS binding in comparison to 

Mature-VCC. Also, the precursor form of the protein displayed ANS binding even at pH 4.0, 

which is a condition where no change in the global tertiary structure of the protein was 

observed (Figure 2.6). This observation suggested that the precursor protein is much more 

amenable to low pH-induced local conformational changes in terms of exposure of surface 

hydrophobic patches as compared to the mature form. Further unfolding at pH<3.0 resulted in 

a loss of ANS binding by both the proteins. This could be a result of the loss of the surface 

hydrophobic patches that existed in the conformational states in the pH range of 3.0-4.0. This 

is also consistent with our data from the intrinsic tryptophan fluorescence study, where the 

exposure of the proteins below pH 3.0 resulted in a drastic change in the I340/I355 value, 

presumably resulting in the loss of protein structures supporting the surface hydrophobic 

patches. 
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Figure 2.7: Kinetics of ANS binding to Pro-VCC and Mature-VCC. Kinetics of ANS binding was 

monitored for Pro-VCC (curve 2, at pH 4.0; curve 4, at pH 3.0) and Mature-VCC (curve 1, at pH 4.0; curve 3, at 

pH 3.0). 

Since, the two proteins displayed a significant difference in steady state binding to 

ANS, we decided to compare the kinetics of ANS binding to the two proteins at pH 3.75 (pH 

condition at which both the proteins started to exhibit ANS binding) and pH 3.0 (pH 

condition at which both the proteins show maximum ANS binding) (Figure 2.7). The fitting 

of kinetics data at pH 3.75 to single exponential function revealed the time constants (t) of 9.6 

x 10
-4 

s
-1

 and 5.26 x 10
-4 

s
-1 

for Pro-VCC and Mature-VCC, respectively. Similarly, the 

kinetics of binding to ANS at pH 3.0 fitted to bi-exponential function revealed the following 

time constants: tfast = 0.0285 s
-1 

and tslow = 0.0015 s
-1 

for Pro-VCC, and tfast  = 0.0245 s
-1

 and 

tslow = 0.00166 s
-1 

for Mature-VCC. The above fittings showed that, at both the pH conditions 

Pro-VCC binds to ANS at a much faster rate as compared to Mature-VCC. Since, the 

increase in ANS binding can be directly correlated with the increase in surface exposed 

hydrophobic patches, the data suggested that the Pro-VCC molecule responds to low-pH 

conditions by undergoing local conformational changes in terms of surface exposed 

hydrophobic patches at a significantly higher rate as compared to Mature-VCC. 

  



34 
 

Pro-VCC differentiates from Mature-VCC in terms of changes in the secondary 

structure elements during low pH-induced unfolding 

 We wanted to probe whether the removal of the Pro-domain results in any changes in 

secondary structure composition of Mature-VCC using far-UV circular dichroism (CD). 

Studies with model proteins have shown that α-helical and β-sheet containing proteins 

display characteristic far-UV CD spectra: α-helical proteins displaying two negative minima, 

one at 222 nm and the other at 208 nm; β-sheet containing proteins showing negative 

ellipticity minima at around 216 nm. Pro-VCC at neutral pH displayed broad negative 

minima between 218-209 nm, characteristic of proteins composed primarily of β-sheet 

structures. Interestingly, removal of the Pro-domain resulted in a notable change in the 

secondary structure composition of VCC. Mature-VCC displayed prominent negative minima 

at 209 nm with a shoulder at 218 nm. Far-UV CD spectra of the two proteins suggested that 

Pro-VCC and Mature-VCC have distinct secondary structure composition (Figure 2.8). 

 

 

Figure 2.8: Changes in the secondary structure composition of Pro-VCC and Mature-VCC under low pH 

conditions as monitored by far-UV CD spectroscopy. Pro-VCC and Mature-VCC proteins were incubated 

with buffers in the pH range of pH 7.0 to pH 2.25; changes in the secondary structure composition were probed 

by far-UV CD spectroscopy. 

 

We wanted to explore whether the Pro-VCC and Mature-VCC show similar pattern in 

terms of changes in the secondary structure composition when subjected to low pH-induced 

unfolding. Mature-VCC displayed a rather stable secondary structure in response to low pH 

range 3.0-7.0, as there was no major effect on the far-UV CD spectra of the protein. At pH 

2.25, Mature-VCC displayed a drastic change in the far-UV CD spectrum with negative 

minima at 205 nm, suggesting a major transition toward random coil secondary structure 
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(Figure 2.8). Interestingly, Pro-VCC displayed more profound changes in the secondary 

structure composition due to low pH induced unfolding. At pH 3.0, the negative minima 

shifted to 205 nm; more acidic condition at pH 2.25 resulted in a severe change in the Pro-

VCC secondary structure with a shift of negative minima to 202 nm (Figure 2.8). Overall, the 

results clearly indicated that the two proteins, Pro-VCC and Mature-VCC have distinct 

secondary structure composition, and they respond differently to low pH-induced unfolding, 

with Pro-VCC being much more amenable to changes in the secondary structure composition 

as compared to Mature-VCC. 

 

Pro-VCC and Mature-VCC exhibit different extents of aggregation during low pH-

induced unfolding 

Our ANS binding clearly indicated that low pH-induced unfolding of Pro-VCC and 

Mature-VCC in the pH range 2.5-4.0 led to exposure of hydrophobic patches on surface of 

both the proteins. During the event of protein unfolding, changes in the secondary and tertiary 

structure of the proteins lead to exposure of hydrophobic regions that remain buried in the 

native protein conformation. The hydrophobic regions in a partially unfolded protein tend to 

aggregate to minimize exposed surface area. Therefore, we wanted to explore the possibility 

of surface hydrophobicity-triggered aggregation of Pro-VCC and Mature-VCC. Aggregation 

of both the proteins was monitored by using light scattering (Figure 2.9). The intensity of 

light scattering is proportional to mass of the macromolecule. Thus, any increase in light 

scattering would directly relate to an increase in protein aggregation. 

Exposure to low pH conditions in the range 3.0-4.0 triggered aggregation in both 

proteins, with Pro-VCC displaying a significantly increased propensity toward formation of 

soluble aggregates. Starting at pH 4.0, both proteins showed formation of aggregates with a 

peak at pH 3.5 (Figure 2.9). At pH 3.0, it nearly approached basal level, contradicting our 

ANS binding data where both proteins displayed maximum ANS binding at pH 3.0 (pH range 

triggering maximum exposure of surface hydrophobic patches). It should be noted that 

proteins become highly positively charged at low pH conditions due to excessive protonation 

of glutamate and aspartate residue. This causes repulsion in the protein molecule, which 

hinders any intra- or intermolecular interactions. Hence, maximum aggregation of Pro-VCC 

and Mature-VCC at pH 3.5 could be a result of an optimal compromise between the exposure 

surface hydrophobic patches and repulsion caused by an overall net positive charge on the 

protein. The kinetics of aggregation at pH 3.5 and 3.75 could be fit to sigmoidal function for 

both the proteins. The fitting showed presence of a transient lag phase followed by an 
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exponential phase. Presence of a transient lag phase clearly indicates that aggregation of both 

proteins is triggered by low-pH induced exposure of surface hydrophobic patches. ANS 

binding data showed an increased tendency of Pro-VCC toward exposure of surface 

hydrophobic patches under low pH conditions. Consistent with ANS binding data, Pro-VCC 

also demonstrated an increased tendency to form aggregates triggered by low pH-induced 

exposure of surface hydrophobic patches as compared to Mature-VCC. Interestingly, Pro-

VCC displayed increased aggregation as the result of exposure of surface hydrophobic 

patches even in the absence of any major changes in the global tertiary or secondary structure 

of the protein, as observed form the combined intrinsic tryptophan fluorescence, ANS 

binding, far-UV CD and light scattering data. 

 

 

Figure 2.9: Comparison of aggregation propensity of Pro-VCC and Mature-VCC under low pH 

conditions. (A) Pro-VCC and Mature-VCC were incubated with buffers in the pH range pH 5.0 to pH 2.0, 

aggregation propensity of the two proteins was estimated by measuring the extent of light scattering. Error bars 

indicate standard deviation determined from three measurements. (B) Time courses of protein aggregation 

followed at two particular low-pH conditions for Pro-VCC (curve 3, at pH 3.75; curve 4, at pH 3.5) and Mature-

VCC (curve 1, at pH 3.75; curve 2, at pH 3.5). Data could be best fit to a sigmoidal function as shown by solid 

lines. 

 

Pro-VCC displays an increased propensity toward urea-induced denaturation at 

physiological pH as compared to Mature-VCC 

The data so far clearly indicated that Pro-VCC was much more susceptible low pH-

induced changes in global tertiary and secondary structure in terms of exposure of surface 

hydrophobic patches, changes in the secondary structures, and propensity toward 

aggregation, as compared to Mature-VCC. To further distinguish the physicochemical 
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properties of the two proteins at physiological pH, we studied the response of Pro-VCC and 

Mature-VCC toward urea-induced denaturation by monitoring changes in the intrinsic 

tryptophan fluorescence (in terms of I340/I355) of the two proteins as a function of different 

concentrations of the denaturant (Figure 2.10). Chemical denaturants like urea destabilize 

protein structure by disrupting non-covalent interactions that hold the protein in its folded 

state. The data obtained from the urea-induced denaturation of Pro-VCC and Mature-VCC 

were fit to a two state sigmoidal function, and mid-point of transition from native to unfolded 

state were estimated. For Pro-VCC the mid-point of unfolding transition occurred in urea 

concentration range of ~2.25, whereas for its mature counterpart, the mid-point occurred in 

the urea concentration range of ~3.25 (Figure 2.10). Consistent with the previous 

observations, Pro-VCC displayed an increased propensity to undergo changes in global 

tertiary structure as compared to Mature-VCC in terms of urea-induced unfolding even at 

physiological pH of 7.0. 

 

 

Figure 2.10: Comparison of unfolding of Pro-VCC and Mature-VCC under different urea concentrations. 

Unfolding behaviour of Pro-VCC and Mature-VCC was monitored by measuring intrinsic tryptophan 

fluorescence emission in terms of changes in the ratio of I340/I355 as a function of urea concentration. 

  Data were globally fit to a sigmoidal function to determine the apparent denaturant concentration at the 

midpoint of the curve. 

 

Pro-VCC and Mature-VCC show distinct conformational changes in response to the 

thermal denaturation 

To further explore the differences in the structural stability of Pro-VCC and Mature-

VCC, we studied thermal denaturation of the two proteins in the temperature range 25 ˚-80 ˚C 
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using far-UV circular dichroism (CD) (Figure 2.11). Thermal denaturation involves 

increasing the temperature of a protein solution, which weakens non-covalent interactions 

that hold the protein in its native folded state. Far-UV CD spectra of Pro-VCC (Figure 2.11A) 

and Mature-VCC (Figure 2.11B) under different temperature conditions showed a striking 

difference in the thermal stability profile of the two proteins. To gain a quantitative insight 

into the secondary structural changes in Pro-VCC and Mature-VCC as a function of 

temperature, the ratio of ellipticity values in the wavelength range of 208-210 to those in 217-

219 (mdeg208-210/mdeg217-219) were plotted (Figure 2.11C). The combined analysis of far-UV 

CD spectra, and mdeg208-210/mdeg217-219 plot, revealed two-step conformational change for 

both the proteins, during the event of thermal denaturation.  

 

 

Figure 2.11: Thermal unfolding of Pro-VCC and Mature-VCC monitored by far-UV CD spectroscopy. 

(A-B) Pro-VCC and Mature-VCC proteins were incubated under different temperature conditions in the range 

of 25˚C  - 80˚C, changes in the secondary structure composition were probed by far-UV CD spectroscopy. (C) 

Plot of ratio of mdeg208-210nm/mdeg217-219nm for Pro-VCC and Mature-VCC as a function of different temperature. 

 

Starting at a temperature range of 50 ˚-55 ˚C Mature-VCC showed the first transition 

in the form of unfolding intermediates with slightly altered secondary structure. At higher 
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temperatures (>55˚C), the negative ellipticity minima shifted to ~219 nm. Mature-VCC 

approached random coil structure at temperatures higher than 65 ˚C (Figure 2.11B). Pro-VCC 

exhibited more profound changes in the secondary structure in response to high temperature-

induced denaturation, with the first transition at a temperature range of 45 ˚-50 ˚C; the far-UV 

CD spectra experienced a red-shift in negative ellipticity minima at ~218 nm due of 

formation of unfolding intermediates. At temperatures above 60 ˚C, Pro-VCC approached a 

random coil structure (Figure 2.11A). Thus, consistent with previous observations, Pro-VCC 

was more susceptible to changes in the secondary structure as compared to Mature-VCC.  

 

Unfolding behaviour of the Pro-domain in isolation 

So far, our studies, probing the structural and conformational changes in Pro-VCC 

and Mature-VCC in response to a wide array of denaturing conditions, clearly suggested that 

Pro-VCC had an enhanced propensity to undergo unfolding compared to the Mature-VCC. 

Pro-VCC is a ~79 kDa molecule with an additional ~15 kDa Pro-domain. So, we wanted to 

explore the possibility whether the strengthened unfolding propensity displayed by Pro-VCC 

was due to the increased unfolding of Pro-domain alone in the Pro-VCC structure. In this 

direction we probed the structural and conformational stability of Pro-domain in response to 

several denaturing conditions (Figure 2.12). The X-ray crystal structure of Pro-VCC showed 

that Pro-domain contains a single slightly exposed tryptophan residue. Consistent with this, 

intrinsic tryptophan fluorescence emission spectra of Pro-domain showed emission maxima 

at 339 nm (Figure 2.12A). The far-UV CD spectra of Pro-domain revealed two negative 

ellipticity minima, one at 222 nm and the other at 208 nm, consistent with the typical α-

helical proteins (Figure 2.12A).  

Pro-domain displayed a strong resistance toward low pH-induced unfolding in term of 

global tertiary structural changes. There was no major change in the intrinsic tryptophan 

fluorescence emission and ANS fluorescence profile upon low pH treatment (data not 

shown). Similarly, Pro-domain showed no significant change in the secondary structural 

organization during low pH-induced unfolding as monitored by far-UV CD spectroscopy 

(Figure 2.12B). Up to pH 3.0, a slight decrease in ellipticity value was noted without any 

change in the positions of the negative ellipticity minima. Only at a more acidic pH of 2.0, an 

increase in the non-native α-helical structures was observed (Figure 2.12B). Consistent with 

this the Pro-domain exhibited resistance toward thermal denaturation (Figure 2.12D). The 

data revealed a two-state unfolding from the native α-helical to random coil structure, with 

transition mid-point at temperature range of 65 ˚-70 ˚C. Pro-domain protein also displayed 
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similar resistance toward urea-induced unfolding with transition mid-point of 4.75 M (Figure 

2.12C), as compared to 2.25 M and 3.25 M for Pro-VCC and Mature-VCC, respectively. 

Altogether, the Pro-domain displayed increased resistance toward unfolding upon exposure to 

a wide array of denaturing conditions, and thus represented a stable and robust component of 

the Pro-VCC structure. This clearly suggested that the strengthened unfolding propensity 

exhibited by Pro-VCC was not the result of the increased unfolding propensity of the Pro-

domain itself within the Pro-VCC architecture. 

 

 

Figure 2.12: Physico-chemical characterization of the VCC Pro-domain (A) Far-UV CD spectra of Pro-

domain. (Inset) Intrinsic tryptophan fluorescence emission spectra of pro-domain under native conditions (—), 

under denaturing conditions (8M urea) (--) (B) Far-UV CD spectra of Pro-domain at different pH. (C) Urea-

induced unfolding of ‘Pro-domain’ protein as monitored by intrinsic tryptophan emission fluorescence. (D) 

Thermal unfolding of ‘Pro-domain’ monitored by far-UV CD spectroscopy. 

 

2.5 Discussion 

The primary characteristic of the structural architecture of the β-PFTs is the presence 

of a central cytolysin domain. The cytolysin domain alone is responsible for membrane 
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binding and subsequent oligomerization of the toxin on the target cell membranes. VCC is a 

prominent member in the β-PFT family. VCC is one of the few members of this family to 

have an atypical domain architecture, i.e. presence of accessory domains. X-ray crystal 

structure of Pro-VCC shows presence of three additional domains, namely, the N-terminal 

Pro-domain, C-terminal β-trefoil lectin-like domain, and a β-prism lectin-like domain (22). 

Although the exact functions of these domains remained unknown, the C-terminal lectin-like 

domains are proposed to play role(s) in the recognition and binding of specific cell surface 

glycan receptors on the target cells (104). The N-terminal Pro-domain is not a part of the 

functional Mature-VCC, as it is proteolytically removed during activation of the toxin. Earlier 

studies have shown that the absence of the Pro-domain results in the degradation of VCC in 

the bacterial periplasmic space. Chemically denatured Pro-VCC recovers complete activity 

upon refolding, but Mature-VCC lacking the Pro-domain does not refold into its native 

architecture (97). These studies suggest that Pro-domain might aid in the efficient folding of 

VCC molecule into its native architecture. The Pro-domain also bears sequence similarity 

with the Hsp90 family of chaperones (95). Since the location of the Pro-domain is within the 

VCC molecule, it has been suggested as an intramolecular chaperone-like entity. Apart from 

this, the exact role of the Pro-domain in the structure-function mechanism of VCC remains 

largely unclear. The other examples of β-PFTs that contain Pro-domains in the toxin 

precursor forms include aerolysin from A. Hydrophila (41) and α-toxin from Clostridium 

septicum (17). In order to explore the role of the Pro-domain in the VCC mode of action, we 

probed the role of the VCC N-terminal Pro-domain in the context of the structural and 

conformational properties of the toxin. 

In order to probe the implication of the Pro-domain in VCC structure-function 

mechanism, we compared the physicochemical properties of Pro-VCC and Mature-VCC. 

Under native conditions, both the variants exhibited similar tryptophan environments as 

revealed by the intrinsic tryptophan fluorescence emission profile. This suggested that both 

the variants of VCC share a similar global tertiary structure. However, the variants displayed 

notable differences in terms of secondary structural composition when probed by far-UV CD 

spectroscopy. It must be noted that differences in the secondary structure of Pro-VCC and 

Mature-VCC could be explained by the contributions from the Pro-domain alone.  We 

explored the possibility whether the two variants of VCC differ in terms of their 

physicochemical properties that might be relevant in terms of the overall VCC mode of 

action. To explore this hypothesis, we have conducted a detailed comparison of unfolding 

behaviour of the two forms of the VCC toxin, the precursor Pro-VCC and its proteolytically 
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processed active variant, Mature-VCC. We have monitored unfolding of the VCC variants 

induced by an array of denaturing conditions such as exposure to low pH, chemical 

denaturants such as urea, and high temperatures, using intrinsic tryptophan fluorescence 

emission, far-UV CD and light scattering. Both the proteins displayed similar changes in their 

global tertiary structures during low pH-induced unfolding, but the Pro-VCC displayed a 

higher tendency toward local changes in the structure owing to increased exposure of surface 

hydrophobic patches. Similarly, Pro-VCC displayed a strengthened unfolding propensity 

toward chemical and high temperature-induced unfolding. Overall, the precursor Pro-VCC 

appears to be more susceptible to structural and conformational changes and unfolding than 

Mature-VCC. It would be a valid argument that the increased unfolding changes observed in 

Pro-VCC could be due to an increased unfolding tendency of the Pro-domain. To test this, we 

exposed the Pro-domain in isolation to similar denaturing conditions. Surprisingly, the Pro-

domain displayed a much decreased tendency to unfold as compared to both Pro-VCC and 

Mature-VCC. These data suggest that the increased unfolding propensity of Pro-VCC is not 

contributed by the unfolding tendency of Pro-domain itself. Rather, it appears that the 

presence of the Pro-domain modulates the physicochemical properties of the entire Pro-VCC 

molecule, presumably via a, not yet characterized, long-range regulatory mechanism.  

Our data suggest that the molecular structure of Pro-VCC can be perturbed more 

readily than that of the mature form of VCC. It appears that the presence of the Pro-domain 

imparts some level of structural and conformational plasticity into the Pro-VCC molecular 

structure. Such a structural plasticity of the precursor Pro-VCC molecule possibly makes it 

suitable for efficient transport of the VCC toxin from the bacterial periplasmic space into the 

extracellular environment. Secretion of VCC through the bacterial inner cell membrane is 

facilitated by the presence of  an N-terminal ∼25-residue long signal sequence. During 

passage through the bacterial plasma membrane, this signal sequence is cleaved off, thus 

resulting in the generation of the Pro-VCC molecule. Now, for extracellular secretion of Pro-

VCC, it has to be transported across the bacterial outer membrane. A detail description of the 

specific transport machinery used by Pro-VCC is not known. A general consensus is that a 

number of periplasmic chaperones, and protein complexes form tunnel-like 

structures/secretion apparatus across the bacterial outer membrane, that are involved in such 

transport processes for the extracellular secretion of the bacterial exotoxins. It is possible to 

propose that during transport through bacterial outer membrane, Pro-VCC, although natively 

folded, would be able to adjust its structure/conformation so as to allow interactions with the 

chaperones and transport apparatus. Our study shows that the Pro-VCC structure is more 
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favoured toward structural and conformational alteration depending on its physicochemical 

environment. The Pro-VCC structure is, therefore, possibly better designed than its mature 

form to satisfy the criteria for its efficient extracellular secretion. To validate such hypothesis, 

however, future studies would be required toward testing the interactions of the Pro-VCC 

molecule with the components of the bacterial outer membrane transport machinery. 

In summary, we have studied the role of Pro-domain in the structure-function 

mechanisms of VCC. We found that the presence of the Pro-domain in the precursor form of 

VCC, Pro-VCC, increases its propensity toward unfolding upon exposure to a range of 

denaturing conditions. Earlier studies suggest that Pro-domain might act as an intra-molecular 

chaperone in the native VCC architecture aiding in efficient secretion and folding of the VCC 

molecule in the bacterial periplasm. In the absence of the Pro-domain, the VCC molecule 

tends to refold to an oligomeric species that lacks the cytolytic activity (116). In this 

background, our present results indicate that the presence of the Pro-domain, which in itself is 

a much stable entity, provides a sufficient level of structural and conformational plasticity to 

the Pro-VCC molecule. This makes Pro-VCC much more amenable to undergo 

folding/unfolding processes, presumably aiding in its secretion, folding, and subsequent 

proteolytic maturation into the functionally active mature form. 

 

 

Note: 

* This part of the study has been published in the journal Biochemistry. 

Paul, K. and Chattopadhyay, K. (2011) Unfolding distinguishes the Vibrio cholerae cytolysin 

precursor from the mature form of the toxin. Biochemistry, 50 (19), 3936-3945. 

This part of the thesis has been adapted with permission from “Paul, K. and Chattopadhyay, 

K. (2011) Unfolding distinguishes the Vibrio cholerae cytolysin precursor from the mature 

form of the toxin. Biochemistry, 50 (19), 3936-3945” (American Chemical Society). 
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Chapter 3 

Membrane pore-formation mechanism of VCC: truncation of the pre-stem region traps 

the toxin in its membrane-bound pre-pore oligomeric state* 

3.1 Abstract 

Vibrio cholerae cytolysin (VCC) is a β-barrel pore-forming toxin (β-PFT) that causes 

colloid-osmotic lysis of the target eukaryotic cells by forming transmembrane oligomeric -

barrel channels. Mode of action of β-PFTs, in general, involves binding of the toxin 

monomers onto the target cell membranes, and formation of a transient non-functional pre-

pore oligomeric complex, followed by insertion of the -strands from each of the toxin 

protomers into the membrane, forming functional transmembrane -barrel channels. 

Consistent with this, X-ray crystal structure of the monomeric Pro-VCC shows the presence 

of a two-strand -structural motif known as the pre-stem loop within the core cytolysin 

domain of VCC. In the transmembrane oligomeric pore state, pre-stem region from each of 

the toxin protomers converts into the, so called, stem structure, which becomes the part of the 

transmembrane -barrel. Previous studies have shown that the covalent locking of the pre-

stem loop blocks the transition of the pre-pore complex into the functional transmembrane 

pore. This clearly indicates that the pre-stem-to-stem conversion plays a crucial role in the 

transition of the non-functional pre-pore complex into the transmembrane β-barrel pore 

structure of VCC. In our present study, we wanted to explore whether the physical presence 

or absence of the pre-stem motif plays any role in the early steps of the VCC mode of action, 

namely, membrane binding and pre-pore complex formation. We constructed a recombinant 

variant of VCC lacking the pre-stem loop. Our results demonstrated that the absence of the 

pre-stem loop completely abrogates hemolytic activity of the toxin, and traps VCC in a pre-

pore state, without showing any significant effect on the initial membrane binding and 

subsequent pre-pore complex formation by this VCC variant. Hence, the pre-stem loop in 

VCC appears to be involved only in the process of conversion of the pre-pore complex 

toward the functional β-barrel pore structure.      

 

3.2 Introduction 

Bacterial β-barrel pore-forming toxins (β-PFTs) constitute a unique class of protein 

toxins, which damage the target eukaryotic cell membranes by forming transmembrane 

oligomeric β-barrel channels (117). These toxins have been implicated in the virulence 

mechanisms of many pathogenic bacteria (118). β–PFTs are secreted by the bacteria as water-
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soluble monomers, which upon binding to the respective target cell membranes transform 

into transmembrane oligomeric channels, thereby causing colloid-osmotic lysis of the target 

host cells (117).  

Vibrio cholerae cytolysin (VCC) is a prominent member in the β-PFT family (22). 

VCC is secreted by most of the pathogenic strains of V. cholerae (80), the causative agent of 

severe diarrhoeal disease, cholera (81). The mechanism of action of VCC involves secretion 

of the toxin as a ~79 kDa water-soluble monomeric precursor form, subsequent proteolytic 

activation into 65 kDa mature form, followed by binding to the host cell membranes and 

formation of heptameric transmembrane β-barrel channels. Comparison of the X-ray crystal 

structures of the water-soluble monomeric precursor form Pro-VCC (22) and the 

transmembrane oligomeric pore state of the toxin (79) suggest gross organizational change(s) 

in the toxin molecule. The structures also highlight the notion that the process of 

oligomerization and membrane pore-formation requires a series of 

structural/organizational/conformational changes in the protein (Figure 3.1). 

The most important step in the β-PFT mode of action is the formation of a membrane 

bound pre-pore oligomeric intermediate, followed by insertion of the pre-stem motif into the 

membrane lipid bilayer leading to the formation of a functional transmembrane β-barrel pore. 

The structural analysis of the water-soluble monomeric form of VCC shows presence of a 

two strand β-structure, known as the pre-stem loop (spanning the residue 281-322). In the 

water-soluble form of VCC, pre-stem loop is bracketed by an extended loop (residue 191-

204), which maintains the hydrophobic contact with the pre-stem loop. It also interacts with 

numerous charged and polar residues at the interface of the pre-stem β-sandwich. The pre-

stem loop is also bound on the edge to the adjacent β-prism lectin-like domain, creating a 

steric effect for the loop (22). Hence, in order for the pre-stem region to penetrate the 

membrane lipid bilayer, VCC has to undergo a major conformational rearrangement. During 

the event of pore-formation, the β-prism lectin domain takes 180 ˚ rotation around the core 

cytolysin domain, followed by  movement of the extended loop that might result in the 

destabilization of the interactions holding the pre-stem in the water-soluble state, and thus 

initiating partial unfolding of the pre-stem resulting in its insertion into the membrane lipid 

bilayer. In the transmembrane β-barrel pore state, each of the seven pre-stem loops 

contributed by seven protomers transforms into a 19 residue long antiparallel β-strand 

structure (so called stem-region) that forms 21 hydrogen bonds with each of its two 

neighbouring stem loops, thereby, stabilizing the stem region of the transmembrane -barrel 

pore structure (79). Studies have shown that the covalent locking of the VCC pre-stem via 
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engineered disulfide bonds arrests the toxin in an abortive non-functional pre-pore state. In 

the non-reduced form, mutants were able to bind rabbit erythrocytes and form non-functional 

SDS-labile oligomers. This abortive state can be rescued by release of the pre-stem under 

reducing conditions to form a functional transmembrane β-barrel pore (119). 

 

 

Figure 3.1: Mode of action of VCC. In the water-soluble monomeric state, the pre-stem loop (highlighted in 

orange) (residues 281-322) remains in a locked position within the cytolysin domain. During formation of a 

transmembrane β-barrel, the pre-stem from each protomer inserts into the membrane lipid bilayer contributing 

toward the formation of a functional β-barrel. 

 

Data from previous studies show that the conformational rearrangement in the overall 

protein structure leading to the insertion of pre-stem loop into the membrane lipid bilayer is 

crucial for the conversion of the pre-pore state into a functional transmembrane pore structure 

(78). Extensive hydrogen-bond formation by the stem loop imparts a remarkable structural 

stability to the pore structure (e.g. SDS-stability). Although the pre-stem loop plays a central 
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role in the formation of a functional channel and its subsequent stabilisation, the role of the 

pre-stem in membrane binding and formation of a pre-pore oligomer remains unknown. To 

explore the involvement of the pre-stem loop in the early steps of membrane binding and pre-

pore oligomer formation, we characterized a variant of VCC lacking the pre-stem loop 

region. Using this VCC variant we explored the role of the pre-stem motif (i) in maintaining 

the structural integrity of VCC, (ii) binding to target lipid membranes, (iii) formation of a 

pre-pore complex, and finally (iv) in the conversion of VCC into a functional transmembrane 

pore state.     

 

 

Figure 3.2: Ribbon model of VCC variant representing the deletion of the pre-stem loop and its replacement 

with a Gly-Gly-Ser linker. SDS-PAGE/Coomassie staining profile, Lane 1, molecular weight marker, Lane 2, 

WT-VCC and Lane 3, ΔPS-VCC 

 

3.3 Materials and Methods 

Protein expression and purification  

Cytolytically active mature form of VCC was purified as described in the earlier 

section (please see the Materials and Methods of Chapter 2). The nucleotide sequence 

encoding Pro-VCC mutant lacking the pre-stem region (residues spanning 281-322 of Pro-
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VCC) was constructed using a PCR-based approach, and was cloned into the pET14b 

bacterial expression vector. The pre-stem loop in the Pro-VCC was replaced with a flexible 

linker of Gly-Gly-Ser. The recombinant protein was overexpressed in E. coli Origami B cells, 

and was purified to homogeneity as described for the wild type Pro-VCC protein. Proteolytic 

removal of the Pro-domain was carried out as described before (please see the Materials and 

Methods of Chapter 2). The purified form of the truncated VCC lacking the pre-stem loop 

(ΔPS-VCC) was analysed by SDS-PAGE and Coomassie staining. Protein concentration was 

determined by monitoring absorbance at 280 nm, based on the theoretical extinction 

coefficient as predicted from the amino acid sequence of the protein. 

Intrinsic tryptophan fluorescence emission measurements  

 Intrinsic tryptophan fluorescence emission spectra for the wild type VCC and ΔPS-

VCC were recorded using a Fluoromax-4 spectrofluorometer (Horiba scientific, Edison, NJ) 

equipped with a peltier-based temperature controller. Excitation wavelength of 290 nm and 

slit widths of 2.5 nm and 5.0 nm for excitation and emission, respectively were used. Protein 

concentrations used were ~250 nM. All spectra were corrected with respect to the buffer 

spectra. 

Far-UV circular dichroism measurements 

Far-UV circular dichroism (CD) measurements were taken on an Applied 

Photophysics Chirascan spectropolarimeter with a Peltier-based temperature controlled 

sample chamber in a quartz cuvette of 5 mm pathlength. A final protein concentration in the 

range of 0.5-1 µM for was used. All spectra were corrected with respect to buffer. 

Assay of hemolytic activity 

 Hemolytic activity of the VCC variants was monitored against human erythrocytes. 

Briefly, human erythrocytes were adjusted to an optical density (OD) of 0.8 – 0.9, 

corresponding to wavelength at 650 nm in phosphate buffered saline, pH 7.4 (PBS). 

Erythrocytes were incubated with a protein concentration of 100 nM in a reaction volume of 

1 ml.  The lysis of erythrocytes was monitored as decrease in the OD value at 650 nm upon 

incubation with the protein at 25 ˚C. 

Assay of binding to human erythrocytes by flow cytometry  

Human erythrocytes (1 X 10
6
 cells) were treated with various concentrations of wild 

type VCC and ΔPS-VCC at 4 ˚C for 30 min in a reaction volume of 100 µl. The cells were 

centrifuged at 500 x g, washed twice with ice-cold PBS, resuspended in 50 µl PBS containing 

rabbit anti-VCC serum (1:100 v/v dilution and 0.1% w/v BSA; Sigma-Aldrich), and 

incubated at 4 ˚C for 30 min. After washing twice, the pellet was resuspended in 50 µl PBS 
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containing fluorescein-isothiocynate (FITC)-conjugated goat anti-rabbit IgG (1:100 v/v 

dilution and 0.1% w/v BSA; Sigma-Aldrich), and incubated at 4 ˚C for 30 min, washed twice 

and resuspended in 500 µl PBS. FITC fluorescence was monitored using an excitation 

wavelength of 488 nm and emission wavelength of 530 nm in the FL-1 channel using 

FACSCalibur (BD Biosciences, San Jose, CA, USA) flow cytometer.   

Assay with liposomes 

Asolectin, cholesterol and calcein were procured from Sigma-Aldrich. Equal amounts 

(5 mg) of Asolectin and cholesterol were dissolved in 2 ml chloroform in a round-bottom 

flask. The solvent was evaporated at room temperature under constant shaking in order to 

form a lipid film. The lipid film was dried under vacuum for 2 hours, followed by 

resuspension in PBS at 37 ˚C for 2 hours. For preparing uniform large unilamellar vesicles 

(LUVs), liposomes were repeatedly extruded through a 0.1 µm polycarbonate membrane 

using a Mini-Extruder apparatus (Avanti Polar Lipids, Inc., Alabaster, AL, USA). Briefly, the 

liposome samples were loaded into a gas-tight syringe and placed into one end of the Mini-

Extruder. Another empty gas-tight syringe was placed into the other end of the Mini-

Extruder. The fully assembled extruder apparatus was placed into the extruder stand. Plunger 

of the filled syringe was gently pushed until lipid solution was transferred into the empty 

syringe through the 0.1 µm polycarbonate membrane. The solution was transferred back to 

the previous syringe 0.1 µm polycarbonate membrane. This process was repeated 10 times to 

obtain a homogenous population of large unilamellar vesicles. 

 For analyzing the binding and oligomerization of VCC variants in Asolectin-

cholesterol liposomes, a pull-down assay was used. Briefly, 1 µM protein was incubated with 

50 µg liposome in 1 ml PBS for 1 hour at 25 ˚C. The protein-liposome complex was pelleted 

by ultracentrifugation at 105,000 g for 20 minutes. The pellet was washed in PBS. Binding 

and oligomerization was analyzed by SDS-PAGE/Coomassie staining. 

 For analyzing SDS-labile pre-pore oligomer formed by the VCC mutant, BS
3
 

(bis[sulfosuccinimidyl] suberate; Thermo Pierce) cross-linking was performed. The protein-

liposome complex was pelleted by ultracentrifugation at 105,000 g for 20 minutes, washed 

twice with PBS to remove unbound protein and finally resuspended in PBS containing 5 mM 

BS
3 

for 1 hour at 25 ˚C. The samples were analyzed by SDS-PAGE/Coomassie staining. 

For preparing, calcein-trapped liposomes, the lipid film was resuspended in HBS (20 

mM HEPES, 150 mM NaCl, pH 8.0) containing 50 mM calcein for 2 hours at 37˚C. Unbound 

calcein was removed by ultracentrifugation. The calcein entrapped liposomes were pelleted at 

105,000 g for 20 minutes. The supernatant containing untrapped calcein was discarded and 
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calcein containing liposome pellet was washed 5-6 times with HBS. To obtain a homogenous 

mixture of large unilamellar vesicles, the calcein trapped liposomes were repeatedly extruded 

through a 0.1 µm polycarbonate membrane using a Mini-Extruder apparatus. After extrusion, 

free calcein molecules were removed by passing the liposome suspension through Sephadex 

G-50 (GE Healthcare Life Sciences) size-exclusion chromatography column equilibrated 

with HBS. Calcein-release assay was performed on a Perkin-Elmer LS 55 spectrofluorimeter. 

Protein (1 M) was incubated in presence of 100 g calecein-trapped Asolectin-cholesterol 

liposome in a 2 ml reaction volume. Calcein fluorescence was measured at 520 nm upon 

excitation at 488 nm, using 1 cm cuvette, excitation and emission slit widths of 2.5 nm and 

2.5 nm, respectively. The 100% calcein release was induced by treating liposome with 6 mM 

sodium deoxycholate. 

 For preparing 1,6-Diphenyl-1,3,5-hexatriene (DPH)-labelled Asolectin-cholesterol 

liposomes, DPH stock of 1 mg/ml was prepared in 1,2-Dioxane. Liposomes resuspended in 

PBS were incubated with DPH (1:200, w/w) for 1 hour at 25 ˚C. 

Fluorescence resonance energy transfer (FRET) form the tryptophan residue at 

position 318 (in Pro-VCC) to DPH incorporated in the Asolectin-cholesterol liposome was 

monitored using Perkin Elmer LS-55 spectrofluorometer in a quartz cell with 10 mm 

pathlength. The FRET from tryptophan to DPH was monitored by measuring the change in 

fluorescence intensity at 470 nm upon excitation at 290 nm with slit widths of 2.5 nm and 5 

nm for excitation and emission, respectively. 1 µM protein was incubated with 100 µg DPH-

labelled liposome in 2 ml PBS. All the spectra were corrected for respective buffer blanks 

containing untreated DPH-labelled liposomes. 

Structural models 

 Structural coordinates for monomeric and oligomeric form of VCC were obtained 

from protein data bank (PDB) (PDB ID for monomeric VCC – 1XEZ, PDB ID for oligomeric 

VCC – 3O44). Structural model of VCC depicting the alignment of VCC in membrane lipid 

bilayer was generated using the online OPM server (http://opm.phar.umich.edu/server.php) 

(120). Different protein structural models were represented using PyMol [DeLano WL, The 

PyMOL Molecular Graphics System (2002) found online (http://pymol.org)](115, 120).    

 

  

http://opm.phar.umich.edu/server.php
http://pymol.org)/
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3.4 Results 

Truncation of the pre-stem region from VCC does not affect the structural integrity of 

the protein 

The transmembrane hairpin loop, known as the pre-stem region in VCC plays a major 

role in the formation of a functional transmembrane β-barrel pore structure (Figure 3.1). To 

further explore its role in the structure-function mechanism of VCC, we constructed a 

truncated variant of the protein lacking the pre-stem loop (ΔPS-VCC) within the core 

cytolysin domain of VCC (Figure 3.2). The pre-stem loop in VCC is composed of two β-

strands comprising 281 – 322 amino acids. So, to test the effect of truncation of the pre-stem 

region on the structural integrity of the VCC protein, we probed the intrinsic tryptophan 

fluorescence emission and far-UV circular dichroism profile of the ΔPS-VCC in comparison 

to the wild type mature VCC protein. The intrinsic tryptophan fluorescence spectra of ΔPS-

VCC revealed a red shift in the tryptophan fluorescence emission maximum (Figure 3.3). 

Since wild type VCC molecule contains 11 tryptophan residues, the intrinsic tryptophan 

fluorescence observed for VCC is a cumulative effect of the different environments of 11 

tryptophan residues located at distinct positions in the VCC protein structure. So, the red shift 

observed in the tryptophan spectra could be explained by the fact that ΔPS-VCC contains one 

less tryptophan residue (10 tryptophan residues) located at 318 position in the pre-stem loop 

of the wild type VCC. Therefore, removal of the pre-stem region from the wild type VCC 

molecule does not cause s drastic effect on the overall global tertiary structure of the toxin. 

The far-UV CD profile of the ΔPS-VCC showed a decreased signal at 217 nm region 

(corresponding to the β-sheet structures) (Figure 3.3). This could be explained due to the 

absence of two β-strands in the pre-stem loop region of the wild type VCC. Overall, the 

intrinsic tryptophan fluorescence spectra and far-UV CD profile of ΔPS-VCC revealed that 

the removal of pre-stem loop region of the VCC molecule does not cause any drastic effect 

on the structural integrity of the toxin. 
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Figure 3.3: Intrinsic tryptophan fluorescence emission (A) and far-UV CD profile (B) of WT-VCC and 

ΔPS-VCC under native conditions.  

 

Removal of the pre-stem region from VCC abolishes the membrane permeabilization 

activity but does not affect binding of the toxin to the target membranes 

In the β-PFT mode of action, one of the most important steps toward formation of the 

functional β-barrel pores is the insertion of the transmembrane region composed of two β-

strands into the cell membranes. According to the heptameric pore assembly structure of 

VCC (79), the pre-stem loop plays the most important role toward formation of a functional 

β-barrel. Each monomer contributes a pre-stem loop (two β-strands) that inserts into the 

membrane lipid bilayer, and leads to the formation of the functional transmembrane pore-

structure. Hence, from the data available it seems that the deletion of the pre-stem loop would 

abolish the formation of a transmembrane β-barrel structure hence rendering the toxin as non-

functional. However, it has not been explored yet whether the absence of the pre-stem would 

have any effect on the VCC-membrane interactions, and also on the efficacy of the formation 

of the pre-pore oligomers. We found that the deletion of the pre-stem loop severely 

compromised the membrane pore-forming activity of VCC against human erythrocytes. As 

reported earlier, wild type VCC, at a concentration of 100 nM (6.5 µg/ml), induced 100% 

lysis of human erythrocytes, when incubated for 1 hour at 25˚C (Figure 3.4A). The ΔPS-VCC 

did not show any activity upon incubation with human erythrocytes under similar 

experimental conditions. 
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Figure 3.4: Comparison of hemolytic activity and membrane permeabilization by WT-VCC and ΔPS-

VCC. (A) Kinetics of hemolytic activity by WT-VCC and ΔPS-VCC against human erythrocytes. Human 

erythrocytes were treated with WT-VCC and ΔPS-VCC, kinetics of hemolytic activity was determined by 

monitoring the decrease in optical density at 650 nm using UV-Vis spectrometer (B) Membrane 

permeabilization effect of WT-VCC and ΔPS-VCC against calcein containing asolectin-cholesterol liposome 

monitored by measuring the release of calcein form the artificial lipid vesicles.  

 

We also tested the membrane-damaging activity of ΔPS-VCC by using Asolectin-

cholesterol liposome system containing trapped fluorescent dye calcein.  Membrane damage 

due to action of VCC leads to the leakage of calcein dye from the liposomes resulting in an 

increase in calcein fluorescence. Increase in calcein fluorescence with time can be directly 

correlated with the membrane damaging effect of VCC. Wild type VCC at a concentration 

range of 1 µM displayed prominent release of calcein, presumably due to the membrane 

damaging effect of functional pore-formation (Figure 3.4B). The ΔPS-VCC could not trigger 

the release of calcein to any significant extent. Incubation with ΔPS-VCC leads to a calcein 

release of only ~18% 

To check whether removal of the pre-stem loop has any effect on the membrane 

binding activity of VCC, we employed a flow cytometry-based binding assay. Human 

erythrocytes were treated with VCC at 4 ˚C. The membrane-bound VCC were probed with 

anti-VCC followed by treatment with FITC-conjugated secondary antibody. The increase in 

FITC fluorescence would reveal the increased binding of VCC to human erythrocytes. The 

results showed that both the wild type VCC and ΔPS-VCC displayed an overall similar 

binding to the human erythrocytes (Figure 3.5). 
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Figure 3.5: Comparison of membrane binding of WT-VCC and ΔPS-VCC using flow cytometry based 

binding assay. WT-VCC and ΔPS-VCC were incubated with human erythrocytes and binding was estimated 

using flow cytometry-based experiment. 

 

We also probed the binding of the wild type and pre-stem truncated VCC to 

Asolectin-cholesterol liposome by using a pull down-based assay (Figure 3.6). Proteins were 

incubated in presence of the liposome vesicles, protein-liposome complexes were pelleted, 

dissolved in SDS-PAGE sample buffer with or without boiling. Sample without boiling 

would allow detection of any SDS-stable oligomers, as observed in case of the wild type 

VCC protein. Boiling of the sample in SDS-PAGE sample buffer would dissociate the 

oligomeric complex into monomeric bands, and would reflect the membrane-bound fractions 

of the VCC variants under the experimental conditions tested. Wild type VCC showed 

efficient association with the membrane lipid bilayer of the Asolectin-cholesterol liposomes 

(Figure 3.6). Moreover, membrane-bound fractions of VCC showed formation of SDS-stable 

oligomers. 

ΔPS-VCC variant showed efficient association with the Asolectin-cholesterol 

membrane lipid bilayer (Figure 3.6). However, it could not form any SDS-stable oligomeric 

species. Overall, the data indicated that the truncation of the pre-stem loop completely 

abolished the membrane damaging pore-forming activity of the toxin, but did not affect the 

binding to the target membranes. 

 



55 
 

 

Figure 3.6: Binding and oligomerization by WT-VCC and ΔPS-VCC with Asolectin-cholesterol 

liposomes. SDS-PAGE/Coomassie staining profile of bound fractions of WT-VCC and ΔPS-VCC.  Arrow 

represents formation of a SDS-stable oligomer. 

 

Truncation of pre-stem loop does not block pre-pore oligomer formation    

So far, our data clearly suggested that the truncation of the pre-stem loop abolished 

SDS-stable oligomer formation by VCC in the membrane lipid bilayer of the Asolectin-

cholesterol liposome membranes, a prominent signature of the archetypical β-PFTs (Figure 

3.6). We wanted to check whether ΔPS-VCC had the ability to form any SDS-labile 

oligomeric species representing the pre-pore intermediate state of the membrane-bound toxin. 

We tested this by using a crosslinking agent, BS
3
. BS

3 
contains an amine-reactive N-

hydroxysulfosuccinimide (NHS) ester at each end of an 8-carbon arm; NHS esters react with 

primary amines at pH range of 7-9 to form stable amide bonds, along with release of the N-

hydroxysulfosuccinimide leaving group. Proteins generally contain several primary amines in 

the side chain of lysine residues, and at the N-terminus of each polypeptide chain. So, BS
3
 

would covalently trap any oligomeric species formed by ΔPS-VCC in its membrane-bound 

state in the Asolectin-cholesterol liposomes. Indeed, ΔPS-VCC mutant formed oligomeric 

assembly upon incubation with Asolectin-cholesterol liposomes, which could be covalently 

trapped by BS
3
 cross-linker. 
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Figure 3.7: Formation of SDS-labile oligomers by ΔPS-VCC as detected by BS
3
 crosslinking. SDS-

PAGE/Coomassie staining profile of membrane-bound fractions of WT-VCC and ΔPS-VCC crosslinked by 

using BS
3
 to detect formation of SDS-labile oligomers.  Arrow indicates the formation of SDS-labile oligomers.  

 

 Figure 3.7 shows the presence of SDS-labile oligomeric species in the lane 

corresponding to ΔPS-VCC under both boiled and unboiled conditions. This suggested that, 

although pre-stem loop truncation abolished the formation of SDS-stable oligomers for ΔPS-

VCC, the mutant variant still retained the ability to form SDS-labile pre-pore oligomeric 

assembly in the presence of artificial liposome membranes. This suggested that the presence 

of the pre-stem loop was not critical for the membrane oligomerization step employed by the 

VCC toxin. 

 

Pre-stem deletion leads to abrogation of the membrane insertion step  

We wanted to confirm the inability of the ΔPS-VCC variant to exert the membrane 

insertion step in absence of the pre-stem segment. For this, we employed a qualitative FRET 

(fluorescence resonance energy transfer)-based assay to monitor the membrane insertion step 

of the VCC variants. Wild type VCC contains a tryptophan residue at position 318 (W318) 

within the pre-stem motif. During membrane insertion of the pre-stem region of wild type-

VCC W318 would be placed in the proximity of the membrane lipid bilayer. Therefore, 

presence of a membrane-embedded fluorophore (e.g. DPH), having an overlapping 

fluorescence excitation wavelength with that of the tryptophan fluorescence emission regime, 

would allow detection of the membrane insertion step by monitoring the tryptophan-to-DPH 
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FRET signal (Figure 3.8).1,6-diphenyl-1,3,5-hexatriene (DPH) is a fluorescent molecule 

(Figure 3.8). 

 

 

Figure 3.8: Model showing the mechanism of tryptophan-to-DPH FRET. During membrane insertion of the 

pre-stem loop, the tryptophan at 318 position in the loop comes in proximity with the DPH molecule   

 intercalated in the lipid bilayer to allow a successful transfer of energy between the donor (tryptophan) 

and acceptor (DPH) 

DPH has been shown to insert specifically in the nonpolar interior of the membrane lipid 

bilayer. It is non-fluorescent in water but shows strong fluorescence property when 

intercalated into the lipid membranes. Since tryptophan has a fluorescence emission in the 

range of 340-355 nm and DPH has an fluorescence excitation wavelength in the range of 370 

nm, tryptophan and DPH serve as an excellent FRET donor-acceptor pair. We monitored 

increase in the DPH fluorescence (incorporated in the core of membrane lipid bilayer) upon 

exciting tryptophan at 290 nm. If the W318 and DPH are in close proximity, it would result 

in increased FRET signal resulting in enhanced DPH fluorescence. Consistent with such 

notion, wild type VCC when incubated with DPH-labelled Asolectin-cholesterol liposomes 

showed a prominent increase in the tryptophan-to-DPH FRET (Figure 3.9). The ΔPS-VCC on 

the other hand did not show any increase in the DPH emission presumably due to the absence 

of the W318 present within the pre-stem loop (Figure 3.9). These data, therefore confirmed 

an abortive membrane insertion step for the truncated VCC variant lacking the pre-stem loop 

structure.  
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Figure 3.9: Membrane insertion of WT-VCC and ΔPS-VCC probed by tryptophan-to-DPH FRET. 

Membrane insertion of WT-VCC leads to an increase in the fluorescence of DPH intercalated in the membrane 

lipid bilayer due to tryptophan-to-DPH FRET whereas ΔPS-VCC could not trigger any FRET. 

 

3.5 Discussion 

VCC is a member of the family of β-barrel pore-forming toxins. The mechanism of 

membrane pore assembly and membrane insertion step of VCC has been only poorly 

characterized. Of particular interest is the mechanism of assembly of cell-bound VCC into the 

non-lytic oligomeric pre-pore intermediates as described previously for the oligomeric -

PFTs like S. aureus -toxin (121). The process of oligomerization and pore formation 

requires a series of organizational/conformational changes involving protein-protein 

interactions occurring in concert. To dissect the intermediate processes, the toxin needs to be 

trapped at the intermediate stages of the membrane pore formation. Earlier studies have made 

attempt to arrest the pre-pore oligomeric intermediate step of VCC, where the pre-stem loop 

was trapped by engineered disulfide bonds with the adjacent lectin-like domains. The mutants 

with covalently trapped pre-stem loop displayed no detectable hemolytic activity against 

rabbit erythrocytes, but hemolytic activity was regained under the reducing conditions in 

presence of DTT. The inability of the toxin mutants to lyse erythrocytes in the absence of 

DTT indicated that the disulfide bond-trapping of the pre-stem loop prevented assembly into 

a lytic pore. Surprisingly the disulfide mutants when incubated with rabbit erythrocytes in the 

presence of the wild type VCC displayed reduced hemolytic activity as compared to the wild 

type-only treatment. Osmotic protection assay-based experiment was performed to examine 
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the pore-forming activity of the hybrid oligomers composed of the disulphide-trapped 

insertion-deficient mutant VCC and the wild type molecule (119). Such assay revealed that 

the wild type toxin and the insertion-deficient mutant formed hetero-oligomeric with reduced 

functional pore diameters. Previous studies have also indicated that in the case of the mixed 

oligomers, the pore-forming stem regions were derived from the active wild type-VCC 

protomers, whereas the pre-stem sequences from the disulfide-trapped mutant were locked 

onto the extra-membrane domain of the toxin.  

Although the role of the pre-stem segment in the formation of a functional β-barrel 

pore has been studied, no speculation could be made earlier about the role of the pre-stem 

sequence in the membrane-binding, and in the formation of the pre-pore oligomeric 

intermediate. To explore this, we constructed a variant of VCC lacking the pre-stem loop, 

ΔPS-VCC. The ΔPS-VCC displayed no detectable hemolytic activity against human 

erythrocytes. This could result from either formation of a non-functional oligomer or due to 

the decreased binding to the erythrocyte membranes. The flow cytometry-based binding 

assay and liposome pull down assay revealed that the binding of ΔPS-VCC to human 

erythrocytes and Asolectin-cholesterol liposomes was similar to those of the wild type VCC, 

indicating that the pre-stem loop, which is a part of the core cytolysin domain, does not 

contribute toward binding of VCC to the membrane lipid bilayer. We found that the 

truncation of the pre-stem loop in the ΔPS-VCC variant resulted in the formation of SDS-

labile oligomers in the Asolectin-cholesterol liposome membranes. Crosslinking experiment 

revealed that the ΔPS-VCC mutant formed SDS-labile pre-pore oligomeric assembly upon 

incubation with the Asolectin-cholesterol liposomes, which could be covalently trapped by 

BS
3
 crosslinker. This suggested that although the pre-stem loop truncation abolished the 

formation of the SDS-stable, functional oligomeric pore formation by VCC, ΔPS-VCC 

variant still retained the ability to bind to the membranes, and to form the SDS-labile pre-pore 

oligomeric assembly in the presence of the membrane lipid bilayer of the liposome systems.  

We also confirmed whether the inability of the ΔPS-VCC variant to form the SDS-stable 

oligomeric assembly was due to the absence of the membrane insertion of the β-barrel-

forming pre-stem loop region. For this we employed a tryptophan-to-DPH FRET-based 

assay. Wild type VCC, when incubated with DPH-labelled Asolectin-cholesterol liposomes 

resulted in a prominent increase in the tryptophan-to-DPH FRET, thus validating the 

membrane insertion of the pre-stem loop. The ΔPS-VCC variant, on the other hand, did not 

show any increase in the DPH fluorescence emission presumably due to the absence of the 

Trp318 (contributing toward the FRET to the membrane-embedded DPH) within the pre-



60 
 

stem loop, thus clearly explaining that the inability of the ΔPS-VCC to execute the membrane 

insertion of the pre-stem loop region.  

In summary, this part of the study extends our existing insights regarding the 

implications of the pre-stem loop in the VCC structure-function mechanism. Our study 

establishes that the pore-forming pre-stem loop plays a critical role in the formation of the 

functional transmembrane -barrel pore by the VCC toxin. Based on our study, however, 

presence of the pre-stem loop does not appear to be critical for the membrane binding and 

pre-pore assembly of the toxin. Such observation, not only provides critical insights regarding 

the mode of action of VCC, but also extends our understanding regarding the mechanism of 

actions of the -PFT family of bacterial protein toxins.   

 

Note: 

* This part of the study has been published in the journal Biochem. Biophys. Res. Comm. 

Paul, K. and Chattopadhyay, K. (2014) Pre-pore oligomer formation by Vibrio cholerae 

cytolysin: insights from a truncated variant lacking the pore-forming pre-stem loop. Biochem. 

Biophys. Res. Com., 443 (1), 189-193. 

This part of the thesis has been adapted with permission from “Paul, K. and Chattopadhyay, 

K. (2014) Pre-pore oligomer formation by Vibrio cholerae cytolysin: insights from a 

truncated variant lacking the pore-forming pre-stem loop. Biochem. Biophys. Res. Com., 443 

(1), 189-193” (Elsevier). 
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Chapter 4 

Cholesterol-dependent membrane interaction mechanism of VCC: implication of a 

single point mutation in the toxin* 

 

4.1 Abstract 

Vibrio cholerae cytolysin (VCC) belongs to the β-PFT family of pore-forming toxins. 

One of the initial steps in the β-PFT mode of action is the binding to target cell membranes. 

Although high-resolution crystal structures are available for both the water-soluble 

monomeric state and the membrane-embedded oligomeric pore state of the protein, very little 

is understood about the interaction of VCC with the target cell membranes. In the present 

study we have characterised a mutant variant of VCC harbouring a single point mutation 

(Ala425Val) in the putative membrane-binding loop of VCC. The mutant displayed severely 

compromised hemolytic activity along with the drastically reduced membrane binding 

efficacy. Membrane-bound fraction of this mutant was found to form non-functional abortive 

oligomers. Further analysis revealed that the Ala425Val mutation in VCC critically impaired 

the cholesterol-dependent membrane interaction mechanism of VCC, along with the loss of 

its ability to form functional transmembrane oligomeric pores in the target membrane lipid 

bilayer. 

 

4.2 Introduction 

 Bacterial β-barrel pore-forming toxins (β-PFTs) constitute a unique class of 

membrane-damaging cytolytic proteins, and they are implicated in the virulence mechanisms 

of a wide spectrum of pathogenic bacteria (5). Elucidating the mechanistic details of the 

bacterial β-PFT mode of actions is critically important in understanding their association with 

the bacterial virulence mechanisms. These toxins are secreted by the bacteria in a water-

soluble monomeric form, which bind to their eukaryotic host cell membranes and convert 

into transmembrane oligomeric β-barrel channels, triggering colloid-osmotic lysis of the 

target cells. In the overall mode of action of bacterial β-PFTs, formation of a transient ‘pre-

pore’ oligomeric state has been speculated and/or detected on the membrane surface. The 

formation of a pre-pore oligomer is followed by considerable conformational change(s) in the 

molecule, leading to membrane-insertion of β-strand(s) donated by each monomeric subunit 

to form the transmembrane β-barrel structure of the pores (32). In spite of such overall 

general scheme, β-PFTs deviate significantly from each other in the intricate mechanistic 

details of the membrane pore-formation process: (i) the mechanistic basis of the β-PFT 



62 
 

interactions with the target cell membranes, (ii) the mechanism of conversion of the 

membrane-bound monomer into the oligomeric structure, and (iii) the mechanism of 

generation of the transmembrane oligomeric β-barrel pores. In particular, targeting of the 

water-soluble toxin molecules onto the target cell membranes highlights a mechanism of 

enormous diversity.  Also, in most of the cases, the exact role of the membrane components 

(lipid and/or non-lipid) in triggering the organizational and/or conformational changes 

required for the subsequent membrane insertion event remains elusive. Current structural 

information of many β-PFTs evoke the notion that the conversion of the water-soluble 

monomer into membrane-inserted oligomeric β-barrel channel involves complex cross-talk 

between the β-PFT protein and the membrane components, the exact mechanism of which are 

only partially understood. 

Vibrio cholerae cytolysin (VCC) is a prominent member in the β-PFT family (22). 

VCC is expressed by most of the V. Cholerae strains with high pathogenic potential (80). 

VCC is secreted as a ~79 kDa inactive precursor (Pro-VCC), which after proteolytic removal 

of the 15 kDa N-terminal Pro-domain forms the active mature form of the VCC toxin with 

the potential to form oligomeric pores on the host cell membranes (95). The process of 

membrane pore formation by VCC involves two separate steps. The water-soluble monomers 

first bind to the target membranes. Subsequently, seven membrane-associated monomers 

assemble into oligomeric intermediates that insert into the membrane to surround a water-

filled pore of ~1-2 nm diameter (79). The first step toward membrane pore-formation is the 

efficient membrane binding of the monomeric toxin molecules. The membrane 

permeabilization process also involves assembly of the membrane-bound monomers into 

oligomers of defined stoichiometry (i.e. heptamers) that assume a bilayer-inserted 

conformation. The process of membrane permeabilization has been observed even in the 

membrane lipid bilayers of the model membranes (i.e. synthetic lipid vesicles/liposomes), 

provided phospholipid membrane bilayers are supplemented with cholesterol (122). The X-

ray crystal structure of the Pro-VCC molecule has been determined (22). More recently, X-

ray crystal structure has been determined for the transmembrane heptameric β-barrel pore 

state of VCC (79). Comparison of the structural models of the water-soluble monomeric state 

and the transmembrane oligomeric pore state highlights significant extent of 

organizational/conformational changes in the VCC molecule during the process of the 

membrane pore formation of the toxin. However, the exact mechanism(s) that trigger such 

alterations in the VCC structure still remains elusive. It is commonly speculated that the 
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interactions of the VCC protein with the specific membrane components play critical role(s) 

in the process. In particular, presence of cholesterol in the membrane lipid bilayer has been 

suggested to be instrumental in regulating the multiple steps of the membrane pore-formation 

event: (i) membrane binding, (ii) oligomerization, (iii) membrane insertion, and (iv) 

functional pore-formation. It has also been indicated that the cholesterol molecule modulates 

VCC mode of action by physically interacting with an, as yet unidentified, structural motif 

present in the toxin, and not just by altering the physicochemical properties of the membrane 

lipid bilayer (122-124). It is important to note here that similar critical involvements of the 

membrane cholesterol have been reported in the mode of actions of the cholesterol-dependent 

pore-forming cytolysins: perfringolysin O (125), streptolysin O (126), and intermedilysin 

(74). Presence of a conserved motif has been implicated in the process of recognition and 

binding of the membrane cholesterol by these cholesterol-dependent cytolysins (76). In case 

of VCC, however, the detail structural mechanism of the toxin-cholesterol cross-talk remains 

unclear. Particularly, the exact location of the cholesterol-binding motif in the VCC structure 

needs to be mapped in molecular detail. Also, the specific role(s) of the membrane 

cholesterol in regulating the distinct steps of transmembrane pore-formation by the VCC 

toxin remains to be delineated. 

 Cholesterol-dependent cytolysins (CDCs) represent the largest class among β-PFTs. 

CDCs bind to the target host cell membrane by using cholesterol as a receptor. CDCs harbour 

a conserved structural motif (ECTGLAWEWWR) toward the C-terminus of the toxin 

implicated in the interaction of the toxin with membrane cholesterol. This motif is termed as 

the un-decapeptide or tryptophan rich motif. This structural motif contains three tryptophan 

residues and a single cysteine residue (76). CDC binding to membrane cholesterol is 

dependent on the presence of certain structural features in cholesterol, namely, an intact 3-β-

hydroxyl group, an aliphatic side chain of appropriate length at carbon 17 of the D ring, a 

methyl group at carbon 20 and an intact B ring. Any modifications in these structural features 

results in loss of cholesterol recognition by CDCs (23). Mode of action of CDCs involve (i) 

cholesterol-dependent binding of monomeric proteins to the cell membranes, (ii) formation of 

a non-functional pre-pore oligomer, and (iii) insertion of the transmembrane hairpin loop 

leading to the formation of a functional transmembrane pore (24). The structure of CDCs 

contains four distinct domains. The binding of the monomer to membrane cholesterol is 

mediated by domain 4 that contains the un-decapeptide or tryptophan rich motif. Binding to 

cholesterol initiates a series of conformational changes in the membrane-bound monomers, 

which involves rotation of the loop comprised of β5 and α1 away from β4 of the domain 3 
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core β-sheets, leading to intermolecular interactions between adjacent membrane-bound 

monomers. The monomers continue to extend the oligomeric structure until a ring-shaped 

structure is formed. This structure has been termed as the pre-pore complex and is defined as 

the completed oligomeric complex without the formation of its characteristic β-barrel pore.  

Each monomer in the pre-pore complex contributes two transmembrane β-hairpins (TMH) 

toward the formation of a functional β-barrel pore structure of the CDCs.  

VCC mode of action shows prominent requirement for the presence of cholesterol in 

the target cell membranes (102, 123-124). However, it is not clear how exactly membrane 

cholesterol regulates the functionality of VCC. In the present study, we have characterised a 

mutant variant of VCC lacking the functional membrane pore-forming activity. This VCC 

variant harbours a mutation in the membrane-proximal rim region of the toxin. The mutant 

shows a compromised cholesterol-dependent membrane interaction mechanism suggesting 

the presence of a distinct potential cholesterol-binding motif in the VCC toxin. Our study for 

the first time indicates a structural basis of the involvement of cholesterol in the process of 

functional membrane pore formation employed by VCC. 

 

4.3 Materials and Methods 

Wild type and the mutant construct of VCC 

Nucleotide sequence encoding the Pro-VCC protein (precursor form of the VCC 

toxin, omitting the N-terminal signal sequence) was PCR-amplified with the gene specific 

primers, and the amplified PCR-product was cloned into the pET14b bacterial expression 

vector (Novagen). Recombinant construct was verified by DNA sequencing. The 

recombinant plasmid harbouring the cloned construct for Pro-VCC was introduced into the 

Escherichia coli Origami B cells (Novagen) for protein expression. Soluble Pro-VCC protein 

expressed in the Origami B cells was purified, and was proteolytically processed to generate 

the mature form of the wild type VCC molecule, following the method described earlier 

(please see the Materials and Methods of Chapter 2). In the process of cloning the 

recombinant Pro-VCC construct, we also obtained a construct that led to the generation of a 

VCC variant with drastically reduced hemolytic activity. DNA sequence analysis revealed 

that this construct of the VCC molecule harboured a single point mutation (from Ala-to-Val 

at the position 425 of the Pro-VCC sequence). The point mutation resulted from a change in 

the nucleotide sequence that was presumably introduced during the PCR-amplification 
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process. In the present study, we have designated this mutated form of VCC as Ala425Val-

VCC, while the wild type form of the recombinant VCC has been referred as the WT-VCC. 

Purification of WT-VCC and Ala425Val-VCC 

 WT-VCC was purified using the method as described earlier (please see the Materials 

and Methods of Chapter 2). Ala425Val-VCC was purified using the similar method. Briefly, 

Soluble Pro-VCC was expressed in E. coli Origami B cells. Bacterial growth medium was 

supplemented with 50 µg/ml of carbenicillin. A starter culture was inoculated with the 

transformed Origami B cells, and grown overnight at 37 ˚C. The overnight culture was 

diluted 50-fold into LB broth, and was grown to an A600 of 0.6. Protein expression was 

induced with 1 mM IPTG, and the culture was grown for additional three hours with shaking 

at 30 ˚C. Cells were pelleted by centrifugation at 4000 rpm for 20 minutes in a hanging 

bucket centrifuge, and the cells were resuspended in phosphate buffered saline (pH 

7.0)(PBS), supplemented with bacterial protease inhibitor cocktail (Sigma). Cells were lysed 

by sonication, followed by centrifugation at 12,000 rpm for 10 minutes at 4 ˚C. The 

supernatant was adjusted with 20 mM imidazole before passing through Ni-NTA agarose 

column (Qiagen), pre-equilibrated with PBS. The column was washed with 50-volume of the 

same buffer adjusted with 20 mM imidazole, and the bound protein was eluted with 300 mM 

imidazole in PBS. The peak fractions were diluted five times with a buffer containing 10 mM 

Tris-HCl and 1 mM EDTA (pH 8.0), and loaded onto a Q-Sepharose anion exchange 

chromatography column (GE healthcare) pre-equilibrated with the same buffer. Bound 

protein was eluted using a linear gradient of 0-500 mM NaCl in 10 mM Tris-HCl buffer (pH 

8.0) over 50 ml in an FPLC system (AKTA purifier, GE healthcare), at a 2 ml/minute flow 

rate. The N-terminal Pro-domain was removed by treating the precursor form of the VCC 

variants with trypsin at a protein:protease ratio of 2000:1 for 10 minutes at room temperature. 

Reaction was terminated with 1 mM Phenyl Methyl Sulfonyl Fluoride (PMSF). The mature 

form of the VCC variant was purified by passing through the Q-Sepharose column. Purified 

proteins were analysed by SDS-PAGE and Coomassie staining. 

Assay of hemolytic activity 

Hemolytic activity of WT-VCC and Ala425Val-VCC was assayed against human 

erythrocytes by monitoring the release of hemoglobin spectrophotometrically at 415 nm. 

Rabbit anti-VCC serum 

Polyclonal anti-VCC antiserum was generated in rabbit using the Custom made 

Polyclonal Antibody Service of GeNei/Merck, Bangalore, India 
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Western blot detection of VCC: binding to human erythrocytes 

Human erythrocytes were resuspended in PBS to a final concentrations of OD650 = 

0.8. The erythrocytes were incubated with various concentrations of the VCC variants at 25 

˚C for 1 hour in a reaction volume of 200 µl. The reaction mixture was subjected to 

ultracentrifugation at 105000 x g for 20 min, and was washed twice in PBS. The pellet was 

resuspended in SDS-PAGE loading buffer (50 mM Tris/HCl, pH 6.8, containing 2% w/v 

SDS, 2 mM beta-mercaptoethanol, 4% v/v glycerol, 0.01% w/v bromophenol blue), and 

separated on an SDS-PAGE. Following separation, the proteins were transferred onto a 

PVDF membrane (BioRad) using a complete wet transfer assembly (BioRad, Hercules, CA, 

USA) at 90 V for 90 minutes. The membrane was blocked with 3% non-fat milk powder 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA) in PBS containing 0.05% Tween-20 

(Himedia) (TPBS) at 4 ˚C overnight. After washing three times in TPBS, the blot was 

incubated with rabbit anti-VCC antiserum (1:5000 v/v) for 1 hour at room temperature. After 

washing three times in TPBS, it was incubated with horseradish peroxidise (HRP)-conjugated 

goat anti-rabbit IgG (Sigma-Aldrich) (1:10000 v/v) for 1 hour at room temperature and 

washed thrice with TPBS. The blot was developed using the ECL western blotting detection 

kit (GE Healthcare Life Sciences, Piscataway, NJ, USA), and exposed to X-ray film 

(Biomax, Kodak, Sigma-Aldrich, St. Louis, MO, USA) to detect the bands of monomers and 

oligomers of the VCC variants. Band intensities were quantitated by the ImageJ software 

(127).  

Flow cytometry 

Human erythrocytes (1 X 10
6
 cells) were treated with various concentrations of wild 

type and mutant VCC at 4 ˚C for 30 min in a reaction volume of 100 µl. The cells were 

centrifuged at 500 x g, washed twice with ice-cold PBS and resuspended in 50 µl PBS 

containing rabbit anti-VCC antiserum (1:100 v/v dilution) and 0.1% w/v BSA (Sigma-

Aldrich), and incubated at 4 °C for 30 min. After washing twice, the pellet was resuspend in 

50 µl PBS containing fluorescein-isothiocynate (FITC)-conjugated goat anti-rabbit IgG 

(1:100 v/v dilution and 0.1% w/v BSA; Sigma-Aldrich), incubated at 4 °C for 30 min, 

washed twice, and resuspended in 500 µl PBS. Cells were analyzed using FACSCalibur (BD 

Biosciences, San Jose, CA, USA) flow cytometer. FITC fluorescence was monitored using an 

excitation wavelength of 488 nm and emission wavelength of 530 nm in the FL1 channel.  

Geometric mean fluorescence (GMF) values were calculated using FLOWJO 

software (www.flowjo.com). The binding data were calculated using the equation: 

 %Binding = [(GMFtest-GMFcontrol)/(GMFmaximum- GMFcontrol)] X 100 
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Where, GMFcontrol = GMF for the cells that were not treated with VCC variants, but incubated 

in presence of anti-VCC and anti-rabbit-FITC; GMF maximum = GMF for the cells treated with 

the highest concentration of WT-VCC used in the assay (4.875 µg ml
-1

), followed by 

incubation with anti-VCC and anti-rabbit-FITC. 

Preparation of liposomes 

 Asolectin, cholesterol, dansyl-Phosphatidylethanolamine (dansyl-PE) and calcein 

were procured from Sigma-Aldrich. Equal amount of Asolectin and cholesterol were 

dissolved in chloroform in a round-bottom flask. The solvent was evaporated at room 

temperature under constant shaking in order to form a lipid film. The lipid film was dried 

under vacuum for 2 hours, followed by resuspension in PBS at 37 ˚C for 2 hours. For 

preparing uniform large unilamellar vesicles (LUVs), liposomes were repeatedly extruded 

through a 0.1 µm polycarbonate membrane using a Mini-Extruder apparatus (Avanti Polar 

Lipids, Inc., Alabaster, AL, USA).  

For preparing dansyl-PE-containing liposomes, 1% dansyl-PE (w/w) was added to the 

initial lipid mixture. 

For preparing calcein-trapped liposomes, the lipid film was resuspended in HBS (20 

mM HEPES, 150 mM NaCl, pH 8.0) containing 50 mM calcein for 2 hours at 37˚C. After 

extrusion, free calcein molecules were removed by passing the liposome suspension through 

Sephadex G-50 (GE Healthcare Life Sciences) size-exclusion chromatography column 

equilibrated with HBS. 

Enzyme linked immunosorbent assay (ELISA) 

An ELISA-based method was used to detect the binding of the WT-VCC and 

Ala425Val-VCC with Asolectin-cholesterol and Asolectin liposomes. Briefly, the wells of a 

96-well microtiter plate (Nunc, Rochester, NY, USA) were coated in triplicate with 1 µg of 

liposome suspension in PBS by incubating overnight at 4 °C. The plates were washed thrice 

with TPBS (PBS containing 1% Triton X-100), followed by blocking with addition of 0.2 ml 

of 3% non-fat dry milk powder in PBS for 1 h. Wild type and mutant VCC proteins were 

incubated for 2 h at 25 °C to allow binding to the plate-bound liposomes, and then washed 

three times with TPBS. The bound VCC variants were probed by incubation with rabbit anti-

VCC antiserum (1: 5000, v/v) for 90 min, followed by addition of horseradish peroxidase 

(HRP)-conjugated goat anti-rabbit IgG (1:10 000, v/v) for 1 h at 25 °C. VCC variants bound 

to liposomes were detected by color development upon addition of o-phenylenediamine (10 

mg/ml) in 0.1 M sodium citrate buffer (pH 4.5) containing hydrogen peroxide (H2O2) 

(Merck) (2 µl/ml of 30% v/v H2O2). The reactions were stopped by the addition of 1 M 
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H2SO4, and absorbance was measured at 490 nm using a multi-well spectrophotometer 

(iMark; BioRad, USA). 

Far-UV circular dichroism (CD) 

Far-UV CD measurements were taken on an Applied Photophysics Chirascan 

spectropolarimeter with a Peltier-based temperature controlled sample chamber in a quartz 

cuvette of 5 mm pathlength. Protein concentrations in the range of 0.5-1 µM were used. All 

the CD spectra were corrected for the respective buffer blanks. 

Fluorescence measurements 

Intrinsic tryptophan fluorescence spectra for proteins were recorded using a 

Fluoromax-4 spectrofluorometer (Horiba scientific, Edison, NJ) equipped with a peltier-

based temperature controller. Excitation wavelength of 290 nm was used. Slit width of 2.5 

nm and 5.0 nm for excitation and emission, respectively, were used.  

Calcein fluorescence measurements were taken as described earlier (please refer 

Chapter 3, Materials and Methods).  

FRET from tryptophan residues in the VCC variants to dansyl-PE incorporated in 

Asolectin–cholesterol liposome was monitored with a Perkin-Elmer LS 55 spectrofluorimeter 

using a 1 cm cuvette at 25 °C. The fluorescence emission of dansyl was measured at 512 nm 

upon excitation of tryptophan residues at 280 nm, using excitation and emission slit widths of 

5 nm, respectively. All spectra were corrected with control spectra of dansyl-PE-containing 

Asolectin–cholesterol liposomes resuspended in the same buffer. 

Transmission electron microscopy 

WT-VCC and Ala45Val-VCC (at a concentration of 65 µg/ml) were incubated with 

human erythrocyte stroma (with an estimated protein content of 130 µg/ml) (Stroma were 

prepared by lysis of the human erythrocytes under hypotonic conditions with 5 mM sodium 

phosphate buffer, pH 7.4) at room temperature for 1 hour. Following incubation, the samples 

were washed thrice with the same buffer, added onto the carbon-coated grid and negatively 

stained with 1% phosphotungstic acid. The negatively stained samples were analysed on a 

Hitachi H7500 Transmission Electron Microscope at the Sophisticated Analytical 

Instrumentation Facility of Panjab University, Chandigarh, India. 

Protein structural models 

 Protein structural coordinates were obtained from the Protein Data Bank (PDB; 1XEZ 

for the precursor form of VCC and 3O44 for the oligomeric pore state of VCC). Protein 

structural model of the mature form of monomeric VCC was generated from the PDB file 

1XEZ using PDBSET in the CCP4 suit (112). A homology-based structural model of the 
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Ala425Val-VCC was constructed with the SWISS-MODEL server 

(http://swissmodel.expasy.org/) (128-129) using the PDB coordinates 1XEZ as the template. 

Modelled structure was subjected to energy minimization using the CHIRON server 

(http://troll.med.unc.edu/chiron/index.php) (130). Protein surface hydrophobic patches were 

calculated using the HOTPATCH server (http://hotpatch.mbi.ucla.edu/). Protein structural 

models were rendered with PYMOL (115). 

 

4.4 Results 

Ala425Val-VCC is a recombinant variant of VCC  

We obtained a mutant variant of VCC during the process of cloning the wild type 

VCC (WT-VCC). Sequencing data confirmed that the variant harboured a single point 

mutation of Alanine-to-Valine at position 425 in the Pro-VCC primary amino acid sequence. 

Analysis of the structural models showed that the mutation could be mapped onto the putative 

membrane interacting loop of VCC. The mutant displayed an overall similar profile in terms 

of protein expression and solubility as compared to wild type VCC. Comparison of the 

intrinsic tryptophan fluorescence emission spectra for changes in the global tertiary 

structures, and far-UV CD spectra for the changes in the secondary structures showed an 

almost overlapping profile suggesting that the mutation of Ala425Val did not cause any 

major change in the global tertiary or secondary structure of the protein (Figure 4.1). 

 

 

Figure 4.1: (A) Intrinsic tryptophan fluorescence emission spectra of WT-VCC and Ala425Val-VCC. (B) Far-

UV CD spectra of WT-VCC and Ala425Val-VCC. 

Our data, thus far, suggested that the Ala425Val mutation in VCC did not cause any 

major structural change in the molecule. To further explore the effect of Ala425Val mutation 

http://swissmodel.expasy.org/
http://troll.med.unc.edu/chiron/index.php
http://hotpatch.mbi.ucla.edu/
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on the VCC molecular structure, we constructed a homology-based structural model for 

Ala425Val-VCC, using the experimentally determined structure of Pro-VCC as the template. 

The wild type VCC structure showed the presence of a distinct hydrophobic patch on the 

VCC structure in the region corresponding to the location if the mutation. The homology-

based structural model for Ala425Val-VCC showed increased hydrophobicity in the 

corresponding region, consistent with an increased hydrophobicity of the Valine residue as 

compared to Alanine (Figure 4.2). Overall, it appears that the Ala425Val mutation did not 

cause any major change in VCC structure but altered the local microenvironment on the 

protein surface at the corresponding region. 

 

 

Figure 4.2: Comparison between structural model of WT-VCC (PDB ID: 1XEZ) and structure-based 

homology model of Ala425Val-VCC. The structural analysis of WT-VCC showed the presence of a 

hydrophobic patch encompassing the potential membrane-interacting loop harbouring the Ala425CVal-VCC. 

The analysis of the structure-based homology model of Ala425Val-VCC showed that the incorporation of 

replacement of alanine with valine increased the local hydrophobicity of this loop.   

The surface-exposed hydrophobic patches are colored from red (hydrophobic) to blue (hydrophilic) gradient. 

 

The single point mutation of Ala425Val in the VCC molecule critically impairs the 

hemolytic activity of the toxin 

Recombinantly generated wild type form of the VCC molecule (WT-VCC) analysed 

in the present study, displayed strong hemolytic activity against human erythrocytes. WT-

VCC induced 100% lysis of the human erythrocytes in the concentration range of ~6.5 µg/ml. 

Strikingly, the single point mutation of Ala425Val in the VCC molecule (Ala425Val-VCC) 

critically impaired the hemolytic activity of the toxin; no detectable hemolytic activity was 

observed for the Ala425Val-VCC mutant even at 5-fold higher concentration range (Figure 

4.3). The present data clearly indicated that the Ala425Val mutation in the VCC molecule 
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critically impaired the functional pore formation ability of the toxin in the human erythrocyte 

cell membranes.  

 

 

Figure 4.3: Hemolytic activity of WT-VCC and Ala425Val-VCC against human erythrocytes. Human 

erythrocytes were treated with WT-VCC and Ala425Val-VCC and hemolytic activity was determined by 

monitoring the release of hemoglobin at 415 nm using UV-Vis spectrometer 

 

Binding and oligomerization propensities of the Ala425Val-VCC variant in the 

erythrocyte membranes 

In order to explore the mechanism by which the Ala425Val mutation impaired the 

hemolytic activity of the VCC toxin, the binding of WT-VCC and the mutant variant to 

human erythrocytes membranes was compared. The targeted binding of the wild type and the 

Ala425Val variant of VCC to cell membranes of human erythrocytes was monitored by 

immunoblotting using custom-made anti-VCC IgG antibody (Figure 4.4). Quantitative 

analysis of the immunoblotting data showed that the single point mutant variant of VCC 

possessed ~0.5-fold of the wild type interaction propensity with the human erythrocyte cell 

membranes (Table-1). These data revealed that the incorporation of the Ala425Val single 

point mutation reduced the interaction of the VCC toxin molecule with the human 

erythrocyte cell membranes, at least to some notable extent.  
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Figure 4.4: Binding and oligomerization of WT-VCC and Ala425Val-VCC with human erythrocytes. WT-

VCC and Ala425Val-VCC were incubated with human erythrocytes and the bound fractions were probed for 

binding and oligomerization by western blotting using anti-VCC serum. 

 

 Lane 1 

(Ala425Val) 

Lane 3 

(WT) 

Bound Protein 0.475-fold 1-fold 

 

 Lane 2 

(Ala425Val) 

Lane 4 

(WT) 

Membrane-bound 

Oligomer 

0.49-fold 1-fold 

 

Table 4.1: Comparison of the band intensities of the membrane bound monomeric and oligomeric 

fractions in Figure 4.4 

When probed for the efficiency to form the SDS-stable oligomeric assembly on the 

erythrocyte cell membranes (Figure 4.4), membrane-bound fraction of the Ala425Val-VCC 

mutant showed nearly equivalent oligomerization propensity as compared to the wild type 

protein (comparing the ratio of the total membrane-bound fractions versus the ratio of the 

oligomer fractions) (Table 4.1). This data clearly indicated that the incorporation of single 

point mutation (Ala425Val) did not affect the ability of VCC toxin molecule to form 

oligomers in human erythrocyte cell membrane to any significant extent. Also, it must be 

noted that, as observed with the WT-VCC protein, the mutant variant of VCC also formed the 

typical ring-like oligomeric structure on the stroma of human erythrocyte cell membranes 

(Figure 4.5). 
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Figure 4.5: Formation of ring-like oligomeric structures by WT-VCC and Ala425Val-VCC on human 

erythrocytes. Transmission electron micrograph showing the formation of typical ring-like oligomeric 

structures by both the variants of VCC.   

 

To get a more quantitative insight into the erythrocyte binding ability of the VCC 

variants, we employed a flow cytometry-based binding technique wherein the primary anti-

VCC IgG was detected using a secondary anti-rabbit FITC conjugated antibody. The increase 

in FITC fluorescence would directly correlate with an increased binding by the VCC variants. 

The results clearly suggested that incorporation of single point mutation Ala425Val critically 

impaired the binding of VCC to human erythrocyte membrane (Figure 4.6).    

 

Figure 4.6: Comparison of membrane binding of WT-VCC and Ala425Val-VCC with human 

erythrocytes using flow cytometry-based binding assay. WT-VCC and Ala425Val-VCC were incubated with 

human erythrocytes and binding was estimated using flow cytometry based experiment. 
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Ala425Val mutation traps the VCC toxin into an abortive oligomeric state in the 

erythrocyte membranes 

The analysis of the VCC mutant protein, in comparison to the wild type VCC toxin 

molecule thus far indicated that the Ala425Val-VCC variant was defective, at least to some 

notable extent, in terms of its ability to interact with the human erythrocyte membrane. 

However, it must be emphasized that the Ala425Val-VCC protein exhibited significant 

binding along which formation of considerable amount of SDS-stable oligomeric species in 

the human erythrocyte cell membrane, particularly in the concentration range of 65 µg/ml, 

although, the Ala425Val-VCC protein could not induce any considerable hemolytic activity 

in the same concentration range against human erythrocyte cells. One likely reasoning could 

be that the amount of the membrane-bound oligomers generated by Ala425Val might not be 

sufficient (due to the decreased membrane binding) to induce efficient lysis of the target 

cells. Alternative reasoning could be that the SDS-stable oligomeric species generated by the 

membrane-bound Ala425Val-VCC mutant may not represent the functional transmembrane 

oligomeric assembly of the toxin.  

 

 

Figure 4.7: Comparison of oligomer load and hemolytic activity against human erythrocytes by WT-VCC 

and Ala425Val-VCC. Human erythrocytes were treated with different concentrations of WT-VCC and 

Ala425Val-VCC. The percent lysis (%lysis) of human erythrocytes was measured along with the oligomer load 

in the membrane-bound fractions, as probed by western blotting using anti-VCC antiserum. 

 Lane 1 

(Ala425Val) 

65 g/ml 

Lane 2 

(WT) 

32.5 g/ml 

Lane 3 

(WT) 

6.5 g/ml 

Lane 4 

(WT) 

3.25 g/ml 

Membrane-bound 

Oligomer 

1-fold 0.96-fold 0.25-fold 0.07-fold 

 

Table 4.2: Comparison of the band intensities of the membrane-bound oligomeric fractions in Figure 4.7. 

 

To investigate these possibilities, we compared the membrane-bound oligomer load 

for both the wild type and mutant variant of the toxin at two extreme concentrations: 65 
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µg/ml for Ala425Val-VCC, the concentration range, at which the mutant could not trigger 

any lysis of human erythrocytes, and 6.5 µg/ml for WT-VCC, the concentration range, at 

which the wild type VCC protein induced ~100 % hemolysis. In this experimental set up, the 

membrane-bound oligomer load of Ala425Val-VCC at a concentration of 65 µg/ml, was 

found to be almost equivalent to the WT-VCC at a concentration of 6.5 µg/ml (Figure 4.7) 

(Table 4.2). Even then, such load of the SDS-stable oligomers of the mutant in the 

erythrocyte membranes did not induce any considerable hemolysis. These data, therefore, 

clearly suggested that the SDS-stable oligomeric form of the Ala425Val-VCC protein 

generated in the human erythrocyte cell membranes did not represent the functional pore 

assembly of the toxin; rather such oligomeric assembly could be considered as being 

remained trapped in an abortive non-functional oligomeric state. 

 

Ala425Val mutation affected the cholesterol-dependent interaction of the VCC toxin 

with the membrane lipid bilayer 

Earlier, it has been speculated that cholesterol regulates the VCC mode of action by 

physically interacting with the toxin, and not by modulating the properties of the membrane 

lipid bilayer environment (131). However, the exact mechanism of cholesterol-dependency 

for the VCC mode of action still remains elusive. In particular, the description of the VCC 

structural motif recognizing the membrane-anchored cholesterol remains unknown. Since 

Ala425Val-VCC displayed critical deficit in its functional pore-forming activity in the 

erythrocyte membranes, we explored the possibility whether the Ala425Val mutation affected 

the cholesterol-dependent mechanism(s) of the VCC membrane channel formation process. 

For this, we investigated the interaction of the wild type and the mutant variant of VCC with 

the simple liposome systems, containing or lacking cholesterol molecules. 

We first compared the membrane damaging effects of the Ala425Val-VCC and WT-

VCC proteins against the Asolectin-cholesterol liposomes. We monitored the release of 

calcein from the liposome upon treatment with the wild type and the mutant VCC proteins 

(Figure 4.8). As reported earlier, wild type protein induced significant extent of calcein 

release from the Asolectin-cholesterol liposomes. On the other hand, the mutant protein, at 

similar concentration ranges, displayed significantly reduced potential to trigger the release of 

calcein from Asolectin-cholesterol liposomes. A nominal ~20% release of calcein was 

induced by Ala425Val-VCC at the highest protein concentration tested (65 µg/ml). The 

result, therefore, suggested that the Ala425Val mutation critically abrogated the membrane 

permeabilization effect of the VCC toxin against the simple liposome systems. 
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Figure 4.8: Membrane permeabilization of Asolectin-cholesterol liposomes by WT-VCC and Ala425Val-

VCC. Membrane permeabilization effect of WT-VCC and Ala425ValVCC against Asolectin-cholesterol 

liposome was monitored by measuring the release of calcein from the artificial lipid vesicles.  

 

 

Figure 4.9: Binding and oligomerization efficacy of the bound fraction of WT-VCC and Ala425Val-VCC 

with asolectin-cholesterol liposome and asolectin liposomes. WT-VCC and Ala425Val-VCC were incubated 

with Asolectin-cholesterol liposome and asolectin liposomes, bound fraction of the protein was analyzed for 

binding and oligomerization by SDS-PAGE/Coomassie staining. 

 

Next, we compared the interactions of the WT-VCC and Ala425Val-VCC variant 

with the cholesterol-containing Asolectin liposome membranes. We observed that a 

significantly reduced fraction of the Ala425Val-VCC mutant was converted into the SDS-
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stable oligomeric form as compared to the WT-VCC toxin, when incubated in presence of the 

Asolectin-cholesterol liposomes (Figure 4.9A). Furthermore, we found that the Ala425Val-

VCC protein showed considerably decreased binding propensity toward the Asolectin-

cholesterol liposomes as compared to the WT-VCC toxin (Figure 4.10). However, the 

liposome-bound fractions of both the two proteins showed nearly equivalent propensities to 

convert into the oligomeric form. Therefore, the Ala425Val mutation caused significant 

defect in the VCC toxin in terms of its binding, and not in terms its oligomerization 

propensity, in the Asolectin-cholesterol liposome membrane. In this context, it is also 

important to note that the interactions to the Asolectin liposomes lacking cholesterol were 

drastically less for both the WT-VCC and Ala425Val-VCC molecules (Figure 4.9B). 

Moreover, binding to the Asolectin liposomes was comparable for both the wild type and the 

mutant variant (Figure 4.9B and 4.10). Such a lower extent of basal level interaction of the 

VCC variants with the Asolectin alone liposomes was presumably the result of 

amphiphilicity-driven non-specific association of the proteins with the membrane lipid 

bilayer. These data, therefore, confirmed the notion that the presence of cholesterol in the 

membrane lipid bilayer was crucial for the efficient membrane interaction of the VCC toxin. 

The data also suggested that the Ala425Val mutation critically abrogated the cholesterol-

dependent interaction of the VCC protein with the membrane lipid bilayer, but not the 

oligomerization propensity of the membrane-bound toxin. 

 

 

Figure 4.10: Binding to Asolectin-cholesterol and Asolectin liposomes by WT-VCC and Ala425Val-VCC 

measured by ELISA based binding assay. The binding of WT-VCC and Ala425Val-VCC proteins with 

Asolectin-cholesterol liposomes and Asolectin liposomes was measured by ELISA based binding assay. Error 

bars represent the standard deviation calculated from three measurements. 
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To further probe the mechanistic details of the differential modes of interaction of the 

WT-VCC and the Ala425Val-VCC variants with the cholesterol-containing Asolectin 

liposomes, FRET from the tryptophan residue(s) in the VCC proteins to the dansyl-PE 

incorporated in the Asolectin-cholesterol liposomes was monitored. The efficiency of energy 

transfer from tryptophan (donor) to dansyl (acceptor) depends, among many other factors, on 

the proximity both the donor and acceptor groups. Thus, an increase in the FRET signal 

(from tryptophan-to-dansyl-PE) could be directly correlated in terms of intimacy of binding 

of the VCC variants and the membrane lipid bilayer. In the present experimental set up, the 

wild type molecule displayed a steady increase in the FRET signal (from tryptophan in VCC 

to dansyl in lipid bilayer) upon incubation with the dansyl-PE-containing Asolectin-

cholesterol liposomes. In contrast, the mutant protein Ala425Val-VCC did not induce any 

detectable increase in the FRET signal (Figure 4.11). This result suggested that the 

Ala425Val-VCC mutant, although capable of binding and forming SDS-stable oligomeric 

assembly on the Asolectin-cholesterol liposome membranes to some detectable extent, failed 

to make a more intimate interaction with the membrane lipid bilayer. Altogether, these data 

confirmed our notion that a critical cholesterol-dependent interaction of the VCC molecule 

with the membrane lipid bilayer was abrogated due to the Ala425Val mutation; such 

cholesterol-dependent interaction was necessary to generate more intimate association of the 

toxin molecule with the membrane lipid bilayer. 

 

Figure 4.11: Interaction of WT-VCC and Ala425Val-VCC with Asolectin-cholesterol liposomes probed by 

tryptophan-to-dansyl FRET. Asolectin-cholesterol liposomes containing dansyl-PE were treated with WT-

VCC and Ala425Val-VCC.  Intimacy of binding of the two proteins with the liposome bilayer was estimated by 

measuring the tryptophan-to-dansyl FRET.   
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4.5 Discussion 

In our present study, we found that the single point mutation of Ala425Val in the 

VCC protein critically affected its functional pore-forming ability in the erythrocyte 

membranes. The mutation affected binding of the toxin to the erythrocyte membranes to 

some notable extent, but did not detectably alter the oligomerization propensity of the 

membrane-bound fraction of the protein. Our data suggested that the Ala425Val mutation 

trapped the VCC molecule on the erythrocyte cell membranes in an abortive oligomeric 

assembly state. When we probed further the mechanistic basis of the functional defects 

caused by the Ala425Val mutation, we found that the mutation critically affected the 

cholesterol-dependent interactions of the VCC toxin with the membrane lipid bilayer.  

 Since the Ala425Val mutation in the VCC molecule critically abrogated its 

cholesterol-dependent interaction with the membrane lipid bilayer, we analyzed the location 

of this mutation in the context of the potential membrane-interaction site(s) within the toxin. 

Mapping of the Ala425Val mutation onto the VCC oligomeric structure confirms its location 

within a potential membrane interacting loop (Tyr420-Tyr421-Val422-Val423-Gly424-

Ala425; Ala425 being the last residue of this ‘longest loop’ in the VCC membrane-proximal 

rim domain). The mutation is located in the loop positioned in such a way that would 

presumably make direct contact with the membrane, partly penetrating the outer leaflet of the 

membrane lipid bilayer. The location of this mutation also aligns very well with the potential 

membrane binding site of the S. aureus α-hemolysin. More critical analysis of the location of 

the Ala425Val mutation with respect to the sequence/structure context shows that the 

mutation is positioned in the loop (Tyr420-Tyr421-Val422-Val423-Gly424-Ala425) that 

forms the lining of a shallow grove at the membrane-proximal rim domain of VCC. This 

grove is also lined by the residues from two additional loops of the VCC cytolysin domain: 

Thr236-Thr237-Leu238 and Asp359-Ala360-Leu361-Trp362. Such grove-like structure is 

also present within the rim domain of the S. aureus α-hemolysin (60), where similar 

disposition, without any noticeable sequence identity, of the potential membrane-interacting 

loops is observed. Although distantly related to VCC in terms of sequence identity, overall 

structural similarity and mechanism of pore formation, the so called “cholesterol-dependent 

cytolysins” (CDCs) including perfringolysin O and intermedilysin also highlight presence of 

similar, prominent loop structures (namely, L1-L3 loops) in their membrane-binding 

domains. More importantly, these L1-L3 loops in the CDCs have been shown to be the 

critical structural elements responsible for their cholesterol-dependent membrane interaction 

(23, 77). In particular, a conserved ‘Thr-Leu’ pair located within the L1-loop of the CDCs has 
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been conclusively identified as the key element mediating the recognition and binding of the 

membrane cholesterol (132). Remarkably, this ‘Thr-Leu’ pair is found to be present in the 

rim domain of VCC as part of the Thr236-Thr237-Leu238 loop structure, as mentioned 

above. It is also important to note that the position of the Ala425 residue aligns well with that 

of a conserved Ala-residue located at the end of the L2-loop (His-Ser-Gly-Ala-Tyr-Val-Ala 

in case of perfringolysin O, and His-Asp-Gly-Ala-Phe-Val-Ala in case of intermedilysin) in 

the CDCs  (76). Altogether, these observations indicate the notions that the membrane-

proximal rim domain of VCC possesses a prominent structural motif constituted by the 

residues from three distinct loops. Ala425Val mutation in VCC is positioned within this 

structural motif. Similar structural motifs found in CDCs are implicated in the process of 

interaction with membrane cholesterol. 

 

 

Figure 4.12: Model showing docking of cholesterol molecule with VCC. The docking studies were performed 

using AutoDock Vina (133). 

In this direction, a docking-based modeling strategy also indicated that this structural 

motif in VCC (constituted by the loops Tyr420-Tyr421-Val422-Val423-Gly424-Ala425, 

Thr236-Thr237-Leu238 and Asp359-Ala360-Leu361-Trp362) could serve as one of the 

potential sites within the VCC cytolysin domain where cholesterol could be docked (Figure 

4.12). Therefore, based on the result of the modeling, and also consistent with its location in 

the membrane-proximal rim domain of VCC, the above mentioned structural motif could be 

speculated as a potential site for recognition and binding of membrane cholesterol. It is 

important to note that this motif does not show any apparent resemblance to the more 

prominent ‘cholesterol-binding motif’ such as the eukaryotic ‘cholesterol recognition amino 

acid consensus’ (CRAC) motif (134). A typical CRAC motif has the pattern of Leu/Val-X1-5-
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Tyr-X1-5-Arg/Lys, and it is found to be located adjacent to a transmembrane α-helix that 

allows it’s positioning in the juxta-membrane regions, where it can make efficient 

interactions with the membrane cholesterol. 

Nevertheless, analysis of the structure as well as the result of our docking-based 

modeling indicates presence of a putative structural motif in VCC that could potentially bind 

to membrane cholesterol. Since Ala425 residue appears to be a prominent component of this 

structural motif, such notion would also be consistent with our experimental data showing a 

strong correlation between the Ala425Val mutation and the cholesterol-dependent interaction 

of the VCC molecule with the membrane lipid bilayer. It is however not clear how exactly 

the Ala425Val mutation is affecting the cholesterol-dependent membrane interaction of VCC. 

Detail mutagenesis study targeting this putative ‘cholesterol-binding pocket’ in VCC would 

be required to gain more insight regarding the mechanistic basis of this phenomenon. 

 The present data indicates toward the requirement of cholesterol not only for 

membrane insertion but also for early VCC-membrane interactions leading to formation of a 

functional oligomer. Studies have shown that cholesterol is required for the allosteric 

activation of the cholesterol-dependent cytolysin Streptolysin O for efficient pore-formation. 

Streptolysin O and VCC have been shown to have stereospecificity toward the 3L-OH group 

of cholesterol, which plays an important role in toxin oligomerization. It will be interesting to 

see whether the interaction of VCC with other lipid molecule in the membrane lipid bilayer is 

also stereospecific. 

  In our present study we found that the cholesterol-dependent membrane interaction of 

the VCC protein was severely affected due to the Ala425Val mutation, an alteration that also 

abolished the functional pore-forming ability of the toxin. As suggested by the earlier studies, 

the optimal membrane pore formation property of VCC was found to be tightly linked with 

its efficient interaction with the membrane cholesterol (102). Therefore, we hypothesize that 

the Ala425Val mutation critically affected the membrane channel-formation process by VCC, 

presumably by affecting its optimal interaction with the cholesterol molecules anchored in the 

biomembranes. Interestingly, the Ala425Val mutation affected the cholesterol-dependent 

intimate association of the VCC protein with the membrane lipid bilayer, without affecting 

the oligomerization potential of the membrane-bound fraction of the toxin molecules. Earlier 

studies have suggested the presence of cholesterol in the biomembranes as a critical factor for 

efficient pore-formation by the VCC toxin (135). Moreover, separate structural motifs present 

in the cholesterol molecule have been speculated to support the cholesterol-VCC interaction 
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and VCC-oligomerization (123-124, 135). For example, (i) the α-OH moiety at the C3 

position in the A-ring and (ii) the double bond between the C5 and C6 position in the B-ring 

of the cholesterol have been shown to be critical for the cholesterol-VCC binding (102, 123). 

It has been speculated that the hydrophobic interaction of the sterol nucleus with VCC could 

be instrumental in triggering the oligomerization of the toxin in the membrane lipid bilayer. 

In accordance with such conjecture, and also based on the experimental data presented in the 

current study, we propose the following hypothesis. It is possible that the Ala425Val 

mutation disrupted the primary interaction of the VCC molecule with the membrane-bound 

cholesterol (such interaction could be vaguely defined as the “VCC-cholesterol interaction-

I”), thus affecting the cholesterol-mediated targeting of the toxin toward the membrane lipid 

bilayer. Albeit, it appears that the VCC variant harboring the Ala425Val mutation could still 

manage to display a basal level binding to the liposome membranes in a cholesterol-

independent fashion, presumably via amphipathicity-driven non-specific association with the 

phospholipid molecules. In case of erythrocyte membranes, such cholesterol-independent 

binding could also be facilitated by, as yet unknown, receptor(s) or receptor-like molecules. 

Once bound to the biomembranes, however, the Ala425Val mutant could be acted upon by 

the membrane cholesterols (via another, as yet undefined, mode of interaction that we 

vaguely define as “VCC-cholesterol interaction-II”) toward forming the SDS-stable 

oligomeric assembly. As the SDS-stable oligomeric structures formed by the Ala425Val-

VCC mutant appeared to be trapped in the form of abortive oligomeric assembly states, and 

not representing the functional transmembrane channel, we further hypothesize that the 

“VCC-cholesterol interaction-I” could be instrumental in triggering the conformational fine-

tuning in the VCC molecular structure, required for the conversion of the abortive oligomer 

into the functional transmembrane pore assembly. Future studies will be required, however, 

to elucidate the structural/molecular details of these interactions between the VCC protein 

and the membrane cholesterol, as being hypothesized here. Also, additional studies would be 

required to explore the possibility whether Ala425Val mutation imposes any, as yet 

unknown, long-range conformational defects, thus interfering with the mechanism of efficient 

membrane pore-formation process by VCC. 
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Note: 

* This part of the study has been published in the FEBS Journal. 

Paul, K. and Chattopadhyay, K. (2012) Single point mutation in Vibrio cholerae cytolysin 

compromises membrane pore-formation mechanism of the toxin. FEBS Journal, 279 (21), 

4039-4051. 

This part of the thesis has been adapted with permission from “Paul, K. and Chattopadhyay, 

K. (2012) Single point mutation in Vibrio cholerae cytolysin compromises membrane pore-

formation mechanism of the toxin. FEBS Journal, 279 (21), 4039-4051” (John Wiley and 

Sons). 
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Summary 

 Bacterial  β-barrel  pore-forming  toxins  (β-PFTs) constitute  a  unique  class  of  

protein  toxins,  which  damage  the  target  eukaryotic  cell  membranes  by  forming  

transmembrane oligomeric β-barrel channels. These toxins have been implicated in the 

virulence mechanisms of many pathogenic bacteria  such  as  Staphylococcus aureus (19) and  

Aeromonas hydrophila (15). β–PFTs are secreted by the bacteria as water-soluble monomers, 

which upon binding to the respective target cell membranes transform into transmembrane 

oligomeric channels,  thus causing colloid-osmotic lysis of the target host cells (32).  

 Vibrio cholerae cytolysin (VCC) is a prominent member in the β-PFT family. VCC is 

secreted by most of the V. cholerae strains with high pathogenic potential (80, 91).  It is 

secreted as a ~79 kDa inactive  precursor  (Pro-VCC), which upon proteolytic removal of the 

~15  kDa  N-terminal  Pro-domain,  converts  into  the  functionally  active  mature  form  of  

the toxin  with the potential to form oligomeric pores in the host cell membranes (136).  

Consistent with  the  archetypical  β-PFT  structural  models,  central  scaffold  of  the  VCC  

molecule highlights  presence  of  a  core  cytolysin  domain  that  harbours  the  so  called  

‘pre-stem’  loop (containing two  β-strands). In the process of oligomeric membrane pore-

formation, pre-stem loop from each toxin protomer participates toward formation of the 

transmembrane β-barrel segment. Apart from the cytolysin domain, the structure of the VCC 

molecule also shows presence of additional unique motifs/domains with potential functional 

implications. The presence of accessory motifs/domains in the VCC architecture makes it 

different from other PFTs, and yet at the same time, represents it as a suitable model system 

for addressing the questions related to mechanisms of the toxin-membrane interactions and 

membrane pore-formation. In this direction, the present study explores the implications of 

distinct structural motifs/domain in the VCC mode of action, particularly, in the process of its 

secretion, membrane binding and functional oligomeric membrane pore-formation.   

 

Implications of the Pro-domain in the structure-function mechanism of VCC 

 We investigated the role of the “Pro” domain by comparing the physicochemical 

properties of the Pro-VCC and Mature-VCC. Earlier studies have shown that the removal of 

the Pro-domain from the gene encoding VCC results in the degradation of the toxin in the 

bacterial periplasmic space. Chemically denatured Pro-VCC recovers complete activity after 

renaturation.  In contrast, Mature-VCC lacking the Pro-domain does not get activated upon 

renaturation from the unfolded states (97). The Pro-domain also bears sequence similarity 
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with the Hsp90 family of chaperones.  Since  the  location  of  the  Pro-domain  is  within  the  

VCC molecule,  it  has  been  proposed  as  an  intramolecular  chaperone (97), suggesting 

that the N-terminal Pro-domain might play some role in the secretion/folding of the VCC 

molecule into its native architecture. However, the exact role of the Pro-domain in the 

structure-function relationship of VCC needed to be explored in mechanistic detail. We 

characterised the precursor and the mature form of VCC namely, Pro-VCC and Mature-VCC, 

respectively, in terms of changes in the tertiary and the secondary structures during the events 

of protein unfolding. Under the native conditions, both the variants exhibited similar 

tryptophan environments as revealed by the intrinsic tryptophan fluorescence emission 

profile. This suggested that both the variants of VCC shared a similar global tertiary 

structure. However, the variants displayed notable differences in terms of the secondary 

structural composition when probed by using far-UV circular dichroism (CD).  The  two  

variants of VCC were exposed to an array of denaturing conditions, namely, low-pH, 

chemical denaturants such as urea and high temperature, and were analysed using intrinsic  

tryptophan fluorescence emission, far-UV circular dichroism (CD) spectroscopy and light 

scattering measurements. Both the proteins displayed similar changes in their global tertiary 

structures during low pH-induced unfolding. However, the Pro-VCC molecule displayed a 

higher tendency toward local changes in the structure owing to an increased exposure of 

surface hydrophobic patches. Similarly, Pro-VCC displayed a strengthened unfolding 

propensity toward chemical and high temperature-induced unfolding.  

 Overall, the precursor Pro-VCC appears to be more susceptible to structural and 

conformational changes and unfolding than Mature-VCC. It would be a valid argument that 

the increased unfolding changes observed in Pro-VCC could be due to an increased unfolding 

tendency of the Pro-domain itself. To test this, we exposed the Pro-domain in isolation to 

similar denaturing conditions. Surprisingly, the Pro-domain displayed a much decreased 

tendency to unfold as compared to both Pro-VCC and Mature-VCC. These data suggested 

that the increased unfolding propensity of Pro-VCC was not contributed by the unfolding 

tendency of the Pro-domain itself. Rather, it appeared that the presence of the Pro-domain 

modulated the physicochemical properties of the entire Pro-VCC molecule, presumably via a, 

not yet characterized, regulatory mechanism. Based on the above results it can be postulated 

that the presence of  the  Pro-domain, provides sufficient level of structural plasticity into the 

Pro-VCC  molecule  that  makes  it  much  more  amenable  to  undergo  folding/unfolding 

processes,  thus  presumably aiding in  the  secretion process of the toxin.  
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Membrane pore formation mechanism of VCC: truncation of the pre-stem region traps 

the toxin in its membrane-bound pre-pore oligomeric state 

 One of the steps in the β-PFT mode of action is the formation of a membrane bound 

non-functional pre-pore oligomeric intermediate, followed by insertion of the pre-stem motif 

into the membrane lipid bilayer leading to the formation of a functional transmembrane β-

barrel  pore. The structural analysis of the water-soluble monomeric form of VCC shows 

presence of a two strand β-structure, known as the pre-stem loop (spanning the residue 281-

322) (22).  Data from previous studies has shown that the covalent locking of the VCC pre-

stem region via engineered disulphide bonds arrests the toxin in an abortive non-functional 

pre-pore state (119), indicating that the pre-stem loop plays a central role in the formation of 

a functional transmembrane channel. However, the role of the pre-stem motif in the VCC-

membrane interactions and membrane-bound pre-pore oligomer formation needed to be 

explored. In this direction, we characterized a variant of VCC lacking the pre-stem loop 

region (ΔPS-VCC). Using this variant, we explored the implications of the pre -stem loop in 

maintaining  the  structural integrity of VCC, in binding to target lipid membranes, in the 

formation of a pre-pore complex, and finally in the process of functional transmembrane pore 

structure generation. The ΔPS-VCC variant displayed compromised lytic activity toward 

human erythrocytes indicating that the presence of a β-barrel structure is important for the 

toxin activity. The mutant variant also showed wild type-like membrane binding toward 

artificial membrane lipid bilayers and human erythrocytes. However, the ΔPS-VCC lacked 

the ability to form SDS-stable heptameric assemblies. Covalent crosslinking experiments 

clearly showed the formation of intermediate pre-pore oligomers when ΔPS-VCC was 

incubated with Asolectin-cholesterol liposomes. Furthermore, Fluorescence Resonance 

Energy Transfer (FRET)-based experiments clearly suggested that the truncation of the pre-

stem region from VCC leads to the abortive membrane insertion step in the VCC mode of 

action. Overall, our study suggests that the pre-stem loop within the central cytolysin domain 

does  not  play  any  role in the VCC-membrane interaction step, as well as in the pre-pore 

oligomer formation stage. However, the presence of this motif is necessary for the formation 

of a functional transmembrane β-barrel pore structure. 

   

Cholesterol-dependent membrane interaction mechanism of VCC: implication of a 

single point mutation in the toxin 

 Earlier studies have suggested a critical requirement for the presence of membrane 

cholesterol in the VCC mode of action (135, 137). In this direction, we characterized a 
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variant of VCC (Ala425Val-VCC) harbouring a single point mutation (alanine to valine) at 

position 425 within the potential membrane-binding region of the toxin. We found that the 

cholesterol-dependent membrane interaction of VCC was severely affected due to the 

Ala425Val mutation, an alteration that also abolished the functional pore-forming ability of 

the toxin. The single point mutation critically affected the membrane pore-forming activity of 

VCC toward human erythrocytes as well as cholesterol-containing synthetic lipid 

vesicles/liposomes. Ala425Val-VCC displayed decreased binding toward cholesterol-

containing membranes, whereas binding to membranes lacking cholesterol was not affected 

to any noticeable extent. FRET-based experiments also showed that the Ala425Val-VCC 

lacked intimate interaction with the membrane lipid bilayer of the cholesterol-containing 

synthetic lipid vesicles. Further analysis of membrane-binding and oligomerization revealed 

that the Ala425Val mutation affected the cholesterol-dependent intimate association of the 

VCC protein with the membrane lipid bilayer, without affecting the oligomerization  

potential of the membrane-bound fraction of the toxin molecules. Overall, our study suggests 

that the Ala425Val mutation critically compromises the cholesterol-dependent membrane 

interaction mechanism of VCC, and it also traps the VCC molecule on the target membranes 

in the form of an abortive oligomeric assembly state. Our study, for the first time, identifies 

presence of a potential structural motif within the VCC molecular structure that might have 

implication for the cholesterol-dependent membrane interaction and functional pore-

formation mechanism of the toxin.  
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