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Characterization of the interactions of the Streptococcus pneumoniae toxin, 

Pneumolysin, with soluble molecules of the immune system 

 

Bayan Hama Amin Faraj  
 

Abstract  

Pneumolysin (Ply) is a key virulence factor of the bacterium Streptococcus pneumoniae 

(Pneumococcus). Major functions include forming pores in mammalian cell membranes 

and activating the complement cascade to divert the host’s immune system. The aim of 

this thesis was to investigate these processes at the molecular level to understand how Ply 

facilitates disease by the pneumococcus. 

Previous studies have suggested that Ply interacts with various soluble molecules of 

the immune system, including L-ficolin and IgG. These interactions activate complement 

via the lectin and classical pathways, respectively. In this thesis I have demonstrated that 

Ply does not interact with either native serum L-ficolin or recombinant human L-ficolin 

produced in Chinese hamster ovary cells. The previous erroneous report probably arose 

as a result of contamination of Ply preparations with L-ficolin ligands. Investigation of 

binding between Ply and IgG showed that Ply binds to IgG2, IgG3 and IgG4 but not to 

IgG1. Binding is mediated through interactions between domains 1-3 of Ply and the Fab 

region of the IgGs. 

 An additional aim of this thesis was to investigate pore formation by Ply. The crystal 

structure of Ply, determined in our group, showed that Ply monomers in the crystal pack 

together similar to the way in which they are likely to assemble on the cell surface prior 

to pore formation. Based on the structure, a series of mutations were created to disrupt 

packing between Ply monomers during pre-pore and pore formation. The activities 

of two of the mutants, Asp205Arg and Asn339Arg were completely abolished and most 

of the mutants had greatly reduced activities compared to wild-type Ply indicating that 

these residues play important roles during pore formation. Interestingly, electron 

microscopy showed that Ply Asp205Arg forms chain like structures on membranes but 

cannot form circular pores or arcs. Thus although monomers still self-associated they 

could not kill cells. By contrast, Ply Asn339Arg, binds to the membrane but does not 

oligomerize.  

In further work, crystal structures of the membrane-binding domain of Ply revealed 

conformational changes in a Trp rich-loop at the base of the toxin involved in 

membrane binding. These changes promote new packing interactions between Ply 

monomer thereby promoting oligomerization on the membrane. 

Finally, I investigated the structural changes of the membrane by spectroscopic 

monitoring of optically trapped vesicles. The inelastic back-scattered light was monitored 

from a single liposome, held by optical tweezers and exposed to Ply. Ply binding 

increased the membrane fluidity due to a decrease in the short-range order of the lipid 

molecules in the bilayer. Analysis of a series of point mutants suggests that these changes 

are caused by association of Ply monomers during formation of the pre-pore, prior to 

insertion across the membrane. 
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Chapter 1 General introduction  

1.1  Pneumococcus  

The Pneumococcus was discovered and isolated by the George Sternberg in 1880 and 

Louis Pasteur in 1881 (Flaumenhaft and Flaumenhaft, 1993). It is a Gram-positive 

bacterium and previously known as a Diplococcus pneumoniae (Stevens and Kaplan, 

2000). The ecological niche of this bacterium is a part of the human nasopharyngeal 

flora where it exists asymptomatically as a commensal (Kadioglu et al., 2008). 

Approximately 25% of the population carries the pneumococcus in their nasopharynx but 

it becomes a pathogen when it spreads from the nasopharynx to the lungs, blood and brain 

(Paterson and Orihuela, 2010). In addition, when the immune system is compromised it 

causes many serious diseases such as pneumonia, meningitis, bacteremia and otitis media 

(Kadioglu et al., 2008).  

Pneumococci are arranged in a pair or in a chain of varying  lengths in blood cultures and 

liquid media (AlonsoDeVelasco et al., 1995). Pneumococci are facultative anaerobes and 

catalase-negative bacteria. They produce a green zone of hemolysis around colonies on 

blood agar hence are classified as alpha-hemolytic (Obaro and Adegbola, 2002). 

Pneumococcal infections are associated with a high rate of mortality and morbidity 

globally (Song et al., 2013). This might be a result of its increasing antibiotic resistance. 

In developing countries, pneumococcal septicemia is a major cause of child mortality 

(Kadioglu et al., 2008). The pneumococcus represents the most common bacterial cause 

of community-acquired pneumonia (CAP) in both developed and developing countries 

(Feldman and Anderson, 2016). Moreover, it is the most important respiratory tract 

bacterial pathogen in the UK and is responsible for most episodes of CAP. 

1.2 Pneumococcal epidemiology 

Normal carriage of the pneumococcus is first evident at 2-3 years old. Carriage in children 

is higher than in adults with a ˂10 % decrease in the adult population (Henriques-

Normark and Tuomanen, 2013). The first step of pneumococcal infection is the 

colonization of the nasopharynx. Infection can spread from person to person via 

droplets/aerosols. Transmission is immediate on contact with respiratory droplets from 

persons with existing pneumococcal illness or commonly, from persons who 
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asymptomatically carry pneumococci in their nasopharynx (Hartzell et al., 2003). The 

pneumococcus lives in the upper respiratory tract as a normal flora and it is found in 30-

70% of preschool children (Nilsson and Laurell, 2001).  

Tracking the global or local spread of pneumococci is commonly done by serotyping of 

the capsular polysaccharide (Henriques-Normark and Tuomanen, 2013). So far, at least 

93-serotypes based on capsular polysaccharide structures are known in the pneumococcus 

(Henriques-Normark and Tuomanen, 2013, Drijkoningen and Rohde, 2014). Studies in 

the USA in the late 1990s showed that serotypes 4, 6B, 9V, 14, 18C, 19F and 23F account 

for 59% of invasive pneumococcal diseases (IPD) in adults and 87% in children, 

respectively (Feikin and Klugman, 2002). The same serotypes caused 61-81% of IPD in 

Europe (Rudan et al., 2008). Most cases of childhood pneumonia occur in developing 

countries, mostly in India, China, and Pakistan (Rudan et al., 2008). Some serotypes, such 

as serotype 1 and 7F, have a high invasive disease potential, whereas other types are 

mainly involved in carriage. Serotypes 3, 6B, and 19F have a lower invasive disease 

potential but were associated with the highest mortality rates in patients (Sandgren et al., 

2004). The common serotypes in Germany associated with IPD are serotype 6A and 6B. 

After introduction of the conjugate vaccine section 1.5, infections by both serotypes were 

reduced among children and adults. However, serotype 6C and possibly 6D increased in 

adults (van der Linden et al., 2013). A recent study carried out from April 2013 to March 

2015 revealed that the most widespread serotypes in Japan were serotypes 3, 19A, and 

22F and these were the most common isolates among adult patients with IPD (Fukusumi 

et al., 2017). However, another study suggested that serotype1 is one of the most common 

cause of pneumococcal disease worldwide (Cornick et al., 2017). Figure 1-1 displays the 

pneumococcal infection progression route from nasopharyngeal carriage to respiratory 

diseases including pneumonia and systemic diseases such as septicemia, meningitis, otitis 

media and sinusitis.  
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Figure 1-1: Pneumococcal pathogenic routes of infection.  

Infection of organs is started through the airborne droplets displayed in blue and passed 

through to other organs include blood, brain and ears to cause septicaemia, meningitis, 

otitis media and sinusitis or by haematogenic route depicted in red. Image taken from 

(Bogaert et al., 2004). 

 

1.3 Pneumococcal diseases  

In young and elderly people the pneumococcal diseases represent a global health problem. 

Asymptomatic nasopharyngeal bacterial colonization can spread to the sterile parts of the 

body to cause pneumonia, sepsis, and middle ear infection (Li et al., 2016). Pneumococcal 

infection is divided into two types: invasive and noninvasive infections. Non-invasive 

disease occurs at mucosal surfaces of the respiratory tract, lung and middle ear in which 

the organism spreads directly from the nasopharynx. However, invasive diseases proceed 

by spreading of the bacteria to the sterile tissue. The pneumococcus is the major cause of 

pneumonia, septicemia and meningitis in children and annually more than a half million 

of them die from pneumococcal diseases (Ingels, 2015). According to epidemiological 

studies, approximately 1.6 million people die from IPD each year, 1 million of them are 

children aged <5 years, mainly from developing countries (O'Brien et al., 2009). 

Mortality is up to 10 times higher in some developing countries compared to developed 

countries (Lagos et al., 2002). In any population, the incidence of IPD is impacted by 
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different factors including the geographical location, season, prevalent serotype, age, and 

vaccination status of the population (Cilloniz and Torres, 2014).  

1.3.1 Otitis media (OM) 

Inflammation of the middle ear is a common disease of childhood (Ngo et al., 2016). OM 

is divided into two types: acute otitis media (AOM) which usually affects children under 

two years of age and may be caused by bacteria or viral infections (Qureishi et al., 2014) 

and OM with effusion (OME) which is a chronic inflammatory condition more common 

in children between 3 and 7 years old (Daniel, 2013). The pneumococcus causes AOM 

to give symptoms of earache and fever while the non-encapsulated Haemophilus 

influenzae causes AOM with conjunctivitis (Palmu et al., 2004). The pneumococcal 

conjugate vaccines PCV7 and PCV13 have decreased the incidence of IPD, but in the 

respect of the OM only modest success have been achieved (Shenoy and Orihuela, 2016).  

1.3.2 Sinusitis and bronchitis  

Sinusitis is an infection of the sinuses, which are cavities connecting the middle ear with 

the nasal cavity. Bronchitis is an infection of the airways leading from the trachea to the 

lungs (Noterman and Nurmio, 2016). Most cases of bronchitis are viral, but the 

pneumococcus and Haemophilus influenzae can cause chronic forms of bronchitis 

(O’Grady et al., 2013). It specifically occurs in children and adults. Patients with 

bronchitis may recover without antimicrobial treatment (Kristo et al., 2003). 

1.3.3 Pneumonia and septicaemia 

Pneumonia is an acute infection of lungs, where the alveoli fill with fluid and oxygen 

absorption is reduced. This disease affects approximately 450 million people each year 

(Rudan et al., 2008). Pneumonia is mostly caused by the pneumococcus and Haemophilus 

influenzae type b in unvaccinated children (O'Brien et al., 2009, Watt et al., 2009). In the 

UK, pneumococcal pneumonia is the most common cause of CAP in children under two 

years (Randle et al., 2011). Fortunately, CAP caused by the pneumococcus is now 

controlled because of the availability of effective vaccines. For example, paediatric 

heptavalent vaccines (PCVs) are effective in immunizing children (Principi and Esposito, 

2016). A variety of microorganisms cause pneumonia including Mycoplasma 

pneumoniae, Chlamydophila pneumoniae and Staphylococcus aureus (Mandell, 2015). 

Pneumococcal septicaemia occurs when the pneumococcus infects the blood stream 

(Randle et al., 2011). Immunocompromised patients are particularly vulnerable (Iinuma 
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et al., 2007). The consequence of pneumococcal septicemia is that RBCs cannot properly 

transport oxygen efficiently to vital organs, and this can rapidly become life-threatening 

(File, 2003).  

1.3.4 Pneumococcal meningitis  

Meningitis is the inflammation of the meninges, the membrane surrounding the brain, 

which is a serious IPD (Randle et al., 2011). If bacterial meningitis is left untreated, it is 

almost always fatal and pneumococcal meningitis accounts for a significant proportion 

of meningitis deaths annually (Pollard et al., 2007). In the UK this disease is the second 

most common form of bacterial meningitis after meningococci in children over the age 

of one month (Randle et al., 2011). According to Levy et al. (Levy et al., 2014) bacterial 

meningitis by the pneumococcus is the most common cause of meningitis in children 

younger than two years. In Germany it has been reported that the mortality rate is ~7.5% 

among children (Imohl et al., 2015). Acute bacterial meningitis in Iran is being considered 

as a dangerous public health problem due to lack of the vaccination program against the 

meningeal etiology agent specifically pneumococci (Houri et al., 2017). In 2000, 

following the use of PCV7, IPD decreased among both children and adults. However, the 

effect on pneumococcal meningitis was not clear (Hsu et al., 2009). Nevertheless, in Utah 

use of PCV7 was associated with a decrease in the incidence of pneumococcal meningitis 

of 72%, (Stockmann et al., 2013). Similarly, Bingen et al. observed a 68% decrease in 

PCV7 serotype pneumococcal meningitis and a 16% to 31% increase in non-PCV7 

serotype disease (Bingen et al., 2008). 

1.4 Pneumococcus virulence factors  

The pneumococcus has a plethora of virulence factors, including the polysaccharide 

capsule, several surface-located proteins, and the toxin Ply (Kadioglu et al., 2008, 

Mitchell and Mitchell, 2010). Figure 1-2 below illustrates some of the virulence factors 

expressed by the pneumococcus.  
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Figure 1-2: Schematic diagram of the pneumococcus virulence factors. 

Virulence factors include the capsule, cell wall, choline-binding pneumococcal surface 

proteins A and C (PspA and PspC) the LPXTG-anchored neuraminidase, (Hyl), Ply, 

sortases, Eno, PavA and Lyt A ( Kadioglu et al., 2008). 

 

1.4.1 The Capsule 

The polysaccharide capsule is a key virulence factor of the pneumococcus that promotes 

pneumococcal attachment to the nasopharyngeal epithelial surfaces and it plays a crucial 

role in protecting the pneumococcus from the host defenses by complement-dependent 

and-independent phagocytosis (Hyams et al., 2013). 93-pneumococcal serotypes have 

been identified, but only 20 serotypes are responsible for the majority of invasive diseases 

(Hausdorff et al., 2000). All pathogenic pneumococci express a capsular polysaccharide. 

In an animal model system, the presence of a capsule led to an increase in virulence by 

more than a million-fold (Zartler et al., 2009). The current pneumococcal vaccine  target 
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is the capsule because the capsule is the principal virulence factor of the pneumococcus 

(Skov Sorensen et al., 2016).  

1.4.2 The cell wall  

Pneumococcal cell wall is a multi-molecular coat consisting of peptidoglycan, composed 

of N-acetyl glucosamine (GlcNAc) and N-acetyl muramic acid (MurNAc), which is 

covalently attached to teichoic acids (Bai et al., 2014). The cell wall provides two main 

functions include bacterial protection from phagocytosis and maintenance of cell shape 

(Bui et al., 2012). The pneumococcal cell wall strongly provokes inflammation due to the 

activation of a wide arrange of cytokines and enzymes (Tomasz and Saukkonen, 1989). 

The classical and alternative pathways of the complement system are activated by the 

pneumococcal cell wall via lipoteichoic acid components (Hummell et al., 1985). 

1.4.3 Autolysin A (LytA) 

The LytA is another virulence factor of the pneumococcus, which is involved in autolysis 

and in fratricidal penicillin induced lysis. LytA is mainly located intracellularly, but a 

small amount is attached to the extracellular cell wall (Mellroth et al., 2012). 

Structurally, LytA is a two-domain protein with an N-terminal acetylmuramoyl l-

alanine amidase domain and a C-terminal choline-binding domain (Fernandez-

Tornero et al., 2001). Mutation of LytA gene leads to a decrease in virulence compared 

to the wild-type pneumococcus (Hirst et al., 2008). LytA mediates lysis and release of 

Ply (Martner et al., 2008). In addition, release of LytA may lyse neighbouring non-

competent pneumococcal cells in a fratricidal manner (Eldholm et al., 2009). The likely 

function of LytA is to release proteins involved in immune evasion or interference of the 

host immune response by the cell wall components (Martner et al., 2009).  

1.4.4 Neuraminidases or sialidases  

Neuraminidase or sialidases remove N-acetyl-neuraminic acid (sialic acid) from 

carbohydrates on host cells, which is a key carbohydrate source for the pneumococcus. 

In addition, it is a receptor for adhesion and invasion and promotes biofilm formation 

(McCombs and Kohler, 2016). Three types of neuraminidases are produced by the 

pneumococcus called Nan A, Nan B, and Nan C, which are ordered according to their 

contribution towards virulence (Xu et al., 2011, Walther et al., 2015). Nan A is the most 

highly expressed neuraminidase in all the pneumococcus strains and can hydrolyse α2-3, 

α2-6, and α2-8 sialyllactose to release N-acetyl-neuraminic acid (Walther et al., 2015, Xu 
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et al., 2011, King et al., 2004). Nan B exists in most but not all the pneumococcus strains. 

Nan B deficient strains cannot colonize the nasopharynx or cause sepsis (Walther et al., 

2015). Nan C only exists in 51% of strains (Gualdi et al., 2012, Smith et al., 2013). Nan 

A (~115 kDa), Nan B (~75 kDa), and Nan C (~82 kDa) each have an N-terminal signal 

sequence, followed by a lectin domain, and a catalytic domain. Nan A also has a C-

terminal domain LXPTG motif that is used to attach to the cell wall (King et al., 2004).   

1.4.5 Hyaluronidase (Hyl) 

 Hyl degrades hexosaminidic linkages of hyaluronan or hyaluronic acid and also cleaves 

other polysaccharide components such as chondroitin or chondroitin sulfates 

(Zwijnenburg et al., 2001, Hynes and Walton, 2000). The three dimensional structure of 

Hyl has been determined by X-ray crystallography. It is composed of an N-terminal 

catalytic domain and a C-terminal supportive ß-domain connected by a short peptide 

linker (Akhtar and Bhakuni, 2003). It has been suggested that Hyl plays a major role in 

both colonization and invasion thus it is an important virulence factor, which exists in 

most clinical isolates of the pneumococcus (Feldman et al., 2007). However, another 

study showed that hyaluronidase did not contribute to virulence in a meningitis model of 

infection (Wellmer et al., 2002). 

1.4.6 Immunoglobulin A1 protease (IgA1)  

The iga gene encodes the IgA1 protease, a 200 kDa metalloprotease that cleaves the hinge 

region of human IgA1 at the bond between Pro-227 and Thr-228 (Wani et al., 1996). 

Cleavage impacts the protective function of IgA1 and inhibits the phagocytic killing of 

the pneumococcus (Janoff et al., 2014). IgA is the most common immunoglobulin on 

mucosal surfaces and IgA1 represents over 90% of total IgA. IgA2 comprises only 10% 

of IgA. Thus the IgA1 protease is a major virulence factor for colonization in the 

nasopharynx (Weiser et al., 2003, Janoff et al., 2014).  

1.4.7 Pneumococcal iron acquisition and uptake transporters 

The pneumococcus encounters iron scarcity in the human host. To provide an appropriate 

iron supply, the ATP binding cassette transporter Pia works to take up iron chelated by 

hydroxamate siderophore, via the membrane-anchored substrate-binding protein PiaA 

(Cheng et al., 2013). Piu A (~34 kDa), Pia A (~42 kDa) and Pit A (~37 kDa) are 

lipoprotein components of two pneumococcal iron ABC transporters (Whalan et al., 

2005, Brown et al., 2002a). The three proteins are encoded by unlinked genes, piu A, pia 
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A and pit A (Brown et al., 2002a). Mutation in  any one of the three loci results in a modest 

reduction in virulence, while mutation in two or three loci causes a more substantial 

reduction of growth in an iron-restricted environments (Janulczyk et al., 2003).  

1.4.8 Pneumococcal surface protein A (PspA) 

PspA is a surface exposed protein of the pneumococcus (Tu et al., 1999). The virulence 

role of PspA has been demonstrated in the pneumococcus strains in which the PspA genes 

deleted or inactivated. PspA mutant strains are cleared more quickly from the blood of 

nonimmunized mice than the wild-type strain (Haughney et al., 2013). PspA reduces the 

deposition of complement component C3b on the pneumococcus thereby preventing 

elimination of the pneumococcus by the complement system (Tu et al., 1999). A mutant 

strain that lacks PspA shows greater deposition of complement than the wild-type strain 

(Mukerji et al., 2012). PspA also inhibits the bactericidal activity of apolactoferrin, which 

is present on the mucosal surface during inflammation (Haughney et al., 2013).  

1.4.9 Pneumococcal surface protein C (PspC) 

PspC is found in all pneumococcal strains. It consists of a coiled-coil  helix, a proline-

rich region and a choline-binding domain (Yother and Briles, 1992). PspC leads to 

adhesion and colonization on the nasopharynx of the pneumococcus. Mutations in PspC 

reduce the ability of the pneumococcus to colonize in the mouse model (Balachandran et 

al., 2002). The role of PspC in pneumococcal sepsis was investigated in a murine 

infection model by deleting the pspC gene of strain D39. When mutant strains were 

injected intravenously into mice, their survival rates increased significantly compared to 

the wild-type strain (Iannelli et al., 2004). PspC provides protection of the pneumococcus 

from the host immune system by binding of complement components including C4b 

binding protein (C4BP) and factor H. In this way, it inhibits the CP and the AP pathways 

of the complement system (Agarwal et al., 2012).  

1.4.10 Pneumococcal adhesion and virulence A (PavA) and enolase (Eno) 

PavA and Eno are present on the surface of the pneumococcus and bind to the 

extracellular matrix components fibronectin and plasminogen (Holmes et al., 2001, 

Bergmann et al., 2001). Fibronectin is a mammalian glycoprotein, which exist as both 

soluble and less soluble forms. The soluble form is localised in body fluids, including 

plasma, CSF and amniotic fluid, whereas the less soluble form is localised in the 

extracellular matrix and basement membrane (van der Flier et al., 1995). PavA present 
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on the pneumococcal outer cell surface binds fibronectin, either in the fluid phase or 

immobilized onto a surface. This interaction has also been postulated to assist adhesion 

of group A streptococci to epithelial cells (Holmes et al., 2001). Another study also 

reported that PavA is not only important for adhesion but also for invasion because PavA 

mutant strains were attenuated both in murine pulmonary models and in septicaemia 

models of pneumococcal infection (Pracht et al., 2005). Eno is an anchorless surface 

protein of the pneumococcus and has previously been identified as a plasminogen binding 

protein (Kolberg et al., 2006). Pneumococci deficient in Eno are attenuated in a model of 

respiratory infection, which indicates that plasminogen binding plays a role in respiratory 

disease (Bergmann et al., 2001). 

1.4.11 Sortases  

Sortases are a family of enzymes present in Gram-positive bacteria (Ton-That et al., 

1999). They are cysteine transpeptidases enzymes that provide the covalent attachment 

of substrate proteins to the cell walls of Gram-positive bacteria (Kang et al., 2011). They 

are classified into three types: Srt C-1, Srt C-2, and Srt C-3 previously known as Srt B, 

Srt C, and Srt D and are encoded by the rlrA islet genes. Sortases are important for the 

assembly of a pilus and mediate cell wall localization (LeMieux et al., 2008). The pilus 

is a long filamentous protein fiber that projects from the cell surface. It plays a key role 

in pathogenesis through attachment to host cells, immune evasion and biofilm formation 

(Jacobitz et al., 2016).  

1.5 Vaccines against the pneumococcus  

Despite antibiotic treatment and vaccines, the burden of disease due to the pneumococcus 

remains high (Reynolds et al., 2014). Furthermore, the rapid emergence of antibiotic 

resistance in pneumococci highlights the need for effective vaccines. Two types of 

pneumococcal vaccine are currently available: pneumococcal polysaccharide vaccine 

(PPV) and pneumococcal conjugate vaccine (PCV) (Principi and Esposito, 2016). 

Pneumovax® 23 provides protection agaist 23 pneumococcal polysaccharides. It is 

composed of 23 purified polysaccharide antigens of pneumococcal serotypes 1, 2, 3, 4, 

5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, 33F. 

Pneumovax® 23 was licensed in 1983 in the United States and replaced an earlier 14-

valent formulation that was licensed in 1977 (Pilishvili and Bennett, 2015).  
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In the United States PPV23 is recommended for vaccination of children >2 years old with 

severe chronic underlying diseases associated with an increased risk of complications due 

to pneumococcal infection (Nuorti and Whitney, 2010). Nasopharyngeal carriage of the 

pneumococcus in children is reduced by PPV (Pilishvili and Bennett, 2015). A study 

performed in Taiwan suggested that the PPV23 is effective against pneumococcal 

infection in elderly adults over 75 years old. Vaccination in the previous year led a 

reduction of 60%, 76% and 90% of pneumonia hospitalization, of IPD, and of death from 

pneumonia respectively (Tsai et al., 2015). PPV23 induces antibodies primarily through 

T-cell independent mechanisms, and therefore induces a relatively weak immune 

response. Therefore, in children <2 years whose immune systems are immature, antibody 

responses to PPV is poor. T-cell independent antigens do not induce immunological 

memory. Furthermore, anti-PS antibodies have relatively low affinity for their 

carbohydrate antigens because switching from IgM to IgG does not occur even after 

repeat vaccinations. Taken together, the lack of memory has some vital consequences for 

vaccination and the antibodies rapidly decline in serum so revaccination is often required 

(Kayhty and Eskola, 1996). The second type of pneumococcal vaccine is the PCV which 

is composed of capsular polysaccharide covalently attached to a nontoxic version of 

Corynebacterium diphtheriae toxin (CRM197) carrier protein (Principi and Esposito, 

2017). The first licensed PCV vaccine was PCV7, which was recommended for use in 

infants and young children with a 4 dose schedule in 2000 in the United States (Pilishvili 

and Bennett, 2015). Serotypes covered by PCV7, are serotype 4, 6B, 9V, 14, 18C, 19F, 

and 23F (Principi and Esposito, 2017). A study by Simonsen et al. has shown that PCV7 

positively impacts on CAP in children and adults (Simonsen et al., 2011). PCV7 was also 

shown to be effective in Europe and was added to the national immunisation program in 

September 2006 in the United Kingdom (Elemraid et al., 2013). PCV7 vaccination was 

abandoned in 2010 worldwide and replaced by new vaccines including PCV10 and 

PCV13. Therefore, it became clear that there was a necessity for vaccines with further 

pneumococcal serotypes (Principi and Esposito, 2017). The covered serotypes for all 

pneumococcal vaccines are shown in (Table 1-1), PCV10 serotypes comprise 1, 4, 5, 6B, 

7F, 9V, 14, 18C, 19F and 23F (Principi and Esposito, 2017). While PCV13 covers 

serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F (Principi and Esposito, 

2017). In PCV10, eight capsular polysaccharides are conjugated to a non-lipidated cell 

surface lipoprotein (protein D) of non-typeable Haemophilus influenzae, and two capsular 

polysaccharides are conjugated to tetanus or diphtheria toxoid. However, In PCV13, a 
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nontoxic mutant of diphtheria toxin is used with all serotypes conjugated to CRM197, 

(Principi and Esposito, 2017).  

PCV10 and PCV13 are licensed to prevent IPD, CAP and OM in children from 6 weeks 

to 5 years of age. However, PCV13 has also been licensed for use in older subjects 

(Principi and Esposito, 2017). Conjugate vaccines provide improvement of the immune 

and memory response, permanent protection and protect newborns and children, reduce 

the bacterial carriage and provide immunity to a large group of animals (WHO). In 

addition, to polysaccharide and conjugate vaccines, a recent study suggested that a mutant 

Ply C428G and W433F denoted as PlyM2 provides effective protection against 

pneumococcal infection (Sun et al., 2015). The advantages of the latter approach is that 

Ply is universally expressed in virulent forms of the pneumococcus so it is not strain 

specific in contrast to the polysaccharide vaccines. 

Table 1-1: The pneumococcus vaccine types, which are currently licensed.  

Pneumococcus 

vaccines 

Serotypes covered License 

year 

PPV23 (Pneumovax) 1,2,3,4,5,6B, 7F, 8,9N, 9V, 10A, 11A, 12F, 

14,15B, 1F, 18C, 19F, 19A, 20, 22F, 23F, 

33F 

1983 

PCV7 (Prevnar®) 4, 6B, 9V, 14, 18C, 19F, 23F 2000 

PCV10 (SynflorixTM) PCV7 serotypes + 1, 5, 7F 2009 

PCV13 (Prevenar TM) PCV10 serotypes +3, 6A, 19A 2010 

 

1.6 Treatment of the pneumococcus infections 

The drug of choice to treat pneumococcal diseases is penicillin, which was introduced in 

1943, and used continuously between the 1960s and 1990s (Chiou, 2006), However, in 

the mid-1970s, resistant strains of the pneumococcus were observed. Penicillin resistance 

is related to structurally modify penicillin-binding proteins of the pneumococcus (Van 

der Poll and Opal, 2009). Pneumococcal infections are widely treated with 

aminopenicillins and these are used as the first line antimicrobial drugs in the treatment 

of OM and CAP in many countries (File et al., 2004). CAP can be treated with ß-lactams 
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or macrolides or fluoroquinolones alone or in combination (Caballero and Rello, 2011). 

Combination antibiotic therapy generally has a better outcome compared with 

monotherapy (Caballero and Rello, 2011). Additionally, resistance of the pneumococcus 

to penicillin is likely to be associated to the increase in use of β-lactams in the early 1990s 

and the expansion of resistant clones (Granizo et al., 2000, McGee et al., 2001). Several 

studies suggested that antibiotic resistance of the pneumococcus has been reduced by 

reducing antibiotic consumption (Low, 2005, Guillemot et al., 2005). However, other 

studies do not support this conclusion (Barkai et al., 2005, Belongia et al., 2001). In a 

recent study, the pneumococcus was recorded as the most frequently isolated pathogen 

from the middle ear in children with AOM and showed a high rate of resistance to 

penicillin, erythromycin, and clindamycin (Zielnik-Jurkiewicz and Bielicka, 2015). 

Widespread macrolide use, however, is associated with increased macrolide resistance 

pneumococcus (Malhotra-Kumar et al., 2007, Schroeder and Stephens, 2016). 

Corticosteroids are also used in the treatment of pneumococcal pneumonia (van de Beek 

et al., 2007). However, evidence is somewhat contradictory. For example, corticosteroids 

did not reduce the mortality rate in one study of hospitalized CAP patients. In contrast, 

the mortality rate was reduced by ~3% in another study (Siemieniuk et al., 2015).  

1.7 Ply  

Ply is a cholesterol-dependent cytolysin (CDC), which exists as water-soluble monomers 

or dimers, and oligomerizes on target membranes (Sonnen et al., 2014). It is a key 

virulence factor of the pneumococcus and forms pores in the membrane of mammalian 

cells (van Pee et al., 2016). All clinical isolates of the pneumococcus express Ply and it 

plays a key role during pneumococcal infection (Berry et al., 1989, Mitchell et al., 1997). 

CDCs are secreted as soluble monomers by pathogenic bacteria. They bind to cholesterol-

containing cell membranes, where they oligomerize to form circular pores with a diameter 

of approximately 30 nm. CDCs are produced by a variety of Gram-positive bacteria 

including Streptococcus, Bacillus, Listeria, and Clostridium (Dowd et al., 2012, Cassidy 

and O'Riordan, 2013). They have similar tertiary structures with 40-70% sequence 

identity and conserved pore-forming mechanisms (Tweten, 2005, Bhakdi et al., 1993, van 

Pee et al., 2016). Ply does not have a signal sequence present in many CDCs. Instead, it 

is released from the pneumococcus by autolysis mediated by LytA or via a non-autolytic 

mechanism that remains undefined (Price et al., 2012, AlonsoDeVelasco et al., 1995). 

Balachandran et al. found that Ply to be released in the absence of LytA, indicating an 
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autolysis-independent release of Ply (Balachandran et al., 2001). Price and Camilli 

suggested that Ply exists in the cell wall of the pneumococcus in agreement with the 

previous study of Balachandran that Ply can be released without depending on autolysis 

(Price and Camilli, 2009). 

Ply consists of 471 amino acids residues with a molecular mass of ~53 KDa. It is 

composed of four domains; three contiguous domains (D1-3) and a fourth separate 

membrane binding domain (D4) (Figure 1-3)  (Walker et al., 1987). Ply has an elongated 

shape. Circular dichroism revealed that Ply is structurally rich in ß-sheet 36% and α-

helices 11% (Morgan et al., 1993, van Pee et al., 2016, Lawrence et al., 2015). In three 

recent studies, the Ply was crystallized successfully and its structure determined by X-ray 

diffraction (Marshall et al., 2015, Lawrence et al., 2015, van Pee et al., 2016). PlyD2 

provides the connection between the head D1 and the tail of the monomer D4. PlyD1 

plays an important role in orienting the toxin in the membrane because of the high content 

of negatively charged residues on one face packing against positively charged residues 

on the other (Rossjohn et al., 1998). PlyD4 binds to the membrane of the host cell. A 

sequence of 11 amino acids (427ECTGLAWEWWR437) known as the Trp-rich loop is 

responsible for binding to cholesterol, its receptor in the membrane (Gilbert et al., 1999). 

A recent study suggested that Ply has another receptor: sialyl Lewis X (sLeX) present on 

many cells including the surface of the RBCs (Shewell et al., 2014). Nevertheless, Ply 

binds liposomes that lack sLeX, so unlike cholesterol this receptor is not essential. 

PlyD1 has six ß-strands and two α-helices. PlyD2 has three long ß-strands that connect 

D1 to D4, while PlyD3 comprises a five-stranded antiparallel ß-sheet surrounded by two 

three-helix bundles (transmembrane hairpins TMH1 and TMH2 or HB1 or HB2 helical 

bundles). PlyD4 is composed of a compact ß-sandwich with two ß-sheets, each with four 

ß-strands. In contrast, to PlyD1-3, which is intertwined, PlyD4 is linked an independently 

folding unit linked via a glycine (Gly361) to PlyD2 (Van Pee et al., 2016). 
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Figure 1-3: Ply crystal structure. 

A different colour depicts the four domains, (D1) is blue, (D2) is yellow, (D3) is light 

brown and (D4) is in green. The Trp-rich loop is coloured in red. Transmembrane hairpins 

1, 2 (TMH1 and TMH2) are depicted in purple and cyan respectively.   

 

1.8 Overview mechanism of pore formation 

The mechanism of pore formation of the CDCs have been investigated in many studies, 

via different techniques including, electron microscopy (EM) through negative staining, 

cryo-EM, atomic force microscopy (AFM), fluorescence imaging, kinetic assays and 

other biophysical and functional methods (Tweten, 2005, Hotze and Tweten, 2012, 

Czajkowsky et al., 2004, Lawrence et al., 2015, Palmer et al., 1998, van Pee et al., 2016). 

Two hypothesis of CDCs pore formation are discussed in the literature. The first based 

on streptolysin O produced by the Streptococcus pyogenes, suggested that monomers 

oligomerize into arc-shape pores on the cell membrane (Palmer et al., 1998). According 

Domain 1 

Domain 2 

Domain 4 

Domain 3 
TMH1 

TMH2 
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to this study streptolysin O binds and oligomerizes on the membrane surface, and the 

oligomeric structure is able to insert and open a pore into the lipid bilayer before the ring 

is completely formed. The second hypothesis, based on work on perfringolysin O 

suggested that monomers bind to the membrane, oligomerize to form a pre-pore structure, 

which then inserts into the membrane to form the transmembrane pore (Shepard et al., 

2000, Heuck et al., 2003). Figure 1-4 below illustrates the two hypothesis mechanisms of 

pore formation taken from (Gilbert, 2002). There are two recent contradictory studies 

about the CDCs assembly on the membrane and pore formation.  Leung et al. suggested 

that the assembly of suilysin on the membrane is terminated in the pre-pore state and is 

not impacted by the pre-pore to pore transition (Leung et al., 2014). However, Gilbert et 

al. suggested that at low toxin concentration the rate of lysis is controlled by the transition 

of pre-pore to pore to form an incomplete ring. In addition, at high toxin concentration 

the affinity of the protein for the membrane receptor controlled the rate of lysis (Gilbert 

and Sonnen, 2016). 

 

  Figure 1-4: Two hypothesis models of pore formation by CDCs. 

(A) Shows that the insertion of the toxin followed by oligomerization leading to gradual    

pore formation. (B) Shows that the toxin monomer binding, oligomerization to form a 

pre-pore followed by membrane insertion to create the pore. 

 

According to Tweten (Tweten, 2005), during pore formation monomers bind to 

cholesterol in the membrane via the Trp-rich loop at the base of the D4 (Rossjohn et al., 

1998). This orientates the CDCs on the membrane enabling them to diffuse laterally. 

Secondly, D3 of the toxin rearranges following insertion of the Trp-loop of D4 insertions 

causing the CDCs monomers to oligomerize to form the pre-pore structure. Thirdly, the 

N-terminal of the D3 forms the internal part of the transmembrane pore and further 
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conformational changes occur in D3 in which the two alpha-helical bundles (αHB1 and 

αHB2) are changed into two extended amphipathic trans membrane beta-hairpins 

(TMH1, and TMH2), the oligomer is now in the pre-insertion state. Each monomer within 

the large oligomeric pore complex contributes two TMHs to the formation of the β-barrel 

pore these TMHs are derived from the two D3 αHBs (Tweten et al., 2015). Finally, the 

pre-pore vertically collapses and completely inserts into the membrane, and the large 

beta-barrel-pore is formed which is composed of 35-50 monomers. The resulting pore is 

approximately 30 nm in size and results in the cell becoming permeable to ions and 

macromolecules (Sonnen et al., 2014). Oligomer formation was mainly attributed to 

intermolecular interactions via D1 and D3 (Ramachandran et al., 2002). However, it has 

been shown that streptolysin, pyolysin and listeriolysin O D4 can oligomerize by 

themselves on cholesterol crystals (Harris et al., 2011, Weis and Palmer, 2001). A cryo-

EM study of Ply confirms that PlyD4 plays a role in oligomer formation through 

intramolecular and intermolecular interactions of its loops (van Pee et al., 2017). All steps 

of pore formation in CDCs is shown in (Figure 1-5). A classic study performed by Tilley 

et al. 2005 shows the steps of pore formation by Ply using cryo-EM by taking snapshots 

of the pore and pre-pore forms of Ply when it interacts with liposomes (Tilley et al., 2005). 

The crystal structure of Ply supports the theory of the pre-pore complex in which 

monomers pack side-by-side (Marshall et al., 2015, van Pee et al., 2016). 
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Figure 1-5: Mechanism of pore formation of CDCs family on the lipid bilayer. 

As clear from left to right the soluble monomer is anchored to the cholesterol membrane 

through the Trp-rich loop at the base of D4 which causes a change in D3. The monomers 

later oligomerized and collapsed downwards through the membrane to form the open pore 

(Tweten, 2005). 

 

1.9 Role of Ply in pathogenesis  

Paton et al. demonstrated the key role of Ply towards virulence of the pneumococcus in 

vivo in 1983 (Paton et al., 1983). They showed that mice immunized with a partially 

inactivated form of Ply, caused moderate protection against a virulent strain of the 

pneumococcus. In addition, in 1987 the Ply gene was sequenced from a serotype 2 strain 

of the pneumococcus, D39 (Walker et al., 1987). An isogenic Ply-negative mutant of the 

pneumococcus was then produced which was called (Ply-N) (Berry et al., 1989). 

Intranasal challenge of mice with Ply-N showed reduced virulence compare to the wild-

type (Berry et al, 1989). Another study confirmed the results from Berry et al. 1989, 

intranasal challenge of mice with Ply-N showed reduced severity of the inflammatory 

response, a decrease in bacterial growth rate in the lungs and a delayed movement of the 

bacteria into the blood stream, compared to the wild-type bacteria (Canvin et al., 1995). 

Ply has a cytotoxic impact on eukaryotic cells. For example, at sub-cytolytic 

concentrations, the proinflammatory activity of neutrophils and monocytes is increased 

as a result of an influx of the extracellular calcium during pore formation (Cockeran et 

al., 2002). Ply induces an increase in circulating cardiac troponins in the blood stream. 
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Troponins are indicators of cardiac injury and cause inflammatory cell infiltration into 

the myocardium (Alhamdi et al., 2015). Moreover, due to activation of proinflammatory 

immune cells by Ply, reactive oxygen and nitrogen are released and damage host tissues 

(Cockeran et al., 2001, Houldsworth et al., 1994). Ply is toxic to most eukaryotic cells 

including epithelial and endothelial cells present in the respiratory tract and brain. 

Apoptosis of neutrophils, brain cells, macrophages and dendritic cells are induced by pore 

formation by Ply (Braun et al., 2007, Srivastava et al., 2005, Littmann et al., 2009). The 

impact of Ply on cells and tissues is well studied but the impact of Ply on the molecular 

process is less understood. A recent study revealed that Ply is genotoxic, therefore, Ply 

can damage DNA in  the alveolar epithelial cells in the absence of live bacterial cells (Rai 

et al., 2016).  

Ply induces the cytokine production by the white blood cells, which are proteins that 

regulate the host’s immune response to infection (Hirst et al., 2004). Wild-type Ply plays 

a role in an inducing the production of interleukins include IL-1 and IL-18, while these 

cytokines were not induced by Ply-deficient pneumococcus strains (Shoma et al., 2008). 

Furthermore, in vitro work using human pharyngeal and bronchial epithelial cells showed 

that Ply encourages the release of pro-inflammatory cytokines IL-6 and 8 (Kung et al., 

2014).  

Another role of Ply is the activation of the complement system. As a result of complement 

activation and complement C3 deposition on Ply, activation on the pneumococcus itself 

is reduced thereby reducing opsonophagocytosis. The mechanism of activation is less 

well understood.  It was reported that Ply activates the CP of the complement system via 

direct interaction with C1q, due to similarity with C-reactive protein (CRP) (Mitchell et 

al., 1991).  However, another study suggested that C1q does not bind to Ply directly and 

its binding requires the presence of immunoglobulin. The same study suggested that Ply 

can also activate the LP via L-ficolin (Ali et al., 2013).  

1.10 The mammalian immune system  

The immune system is the network of tissues, cells and molecules within an organism 

that work together to defend the body against diseases mediated by infectious agents 

including bacteria, viruses, parasites, fungi and other diseases including cancer. It 

provides protection through innate and adaptive immunity. Innate immunity mediates an 

initial, immediate and nonspecific immune response against invading microorganisms. 
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Innate immune components include the phagocyte, complement system, epithelial cells, 

mucosal membranes and the skin (Mogensen, 2009). Adaptive immunity consists of the 

specialised lymphocytes and their products involved in the mediation of the antigen-

specific immunity. The key cells of adaptive immunity are T and B-lymphocytes (Greter 

et al., 2012). Adaptive immunity is divided into two branches: cell-mediated immunity, 

which eliminates intracellular microbes, and is carried out by the T-lymphocytes; and 

humoral immunity, which protects the body against extracellular microbes by the action 

of antibodies that are produced by the B-lymphocytes (Jiravanichpaisal et al., 2006). B-

cells remain in the bone marrow during maturation, whereas T-cells egress into the 

thymus. 

1.10.1 Complement system  

Bordet discovered the complement system in 1896 as a heat-labile component of serum 

(Jason, 2010). Complement is part of innate and adaptive immunity that provides the first 

line of defence against invasion by foreign or altered host cells (Ricklin et al., 2010, 

Kerepesi et al., 2006). The complement system is composed of over 30 soluble plasma 

proteins and membrane-associated proteins produced mainly by the liver (Kolev et al., 

2014). Microorganism can be lysed via assembly of the membrane attack complex 

(MAC), opsonised by complement proteins or eliminated as a result of immune and 

inflammatory responses that aid immune cells to fight infection and maintain 

homoeostasis. Three distinct pathways can activate the complement system: the Classical 

(CP), Lectin (LP), and Alternative (AP) pathways. Each pathway terminates with the 

MAC (Jason, 2010). Figure 1-6 below illustrates the three complement pathways, all of 

which generate a C3 convertase that is the central component of the system and cleaves 

the inactive C3 into C3a, which is an anaphylatoxin, and C3b an opsonin. 
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Figure 1-6: Three pathways of the complement system: Classical, Lectin and 

Alternative pathways (CP, LP and AP). 

The CP is activated by C1 consisting of C1q and C1r2 C1s2. During activation the 

recognition molecule C1q binds to IgG and IgM on the surface of pathogens, triggering 

activation of C1r and C1s. C4 and C4b bound C2 are cleaved by C1s and together form 

the C3 convertase formation (C4b2a). The LP is activated through the binding of 

mannose-binding lectin (MBL), serum ficolins, collectin-10 (CL1-10 or CL-L1) and 

collectin-11 (CL-11 or CL-K1) in complex with MBL-associated serine proteases 1 and 

2 (MASP-1 and MASP-2), to acetylated groups and carbohydrates on the surface of 

pathogens. MASP-2 cleaves C4 and C2 to form the C3 convertase (C4b2a). Spontaneous 

low-level hydrolysis of C3 in plasma leads to formation of C3b and subsequent activation 

of the AP. The C3b binds factor B (homologous to C2) to form a C3bB complex. 

Subsequent cleavage of factor B by factor D forms the alternative pathway C3 convertase 

(C3bBb). C5 convertases (C3bBbC3b) for the AP and C4bC2aC3b for the CP and LP 

cleave C5 and initiate the terminal pathway resulting in assembly of the membrane-attack 

complex (Beltrame et al., 2015). 
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1.10.1.1 Classical pathway (CP) 

The CP is also known as the antigen-antibody dependent pathway because C1q binds to 

the Fc region of IgG and IgM. However, the CP also activates when the C1q binds to the 

surface of a wide variety of microbes and apoptotic cells, even in the absence of 

antibodies (Gaboriaud et al., 2004). C1q is composed of six N-terminal collagen-like arms 

with C-terminal immunoglobulin-binding globular head domains (Figure 1-7) (Melis et 

al., 2015). C1q binds to pathogens or altered-self surfaces, and immune molecules and 

lead to the autocatalysis of associated serine protease C1r followed by cleavage of 

proenzyme C1s to form activated C1s (Wallis et al., 2010, Forneris et al., 2012). C4 is a 

substrate of C1s and it is cleaved to generate C4a and C4b, C4a is an anaphylatoxin, 

whereas, C4b binds covalently to the surface of the pathogens. C2 then binds to the C4b 

fragment and is cleaved by C1s to form C2a and C2b. C2a binds to C4b to make the C3 

convertase complex, C4b2a (Wallis et al., 2010). The C3 convertase cleaves C3 to 

generate C3b and C3a, the latter is another anaphylatoxin. C3b deposits on the cell 

surface, where it serves as an opsonin and also forms the C5 convertase, C4b2aC3b. C5 

is  cleaved by  the C5 convertase into C5b and C5a, C5b binds to C6 , C7 , C8 and multiple 

copies of C9 to form the MAC (Celik et al., 2001).  
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Figure 1-7: Schematic representation of human C1q and human IgG showing how 

C1q binds to IgG on the pathogen surface.  

 

The highlighted light green region in IgG represents the C1q binding residues D270, 

K322, P329 and P331 in the CH2 domain of IgG. C1 is composed of the multimeric 

pattern recognition molecule C1q and a heterotetramer of proteases C1r and C1s. C1q has 

six globular heads each with an Fc binding region (Melis et al., 2015). 

 

1.10.1.2 Lectin pathway (LP) 

Matsushita and Fujita discovered the LP in 1992 (Beltrame et al., 2015). It plays a key 

role in the innate immune response (Rosbjerg et al., 2014).  MBL, CL-L1 and CL-K1, 

together with H-ficolin, M-ficolin and L-ficolin are the pattern-recognition molecules of 

the LP (Kjaer et al., 2013, Matsushita et al., 2013). Similar to C1q, the N-terminal region 

of all LP recognition molecules contains a collagen-like domain, however, the C-terminal 

recognition domains are different from C1q. Collectins including MBL contain C-type 

carbohydrate recognition domain (CRD), which recognises patterns of carbohydrates 

including glucose, mannose, and N-acetyl-glucosamine via Ca+2-dependent interactions 

(Thielens et al., 2001). Ficolins possess a C-terminal fibrinogen-like domain, which binds 

to N-acetyl groups, on sugars such as N-acetyl-glucosamine, on the pathogens surface. 

Ficolins and collectins bind MASPs to activate the LP. During complement activation by 

the LP, MASP-1 cleaves MASP-2 and MASP-2 subsequently cleaves C4 and C2 

(Frederiksen et al., 2005, Krarup et al., 2004). When MBL/MASP-2 or ficolin/MASP-2 

complexes bind to the surface of a pathogen, MASP-2 activates through autolysis or via 

MASP-1 (Heja et al., 2012). The C4 is cleaved by the activated MASP-2 into C4a and 

C4b and the C4b binds to the pathogen surface. MASP-2 also cleaves C2, and the C2a 
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fragment binds to C4b producing the C3 convertase (C4bC2a). The cascade continues as 

previously described for the CP through C5 convertase to the terminal pathway (Heja et 

al., 2012). Structurally MASPs comprise two N-terminal CUB domains, separated by an 

EGF-like domain, two CCP modules and a serine protease domain at the C-terminus 

(Figure 1-8) (Gingras et al., 2011). 

 

 

Figure 1-8: Schematic representation of MBL-MASPs binding to a pathogen 

surface. 

MBL is shown associated with the MASPs protease. It is shown in the activated state 

resulting from pathogen binding. The MASPs needs Ca+2 ion to be activated as shown in 

magenta circles. The carbohydrate recognition domain (CRDs) bind to sugars on the 

pathogens surface (Hohenester, 2011).  
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1.10.1.3 Alternative pathway (AP) 

In contrast to the CP and the LP, the AP is constitutively active and interacts with cell 

surfaces without depending on pathogen-recognition molecules (Sahu et al., 1994). AP 

activation begins in the fluid phase where C3 (H2O) is formed by hydrolysis of C3. C3 

(H2O) binds to factor B (CFB), which is cleaved, by the factor D (CFD) to form the fluid 

phase C3 convertase (C3 (H2O) Bb) (Borza, 2016).  This enzyme cuts C3 into C3a and 

C3b, the later interacts with amine and carbohydrate groups on cell surfaces and engages 

CFB (Borza, 2016). This complex then binds with another C3b to form the C5 convertase 

component (Pangburn and Müller-Eberhard, 1986). All these steps are shown in (Figure 

1-6).  

1.10.1.4 Terminal pathway (TP) 

Activation of the TP is induced by the formation of C5 convertase (C4b2aC3b and 

C3bBbC3b) that cleaves C5 to C5a and C5b. C5b initiates the formation of MAC by 

binding to C6 and C7 to make the hydrophobic complex C5b67, which inserts into the 

lipid bilayers. After that C5b67 interacts with C8 and allows binding and polymerisation 

of C9 to make the MAC pore-forming complex (Figure 1-6). This has a hydrophilic inner 

surface and an outer hydrophobic surface that allows water and solutes to freely pass 

across the cell membrane resulting in loss of membrane permeability and eventually lysis 

of the cells (Lambris et al., 2008). 

1.11 Ficolins 

Ichijo et al. first discovered ficolins as the transforming growth factor β-binding protein 

from porcine uterus in 1991 (Ichijo et al., 1991). Activation of the LP by ficolins results 

in cell lysis, opsonisation, phagocytosis, and cytokine production (Endo et al., 2015). 

Ficolins are structurally similar to Mannose-binding lectin (MBL) and collectins (Zhang 

and Ali, 2008) but contain fibrinogen-like domains in place of CRDs of collectins 

(Matsushita and Fujita, 2001). Three different ficolins have been identified in the human 

plasma: ficolin-1 (FCN-1), ficolin-2 (FCN-2) and ficolin-3 (FCN-3) also known as M-

ficolin, L-ficolin and H-ficolin respectively (Bidula et al., 2013). M-ficolin and L-ficolin 

share 80% sequence identity, whereas H-ficolin has ~50% amino acid identity with both 

(Kilpatrick and Chalmers, 2012). Only two types of ficolins have been discovered in the 

mouse and other rodents, ficolin-A (Fcn A) and ficolin-B (Fcn B). These are homologues 

of L-ficolin and M-ficolin in humans, respectively (Endo et al., 2012). Two ficolins have 
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also been identified in pigs, called ficolin-α and ficolin-β (Ichijo et al., 1993). Ficolins 

interact with the MASP-1 and MASP-2 in the presence of Ca2+ (Cseh et al., 2002). M-

ficolin, L-ficolin and H-ficolin serum concentrations are ~1.4 μg/ml, 3.4 μg/ml and 25 

μg/ml respectively (Verma et al., 2012). 

1.11.1 Human M-ficolin  

M-ficolin is also known as FCN-1 or L-ficolin/p35-related protein. This ficolin was 

identified in 1996 as a by-product during human FCN-2 characterization (Endo et al., 

1996, Lu et al., 1996). The M-ficolin gene is FCN-1, which is located on chromosome 9 

(9q34) (Endo et al., 1996). It is expressed in leukocytes and lung, therefore, has been 

described as a non-serum ficolin (Liu et al., 2005) but it is not expressed by macrophages 

or monocytic dendritic cells (Lu et al., 1996, Hashimoto et al., 1999). Human M-ficolin 

activates the LP through the formation of complexes with MASP-1 and MASP-2 (Liu et 

al., 2005). It is also found associated with Map-19, which is also known as sMAP. It is 

formed by alternative splicing of the primary transcript of the MASP-2 gene (Endo et al., 

2005). M-ficolin can bind to several carbohydrate ligands on microbes, surface including 

GlcNAc, N-acetylgalactosamine, and sialyl-N-acetyllactosamine (Liu et al., 2005).  

1.11.2 Human H-ficolin  

H-ficolin is a serum ficolin discovered in 1978 (Matsushita et al., 2002). Also known as 

FCN-3, Hakata-antigen or β2-thermolabile macro glycoprotein, it was found in the sera 

of patients with systemic lupus erythematosus. H-ficolin activates the LP in association 

with MASP-1, MASP-2, and MASP-3 (Matsushita, 2013). The H-ficolin gene was cloned 

and characterized in 1998 (Sugimoto et al., 1998). The mRNA of H-ficolin is expressed 

in liver and lungs (Sugimoto et al., 1998). H-ficolin exists as a mixture of different sizes 

of oligomers (Yae et al., 1991). Like other ficolins, H-ficolin recognizes the N-acetyl 

groups and has been shown to bind to Aerococcus viridians and Hafnia alvei 

polysaccharide and lipopolysaccharides (Zacho et al., 2012).  It has been suggested that 

IgM interacts with H-ficolin in tumor cell immunosurveillance and this mediates 

complement activation to defend against tumors (Lei et al., 2015).  

1.11.3 Human L-ficolin  

Independent studies first described L-ficolin as an elastin-binding protein (EPB-37) and 

as a corticosteroid-binding protein (hucolin) (Edgar, 1995, Harumiya et al., 1995). 

Matsushita et al. first purified L-ficolin from serum in 1996 (Matsushita et al., 1996). L-



 

27 
 

ficolin is also known as ficolin-2, P35, EBP-37 or hucolin. L-ficolin is encoded by the 

FCN-2 gene on chromosome 9 (9q34), which contains eight exons and is composed of 

314 amino acid residues (Edgar, 1995, Endo et al., 2011, Zhao et al., 2013, Endo et al., 

1996, Matsushita et al., 1996). Liver hepatocytes synthesise L-ficolin and it is present in 

the blood stream at a concentration 1.4 μg/ml (Verma et al., 2012). 

The L-ficolin polypeptide has a molecular mass of 35 kDa (Matsushita et al., 1996) and 

it assembles into tetramers of trimers, with a total of 12-subunits (Hummelshoj et al., 

2007). The N-terminal region contains two cysteine residues (Cys7 and Cys27) followed 

by a collagen-like domain, which is composed of 69 amino acid residues: 15 Gly-X-Y (X 

and Y representing any amino acid) repeats. The C-terminal fibrinogen-like domain 

contains 209 amino acids (Hummelshoj et al., 2007). 

L-ficolin binds to acetylated compounds, such as GlcNAc, β-1-3-D-glucan and DNA 

(Kuraya et al., 2005). It also binds to non-saccharide N-acetylated compounds such as, 

N-acetyl-glycine and N-acetyl-cysteine. Moreover, L-ficolin binds to the lipoteichoic 

acid cell wall components of Gram-positive bacteria (Lynch et al., 2004). Recent studies 

reported that L-ficolin binds to the teichoic acid of the Streptococcus pneumoniae 

(Vassal-Stermann et al., 2014). Besides its lectin properties, L-ficolin has been reported 

to bind to elastin, corticosteroids and DNA (Harumiya et al., 1995, Edgar, 1995). 

Furthermore, recent studies showed that L-ficolin binds to DNA and heparin via the 

sulphate and phosphate groups at the S3 ion binding site of the L-ficolin (Laffly et al., 

2014).  

 L-ficolin binds to a variety of bacteria including Streptococcus pneumoniae serotype 

11F, 11A and 11D (Krarup et al., 2005), Staphylococcus aureus serotype 1, 8, 9, 11, and 

12 and Salmonella typhimurium (Aoyagi et al., 2005). L-ficolin also binds to the 

unencapsulated pneumococcal strain R6 (Vassal-Stermann et al., 2014) and the 

encapsulated strain serotype 2 D39 (Ali et al., 2012). In addition, studies have 

documented that L-ficolin recognises Mycobacterium tuberculosis and Mycobacterium 

bovis (Luo et al., 2013). L-ficolin also binds the 1, 3-β-D-glucan structures exist on yeast 

and fungal cell wall (Ma et al., 2004). A recent study has highlighted the key role of L-

ficolin in innate defence against Aspergillus, causing opsonophagocytosis by 

macrophages and neutrophils. It also leads to killing of fungi, by inducing the production 

of cytokine during infection (Bidula et al., 2015). L-ficolin can also recognise HCV 
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envelope glycoproteins E1 and E2 to activate complement and mediate cytolytic activity 

in HCV-infected hepatocytes (Liu et al., 2009).  

1.12 Mouse ficolins 

 
Two types of ficolin are produced in mice and other rodents: ficolin-A and ficolin-B. 

1.12.1 Ficolin-A 

Ficolin-A is highly expressed in the liver and spleen. It is a polypeptide of molecular mass 

37 kDa. Like other mammalian ficolins, it binds to acetylated compound such as GlcNAc 

(Fujimori et al., 1998) and activates complement system via binding to MASP-2. By 

contrast, mouse ficolin-B does not bind MASPs or activate complement (Endo et al., 

2005). As a result of alternative splicing of the ficolin-A gene, two types of ficolin-A 

exist in the serum called ficolin-A and ficolin-A variant. The latter is composed of a 

shorter collagen-like domain and has an eight amino acids (Endo et al., 2005). Infection 

studies, revealed that both ficolins played a crucial role against pneumococcal infection 

(Endo et al., 2012), with mice deficient in ficolin-A and ficolin-B having reduced survival 

when infected transnasally with Streptococcus pneumoniae D39. Ficolin-A is often 

referred as the mouse orthologue of human L-ficolin. It binds to GlcNAc, GalNAc and 

elastin (Fujimori et al., 1998, Girija et al., 2011). It also binds various microorganisms 

including Gram-positive and Gram-negative bacteria and fungal cells. Gram-positive 

bacteria include Enterococcus faecalis, Listeria monocytogenes and some 

Staphylococcus aureus strains, but not Streptococcus agalactiae. Gram-negative targets 

include E. coli and Pseudomonas aeruginosa strains, but not Salmonella strains. Ficolin-

A also binds to clinical isolates of Aspergillus fumigatus (Hummelshoj et al., 2012).  

1.12.2 Ficolin-B 

Ficolin-B was first characterised in 1998. Ficolin-B mRNA is highly expressed in bone 

marrow and weakly expressed in spleen (Ohashi and Erickson, 1998). It is a homologue 

of human M-ficolin and like M-ficolin is found within the lysosomes of activated 

macrophages (Endo et al., 2005, Runza et al., 2006, Endo et al., 2004). Ficolin-B binds 

to acetylated sugars, including GlcNAc and GalNAc and it binds specifically to silalic 

acid residues (Endo et al., 2005, Girija et al., 2011). Mouse ficolin-B cannot associate 

with MASPs or activate the LP (Endo et al., 2005). However, rat ficolin-B is able to bind 

to MASP-2 to activate the LP of rat  (Girija et al., 2011). Another study has reported that 

N-linked glycosylation is required for oligomerization of ficolin-B and its association 
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with MASPs/sMAP to deposit C4b on immobilized N-acetylglucosamine (Endo et al., 

2012). 

1.13  Genetics of ficolins 

M-ficolin and L-ficolin genes are both located on the chromosome 9q34. M-ficolin is 

mainly expressed by monocytes and neutrophils, whereas, L-ficolin is expressed by the 

liver hepatocyte cells and secreted to the blood stream (Teh et al., 2000, Garred et al., 

2010). H-ficolin is encoded by the FCN-3 gene is located on chromosome 1p36.11 and 

expressed by the liver and lungs (Kilpatrick and Chalmers, 2012, Ruskamp et al., 2009). 

An overview of the three human ficolins is shown in (Table 1-2). M-ficolin contains 326 

amino acid residues whereas; L-ficolin and H-ficolin comprise 313 and 299 amino acids 

respectively, including the signal peptide (Boldt et al., 2013, Mason and Tarr, 2015). 

Table 1-2: A schematic outline of three human ficolins (M-ficolin, L-ficolin and H-

ficolin).  

Information was taken from the (Mason and Tarr, 2015). 

FCN-1 FCN-2 FCN-3 

Proteins name  

 

Ficolin -1 or M ficolin  Ficolin-2 or 

L-ficolin  

Ficolin-3 or H-

ficolin 

Chromosome  

 

9p34 9p34 1p36.11 

Exon 

 

9 8 8 

Tissue 

expression  

 

Monocyte and 

Neutrophil 

Liver Liver and Lung  

Serum 

concentration  

µg/ml 

 

1.07 μg/ml 3.7–5.4 μg/ml ~26 μg/ml 

Amino acid 

residues  

326  313  299  

 

The M- and L-ficolin genes consist of eight exons, whereas H-ficolin comprises nine 

exons. The signal sequence and the first nine N-terminal residues are encode by the first 

exon, the collagen-like domain is encoded by the second and third exon, the fourth exon 

encodes a short linker and exon five to eight (or nine) encode the fibrinogen-like domain 

(Kilpatrick and Chalmers, 2012, Mason and Tarr, 2015). Figure 1-9 shows a schematic 
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representation of the human ficolin genes: FCN-1, FCN-2 and FCN-3 (Mason and Tarr, 

2015). 

 

Figure 1-9: Schematic representation of human ficolin genes FCN-1, FCN-2 and 

FCN-3.  

The FCN-2 and FCN-3 genes composed of eight exons, whereas, FCN-1 consists of nine 

exons (Mason and Tarr, 2015). Monomeric ficolin composed of N-terminal cysteine 

region, collagen like domain, linker region and fibrinogen like domain.  

 

The variants in the promoter region of FCN gene leads to polymorphisms in the FCN 

genes that may impact the serum concentrations and/or activity of the encoded ficolins. 

Three gene polymorphisms at positions -986 A/G, -602 G/A, and -4 A/G in the promoter 

region of FCN-2 affect the concentration of L-ficolin in the serum, whereas two 

polymorphisms at positions 6359C/T and 6424G/T in exon 8 of FCN-2 gene impacts the 

GlcNAc binding capacity towards N-acetylglucosamine (Hummelshoj et al., 2005, 

Cedzynski et al., 2007). Some polymorphisms are associated with disease. For example, 

FCN-2 -557 A/G, -64 A/C and +6424 G/T SNPs are associated with the pulmonary 

tuberculosis (Luz et al., 2013, Xu et al., 2015). 
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1.13.1  Structure of ficolins  

Ficolins are multimeric proteins, consisting of polypeptides of 34-40 kDa. Human L-

ficolin is composed of tetramers of a trimeric subunit, with 12-polypeptide chains, each 

of 35 kDa (Figure 1-10). H-ficolin contains more than 18 polypeptide chains (Yae et al., 

1991). Each ficolin polypeptide is composed of a short N-terminal region containing 

cysteine residues; a central collagen-like domain with Gly-X-Y repeats, a short linker 

region and a C-terminal fibrinogen-like domain (Figure 1-10 A) (Matsushita et al., 1996, 

Tanio et al., 2007).  

 

Figure 1-10: Schematic diagram of ficolin structure and domain organisation. 

(A) Shows a ficolin monomer, which comprises an N-terminal cysteine region, a 

collagen-like domain and fibrinogen-like domain. (B) A ficolin polypeptide chain. (C) A 

ficolin trimeric subunit that contains three fibrinogen-like domains within a C-terminal 

head. (D) Four trimeric subunits in a tetramer. Disulphide bonds via the N-terminal 

cysteine-rich domains hold subunits together (Garred et al., 2016). 
 

1.14 Ficolins and disease  

High levels of L-ficolin are found in patients with chronic hepatitis C virus (Hu et al., 

2013). It has been suggested that L-ficolin neutralises hepatitis C virus by binding to 

envelope glycoproteins E1 and E2 (Hamed et al., 2014, Zhao et al., 2014). Hoang et al. 
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reported that patients with hepatitis B virus had higher levels of L-ficolin in their serum 

compared with those with hepatocellular carcinoma (Hoang et al., 2011). Serum L-ficolin 

levels may be a useful indicator for chronic hepatitis B infection, hepatocellular 

carcinoma and cirrhosis (Chen et al., 2015). A recent study has suggested that L-ficolin 

prevents the entry of HIV-1 into cells by binding to the envelope glycoprotein gp120 and 

serum levels of L-ficolin are higher in HIV patients than the normal population (Luo et 

al., 2016). It has been documented that both L-ficolin and H-ficolin prevent Influenza A 

virus infection in vitro and in vivo by binding to hemagglutinin and neuraminidase 

(Verma et al., 2012, Pan et al., 2012). M-ficolin has been shown to interact with surface 

glycoproteins of Zaire Ebola virus (Favier et al., 2016).  

Beside the relation between ficolins and viral infections, many studies have shown that 

neutralisation of ficolins play a key role in parasite diseases. For example, Trypanosoma 

cruzi calreticulin inhibits activation of the CP, as a result of interacting with C1 and the 

LP by binding to L-ficolin (Valck et al., 2010). In this way Trypanosoma cruzi blocks 

two major arms of the innate immune response (Sosoniuk et al., 2014). Another study has 

shown that L-ficolin polymorphisms lead to increasing the susceptibility to leishmaniasis 

(Assaf et al., 2012).  

A variety of other studies have highlighted disease associations involving ficolins. For 

example, it has been reported that L-ficolin serum concentrations are decreased in patients 

infected with pulmonary Mycobacterium tuberculosis (Luo et al., 2013). Deficiency of 

H-ficolin leads to lack of complement deposition on acetylated structures and is 

associated with chronic disabling infections and lung damage (Munthe-Fog et al., 2012). 

H-ficolin concentrations are also decreased in patients with Crohn's disease or ulcerative 

colitis (Schaffer et al., 2013). M-ficolin concentration in patients with rheumatoid arthritis 

was 30-fold higher than those with osteoarthritis (Ammitzboll et al., 2012).  

1.15 Humoral immunity 

Antibodies are produced by B-cells and mediate humoral immunity through 

neutralisation and opsonisation of extracellular pathogens (Kalia et al., 2006). B-cells 

mature and develop in the bone marrow (Kierney and Dorshkind, 1987, Kurosaka et al., 

1999). Antibody production is the only effector function of B-cells and different 

antibodies are produced according to their specificity towards antigen.  
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1.15.1 Antibody structure  

Immunoglobulins (Ig) are heterodimeric glycoproteins produced by specialized B-

lymphocytes known as plasma cells (Schroeder Jr, 2010, Lipman et al., 2005). IgGs are 

composed of four polypeptide chains with two identical heavy chains (~55 kDa) and two 

identical light chains (~25 kDa) assembled to form a Y-shaped structure held together by 

disulfide and non-covalent bonds (Figure 1-11). The resulting molecule is ~150 kDa 

(Schroeder Jr, 2010, Lipman et al., 2005). In 1890, von Behring and Kitasato reported 

that diphtheria toxin can neutralize the existence of an agent in the blood followed by 

known as ‘Antikörper’ or antibodies, it was described as the agent that able to 

discriminate between two immune substances (Schroeder Jr, 2010). Structurally each 

antibody heavy chain comprises one N-terminal variable domain (V) which serves as the 

antigen-binding site and three C-terminal constant domains (C). Each light chain 

comprises a variable domain and a constant domain. Together the variable domains serve 

as the antigen-binding sites. Each arm of the antibody is known as Fab fragment, while 

the central stem is called the Fc portion and it interacts with effector cells and receptors. 

Each Ig domain consists of approximately 110-130 amino acids, (Schroeder Jr, 2010, 

Wang et al., 2007). 
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Figure 1-11: Schematic diagram of Ig structure.  

The heavy and light chains consist of N-terminal variable (V) domain coloured blue and 

cyan. The remaining domains form the constant region, with domains coloured as red and 

green. The hinge region is located between CH1 and CH2. Proteolytic enzymes (including 

IdeS, Papain and Pepsin) are able to split the Ig into Fab domains containing the antigen-

binding site and Fc domains that mediate activation of the CP and phagocytosis. 

 

1.15.2 Ig isotypes  

There are five Ig or isotypes of Igs: IgG, IgM, IgA, IgD, and IgE. All isotypes are 

assembled from Ig domains but they differ in the sequences of the constant regions of  

their heavy chains (Woof and Burton, 2004). Key features of each group are described 

below. Table 1-3 below shows the general features of each IgG isotype (Vidarsson et al., 

2014).  

1.15.2.1 Immunoglobulin G (IgG) 

IgG is the predominant Ig isotype in human serum (Vidarsson et al., 2014). It comprises 

10-20% of the protein in the plasma. IgG a glycoprotein with 82-96% protein and 4-18% 

carbohydrate. IgG has the longest serum half-life of all isotypes (Schroeder Jr, 2010, 

Vidarsson et al., 2014). It is classified into four subclasses: IgG1, IgG2, IgG3, and IgG4, 
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ranked according to their average serum concentration (IgG1> IgG2> IgG3> IgG4) in the 

blood of normal, healthy individuals (Schroeder Jr, 2010, Liu and May, 2012). IgG 

isotypes IgG1, IgG2, IgG3, and IgG4 account for approximately 60%, 25%, 10%, and 

5% of IgG in blood, respectively (Stoop et al., 1969). An N-linked glycosylation site in 

all IgG molecules is located in the CH2 domain at Asn-297. It plays a key role in 

maintaining the quaternary structure and in the stability of the Fc domain (Mimura et al., 

2000, Mimura et al., 2001, Krapp et al., 2003). Some studies have reported differences in 

the glycosylation pattern of each isotype (Selman and Hansen, 2012, Vestrheim et al., 

2014). The number of disulphide bonds differs in each isotype. The disulphide bond in 

the hinge region of each IgG isotypes is different.  In IgG1 and IgG4 is two, IgG2 has 

four disulphide bonds and IgG3 has  eleven  disulphide bonds (Liu and May, 2012). The 

hinge region of each isotype is different with 15, 12, 62 amino acid residues for IgG1, 

IgG2, IgG4 and IgG3 (Vidarsson et al., 2014). The hinge region determines the stability, 

flexibility and distances spanned by the two Fabs (Tian et al., 2014).  

1.15.2.1.1 IgG1 

IgG1 is the predominant IgG subclass and constitutes (10-15 mg/ml) in human serum 

(Mimura et al., 2000, Mimura et al., 2001). The IgG1 half-life is 3 weeks, whilst, the 

IgG3 has the shortest half-life of about only 1 week (Dullaers et al., 2012).  A deficiency 

of IgG1 is associated with recurrent infections (Jefferis and Kumararatne, 1990). Serum 

IgG1 concentrations are increased in Sjogren syndrome, systemic sclerosis, systemic 

lupus erythematosus and primary biliary cirrhosis diseases (Zhang et al., 2015). IgG1 

contains fucosylated N-linked sugar whilst IgG3 showed a non-fucosylated glycoforms. 

Activation of the complement cascade by IgG1 play a crucial role in protection of the 

human body against infectious agents (Redpath et al., 1998). It has been reported that the 

IgG1 and IgG3 are the most efficient IgG isotypes for activating the complement system 

via the CP by binding to C1q (Bruggemann et al., 1987). Mutations in residues Asp 270, 

Leu 334, Leu 335 leads to a reduction in complement activation (Michaelsen et al., 2009). 

1.15.2.1.2 IgG2 

IgG2 accounts for 25% of the total IgG in human blood. It plays a crucial role in 

protection against Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria 

meningitidis. IgG2 deficiency may result in the virtual absence of IgG anti-carbohydrate 

antibodies (Vidarsson et al., 2014). The concentration of IgG2 is decreased in association 
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with a decreasing levels of IgG4, IgA1 and IgA2 (Latiff and Kerr, 2007). IgG2 can 

activate the complement system but is considerably less efficient than IgG1 and IgG3 

(Burton et al., 1986, Michaelsen et al., 1991).  

1.15.2.1.3 IgG3 

IgG3 comprises approximately 10% of the total serum IgG. It has a unique elongated 

hinge region containing ~62 amino acid residues (Stoop et al., 1969, Michaelsen et al., 

1977) and is efficient at activating complement. The hinge region is encoded by four 

exons in IgG3 while only one exon encodes the hinge regions of IgG1, IgG2, and IgG4. 

IgG3 has a higher molecular weight compared to other subclasses because of its hinge 

region (Vidarsson et al., 2014). IgG3 is encoded by 13 allotypes, which are the alleles 

encoding the antibody chain, while  IgG1, IgG2, are encoded by 4 allotypes respectively 

(Lefranc and Lefranc, 2012). IgG3 has a short half-life of ~7 days. This reduction is 

associated with an arginine at position 435, which is histidine in all other IgG subclasses 

(Irani et al., 2015). IgG3 deficiency is associated with recurrent respiratory infections 

including sinusitis (Meyts et al., 2006, Visitsunthorn et al., 2011). The concentration of 

IgG3 is increased in patients with Mycobacterium Leprosy (Hussain et al., 1995).  

1.15.2.1.4 IgG4 

IgG4 comprises only ~5% of IgG in serum (0.35 to 0.51 mg/ml) (Aalberse et al., 2009, 

Aalberse and Schuurman, 2002, Aucouturier et al., 1984, Kleger et al., 2015). The hinge 

region consists of 12 amino acid residues. Unlike all other IgGs, IgG4 can undergo Fab-

arm exchange (FAE) in which a bi specific antibody formed (Davies and Sutton, 2015). 

In this process, the IgG4 heavy chains separate to form half-molecules containing only 

one heavy and light chain. The half-molecules from separate antibodies associate to 

produce a bi-specific antibody (Aalberse and Schuurman, 2002). This contributes to the 

anti-inflammatory properties of IgG4 and limits the ability of IgG4 to form immune 

complexes and activate complement (Aalberse and Schuurman, 2002). A recent study 

reported that up to 33% of IgG4 molecules were κ/λ light-chain hybrids (Young et al., 

2014). The constant region of IgG4 regions shows 95% amino acid sequence homology 

to the other IgG subclasses. However, IgG4 binds only weakly to Fcγ receptors, and can 

not activate complement. IgG4 is associated with autoimmune diseases such as  

pancreatitis (Kleger et al., 2015). The level of IgG4 is elevated in some cases of infectious 

bacterial paortitis (Zakir et al., 2015).  
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Table 1-3: Human IgG isotypes characteristic.  

General property IgG1 IgG2 IgG3 IgG4 

Molecular weight (kDa) 146 146 170 146 

Amino acids in hinge region 15 12 62 12 

Heavy chain disulphide bonds 2 4 11 2 

Serum level g/l 6.98 3.8 0.51 0.58 

Relative abandance % 60 25 10 5 

Half-life weeks  3 3 1 3 

Complement activation (C1q binding) ++ + +++ - 

Ab response to proteins ++ +/- ++ ++ 

Ab response to polysacharides + +++ +/- +/- 

Ab response to allergens  + - - ++ 

 

1.15.2.2 Immunoglobulin A (IgA) 

IgA is the second most abundant serum antibody after IgG. It is present in plasma at a 

concentration of ~2 mg/ml, (Roos et al., 2001, Schroeder Jr, 2010). IgA is predominantly 

secreted and produced by the mucosal surfaces. It is found in secretions such as saliva 

and breast milk. It protects the body against inhaled and ingested antigens (Leusen, 2015, 

Carlier et al., 2016). IgA exists as two forms according to location and production. 

Mucosal secreted IgA (IgA2) is predominantly dimeric while serum IgA (IgA1) is 

monomeric. Therefore, the function of IgA is likely to be different according to its 

location. For example, intestinal IgA (a mucosal IgA) is able to neutralize toxins and 

some pathogens, it also provides a different and spatially diversified population of 

commensal bacteria (Gutzeit et al., 2014). In addition, the secreted IgA which is present 

in human colostrum and milk play a key role in both passive and active immune 

protection of the newborn (Woof and Kerr, 2006). IgA1 has an extra 13 amino acid 

residues in the hinge region (Carlier et al., 2016, Leusen, 2015, Cerutti and Rescigno, 

2008). This elongated hinge prevents recognition by bacterial proteases. IgA2 is more 

sensitive to these proteolytic enzymes (Schroeder Jr, 2010 Carlier et al., 2016).  
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1.15.2.3 Immunoglobulin E (IgE) 

Ishizaka and Ishizaka identified IgE in 1967 (Poole and Rosenwasser, 2005). IgE is 

normally present in the plasma at a concentration of less than 1 µg/ml with half-life of 

about 2 days in serum. It consists of only 0.004% of total Ig in serum (Amarasekera, 2011, 

Stone et al., 2010, Hamilton, 2010). IgE provides immunity against parasites such as 

helminths. In addition, it mediates type I hypersensitivity reactions associated with 

allergic diseases including asthma, allergic rhinitis and atopic dermatitis (Fitzsimmons et 

al., 2014, Wu and Zarrin, 2014).   

1.15.2.4 Immunoglobulin D (IgD) 

IgD was discovered in 1965. Serum concentrations of IgD are below IgG, IgA, and IgM 

but higher than IgE. It represents approximately 0.25% of total Ig in serum (40 µg/ml in 

adults) and has a short half-life of about 2 days (Vladutiu, 2000, Rogers et al., 2006). IgD 

is expressed as two forms: membrane IgD (mIgD) and secreted IgD (sIgD), mIgD is co-

expressed with IgM in ~90% of mature B-cells (Wu et al., 2016b).  In B cells, IgD serves 

as the B cell receptor and signals the B cells to become activated. Once activated it 

stimulates the cell to produce antibodies (Ubelhart et al., 2015). The hinge region of IgD 

is long and susceptible to proteolysis (Gleich et al., 1969, Sire et al., 1982). The serum 

concentration of sIgD is elevated in some autoimmune diseases including rheumatoid 

arthritis, systemic lupus erythematosus, Sjogren's disorder and autoimmune thyroiditis 

(Rostenberg and Penaloza, 1978, Schmidt and Mueller-Eckhardt, 1973). 

1.15.2.5 Immunoglobulin M (IgM) 

IgM is considered to be an ancient antibody class, which exists in all vertebrates, except 

coelacanths, and is important in innate and adaptive immunity in fish (Pleass et al., 2016). 

Two types of IgM are present in the immune system: membrane-bound receptors on B-

cells (mIgM) and secreted IgM (sIgM). The plasma concentration of IgM is 1-2 mg/ml, 

with a half-life of 5 days. The sIgM molecules are predominantly pentamers and 

hexamers, while the mIgM is monomeric (Czajkowsky and Shao, 2009, Czajkowsky et 

al., 2010, Ehrenstein and Notley, 2010). It serves as an opsonin for the clearance of small 

apoptotic particles, senescent erythrocytes, and even microbes (Racine and Winslow, 

2009). IgM activates complement via the CP. It has a 1000-fold greater binding affinity 

for C1q than IgG (Ehrenstein and Notley, 2010). CP activation on apoptotic cells occurs 

predominantly via IgM (Zwart et al., 2004).  A recent study reported that ethanol-induced 

https://en.wikipedia.org/wiki/B_cell
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apoptosis in the liver recruits sIgM, facilitating the activation of C1q via the CP (Smathers 

et al., 2016).  

1.16 Biological membrane  

Biological membranes are the semi-permeable barrier surrounding all living cells that 

mediates the exchange of intracellular and extracellular components (Bovigny et al., 

2015). They are composed of a bilayer of different phospholipids, proteins and sugars. 

Lipid molecules can be divided into three main types: phospholipid, glycolipids and sterol 

(Figure 1-12) (Watson, 2015). Membrane phospholipids are amphiphilic due to the polar 

head group that has a high affinity for water molecules (hydrophilic) and the non-polar 

tail group that has a low affinity for water molecules (hydrophobic). The hydrophilic head 

group is oriented outwards on the outer leaflet and inwards on the inner leaflet of the lipid 

bilayer, whereas the hydrophobic tails points to the interface between the bilayer leaflets. 

 

Figure 1-12: Schematic representation of membrane lipid types.  

Membrane has three types lipid including a phosphatidylcholine (a), glycolipid (b) and a 

sterol (c) (Watson, 2015). Phosphatidylcholine composed of hydrophilic head (choline, 

phosphate and glycerol) and hydrophobic tails which might be saturated or unsaturated. 

Glycolipid comprises of hydrophilic head (sugar and glycerol) and hydrophobic tails. 

Steroid as well composed of hydrophilic head and hydrophobic tail.  
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The fluid-mosaic model is used to describe the properties of biological membranes. The 

model was proposed in 1972 by Singer and Nicolson based on the thermodynamic 

principles governing the organization of lipids and proteins in a membrane (Nicolson, 

2014). The term, fluid, refers to ability of components to move laterally or diffuse 

throughout the bilayer. It has been reported that membrane fluidity is regulated by 

cholesterol (Lombard, 2014). The fluid-mosaic model of biological membranes is 

illustrated in (Figure 1-13). 

 

Figure 1-13: Schematic representation of fluid-mosaic model of a biological 

membrane.  

The membrane is composed of the phospholipid bilayers including polar heads and non-

polar tails with the glycolipid, glycoprotein, peripheral protein and integral protein 

(Lombard, 2014). 
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1.16.1 Structure and biophysical properties of lipid bilayers 

1.16.1.1 Lipid molecules  

1.16.1.1.1  Phospholipids 

Phospholipids comprise the phosphate containing polar head group and fatty acid non-

polar tail group. They can be divided into two types of structures: glycerophospholipids 

and sphingomyelins (SM) (Li et al., 2015). Most of the phospholipids in the eukaryotic 

cells membrane are the glycerophospholipids which contain a glycerol-2 backbone; this 

a long acyl chain that typically contains many gauche orientations of the un saturated 

carbon-carbon bonds leads low density packing (Brown and London, 2000). The 

backbone is sphingosine in sphingolipids; this contains C16 saturated acyl chain, which 

can pack tightly together to produce ordered domains in the fluid membrane (referred to 

as lipid rafts). The presence of sphingolipids in a lipid membrane needs higher 

temperatures for the main transition compared with membrane comprising pure 

glycerophospholipids.  

1.16.1.1.2 Cholesterol  

Cholesterol is an important constituent of animal cell membranes. More than 90% of 

cellular Chol is incorporated into the membrane. It was discovered in 1815 by the French 

chemist Michel Eugène Chevreul. Chol is a major determinant of biophysical properties 

of a membrane because, when incorporated in the membrane, Chol increases mechanical 

strength, affecting membrane elasticity, it makes the membrane less elastic and hence 

increases stiffness and the packing density of lipids (Magarkar et al., 2014, Goluszko and 

Nowicki, 2005). Chol is an amphiphilic molecule with a polar hydroxyl head group that 

is embedded into the acyl chains of the lipid membrane; it also has a rigid core with four 

hydrophobic hydrocarbon rings and a flexible acyl tail (Figure 1-14). In addition, Chol 

plays a key role in lipid metabolism because it is a precursor for some biological 

compounds such vitamin D, steroid hormones and bile acids. Chol facilitates the proper 

development and functioning of the nervous system because it is the component of the 

myelin sheath (Czamara et al., 2015).  
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Figure 1-14: Cholestrol chemical structure.  

It is composed of weak hydrophilic hydroxyl head, four hydrophobic hydrocarbon rings 

and flexible acyl tail. Image was taken from Avanti polar lipid website 

(https://avantilipids.com/product). 

 

1.16.1.2 Liposomes as the membrane model 

Liposomes are synthetic vesicles with a bilayer structure surrounding an aqueous core. 

They are useful as a membrane model to study how the shape and morphology of the lipid 

bilayer is influenced by external factors, including physical, chemical and biological 

(Kato et al., 2015). They were first characterized in the 1960s by Alec D Bangham at the 

Babraham Institute, University of Cambridge (Bozzuto and Molinari, 2015). The name, 

liposome, is derived from the Greek words 'lipos', which means fat, and 'soma', which 

means body. Phospholipids are the most common component used in the preparation of 

liposomes, followed by Chol and sphingolipids. Phospholipids have a strong tendency to 

form membranes because of its amphipathic nature (Bozzuto and Molinari, 2015). 

Besides the use of liposomes as a model membrane for biophysical and bioanalytical 

research, they are also used in medicine as a drug carrier (Sercombe et al., 2015). Figure 

1-15 shows the structure of a liposome, where a liposomal bilayer provides an interface 

between the interior content and the surroundings.  

 

 

https://avantilipids.com/product
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Figure 1-15: Schematic view of a liposome vesicle and a lipid bilayer.  

(A) Represents liposome vesicle in which the polar head turns outward whereas, the 

nonpolar tail turns inward. B, is the lipid bilayer of liposome (Bozzuto and Molinari, 

2015). 

 

Liposomes can be classified based on different parameters: firstly, their method of 

preparation which includes reverse-phase evaporation and extrusion; secondly, their size 

which encompasses small (<100 nm), intermediate (100 nm to 1 m) and large (>1 m) 

unilamellar vesicles; and, finally, lamellarity which includes unilamellar, multilamellar 

vesicles. Either unilamellar or multilamellar could be formed depending on the method 

of formation (Bozzuto and Molinari, 2015). Common phospholipids used in the 

preparation of liposome is 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-

palmitoyl-2-oleoyl-sn-glycero-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), and 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) and 

(Figure 1-16) (Yang et al., 2016). The ratio of phospholipid to Chol that is typically used 

in the preparation of liposomal bilayers is approximately 1:1 to 2:1 (e.g. 2 parts of lipids 

and 1 part of cholesterol mole ratio or 1:1 mole ratio (Briuglia et al., 2015). 

 

A B 
Polar head 

Non polar tail 
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Figure 1-16: Chemical structure of DPPC, POPC, DOPC and DLPC. 

All images are taken from Avanti polar lipid website (https://avantilipids.com). 

 

1.16.2 Bilayer melting temperatures (Tm) 

The Tm of the bilayer or the main transition temperature is defined as the temperature 

corresponding to the highest specific heat of the lipid bilayer. At this temperature, the 

physical state of the lipid bilayer is changed from a solid-ordered (gel) phase to a liquid 

(fluid) phase. When the temperature is below the Tm the membrane state is a gel, whereas, 

the phase behavior is fluid when the temperature is above the Tm. In the gel phase, lipid 

molecules are packed in a regular triangular lattice pattern whilst, in the liquid phase the 

lipid molecules the regular lattice pattern is lost and the lipid molecules are more loosely 

packed together causing an increase in membrane fluidity and permeability to small 

molecules (Lewis and McElhaney, 2013). The membrane of most biological cells are in 

the liquid phase but the gel phase usually exist in the outer leaflet of cells in dry skin 

tissue (Laggner, 2007). The existence of liquid and gel phases of the membrane is 

controlled by temperature and the relative amounts of saturated and unsaturated lipids in 

the bilayer. The change in the membrane from gel to fluid phase is accompanied by an 

DPPC 

POPC 

DOPC 

DLPC 

https://avantilipids.com/
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increase in the hydration state of the lipid head groups (Wolkers et al., 2010). Figure 1-

17 shows the membrane phase according to the increasing temperature. 

 

Figure 1-17: Membrane phase transition with increasing temperature. 

Increasing of temperature impact the membrane fluidity. (A) The temperature is below 

the Tm, the lipid molecules are packed tightly. (B) Lipid molecules are likely to melt. 

Lipids molecule are fully melted and the membrane is changed to the liquid disordered 

(Ld) or the fluid phase (Zalba and Ten Hagen, 2017). 

 

1.17 Physical states of lipid bilayer  

Individual lipid components in synthetic bilayers are classified according to whether they 

are a high-temperature melting phospholipid or a low-temperature melting phospholipid; 

where Chol is considered a unique component. At high temperature, the lipids in the 

bilayer will be mixed uniformly. Chol is important at lower temperature for the 

coexistence of different phases in separated domains in a binary lipid system. A 

membrane in the liquid-ordered phase (Lo) is typically enriched in either high-Tm lipids 

or Chol; the more ordered structure results in a thick membrane. A membrane in the (Ld) 

is enriched in low-Tm lipids and depleted of Chol; the more disordered structure results 

in a thin membrane (Veatch and Keller, 2005). The lipids have properties of fast 

translational diffusion and low acyl chain order in the (Ld) phase and fast translational 

diffusion but high acyl chain order in the Lo phase. In the solid gel phase (Lß), the lipid 

molecules have slow diffusion and high chain order. 

The lipid example DPPC forms stable and well-characterized unilamellar lipid vesicles. 

The equilibrium phase behavior of unilamellar DPPC bilayers show four distinct phases 

according to increase temperature such as the crystal (Lc), gel (Lβ), ripple (Pβ), and 

fluid or liquid-crystalline (Lα) phases (Nagarajan et al., 2012). It has been shown that 
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the interaction between a saturated lipid and Chol or interaction between mono-

unsaturated lipids and Chol results in the presence of Ld and Lo phases of the membrane. 

The interaction between DPPC and Chol produces a Lo phase, whereas the interaction 

between POPC and Chol produces Ld phase; and a binary mixture of DPPC and POPC 

produces a Ld phase (Turkyilmaz et al., 2011). The ternary mixture of DPPC/POPC/Chol 

has also been examined to show how the interaction between lipid-lipid and Chol-lipid 

changes the membrane phase from Lo to Ld, and the tighter packing of Chol-lipid 

combinations to the looser packing of lipid-lipid combinations (Yang et al., 2016). 

 

1.18 General aims of the thesis 

This thesis covers three main aims. The first aim was to investigate the interaction 

between recombinant Ply and the soluble molecules of the immune system that have been 

identified as potential binding partners, including L-ficolin of the LP and IgGs, which 

initiate the CP. This work is covered in Chapter 3. The second aim, described in Chapter 

4, was to examine the mechanism of pore formation by Ply by characterizing the 

interaction between Ply monomers during pore assembly. Following on from this work, 

the third aim covered in Chapter 5 was to observe changes in single cell-sized liposomes 

by Ply using Raman spectroscopy.  
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Chapter 2 Production and purification of Ply and Ply domains  

2.1  Objectives  

In order to study the interactions between Ply and the soluble molecules of the immune 

system, it was necessary to produce recombinant full-length Ply and Ply fragments 

comprising PlyD1-3 and PlyD4. The Ply gene was first cloned and sequenced by Walker 

and colleagues (Walker et al., 1987). In the current study, His6-tagged full-length Ply and 

PlyD1-3 were expressed in Escherichia coli (E. coli) and purified by affinity 

chromatography on Ni-Sepharose columns followed by gel filtration. PlyD4 was 

expressed as a maltose-binding protein (MBP) fusion and separated from MBP by 

cleavage with TEV protease followed by gel filtration.  

2.2 Materials and methods 

2.2.1 Materials  

A plasmid containing the full-length Ply gene in pLEICS-07 (Figure 2-1), a pET-based 

expression vector, was provided by Dr. Rana Lonnen (Leicester University UK, MSB 

G43). Promega supplied XL10 and BL21 (DE3) E. coli strains competent cells. Platinum 

Pfx polymerase for (PCR) was from Life Technologies. Protein and DNA markers and 

amylose-Sepharose affinity resin was supplied by New England Biolabs. Filters (0.2 µm), 

Ni-affinity resin, Superdex 200 and 75 16/60 columns used for protein purification were 

purchased from GE healthcare. Qiagen supplied mini and midi prep plasmid extraction 

kits to purify and extract plasmid DNA. The Quickfold protein refolding kit was from 

Athena Enzyme Systems. SYBR® Safe DNA gel stain and loading dye were from 

Invitrogen. Bugbuster protein extraction reagent was from Merck Millipore. Agilent 

Technologies supplied strata clean resin beads. Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) and chemicals were purchased from Thermo Fisher Scientific and Sigma. 

Protease inhibitor tablets were from Roche. 

2.2.2 Electrophoresis  

PCR products and digested plasmids were separated by electrophoresis on agarose gels 

(0.5-1.5%) prepared as described in (Sambrook and Russell, 2001). 0.5 g/ml of SYBR® 

Safe DNA gel stain was added to the gels before pouring. Gels were run in 1x TBE buffer 

(45 mM Tris-base, 45 mM boric acid and 1 mM EDTA). DNA samples were diluted 5:1 

with 6x loading dye. DNA ladders (100 bp, 1 kb) were used as molecular weight markers. 
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Gels were run at 80 V and 400 mA for 60 minutes (min), visualised under UV 

illumination and photographed using UV gel documentation system.  

2.2.3 Competent cells and transformation  

E. coli XL10 Gold cells were used for plasmid amplification and cloning and E. coli BL21 

(DE3) were used for protein expression. Competent cells were prepared chemically by 

the rubidium chloride method described in section 2.2.4. For cloning, 100-1000 ng of 

ligated recombinant plasmid was used while for normal transformation, supercoiled 

plasmid (10-50 ng) was used. These were mixed with 100 μl of competent cells, and 

incubated on ice for 20 min. Cells were heat-shocked at 42°C for 2 min and then put on 

ice for 2 min. 300 μl of Luria-Bertani (LB) was added to the cells. After 60 min incubation 

with shaking at 37°C and 220 rpm, the entire content was  spread onto LB agar (LBA) 

containing the appropriate antibiotic e.g. 100 μg/ml ampicillin or 50 μg/ml kanamycin. 

The plates were incubated at 37°C overnight (Li et al., 2011).  

2.2.4 Competent cell preparation by the rubidium chloride method 

100 ml LB containing 20 mM MgSO4 was inoculated with overnight culture and 

incubated for 2-3 hr in a baffled flask until the OD600 reached 0.4-0.6. After that, cells 

were spun down at 4500 g at 4°C for 5 min. The pellet was resuspended in 40 ml TBF1 

buffer (30 mM potassium acetate, 10 mM CaCl2, 50 mM MnCl2, 100 mM RbCl 

containing 15% glycerol at pH 5.8). The suspension was left on ice for 5 min and 

centrifuged again at 4500 g at 4°C for 5 min. Next, the pellet was resuspended in 4 ml 

TBF2 buffer (10 mM MOPS or PIPES, 75 mM CaCl2, 10 mM RbCl, 15% glycerol at pH 

6.5) and left on ice for 30 min. Cells were aliquoted into 100 µl fractions and then frozen 

immediately in liquid nitrogen and stored in -80°C. All buffers were sterilized by filter-

sterilize 0.2 µm prior to use (Green and Rogers, 2013). 

2.2.5 Sodium dodecyl-polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins were separated by SDS-PAGE using a BioRad mini protein II gel system. In this 

procedure proteins are unfolded and coated with SDS and separated based on their sizes. 

The resolving gel was prepared by mixing 375 mM Tris-HCl pH 8.8, 15% v/v acrylamide, 

0.1% SDS w/v, 0.1% v/v ammonium persulfate and 0.0004% TEMED. The stacking gel 

was composed of 125 mM Tris-HCl pH 6.8, 4% v/v acrylamide, 0.1% w/v SDS, 0.002% 

ammonium persulfate and 0.0004% TEMED. The resolving gel was set under 
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isopropanol to remove air bubbles until the gel solidified. Then the stacking gel was cast 

on top and the comb added. 

The gel was run in 1x SDS running buffer (25 mM Tris-HCl, 192 mM glycine, 0.1% w/v 

SDS).  Samples were loaded on the gel by mixing 5 l of 5x loading buffer (250 mM 

Tris-HCl pH 6.8, 50% v/v glycerol, 10% w/v SDS, 500 mM DTT, 0.25% w/v 

bromophenol blue) with 20 l of each protein sample. Samples were denatured at 95°C 

for 5 min before running. Electrophoresis was carried out at room temperature using a 

constant voltage (200 V) and variable current for approximately 50 min until the dye front 

reached the end of the gel. Gels were stained with Coomassie blue stain (0.4% w/v in 

50% v/v methanol and 10% v/v acetic acid) for 15 min, rinsed with water and destained 

in (30% v/v methanol containing 7% v/v acetic acid). Gels were scanned with an HP 

Scanjet G4010. 

2.2.6 Expression and purification of full-length Ply  

A recombinant pET-based expression plasmid (pLEICS-07), (Figure 2-1) containing the 

full-length gene was transformed into BL21 (DE3) cells. The encoded protein Ply 

contains 471 amino acid residues (Figure 2-2). An N-terminal His6-tagged was added for 

purification followed by a cleavage site for the Tobacco Etch virus protease (TEV). Cells 

were grown in (LB) medium with 50μg/ml kanamycin to an OD600 of 0.5-0.8 at 37C. 

Expression was induced with 1mM IPTG, and cells were incubated overnight at 18C. 
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Figure 2-1: Vector map of pLEICS-07. 
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Figure 2-2: Ply amino acid residues. 

Domains 1, 2, 3, and 4 are coloured blue, green, red and black, respectively. 

 

Cells were harvested by centrifugation at 5000 g for 15 min and resuspended in 40 ml 

lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 20 mM imidazole, 1% v/v Tween 

20 and 1 tablet of protease inhibitor). The mixture was sonicated on ice 5x for 15 sec 

using the large probe, with a break after each sonication pulse for 45 sec to avoid 

overheating.  The mixture was then centrifuged at 25,000 g for 20 min at 4°C to remove 

cell debris. Then, the supernatant was loaded onto 1 ml Ni-Sepharose column that was 

equilibrated with buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 20 mM imidazole). 

The column was washed thoroughly with the same buffer, and then the Ply eluted with 

50 mM Tris-HCl pH 7.5, 150 mM NaCl, 500 mM imidazole. Fractions (0.5 ml) were 

collected and loaded on 15% w/v SDS-PAGE. Fractions containing Ply were loaded onto 

a Superdex 200 16/60 gel filtration column, equilibrated with 20 mM Tris-HCl pH 7.5. 

Fractions (1.5 ml) were collected across the elution peak and Ply was identified by 15% 

w/v SDS-PAGE. Finally, Ply was concentrated and its concentration was determined by 

absorbance at 280 nm, using an extinction coefficient (e) of 1.36 cm2mg-1 (Morgan et al., 

1994). Aliquots were snap frozen in liquid nitrogen and stored at -80oC.  
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2.2.7 Cloning and amplification of PlyD1-3 by PCR 

DNA encoding PlyD1-3 was amplified by PCR from the full-length Ply gene. Primers 

were designed according to the PROTEX guidelines, which use ligase-independent 

cloning by recombination (Table 2-1). PCR amplifications were carried out in 50 μl 

volumes containing 50 ng of DNA template, 0.1 μM forward and reverse primers, 2.5 U 

of pfx DNA polymerase, 0.1 mM dNTPs, 0.75 mM MgSO4, and 1x PCR buffer and 

enhancer. The PCR reaction was performed using an initial denaturation at 94°C for 5 

min followed by 32 cycles with denaturation at 94°C for 50 sec, annealing at 61°C for 50 

sec, followed by extension at 72°C for 1 min, with a final extension at 72°C for 5 min in 

a Labnet Multi Gene II thermo cycler. The PCR product was analysed on a 1% w/v 

agarose gel in TBE buffer. DNA fragments were isolated from the agarose gel and 

purified using a QIAEX II gel extraction kit. The targeted PCR fragment was cloned into 

pLEICE-01 vector (Figure 2-3) by PROTEX, which introduces an N-terminal His6 tag. 

Sequence verification was carried out by the Protein Nucleic Acid Chemistry Laboratory 

(PNACL) at Leicester University using pLEICS-01 sequencing primers. 

Table 2-1: Oligonucleotide primers to amplify PlyD1-3. 

 The start and stop codons are shown in red. 

Primer  Sequence 5’--------3’ 

FP plyD1-3  TACTTCCAATCCATGGCAAATAAAGCAGTAAATGACTTTATA 

RP plyD1-3  TATCCACCTTTACTGTCAGTTTCTGTAAGCTGTAACCTTAGTC 
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Figure 2-3: Vector map of pLEICS-01. 

 

 

2.2.8 Small scale expression of PlyD1-3 

Briefly, recombinant DNA was transformed into BL21 (DE3) competent cells. 10 ml of 

LB with 100 mg/ml of ampicillin was inoculated with a single colony of the transformed 

cells and incubated at 37°C until an OD600 of 0.5-0.8 was reached. The culture was 

induced with IPTG at 1 mM final concentration. After incubation for 3 hr, the cells were 

centrifuged and washed with PBS. The pellet was resuspended in 100 μl of Bugbuster 

and incubated at room temperature for 15 min. The sample was then centrifuged and the 

supernatant collected for analysis. Next, the pellet was mixed with 100 μl PBS. Finally, 

the supernatant and the pellet samples were analyzed on a 15% w/v SDS-PAGE gel to 

check for expression and the purity of the protein.  
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2.2.9 Large scale protein expression  

After transformation to BL21 (DE3) cells were grown at 37°C in 500 ml LB media with 

100 mg/ml ampicillin. Expression was induced with 1mM IPTG at an OD600 of 0.6-0.8 

and cells were grown overnight. PlyD1-3 was expressed in inclusion bodies and purified 

as described below in section 2.2.10. 

2.2.10 Inclusion body preparation  

Cells were pelleted at 4500 rpm and at 4°C for 20 min. The pellet was washed with 40 

ml of PBS. Next the pellet was resuspended in 40 ml lysis buffer (25 mM Tris-HCl pH 

8.0, 150 mM NaCl, 0.5 mg/ml lysozyme, 0.5% v/v Triton-X-100 and 1m M EDTA) with 

1 protease inhibitor tablet and incubated at room temperature for 30 min with shaking. 

MgCl2 (5 mM) and DNAse (5 μg/ml) were added to digest the DNA. The suspension was 

incubated at room temperature with shaking for 15 min and cells were lysed by sonication 

on ice with the large probe at an amplitude 8 for 10 x 30 sec and with a break of 60 sec. 

The lysate was centrifuged at 20,000 g at 4°C for 20 min (this speed was used for all 

subsequent centrifugation steps), then the pellet was washed in 40 ml of 25 mM Tris-HCl 

pH 8.0 containing 0.5 M NaCl, 1 mM EDTA and 0.5% v/v Triton-X-100 v/v. Additional 

washes were carried out in 40 ml of 1M urea, containing 0.5 M NaCl, and 1 mg/ml sodium 

deoxycholate in 25 mM Tris-HCl pH 8.0 and finally 40 ml of 1:10 dilution of Bugbuster 

protein extraction reagent. Finally, the pellet was mixed with 10 ml 25 mM Tris-HCl pH 

8.0 and snap frozen in liquid nitrogen and stored at -80°C (Qoronfleh et al., 2007). After 

purification samples were checked by SDS-PAGE.  

2.2.11 Inclusion body solubilisation  

Inclusion bodies were solubilised in 25 mM Tris-HCl pH 8.0 containing 8 M urea and 5 

mM DTT. The mixture was incubated at 37°C for 10 min and centrifuged at 14000 rpm 

for 10 min to remove insoluble cell debris. Finally, the protein concentration of the 

supernatant was measured at 280 nm with a Nanodrop 1000 Spectrophotometer 

(Labtech).  

2.2.12 Small scale refolding test 

The solubilized inclusion bodies were adjusted to a final concentration of 1 mg/ml with 

25 mM Tris-HCl pH8, 8 M urea and 5 mM DTT and different refolding conditions were 

tested using the QuickFold™ Protein Refolding Kit. Solubilized protein (25 μl) was 

mixed with 475 μl of the 15 different refolding buffers in the screen and incubated 
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overnight at 4°C. Next each sample was centrifuged at 14000 rpm for 10 min. Soluble 

protein was checked on a 15% v/v SDS-PAGE gel. Unfolded protein tends to aggregate, 

so will be removed in the spin step. Samples that gave a clear band on the gel were loaded 

on to an analytical Superdex 200 10/300 gel filtration column, equilibrated with 20 mM 

Tris-HCl pH 7.5 and 100 mM NaCl to check for a peak of the expected molecular mass. 

Fractions were collected across the peaks, concentrated with Strataclean beads and 

analyzed by 15% w/v SDS-PAGE. Three buffers gave promising refolding results: 

buffers 2, 4 and 8.  

2.2.13 Large scale refolding of PlyD1-3 

PlyD1-3 (2 mg/ml) was refolded by drip dilution at 4 ºC into buffer 8 (50 mM Tris-HCl 

pH 8.5, containing 9.5 mM NaCl, O.4 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 0.4 M 

sucrose, 0.5 Triton X-100, 0.05% polyethylene glycol 3, 550, 1 mM GSH, and 0.1 mM 

GSSH) to give a final concentration of 0.02 mg/ml. After refolding, the sample was 

filtered through a 0.22 μm Millipore filter to remove any aggregate and then passed 

through a 2 ml Ni-Sepharose column, equilibrated with 25 mM Tris-HCl pH 7.4, 150 mM 

NaCl and 20 mM imidazole using a peristaltic pump. Bound PlyD1-3 was eluted with 

500 mM imidazole from the column. Fractions containing protein were collected and the 

purity was estimated by SDS-PAGE. PlyD1-3 was further purified by gel filtration on 

Superdex 75 16 / 60 column in 50 mM Tris-HCl pH7.5, 150 mM NaCl. Fractions contain 

protein were collected across the peak. Typically ~10 mg of pure protein was obtained 

per litre of culture media.  

2.2.14 Cloning, expression and purification of PlyD4  

PlyD4 was amplified by PCR as described in section 2.2.7 from the Ply gene using 

primers described in Table 2-2. The resulting fragment was cloned into pLEICS-10 

(Figure 2-4). This vector encodes an N-terminal MBP-tag with a TEV cleavage site that 

is located between the N-terminus of inserted protein and the tag. After cloning the 

sequence was confirmed by PNACL. 
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Table 2-2: Oligonucleotide primer sets for amplify PlyD4. 

 Start and stop codons are shown in red. 

Primer  Sequence 5’--------3’ 

FP PlyD4 5’GTATTTTCAGGGCGCCATGCAGAAACGGAGATTTACTGCTG3’ 

RP PlyD4 5’GACGAGCTCGAATTTCAGTCATTTCTACCTTATCCTC3’ 

 

 

 

 

 

   Figure 2-4: Vector map of pLEICS-10. 
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2.2.15 Expression and purification of PlyD4 

The recombinant plasmid was transformed into BL21 (DE3). A small-scale expression 

was performed by inoculating 10 ml LB media containing 100 μg/ml ampicillin with a 

single transformed colony and incubated overnight at 37°C. This culture was used to 

inoculate 500 ml LB containing 100 μg/ml ampicillin and cells were incubated at 37°C 

in the shacking incubator. At an OD600 of 0.5-0.8, expression was induced with 1mM 

IPTG and the culture was incubated overnight at 30°C. Cells were harvested by 

centrifugation at 4000 g for 20 min at 4°C. The cell pellet was mixed with 40 ml lysis 

buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl and 1% v/v Tween 20) and a protease 

inhibitor tablet. Sonication was performed 6 x for 15 sec on ice, with 45 sec rest intervals 

to lysis the cells and the mixture was centrifuged at 20,000g for 20 min at 4°C. The 

supernatant was passed through a 2 ml amylose-Sepharose column that was equilibrated 

with 50 mM Tris-HCl pH 7.5, 150 mM NaCl to bind the soluble MBP-tagged PlyD4 

fragment. After that the column was washed with 10 ml of 50 mM Tris-HCl pH 7.5, 150 

mM NaCl and eluted with 1ml fractions of 50 mM Tris-HCl pH 7.5, 150 mM NaCl and 

10 mM maltose. Fractions were collected, analyzed by SDS-PAGE followed by staining 

with Coomassie blue for 15 min. The fractions contained the fusion protein were pooled 

and digested with (TEV) protease at 4°C overnight and loaded on a Superdex 75 16/60 

gel filtration column that was equilibrated with 50 mM Tris-HCl 7.5, 150 mM NaCl to 

separate the MBP-tag from the PlyD4. Finally, fractions containing PlyD4 were analysed 

by SDS-PAGE. Samples were concentrated and snap frozen in liquid nitrogen and stored 

at -80°C. 

2.3 Results 

2.3.1 Expression and purification of full-length Ply 

The expression plasmid encoding full-length Ply (MSB G43) was transformed into BL21 

(DE3) strain and production was induced with IPTG. Ply was initially purified by affinity 

chromatography on a Ni-Sepharose column, which removes most of the impurities. 

Fractions containing Ply were analyzed by SDS-PAGE (Figure 2-5). 
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Figure 2-5: SDS-PAGE showing Ply purification by affinity chromatography on Ni-

Sepharose column. 

Lane 1 is the flow through, lane 2 wash fraction, and lanes 3-7 is the elution fractions of 

Ply after chromatography. The gel was stained with Coomassie blue. Ply runs at ~53 kDa 

as expected. The protein bands in lane 4-6 is very thick due to presence of high protein 

concentration.  

 

The fractions containing Ply were pooled and loaded onto a Superdex 200 16/60 gel 

filtration column. Ply was eluted as a single peak with a mass of ~50 kDa (Figure 2-6 A) 

based on the elution of known standards indicating that Ply is monomeric in solution as 

reported previously (Solovyova et al., 2004, Gilbert et al., 1998, Morgan et al., 1993). 

Figure 2-6 B shows the SDS-PAGE of Ply after gel filtration. A single protein band was 

observed with no detectable impurities. The overall yield was typically 20 mg of pure 

protein per 500 ml of culture. 

 

 

protein marker kDa  

1 2 3 4 5 6 7 

7 

17 

25 

32 

46 

58 
Ply ~53 kDa   



 

59 
 

 

 

 

 

Figure 2-6: Size exclusion chromatography of recombinant full-length Ply on a 

Superdex 200 16/60 column analysed on a 15% SDS-PAGE gel.  

The first peak in A contains aggregates; the main peak is Ply, with an approximate 

molecular mass of 50 kDa based on the elution position of molecular weight standards. 

(B) after gel filtration elution fractions were collected from the the main elution peak 

which lablled in figure A.  Lanes 1-6 are fractions collected across the main elution peak 

which is about 53 kDa. The gel was stained with Coomassie blue. 
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2.3.2 Cloning, expression and purification of PlyD1-3 

 
PlyD1-3 was produced to help characterize binding between Ply and the IgG isotypes. 

The gene fragment encoding PlyD1-3 was first amplified from the Ply gene by PCR 

(Figure 2-7). The mass of the fragment separated on an agarose gel corresponded closely 

with the expected size of ~1074 bp. 

 

 

Figure 2-7: Agarose gel showing PCR of PlyD1-3 DNA fragments.  

Lane 1 is 1kb DNA ladder lanes 2 is PlyD1-3. The fragment was purified from the gel 

and cloned into pLEICS-01 expression vector. 

 

The fragment was cloned into pLEICS-01 and sequenced. The resulting expression 

plasmid was transformed into BL21 (DE3) and test expressions were carried out as 

described in materials and methods. These preliminary tests showed that PlyD1-3 was 

expressed in insoluble inclusion bodies (Figure 2-8). These were purified to remove 

protein, lipid and nucleic acid contaminants and solubilized in 8 M urea. A refolding 

1kb DNA ladder  

               
PlyD1-3 ~ 1074 bp  

500 bp 

1000 bp 

1500 bp 

1 2 
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screen was then performed to determine the best conditions for refolding, in which PlyD1-

3 was diluted into fifteen different buffers as mentioned in materials and methods. 

Refolding was tested by SDS-PAGE and promising conditions were tested further by gel 

filtration. Figure 2-9 shows the elution profile of the selected samples from the refolding 

screens.  Although the concentration of protein was very low, peaks of the expected size 

were observed in three refolding buffers (eluting at ~15 ml from the analytical column). 

 

Figure 2-8: 15% SDS-PAGE of small-scale expression of PlyD1-3 in inclusion body. 

PlyD1-3 expresed in inclusion body at two different temperatures including 30°C and 

37°C. Expresed PlyD1-3 purified and isolated from the E. coli cells by Bugbuster.  Lane 

1 and 2  show purified PlyD1-3 at 30°C and 37°C subsequently. 
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Figure 2-9: Elution profile of the purified PlyD1-3 on Superdex 200 10/300 after 

refolding screens.  

PlyD1-3 refolded in four different buffer samples include 2, 4, 8 and 10 according to the 

QuickFold™ Protein Refolding Kit. Refolded samples subjected to gel filtration on a 

Superdex 200 10/300. Small peaks at ~15 ml correspond to PlyD1-3. 
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After gel filtration on Superdex 200 10/300, each refolded samples were concentrated 

with Strataclean beads and analysed by SDS-PAGE under reducing conditions (Figure 2-

10). PlyD1-3 was refolded successfully in three refolding screen conditions: buffers 2, 4 

and 8. This means any of these can be used to refold PlyD1-3.  

 

Figure 2-10: Purified refolded recombinant PlyD1-3 after analytical size exclusion 

chromatography assessed by SDS-PAGE.  

After gel filtration samples were concentrated with Strataclean beads. Concentrated 

samples were resuspended in 5x loadying dye and incubated 5 min at 95°C before loading 

onto the gel. Protein marker was loaded on the left side of the gel and the number of the 

right side corresponds to the number of the refolding buffer. 

 

For large-scale purification, solubilized inclusion bodies were refolded by drip dilution 

into buffer 8 (50 mM Tris-HCl pH 8.5, containing 9.5 mM NaCl, O.4 mM KCl, 2 mM 

MgCl2, 2 mM CaCl2, 0.4 M sucrose, 0.5 Triton X-100, 0.05% polyethylene glycol 3,550, 

1 mM GSH, and 0.1 mM GSSH). PlyD1-3 contains 359 amino acid residues (Figure 2-

2) and was expressed with an N-terminal His6 tag, enabling purification by Ni-affinity 

chromatography (Figure 2-11 A). The sample was eluted from the Ni-Sepharose column 

with imidazole and further purified by gel filtration on a Superdex 75 16/60 column to 

remove minor impurities. It eluted as a large peak with a smaller shoulder as labled with 

the red circle (Figure 2-11 B). No differences was detected by SDS-PAGE (Figure 2-12) 

suggesting that the shoulder may represent a dimer. When fractions corresponding to the 

Ply D1-3-1 refolding buffer 2, 4, 6, 8. 10, 14 after gel filtration 

superdex 300 10/20  analytical column  
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main peak or the shoulder were reapplied to the gel filtration column, protein eluted as a 

single peak at the same position as the main peak, consistent with dimerization at high 

protein concentrations. Given that full-length Ply is a monomer, removal of domain 4 

probably exposes a hydrophobic surface that facilitates self-association. The purity of the 

protein was checked on 15% SDS-PAGE (Figure 2-12). The expected size of PlyD1-3 is 

~39 kDa. Yields of PlyD1-3 were typically 10 mg per litre of culture. 
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Figure 2-11: 15% SDS-PAGE of PlyD1-3 after purification on Ni-Sepharose column 

and size exclusion chromatography profile of PlyD1-3 on Superdex 75 16/60 column.  

(A) Lane 1 and 2 is the flow through and wash respectively, lane 3-6 is 1ml elution 

fractions. The expected size of PlyD1-3 is ~39 kDa. (B) Gel filtration profile of the plyD1-

3 on a Superdex 75 16/60 column. Peak fractions were collected and analysed by SDS-

PAGE. The shoulder on the PlyD1-3 peak is lablled in blue circle. 

 

 

 

Figure 2-12: SDS-PAGE of purified PlyD1-3 after gel filtration on Superdex 75 

16/60.  

After gel filtration the elution fractions across the PlyD1-3 peak were collected and run 

on SDS-PAGE. Lane 1-5 shows the protein without DTT (unreduced), and lane 6-10 

shows the protein with DTT (reduced). The expected size of PlyD1-3 is ~39 kDa. The gel 

was stained with Coomassie blue. 

 

2.3.3 Cloning, expression and purification of PlyD4 

 
PlyD4 is the membrane-binding domain of Ply and comprises residues 360-471 of the 

full-length protein (Figure 2-2). A gene fragment encoding the domain was amplified, 

and inserted into pLEICS-10 vector (Figure 2-4). After transformation, colonies only 

grew on LB agar plates in the presence of 2% of glucose, which reduces the background 

expression of recombinant proteins from pET-based vectors, suggesting that PlyD4 may 

be toxic to the BL21 (DE3) cells.  Attempts to produce a His-tagged form of PlyD4 were 

unsuccessful with no soluble protein produced. However, PlyD4 was expressed as a 

 19-12-14 15% SDS-PAGE ply D1-3-1 after gelfiltration on Superdex 75 
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soluble fusion with an N-terminal MBP tag, which enhances the solubility of the 

expressed proteins (Nallamsetty et al., 2005). The fusion protein was purified by affinity 

chromatography on an amylose-Sepharose column (Costa et al., 2014, Fox and Waugh, 

2003) and was eluted from the column with 10 mM maltose.  The resulting protein was 

~53 kDa, with MBP ~42 kDa and PlyD4 ~13 kDa (Figure 2-13). The tag was removed 

from PlyD4 by overnight digestion with TEV protease and the proteins were separated 

by gel filtration chromatography on a Superdex 75 16/60 column. PlyD4 eluted from the 

column as a single peak after 140 ml, much later than expected for its size, probably as a 

result of weak interaction with the column (Figure 2-14). PlyD4 migrated with a 

molecular weight of ~13 kDa on SDS-PAGE gels as expected (Figure 2-15). 

 

 

 

Figure 2-13: 15% SDS-PAGE of purified PlyD4 tagged with MBP after affinity 

chromatography on amylose resin column.  

After chromatography elution fractions were run on the SDS-PAGE.  Lane 1-5 of the left 

side shows elution fraction of the protein that was run under non-reducing condition 

(without DTT). Lane 1-5 of right side shows same elution fractions of the protein but run 

under reducing conditions (with DTT). The expected size of PlyD4 with MBP tag is ~53 

kDa. The gel was stained with Coomassie blue. 
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Figure 2-14: Elution profile of PlyD4 after digestion with TEV protease on a 

Superdex 75 16/60 gel filtration column. 

MBP tagged PlyD4 after chromatography digested with TEV protease and run on the 

gelfiltration column. After digestion the MBP peak is shown high absorbance because it 

was expressed more than the PlyD4. PlyD4 eluted after 140 ml from the gel-filtration 

column. 
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Figure 2-15:  15% SDS-PAGE of purified PlyD4 after digestion with TEV protease 

on Superdex 75 16/60 gel filtration.  

After gel filtration eluted protein across the MBP and PlyD4 peaks were collected and 

run on the 15% SDS-PAGE.  After disgestion with TEV the protein splited into MBP and 

PlyD4. Lanes 1-4 is MBP (~ 42 kDa), and lanes 5, 6, 7 and 8 correspond to PlyD4 (~13 

kDa). 

 

2.4 Discussion 

In the work described in this chapter full-length Ply and Ply fragments comprising 

domains 1-3 (PlyD1-3) and domain 4 (PlyD4) were cloned, expressed and purified. 

Previous studies have shown that an N-terminal His6-tagged protein does not compromise 

the haemolytic activity of Ply (Wu et al., 2012). Ply migrated with the expected molecular 

mass on gel filtration indicating that it is monomeric. Based on SDS-PAGE, the purity 

was >99%, with yields of 20 mg. Unlike the full-length protein, PlyD1-3 was insoluble 

when expressed in E. coli at 37ºC. Nevertheless, it was refolded successfully by drop 

dilution. PlyD1-3 dimerized at high concentrations, probably through the interactions 

between the exposed interfaces exposed by removal of D4. PlyD4 only expressed well 

with an N-terminal MBP-tag, which is known to increase the solubility of expressed 

proteins (Nallamsetty et al., 2005). It eluted from the gel filtration column much later than 

expected, indicating that it binds to the column matrix. Superdex is made from dextran 
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covalently attached to highly cross-linked agarose. It has been suggested that D4 may 

function as a lectin by binding to sLeX (Shewell et al., 2014) and this could explain why 

it is retained on the column. However, full-length Ply elutes at the expected position on 

the same column, so the interaction between D4 and Superdex is probably non-specific. 
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Chapter 3  Interaction of Ply with human L-ficolin and IgG 

isotypes  

3.1 Introduction  

Many studies have reported that the CP and the AP of the complement play a crucial role 

against pneumococcal infections (Hazlewood et al., 1992, Homann et al., 1997, Janoff 

and Rubins, 1997). The antigenic structure of the pneumococcus activates the CP and the 

AP of the complement pathways (Paton et al., 1984). For example, the AP is activated by 

teichoic acid whereas the CP is activated by capsular polysaccharide and Ply (Paton et 

al., 1984). Brown et al. reported that the CP of the complement is the key pathway against 

the pneumococcus infection in mice (Brown et al., 2002b). Another study has confirmed 

that the CP is vital for complement-mediated phagocytosis of the pneumococcus. In this 

work, C2 deficiency increases susceptibility to the pneumococcus (Yuste et al., 2008). 

CP and AP play a critical role in host defense against the pneumococcus during the early 

stage of OM (Li et al., 2012). C1q interacts with pneumococcal surface-exposed proteins 

directly, even in the absence of specific antibodies and mediates binding to host cells 

(Agarwal et al., 2013). A recent study reported that mouse strain deficient in MASP-2 

was highly susceptible to pneumococcal infection and it was not able to opsonize 

pneumococcus. However, that mouse strain was able to activate both CP and AP of the 

complement. This suggests that the LP is also important against pneumococcus infection 

as well as the CP and the AP (Ali et al., 2012).  

Studies have reported that Ply activates complement directly. By directing complement 

activation away from the bacterium itself, this activity may reduce deposition of C3b on 

its surface (Yuste et al., 2005, Paton et al., 1984). It has been suggested that complement 

activation on Ply occurs via the CP and the LP. A direct interaction between C1q and Ply 

has been proposed due to similarity between PlyD4 and C-reactive protein (CRP), which 

itself activates the CP (Mitchell et al., 1991). However, Ali et al (2013) reported that 

complement activation depends on the presence of the IgG, suggesting that C1q may not 

bind to Ply directly. The most recent data suggested that Ply activates the CP via IgG3 

and IgM (Ali et al., 2013). L-ficolin was also identified as binding to Ply (Ali et al., 2013). 

Furthermore, in C1q-deficient human serum Ply activated complement via the LP 

suggesting that L-ficolin is likely to be the recognition molecule responsible for 
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activation. No activation was detected in C1q-deficient mouse serum and ficolin-A did 

not bind to Ply (Ali et al., 2013). The pneumococcus evades complement via several 

different mechanisms. For example, the pneumococcus prevents binding of C4b and 

Factor H to its surface, thus reducing the function of both classical and alternative 

pathways (Li et al., 2012). The capsular polysaccharide prevents binding of IgG and CRP, 

thereby reducing CP activity, and reducing the AP activity through decreasing the 

degradation of C3b (Hyams et al., 2010). In addition, direct binding of C1q with 

pneumococcal endopeptidase O attenuates the CP to facilitate pneumococcal escape 

(Agarwal et al., 2014). Ply itself can activate the CP (Paton et al., 1984). This activation 

may prevent host defense against the pneumococcus by depleting components from 

serum (Boulnois et al., 1991). 

3.2 Objectives  

 Ali et al (2013) reported that Ply interacts with the human L-ficolin in the serum. This 

chapter will focus on the interaction between Ply and L-ficolin. Recombinant proteins 

(Ply and L-ficolin) were used to measure the interaction between them. Because Ply has 

been implicated in binding to IgG to initiate the activation of CP, this chapter also focuses 

on determining the molecular interaction between Ply and IgG isotypes. 

3.3 Materials and methods  

3.3.1 Materials  

DNA restriction enzymes and T4 DNA ligase were obtained from New England Biolabs. 

Promega supplied pGEM-T easy cloning vectors and acetylated BSA. DXB11 CHO cells 

line, pED4, and pET28a, were kindly provided by Prof. Russell Wallis (Lab 218 MSB 

Leicester University). Tissue culture media including Minimal Essential Media α with 

and without nucleosides (MEM α+, MEMα-), CHO-S-SFMII and phosphate buffered 

saline (PBS) were purchased from Life Technologies. Bovine serum albumin (BSA), 

carbonate/bicarbonate buffer, anti-human IgG conjugated with alkaline phosphatase, 

anti-human L-ficolin and p-nitrophenyl phosphate disodium salt (pNNp), dialyzed heat 

fetal bovine serum (DHFBS), methotrexate (MTX),Penicillin/Streptomycin (P/S), 

Trypsin EDTA (10X TE), N-acetyl glucoseamine (GlcNAc), calf-thymus DNA, dimethyl 

sulfoxide (DMSO), and 5-bromo-4-chloro-3-indolyl-ß-D-galactoside (X-Gal ) were 

purchased from Sigma. Tissue culture flasks were purchased from Thermo Fisher 

Scientific and Nunc. Oligonucleotide primers were from Eurofins Genomics. IgG 
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isotypes were supplied by Athens Research & Technology. Qiagen supplied DNeasy 

blood and tissue kits.  

3.3.2 PCR amplification of the L- ficolin cDNA 

 DNA was extracted from DXB11 cells previously transfected with L-ficolin cDNA 

provided by Prof. Wilhelm Schwaeble at Leicester University using the DNeasy blood 

and tissue kit. Full-length L-ficolin was amplified and assembled using different sets of 

primers (Table 3-1). 

Table 3-1: Sequence of oligonucleotides using in the cloning of the human L-ficolin. 

Restriction sites (Pst1 and EcoR1) are underlined, start and stop codon are in bold and an 

optimised Kozak sequence, to facilitate better levels of gene expression, was put before 

the start codon and is highlighted in red. F represents forward and R is reverse.  

Primer Sequence 5’------3’ 

L-ficolin pst1 F GACATC CTGCAG GCCACC ATGgagctggacagagct 

L-ficolin EcoR1 

R 

GTCATC GAATTC CTAGgcaggtcgcacctt 

L-fic mat F ctccaggcggcagacacctgtccagaggtga 

L-fic colfib F aacggagcacctggggagccccagccg 

L-fic colfib R cggctggggctccccaggtgctccgtt 

L-fic Sig F1 tgggcgctgccaccctgctgctctctttcctgggcatggcctgggctctccaggcggcagaca

cct 

L-fic Sig F2 CTGCAGGCCACCATGgagctggacagagctgtgggggtcctg 

ggcgctgccaccct 

 
 

3.3.3 Cloning of full-length L-ficolin into pGEM-T easy vector 

 
The amplified L-ficolin cDNA was initially cloned into pGEM-T easy cloning vector. An 

A-tail was added to the blunt-ended PCR product by incubating 10 μl of the PCR product 

with 5U Taq DNA polymerase, 0.1 mM dNTP and 2 μl 10 x Taq polymerase buffer and 

1 μl of MgCl2 (0.75 mM) at 70°C for 30 min. 3 μl of the mixture was then added to 1 μl 
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of pGEM-T easy vector (0.05 μg), 5 μl 2 x rapid ligation buffer, and 1 μl T4 DNA ligase 

(3 Weiss units) and incubated at 4°C overnight. The ligated product was introduced into 

competent XL10 cells by transformation, as described in section 2.2.3. Cells were plated 

onto LB agar (LBA) plates containing 100 mM IPTG, 50 mg/ml X-Gal plates and 

100μg/ml ampicillin. White colonies, containing the inserts were used to inoculate 1.5 ml 

of LB broth containing 100 μg/ml ampicillin and incubated overnight at 37°C. Plasmids 

were isolated using Qiagen plasmid mini kit. Constructs containing the insert were 

sequenced by the PNACL facility at Leicester University. 

3.3.4 Cloning of full-length L-ficolin into pED4  

The mammalian expression vector pED4 (10 μg) was digested by mixing 44 μl of pED4 

with 4 μl EcoR1 and 4 μl Pst1, 3 μl BSA, 30 μl NEB buffer 3 and 215 μl H2O and 

incubating for 3 hr at 37°C. The product was separated on a 1% w/v agarose gel in TBE 

buffer and extracted and purified from the gel using a Qiaex II gel extraction kit. A 

fragment encompassing the entire L-ficolin cDNA was digested with the same enzymes. 

For ligation, 0.5 μg of digested pED4 was mixed with the cDNA at different molar ratios 

together with 1 μl of 10 x ligase buffer, 1 μl of T4 DNA ligase and water in a 10 μl 

reaction and incubated at 4°C overnight. Each ligation reaction was transformed into 

XL10 cells and plated onto LBA containing 100μg/ml ampicillin. Individual colonies 

were grown up in 1.5 ml LB broth containing 100 μg/ml ampicillin, plasmid DNA was 

extracted and the presence of the insert was confirmed by restriction digestion with 

enzymes EcoR1/Pst1 followed by DNA sequencing performed by PNACL.  

3.3.5 Expression vector pED4 

The mammalian expression vector pED4 (Figure 3-1) expresses the gene of interest as a 

dicistronic mRNA along with the dihydrofolate reductase (DHFR) gene. DHFR is 

required for the synthesis of purines, thymidine, and certain amino acids and is used as a 

selectable marker in the DHFR-deficient CHO cell line, DXB11. Following transfection 

into DXB11 cells, only those cells containing the pED4 vector are able to grow in the 

absence of external nucleotides. Expression of the gene of interest can be further 

increased by selection of transfected cells in increasing concentrations of MTX, an 

inhibitor of dihydrofolate reductase, up to 0.5 µM (Kaufman et al., 1991). 
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Figure 3-1: Map of a pED4 expression vector.  

This vector is a discistronic mRNA expression vector of 5360 bp, containing the DHFR 

gene as a selectable marker and the B-lactamase gene conferring ampicillin resistance for 

selection in bacteria. The L-ficolin gene was cloned into the Pst1/EcoR1 sites within the 

polylinker region (Kaufman et al., 1991). 

 

3.3.6 Cell culture  

DXB11 cells, which are deficient in the DHFR gene, were used to express L-ficolin 

(Urlaub and Chasin, 1980). Two days before the transfection the DXB11 cell line was 

grown in minimal essential medium containing nucleosides (MEM α+) with 10% v/v 

DHFBS and P/S at final concentrations of 500 units/ml and 500 μg/ml respectively. Cells 

were grown in Nunc tissue culture flasks (25 cm2) at 37°C with 5% CO2.  
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3.3.7 DNA precipitation 

DNA was precipitated by adding 1/10 volume of 3 M sodium acetate pH 5.2 and two 

volumes of 100% cold ethanol. The mixture was incubated on dry ice for 15 min and the 

DNA pelleted by centrifugation for 15 min at 13000 rpm in a microcentrifuge.  The pellet 

was washed in 1 ml of 70% cold ethanol and dried in the tissue culture laminar flow 

cabinet for 15-30 min under sterile conditions.  

3.3.8 Transfection of mammalian cells by the calcium phosphate method  

The recombinant plasmid was introduced into DXB11 CHO cells by transfection using 

the calcium phosphate method (Graham and van der Eb, 1973). In this method the DNA 

binds to the calcium phosphate and can enter to the eukaryotic cells by endocytosis. 

Briefly, the DNA together with 100 μl of 10 mg/ml calf thymus DNA was diluted in 1 ml 

of sterile ddH2O containing 120 μl of 2 M CaCl2 in a 15 ml falcon tube. This was mixed 

with 1 ml of 2 x HEPES buffered saline pH 7.1 (HBS; 0.5g HEPES, 0.8 g NaCl/50 ml) 

and 40 μl 100 x phosphate buffer (70 mM Na2HPO4 and 70 mM NaH2PO4). The mixture 

was left for 30 min at room temperature to allow a precipitate to form. 1 ml was added to 

50% confluent DXB11 cells in MEMα+ medium containing 10% v/v DHFBS and P/S in 

a (25 cm2) flask, and incubated overnight. The next day, cells were washed with PBS at 

pH 7.2 and the MEMα+ medium was replaced. Cells were incubated overnight until they 

reached confluence. The cells were trypsinized and resuspended in MEMα− containing 

10% v/v DHFBS, with P/S. Media (200 μl) was added to each well of a 96 well tissue 

culture plate and incubated for 2 weeks at 37°C with 5% CO2. When the clones had 

reached confluence, they were transferred to 24 well plates (Nunc). Cells were passaged 

into MEMα− containing 10% v/v DHFBS, with P/S and increasing concentrations of 

MTX up to 0.5 μM. 

3.3.9 Expression and purification of full-length L-ficolin  

L-ficolin was purified from the cell line as described previously for MBL (Wallis and 

Drickamer, 1999). The cells were grown in 3 layered tissue culture flasks in MEMα-

containing 0.5 μM MTX, 10% v/v DHFBS with P/S. Once the cells were fully confluent, 

the media was replaced with CHO-S-SFM II without nucleosides containing 50 mM 

HEPES, pH 7.55 as an additional buffer during the cell growth, 0.5 μM MTX and P/S. 

Media was harvested every other day, spun at 1500 rpm for 2 min to remove any cell 

debris and stored at -20°C. L-ficolin was purified by affinity chromatography on a 
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GlcNac-Sepharose column. Culture media (500 ml) was diluted with an equal volume of 

high salt loading buffer (25 mM Tris-HCl pH 7.5, 1 M NaCl and 10 mM CaCl2). This 

was loaded onto a 2 ml GlcNac-Sepharose column that was equilibrated with the same 

buffer. The column was then washed with high and low-salt loading buffer (25 mM Tris-

HCl pH 7.5, 150 mM NaCl and 5 mM CaCl2). Protein was eluted with 25 mM Tris-HCl 

pH 7.5, 150 mM NaCl containing 300 mM GlcNac. Purified protein was dialyzed to 

remove GlcNac in 20 mM Tris-HCl pH 7.5 and 150 mM NaCl. Yields were ~0.35 mg 

from 1 litter of culture medium. The amino acids sequence of L-ficolin is shown in 

(Figure 3-2). 

 

Figure 3-2: Amino acids sequence of human L-ficolin.  

The signal sequence is shown in blue, the N-terminal domain in black, the collagen-like 

domain in green and the fibrinogen-like domain in red. 

    

3.3.10  Cell storage 

Transfected cells were stored by mixing 1ml of trypsinized cells from a 25 cm2 flask with 

2 ml DHFBS containing 10% v/v DMSO. The cells were split into two 1ml cryovials and 

frozen in dry ice. Cells were stored at -196°C. 
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3.3.11  Cloning, expression and purification of the fibrinogen-like domain of L-

ficolin  

3.3.11.1 Amplification of the cDNA encoding the fibrinogen-like domain of L-

ficolin 

The cDNA encoding the fibrinogen-like domain of L-ficolin was amplified using primers 

shown in (Table 3-2). The DNA was separated on a 1% agarose gel and the DNA 

fragment excised and purified. The PCR product was cloned into the pGEM-T easy vector 

as described in section 3.3.3 and the sequence was verified by PNACL. The cDNA 

fragment was then digested with Nco1/EcoR1 and cloned into the polylinker region of 

the expression vector pET28a (Figure 3-3) and digested with the same restriction 

enzymes. The resulting plasmid was sequenced by PNACL.  
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Figure 3-3: Map of the bacterial expression vector pET28 a.  

This vector is 5368 bp and contains the kanamycin antibiotic resistance gene as a 

selectable marker. The cDNA encoding the fibrinogen-like domain was cloned into 

NcoI/EcoRI restriction sites. 
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Table 3-2: Oligonucleotide sequences used to amplify the cDNA encoding the 

fibrinogen-like domain of L-ficolin.  

 

The restriction sites are underlined, start and stop codon are highlighted in red. The 

sequence encoding the His-tag on the forward primer is in bold. F and R represent forward 

and reverse respectively. 

 

Primer  Sequence 5’------3’ 

L-ficolin N His fib F agctag CCATGGCT catcatcaccatcaccac ccccagccgtgcctgac 

L-ficolin EcoR1 R  cgatca GAATTCCTAGgcaggtcgcacctt 

 

3.3.11.2 Expression and purification of the fibrinogen-like domain of L-ficolin  

The protein was expressed as inclusion bodies and refolded by drip dilution as described 

in section 2.2.13. Refolded protein was purified by affinity chromatography on a 2 ml Ni-

Sepharose column pre-equilibrated with 25 mM Tris-HCl pH 7.4, 150 mM NaCl and 20 

mM imidazole. After loading, the column was washed with 25 mM Tris-HCl pH 7.4, 150 

mM NaCl and 20 mM imidazole. Protein was eluted from the column with the same 

buffer containing 500 mM imidazole. Protein was further purified by gel filtration on a 

Superdex 75 16/60 column, equilibrated with the 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 

50 mM GlcNAc and 2 mM EDTA.  

3.3.12 ELISA binding between Ply and L-ficolin  

Flat-bottomed Nunc Maxisorp plates (Nunc) were coated with 5 μg/ml (100 μl) of Ply in 

coating buffer (0.3 M NaHCO3, 0.2 M Na2CO3 at pH 9.6) and left at 4°C overnight. 

Acetylated BSA and BSA were used as positive and negative controls respectively. Wells 

were blocked with 1% w/v BSA in Tris-buffer saline (TBS; 10 mM Tris-HCl pH 7.4, 140 

mM NaCl) and left at room temperature for 1 hr. Then 100 μl of 2-fold serially diluted 

serum was added in BBS buffer (4 mM barbital, 145 mM NaCl, 2 mM CaCl2, and 1 mM 

MgCl2 pH 7.4). Separate experiments were carried out using purified L-ficolin as the 

soluble ligand. The plates were allowed to stand at room temperature for 1 hr. Binding 

was detected using (1/2000) rabbit polyclonal or monoclonal anti L-ficolin antibodies. 

After 1hr at room temperature the secondary antibody conjugated to alkaline phosphatase 

was added (1/5000 either anti-rabbit or anti-mouse IgG) and incubated at room 

temperature for 1hr. The substrate pNNp (100 µl; 1 mg/ml) was added to each well and 

incubated for 15 min at room temperature. Absorbance was measured at 405 nm. Wash 
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steps were carried out three times using 200 µl of wash buffer (10 mM Tris-HCl pH 7.4, 

140 mM NaCl, 5 mM CaCl2, 0.05% v/v Tween 20) and plates were dried upside down 

on paper towels.  

3.3.13   ELISA binding between Ply and IgG isotypes  

Nunc Maxisorp microtiter plates were coated with 100 μl ligand at 5 μg/ml (either Ply, 

PlyD1-3, PlyD4 or BSA) in coating buffer (0.3 M NaHCO3, 0.2 M Na2CO3 at pH 9.6) 

and incubated at 4°C overnight. The plate was blocked with 200 μl/well of 1% w/v BSA 

in PBS and allowed to stand at room temperature for 1 hr. Next, two-fold serial dilutions 

of the IgG isotypes, the Fab or Fc fragments were added in PBS. Plates were allowed to 

stand at room temperature for 1hr. Binding was detected with anti-human IgG conjugated 

with alkaline phosphatase and incubated for 1hr at room temperature. Finally, (100 µl; 

1mg/ml) substrate pNNp was added and the absorbance was read at 405 nm. The plate 

was washed three times with washing buffer after each binding step as described above. 

3.3.14  Inhibition assay  

Plates were coated with Ply and blocked with 1% BSA as described above. Serial 

dilutions of Ply (starting at 1mg/ml; 50 l) were mixed with IgG Fab and Fc (50 l; 200 

g) and incubated for 10 min before transfer to the coated wells. The resulting samples 

were incubated at room temperature for 1hr. After washing, wells were incubated with 

anti-human IgG followed by substrate pNNp. Absorbance was read at 405 nm. Graph pad 

prism 7 programme was used to make the figures. The data was analyzed in prism 

programe by choosing Nonlinar regression, Dose response curves - Inhibition and then 

the equation [Inhibitor] vs. response -- Variable slop]. To find the IC50 of inhibition. The 

equation is Y=Bottom + (Top-Bottom)/ (1 + ((X^HillSlope)/ (IC50^HillSlope). 

3.3.15  IgG4 digestion with IdeS enzyme 

IgG4 (4 mg Human Myeloma Plasma, Kappa) was prepared in 20 mM phosphate buffer 

pH 7.4, 150 mM NaCl and 0.05% sodium azide. For each 1 mg of IgG4, 1000 units of 

IdeS (IgG-degrading enzyme from Streptococcus pyogenes) was added and the mixture 

was incubated for 5 hr at 37°C and overnight at 4°C. IdeS was prepared in ddH2O 

according to GENOVIS instruction (A0-FRI-050) at 67 units/µl. After digestion, the Fab 

and Fc regions were separated by gel filtration on a Superdex 200 16/60 column. 

Fractions were analyzed by SDS-PAGE. Fab and Fc fragments were concentrated to 3 

mg/ml and 1.8 mg/ml stored at -80°C. 
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3.4 Results 

A previous study has reported that Ply binds to L-ficolin to activate the LP pathway of 

complement (Ali et al., 2013). To characterize this process in more detail, I produced 

recombinant full-length L-ficolin and smaller fragment encompassing the fibrinogen-like 

domain. The advantage of using recombinant proteins rather than purifying the ficolin 

from serum is that preparations are free from contamination by serum components 

including complement components. 

3.5 Cloning, expression and purification of L-ficolin  

3.5.1 PCR amplification of full-length L-ficolin  

PCR was used to amplify the cDNA encoding the full-length L-ficolin. Initial attempts to 

clone the full-length cDNA were unsuccessful because the template lacked a functional 

signal peptide. PCR1 was carried out with (L-ficolin pst1 F and L-fic colfib R) primers 

to check the presence of signal peptide in the cDNA, no band appeared (Table 3-1 and 

Figure 3-4). PCR2 (~249 bp) was carried out to check the existence of mature sequence 

in the cDNA with (L-fic mat F and L-fic colfib R) (Table 3-1 and Figure 3-4). In order to 

generate the full-length cDNA, multiple steps were used. PCR3 was performed to amplify 

the DNA encoding the N-terminal, collagen and fibrinogen-like domains of L-ficolin; the 

product was approximately 1kb as expected (Figure 3-4). This was then used as a template 

for adding the signal peptide (incorporated within the primer Lfic Sig F1) in PCR4. The 

product was used as a template to generate PCR5 (~1 kb), which encodes the full-length 

L-ficolin with signal peptide (Figure 3-4).  
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Figure 3-4:  1% w/v agarose gel electrophoresis showing PCR steps to amplify cDNA 

of the L-ficolin.  

PCR1 and 2 were used to analyse the L-ficolin cDNA in the template cell line with (L-

ficolin pst1 F and L-fic colfib R) primers. No product was deteceted in PCR1 indicating 

that the ficolin lacked a signal sequence. PCR2 (~249 bp) was carried out with (L-fic mat 

F and L-fic colfib R) confirmed that the L-ficolin cDNA was present in the cell line. In 

PCR3 the N-terminal, collagen and fibrinogen-like domains were amplified but minus 

the signal peptide. In PCR 4 and 5 a functional signal sequence was added and the full 

length L-ficolin cDNA was amplified with both Lfic Sig F1 and Lfic SigF2. 

 

The final L-ficolin PCR product was A-tailed and cloned into the cloning vector pGEM-

T easy vector (Figure 3-5 A). A Pst1/EcoR1 fragment encompassing the entire gene was 

then inserted into pED4. Clones were confirmed by restriction digestion (Figure 3-5 B) 

and sequenced to ensure that no mutations were introduced by the PCR. 
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Figure 3-5: A restriction digestion of L-ficolin cDNA in pGEM-T easy (A) and pED4 

(B) with Pst1/EcoR1 enzymes. 

The plasmids pGEM T-easy and pED4 in A, and B figures were digested with 

Pst1/EcoR1at 37oC for 3 hr. After digestion of recombinant pGEM T-easy the right size 

bands of L-ficolin was cut from the gel and purified. Then the purified product cloned 

into pED4. This also digested wih the Pst1/EcoR1 enzymes to check the existence of the 

L-ficolin. In each case the upper bands correspond to the pGEM-Teasy and pED4 vectors 

(3 and 5.4) kb in size repectively.  The lower bands represent the L-ficolin cDNA and the 

expected size is 1kb. 

 

3.5.2 Production and purification of full-length L-ficolin  

Full-length L-ficolin was produced by expression in CHO DBX11 cells. This cell line 

carries out the post-translation modifications that are essential for function, including 

hydroxylation of proline residues and hydroxylation and glycosylation of Lys residue in 

the collagen-like domain, together with disulphide bond formation, (Wallis and 

Drickamer, 1999). L-ficolin was harvested in serum-free medium and was purified by 

affinity chromatography on a GlcNac-Sepharose column. About 0.35 mg of purified 

recombinant L-ficolin was obtained per liter of culture media. The ficolin migrated as a 

single band of 35 kDa under reducing condition (Figure 3-6) as expected from the amino 

acid sequence (Matsushita, 2010, Endo et al., 2011). 
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Figure 3-6: 15% SDS-PAGE gel analysis of recombinant L-ficolin after 

chromatography on a GlcNac-Sepharose column. 

L-ficolin was expressed in CHO DBX11 cells line and purified by affinity 

chromatography on a GlcNac-Sepharose column. Lane 1-6 show the L-ficolin elution 

fractions after chromatography.  A 15% gel was run under reducing condition (with DTT) 

and stained with Coomassie blue. 

 

3.6 Cloning expression and purification of fibrinogen-like domain of L-ficolin  

3.6.1 PCR amplification and cloning of fibrinogen-like domain of L-ficolin 

To localise the interaction between Ply and L-ficolin an additional fragment was made 

encompassing the fibrinogen-like domain of L-ficolin. This was amplified by PCR as 

described in the methods section, separated on a 1% agarose gel (~660 bp), purified and 

cloned into pGEM-T easy vector (Figure 3-7 A and B). The fragment was then excised 

by restriction digestion with Nco1 and EcoR1 and cloned into pET28a digested with the 

same enzymes (Figure 3-8). Initial attempts to express the protein in E. coli resulted in 
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poor yields, so the fragment was re-cloned with the addition of an N-terminal His-tag, 

which improved expression levels. We have found that adding an N-terminal tag often 

helps to improving the yields of mammalian proteins in E. coli. 

 

Figure 3-7: A 1% agarose gel showing PCR amplification of the cDNA encoding 

fibrinogen-like domain of L-ficolin and restriction digestion of the resulting clones 

in pGEM-T easy vector.  

(A) Amplified fibrinogen-like domain of ~ 660 bp. The first lane is 100 bp DNA ladder 

and other lane is the amplified product. (B) NcoI/EcoR1 restriction digestion of 

recombinant pGEM-T easy vector containing the 660 bp insert, five different clones are 

shown. 
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Figure 3-8: A 1% agarose gel of NcoI/EcoR1 restriction digestion of seven 

different fibrinogen-like domain clones in pET28a. 

All seven clones contained the insert giving two fragments on digestion: the vector 

(5.4 kb) and the smaller insert (~660 bp). The difference in the intensity of the 

samller product in lane 2-6 is probably due to incomplete digestion. 

 

3.6.2 Expression and purification of fibrinogen-like domain of L-ficolin 

The fibrinogen-like domain was expressed in E. coli BL21 (DE3) and purified from 

inclusion bodies (Figure 3-9 A) by drop dilution as described in the section 2.2.13.  It was 

purified by affinity chromatography on a Ni-Sepharose column (Figure 3-9 B). The 

fibrinogen-like domain migrated at the expected size of ~27 kDa by SDS-PAGE. 
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Figure 3-9: SDS-PAGE of the fibrinogen-like domain of L-ficolin.  

(A) Purified inclusion bodies (increasing amounts loaded from left to right). The 

fibrinogen-like domain migrates at the expected molecular mass of ~27 kDa. (B) 

Purification of the fibrinogen-like domain on a Ni-Sepharose column. Protein was eluted 

in 6 fractions using 500 mM imidazole. Proteins were separated on 15% gels and stained 

with Coomassie blue. 

 

Further purification was carried out by gel filtration on a Superdex 75 16/60 column 

(Figure 3-10 A). Protein eluted with an apparent molecular mass of ~80 kDa consistent 

with trimerization of the fibrinogen-like domain as described previously (Tanio et al., 

2007). Proteins migrated at ~27 kDa by SDS-PAGE indicating that trimerisation is 

mediated by non-covalent interactions (Figure 3-10 B). Yields were relatively low (0.25 

mg from 500 ml of culture). 
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Figure 3-10: Size exclusion chromatography of recombinant fibrinogen-like domain 

on a Superdex 75 16/60 column analysed on a 15% SDS-PAGE gel.  

(A) The elution profile of the fibrinogen-like domain on a Superdex 75 16/60 gel filtration 

column. The main peak lablled by red arrow is fibrinogen like domain is about ~ 80 kDa. 

The first peak is aggregate. (B) Fractions were collected across the main peak of 

fibrinogen-like domain and run on the SDS-PAGE under reducing with DTT (lanes 1-6) 

and non-reducing without DTT (lanes 7-12) conditions. 
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3.6.3  Analysis binding between recombinant Ply and L-ficolin 

Binding of purified Ply to recombinant human purified L-ficolin was investigated 

using a solid-phase binding assay in which Ply was immobilized in the wells of an ELISA 

plate and incubated with increasing concentrations of recombinant L-ficolin. Bound 

ficolin was detected using a polyclonal anti-L-ficolin antibody (Figure 3-11 A and 3-11 

B). Surprisingly, no binding was detected between recombinant Ply and recombinant L-

ficolin. Two recombinant ply preps were used as labbled Ply and Ply1 in (Figure 3-11) to 

confirm the result. L-ficolin did bind to acetylated BSA, a known ligand, indicating that 

L-ficolin was functional. To exclude the unlikely possibility that bound L-ficolin was not 

recognized by the antibody, the experiment was repeated using the same monoclonal anti 

L-ficolin antibody used in the original published study (Figure 3-12). Again no binding 

was detected. These studies suggest that the conclusions of the original study were 

incorrect, possibly due to contamination of Ply preparations by an L-ficolin ligand.  
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Figure 3-11: No binding between recombinant Ply and purified recombinant L-

ficolinby ELISA.  

Nunc Maxisorp plate wells were coated with Ply and Ply1, acetylated BSA (Ac BSA) or 

BSA and blocked with 1% w/v BSA. Purified recombinant L-ficolin was incubated 

with the coated wells at room temperature and binding was detected using a rabbit 

polyclonal anti L-ficolin antibody. The primary antibody was detected with an anti- 

rabbit IgG antibody conjugated with alkaline phosphatase and the colour changed to 

yellow. Absorbance was determined at 405 nm. The data was recorded in triplicate and 

the error is the SEM. Graph pad Prism 7 programme was used to make the figures.  

   



 

92 
 

 

Figure 3-12: L-ficolin binding to recombinant Ply using monoclonal anti L-

ficolin antibody by ELISA. 

The experiment was carried out in the same way as in (Figure 3.17) above except that 

binding was detected using a monoclonal anti L-ficolin antibody as the primary antibody, 

and an anti-mouse IgG antibody conjugated with alkaline phosphatase for pNNP 

substrate. The data was recorded in triplicate and the error is the SEM.  

 

Given the unexpected findings described above, it was important to investigate what 

might have gone wrong in the initial study. One possibility is that antibody might have 

reacted against a contaminant in whole serum rather than L-ficolin. I therefore reproduced 

the binding experiments described in the previous report using L-ficolin from human 

serum. Binding was investigated using the same assay except that serial dilutions of serum 

were used instead of purified L-ficolin. Binding was detected using the polyclonal anti-

L-ficolin antibody. As can be seen in (Figure 3-13) no binding was detected between Ply 

and serum L-ficolin. As before L-ficolin bound to acetylated BSA but not the BSA 

control. Experiments were repeated using different Ply preparations and using serum 

from different donors. Thus L-ficolin does not bind to Ply. Moreover the previous 

erroneous conclusion cannot be explained by the detection method. The most likely 

explanation is that preparations of Ply were contaminated by the L-ficolin ligand. 
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Figure 3-13:  ELISA binding of Ply with serum L-ficolin.  

 

Nunc Maxisorp plate wells were coated with two Ply prep as designate as Ply, Ply1, 

acetylated BSA (AC BSA) or BSA. 1% BSA was used for blocking the plate after that 

the plate was incubated with serial dilutions of different serum from different donars. 

After washing the binding was detected using a rabbit polyclonal anti L-ficolin antibody 

as the primary antibody, and anti-rabbit IgG conjugated with alkaline phosphatase. After 

incubation with pNNP substrate, absorbance was measured at 405 nm. The data was 

recorded in triplicate and the error is the SEM. Graph pad Prism 7 programme was used 

to make the figures.    
 

sadam serum o/n readinfg 

0.0001 0.001 0.01 0.1
0.0

0.5

1.0

1.5

Serum %

O
D

 4
0
5
 n

m
 

Ply 

AC BSA 

BSA 

0.0001 0.001 0.01 0.1
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Serum %

O
D

 4
0
5
 n

m
 

Data 1

Ply1

AC BSA 

Ply2

BSA 



 

96 
 

 
 

3.7 ELISA binding between Ply and IgG isotypes  

An ELISA was performed to test binding between Ply and different IgG isotypes. 

Following previous studies that described CP was activated on Ply pre-incubated with 

polyclonal non-immune serum IgG preparations. I aimed to show which IgG isotypes 

mediate this binding with Ply with using monoclonal IgG from human myeloma plasma 

(Mitchell et al., 1991). Immobilized Ply was incubated with the serial dilutions of human 

IgG isotypes including monoclonal IgG1, IgG2, IgG3 and IgG4. Monoclonal preparations 

were obtained from the serum of myeloma patients, where one isotype of IgG is 

overproduced.  Unlike whole IgG, these IgGs are clonal so any binding is unlikely to be 

caused by "classical" antibody-antigen interactions via the variable regions of the 

antibody.   Ply bound to the whole IgG, IgG2, IgG3 and IgG4 but not to IgG1 (Figure 3-

14 A and B). 
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Figure 3-14: ELISA binding assay between Ply and IgG isotypes. 

Nunc Maxisorp plate wells were coated with Ply and BSA. After coating plate was blocked with 1% BSA. After blocking plate was incubated with 

serial dilutions of IgG isotypes. Binding was detected using anti-human IgG antibody, conjugated with alkaline phosphatase. After incubation with 

pNNP substrate, absorbance was measured at 405 nm. The data was recorded in triplicate and the error is the SEM. Graph pad Prism 7 programme 

was used to make the figures.   
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3.8 ELISA binding between PlyD1-3 and PlyD4 with IgG isotypes  

To localise the binding between Ply and IgG, binding was tested towards Ply fragments: 

PlyD1-3 and PlyD4, produced as described in Chapter 2. As before, binding was 

investigated by immobilizing the Ply fragments and adding each IgG isotype in turn. 

Detection was using an anti-human IgG antibody. As shown in Figure 3-15 A, no binding 

was detected between PlyD4 and IgG2, IgG3, IgG4 or IgG1. However, PlyD1-3 bound 

to all IgG isotypes except IgG1 (Figure 3-15 B). Thus a similar binding pattern was 

observed as with full-length Ply suggesting that Ply interacts through domains 1-3.  
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Figure 3-15: ELISA binding of Ply domains with IgG isotypes. 

 

Nunc Maxisorp plate wells were coated with Ply domains (PlyD4 and PlyD1-3) or BSA. Plate was blocked with 1% BSA. Then it was incubated 

with serial dilutions of IgG isotypes. Binding was detected using anti-human IgG antibody, conjugated with alkaline phosphatase. After incubation 

with pNNP substrate, absorbance was measured at 405 nm. The data was recorded in triplicate and the error is the SEM. Graph pad Prism 7 

programme was used to make the figures.    
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3.9 ELISA binding between Ply and Ply domains with IgG fragments 

In order to localise the binding site on IgG, Ply was immobilized and incubated with the 

serial dilutions of Fc and Fab. These fragments were generated by digestion of whole 

antibodies (supplied by Athens Research), so comprise mixtures of IgG isotypes. Binding 

was detected using the anti-human IgG antibody. It was found that, Ply bound to the Fab 

fragment of IgG not to the Fc fragment (Figure 3-16 A). Similarly, PlyD1-3 also bound 

to the Fab fragment, not to Fc (Figure 3-16 B). As expected, PlyD4 did not bind to the 

Fab and Fc fragments (Figure 3-16 C). In summary, Ply binds to IgG3, 2 and 4 via the 

Fab fragment of the antibody and D1-3 of Ply. These findings contradict previous work 

that suggested Ply binds to the Fc portion of IgG (Mitchell et al., 1991). 
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Figure 3-16:  ELISA binding of Ply and Ply domains with IgG fragments.  

Nunc Maxisorp plate wells were coated with Ply and Ply domains and BSA. Plate was 

blocked with 1% of BSA. After that it was incubated with serial dilutions of Fab and Fc 

fragments. Binding was detected using anti-human IgG antibody, conjugated with 

alkaline phosphatase. After incubation with pNNP substrate absorbance was measured at 

405nm. The data was recorded in triplicate and the error is the SEM. Graph pad Prism 7 

programme was used to make the figures.    
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3.10 Digestion of IgG4 with IdeS enzyme 

To generate monoclonal Fc and Fab fragments, IgG4 was digested using IdeS enzyme, 

which cleaves the IgG below the hinge region and produces two fragments: Fab2 and Fc 

(An et al., 2014). IgG4 was chosen because it bound strongly to Ply in our assays. Because 

cleavage is below the hinge the Fab fragment generated is a dimer (~100 kDa) linked by 

disulphide bonds. Fragments were separated by gel filtration (Figure 3-17). Two peaks 

were observed, a larger peak corresponding to the Fab2 fragment (~100 kDa) and a 

smaller peak corresponding to Fc (~50 kDa). Fractions were collected across the Fab and 

Fc peaks and analyzed by SDS-PAGE under reducing and non-reducing condition (Figure 

3-18 A and B) respectively. Under non-reducing condition the Fab and Fc region migrated 

at ~100 kDa and ~ 24 kDa respectively. Under reducing condition the Fab was separated 

into two fragments of ~31 kDa and ~24 kDa corresponding to the heavy and light chains 

respectively (Figure 3-18 B). 
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Figure 3-17: Elution profile of an IgG4 digestion with IdeS enzyme on Superdex 200 

16/60. 

4 mg of IgG4 digested with IdeS enzyme 67 Unit/µl and incubated 5hr at 37°C and left 

at 4°C overnight and subjected to gel filtration column. After digestion the IgG4 splited 

into two parts include Fab2 and Fc fragment as labled in the figure. The small peak before 

the Fab2 peak is the aggregates. Fab2 and Fc peaks were run on the SDS-PAGE.   
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Figure 3-18: Analysis of digested IgG4 on SDS-PAGE.  

(A) Under non-reducing condition. The Fab and Fc fragments migrate at the expected 

molecular masses of ~>100 kDa and ~25 kDa respectively. (B) Digested IgG4 under 

reducing condition the Fab2 is separated into two bands ~24 kDa and ~31 kDa, the light 

and heavy chains. 
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3.11 ELISA binding between monoclonal Fab and Fc with the Ply, PlyD1-3 and 

PlyD4 

In the previous experiment, Fc and Fab fragments were isolated from whole IgG, so 

contain mixtures of the four IgG isotypes. Moreover, Fab fragments will be polyclonal. 

Thus it is possible that binding of Ply to Fab could occur via antibody-antigen interaction. 

The experiment was therefore repeated using monoclonal Fab2 and Fc fragments. The 

result of this experiment was similar to the previous finding. Figure 3-19 A shows that 

Ply and PlyD1-3 bound to the monoclonal Fab2. No binding was observed between Fc 

and Ply, PlyD1-3 or to PlyD4 (Figure 3-19 B). Thus, this experiment confirms our 

previous finding that the interaction between Ply and IgG was occurrs via PlyD1-3 and 

the Fab of IgG.   
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Figure 3-19:  ELISA binding of Ply and Ply domains with the monoclonal Fab and Fc of digested IgG4. 

(A) represents the binding between Fab with the Ply, PlyD1-3, PlyD4 and BSA. (B) represents the binding between Fc with the Ply, PlyD1-3, 

PlyD4 and BSA. Nunc Maxisorp plate wells were coated with with Ply and Ply domains and BSA and incubated with serial dilutions of monoclonal 

Fab and Fc fragments. Binding was detected using anti-human IgG antibody, conjugated with alkaline phosphatase. After incubation with pNNP 

substrate, absorbance was measured at 405 nm. The data was recorded in triplicate and the error is the SEM. Graph pad prism 7 programme was 

used to make the figures. 
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3.12  ELISA binding between Ply D385N and IgG isotypes  

Previous studies have suggested that the mutation D385N knocks out complement 

activation (Mitchel and Andrew, 1997). Therefore, PlyD385N (produced in Lab 218) was 

tested using the ELISA binding assay to see if loss of complement activity is caused by 

loss of binding to IgG. As shown in (Figure 3-20) the point mutation D385N still bound 

to IgG. Wild-type Ply and mutant D385N Ply showed similar binding to IgG2, IgG3 and 

IgG4. No binding was detected with the IgG1. This suggests that failure to activate 

complement by PlyD385N is not caused by loss of binding to IgG.  

 

 

 

Figure 3-20: ELISA binding comparison of wild-type Ply and mutant PlyD385N 

with IgG isotypes.  

Nunc Maxisorp plate wells were coated with Ply, Ply D385N or BSA and incubated with 

serial dilutions of IgG isotypes. Binding was detected using anti-human IgG antibody, 

conjugated with alkaline phosphatase. After incubation with pNNP substrate, absorbance 

measured at 405 nm. The data was recorded in triplicate and the error is the SEM. Graph 

pad prism 7 programme was used to make the figures.    
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3.13 Inhibition assay 

Inhibition assays were used to measure binding between components in solution. Plates 

were immobilized with Ply and serial dilutions of Ply were incubated with a fixed amount 

of IgG, Fab or Fc. The amount of IgG bound to the plate was detected using anti-human 

IgG antibody.  Figure 3-21 A shows that the whole IgG binds to Ply in solution leading 

to a concentration dependent decrease in the amount of IgG binding to the plate. The IC50 

(the concentration of an inhibitor where the response (or binding) is reduced by half) for 

Ply with IgG was (3.8 mg/ml), figure B, shows that Fab fragment also binds to Ply in 

solution. The IC50 was (4.5 mg/ml) after analyzing the data in Prism program, whereas 

Fc fragment does not bind. The detecting antibody (anti-human IgG) recognizes both Fc 

and Fab fragments. Thus, IgG binds tightly to Ply via the Fab fragment. 
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Figure 3-21: Inhibition of binding of IgG, Fab and Fc to Ply. 

In figure A , B 10 x serial dilution of Ply was incubated with IgG and IgG fragments (Fab or Fc) at concentration of 100 g/ml. 100 l from the 

pre-incubated mixture was transferred to the Ply immobilized plate and absorbance measured at 405 nm. The data was recorded in triplicate and 

the error is the SEM. Graph pad prism 7 programme was used to make the figures.    
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3.14 Discussion  

3.14.1 Binding between Ply and L-ficolin  

Human L-ficolin is a soluble protein of the innate immune system that recognizes 

pathogens through its fibrinogen-like domains and activates the LP through MASPs 

(Vassal-Stermann et al, 2014). Previous published work (Ali et al., 2013) suggested that 

L-ficolin also binds Ply. In this chapter, the interaction between Ply and human L-ficolin 

was reassessed to characterize the interaction in more detail. Surprisingly, no binding 

between Ply and L-ficolin was detected using native serum L-ficolin as well as 

recombinant protein. Ply lysed RBCs (Chapter 4) and L-ficolin bound to acetylated BSA 

(a known ligand) confirming that both components were functional. The most likely 

explanation for the erroneous conclusions of the previous study was that the preparations 

of Ply were contaminated by L-ficolin ligand. This finding highlights the importance of 

using pure proteins in binding analysis, particularly in this case where a pathogen-

recognition receptor (L-ficolin) is used because even minor contamination from e.g. a 

bacterial cell wall component can lead to false positives. 

3.14.2 Binding between Ply and IgG isotypes  

 Ply activates the complement system through the CP by binding to IgG (Yuste et al., 

2005, Paton et al., 1984, Mitchell et al., 1991). The likely function of this interaction is 

to deplete the host of complement components and diverting the immune response away 

from the bacteria. This study was undertaken to better understand how Ply interacts with 

IgG and identify which IgG isotypes interacts with Ply. My results showed that Ply bound 

to IgG4, IgG3 and IgG2 but not IgG1 (Figure 3-14). The four IgG isotypes share greater 

than 90% sequence identity, and the variation is mostly found in the hinge region and the 

constant domain CH2 within the Fc fragment, which can be excluded (Vidarsson et al., 

2014). In this study all monoclonal IgGs had kappa light chains, so differences in binding 

between IgG1 and IgGs 2, 3 and 4 must be due to differences in the heavy chain within 

the Fab region. The sequence alignment of the CH1 region of each IgG isotype reveals 

that three amino acids (CSR) are conserved in IgG2, IgG3 and IgG4. While they are 

(SSK) in the IgG1 (Figure 3-22). 
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Figure 3-22: Alignment of the IgG CH1 amino acid sequences. 

The amino acid sequences are highly conserved in all IgG isotypes, but three amino acids 

are conserved in IgG2, IgG3, and IgG4 (CSR) under line in black. In IgG1 is (SSK) under 

line in red. 

 

Ply bound to IgG4 but it is worth noting that the IgG4 does not activate complement. 

Activation of CP complement pathway is initiated by human IgG subclasses in the rank 

order IgG3 > IgG1 > IgG2 while IgG4 shows no significant activation (Burton and Woof, 

1992, Isenman et al., 1975, Tao et al., 1993). The findings presented in this chapter 

revealed that, the IgG Fab fragment bound to the PlyD1-3 of Ply, which is in contrast to 

the previous study published in 1991 by Mitchell et al, where the Fc fragment was 

identified. Binding to Fab would leave the Fc fragment free to interact with C1q.  

Furthermore, this study showed that IgG2, IgG3 and IgG4 all bound to Ply D385N, which 

was previously described as a mutant form of the toxin that was deficient in complement 

activation (Mitchell and Andrew, 1997). Thus it can be concluded that failure to activate 

complement by PlyD385N is not caused by a failure to bind to IgG as previously reported. 

It was sugsted that the residue Asp 385 of Ply is provided in antibody binding via Fc 

region. This binding cause activate of the CP. 
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Chapter 4  Inhibition of Ply by disruption of intermolecular 

packing 

4.1 Objectives 

Ply monomers pack side-by-side in crystals like the molecular packing of molecules in 

the pre-pore complex (Marshall et al., 2015). The concave face of one monomer packs 

against the convex face of its neighbour (Figure 4-1). There is some charge 

complementarity between the convex (negatively charged) and concave faces (positive 

charged). The concave interface comprises 44 binding residues whereas convex face has 

41. The major contribution towards oligomerization on the membrane surface is likely to 

be surface complementarity between the concave and convex interfaces, as there are 

relatively few hydrogen bonds.  

 

Figure 4-1: Packing of monomers in the Ply crystal reveals the packing of the pre-

pore complex.  

Each molecule of Ply molecule packs against each other in both cancave and convex face. 
Such that the large concave side interacts with its partner’s convex side.  
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To test whether the interactions observed in the crystal structure are important for pore 

formation (Figure 4-2), residues at the interface were mutated and the cytolytic activities 

of the resulting mutants were tested. Selected mutants include D205R, N339R and T304R 

were also analysed by EM and calcein leakage from liposomes. As well as single mutants, 

two disulphide-locked forms of Ply were created. Mutations were introduced into 

residues in TMH1 and TMH2 with the aim of generating a locked form of Ply that can 

still bind to membranes but cannot undergo the conformational changes to form pores. 

Locked mutant contained pairs of Cys residues at specific sites in Ply. This was done in 

order to lock different parts of the Ply molecule with the intention of preventing them 

moving apart during pore formation. The amino acids that were replaced by Cys in Ply 

were Thr 55, Val 163, Ala 262 and Trp 278. In this case Ply carries two mutations and 

they created by SOE-PCR. The mutants included; Thr55Cys + Val163Cys (intended to 

lock D2 to TMH1 of D 3 of Ply and A262 + W278C (intended to lock TMH2). The lock 

mutants were designed by Adnan Muhammad at Leicester University. These mutants can 

not form pores so they can be activated if DTT added to reduce the disulphide bond.  
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Figure 4-2: Ply residues contribute in the intermolecular interaction. 

(A) The convex and (B) concave interacting surfaces showing the electrostatic potential. 

Regions buried by the interaction are shaded in yellow and purple and the key residues 

are labelled. 

 

To further study the mechanism of pore formation by Ply, individual fragments (PlyD1-

3 and plyD4 were crystallized. Although, PlyD1-3 crystals did not diffract, two separate 

structures of PlyD4 were determined. The structures suggest that changes in the 

conformation of the Trp rich-loop at the base of Ply upon membrane binding are likely to 

facilitate the interaction between Ply monomers, by creating new interactions, thus 

promoting oligomerization on the cell surface. 
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4.2 Materials and methods 

4.2.1 Materials 

All PCR components that were used to make the single and double mutants are described 

in section 2.2.1. The vector pLEICS-93 was provided by PROTEX at Leicester 

University, PBS was purchased from Life Technologies. Guanidine-HCl (Gdn-HCl), L-

α-phosphatidylcholine, cholesterol, dihexadecyl phosphate, glycerol and calcein were 

supplied by Sigma. Sheep red blood cells (RBCs) were provided by Thermo Scientific. 

Nunc supplied the round and flat bottom 96 well plates. Crystallization screens: 

Morpheus, PACT, JCSG, and Proplex were purchased from Molecular Dimensions. sLeX 

was supplied by Calbiochem. Hidex sense plate reader, 96 well black plates was from 

Perkin Elmer. MRC Maxi 48 well crystallization plates were purchased from the 

Hampton Research, and TTP Labtech provided triple sitting drop 96 well  plate.  

4.2.2 Construction of Ply mutants by SOE-PCR  

Point mutations were introduced into Ply by SOE-PCR (Hussain and Chong, 2016) using 

a two-step procedure. Mutations were introduced by producing two half fragments, which 

then combined to generate the full-length Ply gene sequence with the mutants by two 

rounds of PCR. In the first round PCR the 5’ fragments of all mutants were generated 

using 10 pmol of forward wild-type Ply pLEICS-93 primer with mutant reverse primers 

as illustrates in (Table 4-1) (Thr88Glu, Arg226Ala, Thr304Arg, Leu11Arg, Asp205Arg, 

Lys268Ala, Asn339Arg and Val341Arg). Similarly, by first round, PCR the 3’ fragments 

were generated with 10 pmol reverse wild type Ply pLEICS-93 with forward mutant 

primers (Thr88Glu, Arg226Ala, Thr304Arg, Leu11Arg, Asp205Arg, Lys268Ala, 

Asn339Arg and Val341Arg). The PCR reaction was explained in section 2.2.7 with the 

following settings: 5 min at 94°C, 50 sec at 94°C, 50 sec at 62°C, and 1 min at 72°C) for 

32 cycles with a final cycle of 5 min at 72°C. Subsequently, the amplified PCR products 

were run on 1% agarose gel in TBE buffer followed by purification from the gel with 

Qiagen purification kit. Next, the second round PCR were performed to make the full 

length Ply. Equal amount of both halves fragments of DNA (20 ng), was used to obtain 

the full length Ply gene. In each case 2 µl of short fragment was mixed with the 4 µl of 

long fragment with both external forward wt Ply and reverse wt Ply pLEICS-93 (Table 

4-1) and the PCR was performed as normally done. PCR was carried out as described 

previously using a denaturation step of 5 min at 94°C followed by 32 cycles of: 50 sec at 

94°C, 50 sec at 62°C, and 1 min at 72°C. PCR products were run on 1% agarose gel and 
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purified from the gel using a Qiagen purification kit. The resulting mutant Ply genes were 

introduced into pLEICS-93 (Figure 4-3) by recombination. All clones were sequenced by 

PNACL. Recombinant plasmids were transformed into E. coli BL21 (DE3) and proteins 

were expressed and purified by Ni-Sepharose affinity chromatography and gel filtration 

as described for wild-type Ply in section 2.2.6.  

Table 4-1: Mutagenic Primer sequences to make the single point mutants.  

Mutant amino acid nucleotides are shown in red, start and stop codons are shown in green 

and aqua respectively. Wild-type is abbreviated to wt.  

First round PCR  Sequence 5’---------3’ 
Forward wt Ply pLEICS-93 GTATTTTCAGGGCGCCATGGCAAATAAAGCAGTAAATGACTT 

Reverse Thr88Glu primer ATCGACCGCAAGAAGTTCGGGATTATTCTCTAA 

Reverse Arg226Ala primer  CTCTGCAGAAATTCCAGCCTGTTTTAAATCCTC 

Reverse Thr304Arg primer  CATATCCACCTTGCCACGTACAACTCGGGCACC  

Reverse Leu11Arg primer ATCGTAATTCATAGCGCGTATAAAGTCATTTAC 

Reverse Asp205Arg primer  TGGATTTTTAACAGCACGTACGCTGACTGTATA 

Reverse Lys268Ala primer AGCTACCTTGACTCCGGCTATCAAAGCTTCAAA  

Reverse Asn339 Arg primer AAAGGTCGCAACTACGCGGTCACGTAAAAAAGA 

Reverse Val341Arg primer ATTTTGAAAGGTCGCACGTACATTGTCACGTAA  

Reverse wt Ply pLEICS-93 GACGGAGCTCGAATTTCACTAGTCATTTTCTACCTTATCTTCTA 

 

Forward Thr88Glu primer TTAGAGAATAATCCCGAACTTCTTGCGGTCGAT 

Forward Arg226Ala primer GAGGATTTAAAACAGGCTGGAATTTCTGCAGAG 

Forward Thr304Arg primer GGTGCCCGAGTTGTACGTGGCAAGGTGGATATG 

Forward Leu11Arg primer GTAAATGACTTTATACGCGCTATGAATTACGAT 

Forward Asp205Arg primer TATACAGTCAGCGTACGTGCTGTTAAAAATCCA3  

Forward Lys268Ala primer TTTGAAGCTTTGATAGCCGGAGTCAAGGTAGCT 

Forward Asn339 Arg primer TCTTTTTTACGTGACCGCGTAGTTGCGACCTTT 

Forward Val341Arg primer TTACGTGACAATGTACGTGCGACCTTTCAAAAT3 

Second round PCR  Sequence 5’---------3’ 

Forward wt Ply pLEICS-93 GTATTTTCAGGGCGCCATGGCAAATAAAGCAGTAAATGACTT 

Reverse wt Ply pLEICS-93 GACGGAGCTCGAATTTCACTAGTCATTTTCTACCTTATCTTCTA 

 

 

 

PCR was carried out as described previously using a denaturation step of 5 min at 94°C 

followed by 32 cycles of: 50 sec at 94°C, 50 sec at 62°C, and 1 min at 72°C. PCR products 

were run on 1% agarose gel and purified from the gel using a Qiagen purification kit. The 

resulting mutant Ply genes were introduced into pLEICS-93 (Figure 4-3) by 

recombination. All clones were sequenced by PNACL. Recombinant plasmids were 

transformed into E. coli BL21 (DE3) and proteins were expressed and purified by Ni-
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Sepharose affinity chromatography and gel filtration as described for wild-type Ply in 

section 2.2.6.  

 

 

Figure 4-3: Vector map of pLEICS-9. 
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4.2.3 Mutations in the TMH1 and TMH2 region of Ply 

Mutations were also introduced into the TMH1 and TMH2 regions of Ply and two 

disulphide-locked mutants were created. Oligonucleotide primers are shown in (Tables 

4-1and 4-2).   

Table 4-2: Primer sequences of the TMH1 and TMH2 mutants.  

The cysteine codons in all primers are shown in a bold red.  

Primers TMH1 Sequence 5’---------3’ 

Tyr55Cys forward  AAGCGGAGCTTGTCGTGTAATACAAGTGATATT 

Tyr55Cys reverse AATATCACTTGTATTACACGACAAGCTCCGCTT5 

 

Val163Cys forward ATGGAACAACTCAAGTGTAAGTTTGGTTCTGAC 

Val163Cys reverse  GTCAGAACCAAACTTACACTTGAGTTGTTCCAT 

 

Primer TMH2 Sequence 5’---------3’ 

Ala262Cys forward GATGAAGTAGAGGCTTGTTTTGAATCTTTGATA 

Ala262Cys reverse TATCAAAGATTCAAAACAAGCCTCTACTTCATC 

Trp278Cys forward GCTCCTCAGACAGAGTGTAAGCAGATTTTGACA 

Ala278Cys reverse  TGTCAAAATCTGCTTACACTCTGTCTGAGGAGC 

 

4.2.4 Fluorescence spectroscopy 

Fluorescence spectroscopy has long been used to study protein folding and dynamics. 

The protein conformation changes are mostly dependent on the tryptophan (Trp) and 

tyrosine (Tyr) residues because these are the natural fluorophores in proteins (Munishkina 

and Fink, 2007, Zhang et al., 2013). The dominant source of the intrinsic protein 

fluorescence is Trp, because it has the highest quantum yield. The Trp emission maximum 

λem, max is sensitive to the polarity of its environment. The λem, max of buried of Trp is 

around 335 nm, whereas for fully solvent accessible Trp this value increases to 355 nm 

(Ghisaidoobe and Chung, 2014, Munishkina and Fink, 2007). The intrinsic fluorescence 

of Phe in proteins is usually relatively unimportant (in proteins containing Tyr and Trp) 

due to that phe has low absorptivity and quantum yield. The quantum yield of Tyr is 

similar to Trp, but the Trp indole group is considered as the dominant source of UV 
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absorbance at ~280 nm and emission at ~350 nm in proteins (Ghisaidoobe and Chung, 

2014).  

In this study, fluorescence spectroscopy was performed to investigate stabilities of all 

mutants. Ply has 41 aromatic residues including 19 Tyr, 8 Trp and 14 Phe residues. Gdn-

HCl was used as the protein denaturant (Rashid et al., 2005).  

4.2.5 Stability of mutants  

Fluorescence spectra were taken for all mutants using a linear titration of Gdn-HCl over 

the concentration range of 0.55-2.0 M. The protein concentration of all mutants was 1 

µM in 20 mM Tris-HCl pH 7.5 in a totral volume of 300 µl in the low volume quartz 

fluorescence cuvette (Sigma). Fluorescence measurements were performed using a 

Fluoromax-4 (Horbia Jobin Yvon). Proteins were excited at 280 nm with a 2.5 nm slit 

width and fluorescence was detected between 300 and 400 nm at 1 nm intervals with a 

2.5 nm slit width.  All spectra were collected at 20 °C. The cuvette was placed in the 

heat block inside the fluorimeter for 150 sec to allow equilibration before collecting 

spectra. 

4.2.6  Preparation of liposomes  

Liposomes were prepared according to (Nollmann et al., 2004) by mixing Chol/α-

phosphatidylcholine/dihexadecyl phosphate at a molar ratio of 130:130:13 µmoles (50, 

100, and 7.1 mg) respectively. This mixture was dissolved in 5ml 1:1 (v/v) 

methanol/chloroform in a volumetric flask and solubilized by shaking. Then it was dried 

under a dry stream of nitrogen on ice. After all the liquid had evaporated, the translucent 

lipid film was rehydrated in 5 ml PBS and dissolved by vortexing and sonicating at room 

temperature for 90 sec and stored at 4oC for one week.  

4.2.7 Fluorescence data collection with liposomes 

Fluorescence spectra were collected with liposome for wild-type Ply and all mutantas 

(Thr88Glu, Arg226Ala, Thr304Arg, Leu11Arg, Asp205Arg, Lys268Ala, Asn339Arg 

and Val341Arg, Thr55Cys+V163Cys and A262Cys+Trp278Cys) against fixed 

concentration of liposome. The final concentration of each mutant and cholesterol were 

adjusted at 1μM, and 10μM in PBS respectively. First 270 µl of PBS mixed with 30 µl of 

proteins and the spectra were collected. Then 270 µl of   liposome mixed with 30 µl of 

proteins and spectra were collected again in a totral volume of 300 µl in the low volume 
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quartz fluorescence cuvette (Sigma). Fluorescence measurements were performed using 

a Fluoromax-4 (Horbia Jobin Yvon). Proteins were excited at 280 nm with a 2.5 nm slit 

width and fluorescence was detected between 300 and 400 nm at 1 nm intervals with a 

2.5 nm slit width.  All spectra were collected at 20 °C. The cuvette was placed in the 

heat block inside the fluorimeter for 150 sec to allow equilibration before collecting 

spectra. 

4.2.8 Haemolytic assay 

To prepare 1% v/v of sheep red blood cells (RBCs), cells were washed 3 times in chilled 

PBS. Cells were pelleted by centrifugation at 1734 g, at 4°C for 15 min. Two-fold serial 

dilutions of Ply were aliquoted into round-bottomed 96-well microtitre plates with a final 

volume of 50 µl. These dilutions were mixed with an equal volume of 1% v/v sheep 

RBCs. Plates were incubated at room temperature for 30 min, and then centrifuged at 

1734 g, at 4°C to remove unlysed RBCs and cellular debris. Then 80 µl of the supernatant 

was transferred into flat-bottomed 96-well microtiter plate, and the absorbance was 

measured at 410 nm to measure haemoglobin.  

4.2.9 Transmission electron microscopy (TEM) 

Electron microscopy was used to check oligomerization of Ply on unilamellar liposome 

vesicles. Each mutant (1µM) was mixed with a 1/50 dilution of liposomes in PBS and 

left at room temperature for 10 min. Then 5 µl of each sample was applied to a freshly 

glow-discharged 400 mesh carbon-coated grid (Agar Scientific Ltd). Grids were 

discharged for 60 sec in a Q150T ES machine. The excess sample was removed by 

touching a piece of filter paper to the side of the grid. Grids were negatively stained with 

5 µl of 1% (w/v) uranyl acetate for 5 sec and immediately blotted dry. Then a further 5 

µl of stain was added to the grid and left for 10 sec and blotted dry.  Negatively stained 

specimens were viewed on a JEOL 1400 TEM with an accelerating voltage of 100 kV. 

The digital images were collected with a Megaview III digital camera with iTEM 

software at Leicester University. 

4.2.10  Preparation of liposomes with calcein 

Unilamellar liposomes were prepared as described in section 5.4 and rehydrated in 1ml 

of 70 mM calcein, it was dissolved in 1M KOH until dissolution occurred  then the pH 

was brought back to 7.4 by adding 2M HCl (Chongsiriwatana and Barron, 2010). 

Unilamellar liposome vesicles were extruded 20 times through 1 μm polycarbonate 
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membrane to entrap the calcein. The mixture was centrifuged at 500 rpm for 20 min and 

the liposome pellet was washed in 1ml PBS four times to eliminate free calcein. The 

liposome pellet was resuspended in 1ml PBS and stored at 4oC for one week.  

4.2.11  Calcein-leakage assay  

Leakage of the self-quenching calcein from liposomes upon exposure to Ply was 

measured in a spectrofluorometer (HIDEX Sense) using Optiplate-96 F black bottom 

(Perkin Elmer) at an λex of 485 nm and λem of 560 nm at 37oC. Complete release of calcein 

was obtained by exposing liposomes to Triton X-100 at a final concentration of 0.25 mM. 

Self-quenching calcein from the liposome vesicles were measured for the wild-type Ply, 

mutant Asp205Arg, Asn339Arg, Ply D1-3 and PlyD4. In this experiment 2.5 µl of 

liposomes with calcein was added to each well with a final volume of 100 µl with different 

concentration of each protein  (20 mM, 10 mM, 8 mM, 6 mM, 4 mM, 2 mM and 0 mM). 

The kinetics mode of the spectrophotometer was measured every minute for about 30 min 

at 37°C.  

4.2.12 PlyD1-3 crystallization and optimization 

Sitting drop were set up with commercial crystallization screens: Morpheus, PACT, 

JCSGs, and Proplex by mixing 0.1 μl reservoir buffer with 0.1 μl of purified PlyD1-3 (10 

mg/ml) on MRC crystallization plates using a Mosquito NanoDrop crystallisation robot. 

Screens were tested at room temperature and at 4°C. After one-week crystals were 

observed in most screens. The best quality crystals were observed in the Proplex screen: 

0.2 M sodium acetate, 0.1 M sodium citrate pH 5.5 and 5% PEG 4000 at 4°C. Variants 

of this condition were set up manually to try to improve the quality of the crystals by 

changing the precipitant concentration. Table 4-3 shows the optimization buffers. For 

larger drops, 1.5 μl of PlyD1-3 (10 mg/ml) was mixed with 1.2 μl reservoir buffer. 

4.2.13 PlyD4 crystallization with sLeX 

PlyD4 (5 mg/ml) crystallization trials were set up with sLeX trisaccharide (20 mM) using 

JCSG and PACT screens as described in section 4.2.12. Plates were kept at room 

temperature and checked daily. Promising crystals were observed in JCSG screen: 0.1 M 

potassium thiocyanate, and 30% PEG MME 2000. Based on the initial screen, larger 

drops were set up changing the concentration of the PEG precipitant to 15, 20, 25, 30, 35, 

40%. 1.5 l of protein with sLeX was mixed with 1.2 l of the reservoir solution and 
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incubated at room temperature. After one-month small crystals grew in 0.1 M potassium 

thiocyanate, and 35% PEG MME 2000. 

Table 4-3: Optimisation crystallisation condition for PlyD1-3. 

1 100 mM HEPES pH 7.5, 8% ethylene glycol EG and 20%, 18%, 16%, 14%, 12%, 10% PEG 

8000 

2 200 mM Potassium thiocynate, 100mM BTP pH8.5 and 20%, 18%, 16%, 14%, 12%, 10% 

PEG 8000 

3 100 mM HEPES pH 7.5, 12% PEG 8000 and 14%, 12%, 10%, 8%, 4%, 2% EG  

4 100 mM Trizma-Ac pH 8, 200mM potassium thiocynate and 20%, 18%, 16%, 14%, 12%, 

10% PEG 8000 

5 100 mM Trizma -Ac pH 8.5, 200mM potassium thiocynate and 20%, 18%, 16%, 14%, 12%, 

10% PEG 8000 

6 100 mM HEPES pH 7.5, 12% PEG 8000, 10% EG and different volume drops of the protein 

and the buffers  

7 100 mM HEPES pH 7, 10% EG and 20%, 18%, 16%, 14%, 12%, 10% PEG 8000 

8 100 mM Trizma -Ac pH 8, 10% EG and 20%, 18%, 16%, 14%, 12%, 10% PEG 8000 

9 100 mM Trizma -Ac pH 8.5, 10% EG and 20%, 18%, 16%, 14%, 12%, 10% PEG 8000 

10 0.1 M Sodium acetate pH4.5 and 1.8, 1.6, 1.4,1.2 1 and 0.8M ammonium phosphate dibasic  

11 0.2 M Sodium acetate, 0.1M sodium citrate pH 5.5 and 7% PEG4000 incubated at 4°C 

12 0.1 M MgCl2, 0.1 M HEPES pH 7.5, 10% PEG 4000 at room temperature  

13 0.2 M Sodium acetate, 0.1 M sodium citrate pH5.5 10% PEG4000 at room temperature  

 

4.2.14 X-ray diffraction of PlyD1-3 and PlyD4 crystals 

PlyD1-3 crystals were picked with litho loops in buffer containing 30% v/v glycerol as a 

cryoprotectant. Crystals were frozen in a stream of nitrogen gas. Prof. Russell Wallis 

carried out this work. Diffraction data were collected at 100K at beam line Diamond LS 

and were analysed using CCP4 by Prof. Russell Wallis. Phases for the D4 structures were 

determined using D4 of the Ply structure as a search model. Manual refinement in Coot 

was used to optimize the models (Emsley and Cowtan, 2004) in combination with 

refinement in Refmac5, part of the CCP4 software suite (Krissinel, 2015) and in Phenix 
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(Adams et al., 2010).  

4.2.15 Crystallization theory  

150 years ago protein crystallization was discovered by chance and in the late 19th 

century it was developed as a powerful purification tool and as a demonstration of 

chemical purity (McPherson and Gavira, 2014). Two steps are generally used to obtain 

crystals. The first is the identification of crystallization conditions, which depends on the 

chemical, biochemical and physical conditions. Then, the crystal conditions are optimized 

by changing the initial conditions by incremental amounts to obtain the better quality 

crystal for diffraction analysis (McPherson and Gavira, 2014). Crystallization proceeds 

in two inseparable steps: nucleation and growth. To obtain crystals, the protein is brought 

to supersaturation. This is a non-equilibrium condition in which the concentration of 

the macromolecule is increased above the solubility limit (McPherson and Gavira, 2014). 

Weak protein-protein interactions that may be specific or nonspecific lead to crystal 

formation, leading to nucleation, which is the critical step in the crystallization. 

Nucleation is followed by crystal growth (McPherson and Gavira, 2014, Durbin and 

Feher, 1996). The crystallization process encompasses four zones: undersaturation, 

nucleation, metastable and precipitation zones (Figure 4-4) (Chayen, 2004). In the 

precipitation zone, the protein concentration reaches a high supersaturation, so 

precipitates. At lower concentrations the system moves to the nucleation zone where 

nucleation can occur. Crystal growth occurs in the metastable zone. As the crystal grows 

so the solubility of protein decreases. Eventually, crystal growth stops in the 

undersaturation zone. 
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Figure 4-4: Schematic diagram of protein crystallization phase.  

The changeable factor can be additive concentration or precipitant, pH, temperature. The 

solubility curve is defined as the concentration of protein in the solute that is in 

equilibrium with crystals. Whereas, the supersolubility curve is defined as the line that 

splits conditions where spontaneous nucleation or precipitation occurs from conditions 

where the crystallization solution remains clear if it is left undisturbed. Four zones 

including precipitation, nucleation metastable and undersaturation condition these zones 

are produced as a result of the different degree of supersaturating conditions (Chayen, 

2004). 

 

4.2.16 X-ray diffraction  

X-rays are specifically a powerful approach to achieving insight into the inner structure 

of material because the wavelength of X-rays corresponds to the interatomic distances in 

macromolecules. For this reason, constructive and destructive interference occurs 

between X-rays that are scattered from atoms and the scattered waves are said to diffract 

(Pouget et al., 1975). In 1912 Max von Laue and Co discovered that crystalline substances 

act as three-dimensional diffraction gratings for X-ray wavelengths identical to the 

spacing of planes in a crystal lattice (Bunaciu et al., 2015). X-ray diffraction is the most 

contributive experimental method in structural biology.  
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Figure 4-5: X-ray diffraction.  

When X-ray beams hit the crystal, the beam is diffracted, depending on the arrangement 

of atoms within the structure. At specific angles, constructive interference produces spots 

on the film or detector. 

 

Scattering can be detected when a large number of the molecules are arranged in a well-

defined configuration in the crystal. Typical X-ray wavelengths are about 0.1-100 Å, 

which is on the order of the atomic spacing in a solid (Scheck, 2013). The diffraction of 

the X-ray can be calculated by Bragg’s law: nλ = d2sinθ (n is an integer, the wavelength 

of the X-rays is λ, the spacing between the planes in the atomic lattice is d, the angle 

between the incident ray and the scattering planes as θ (Jenkins, 2000).  
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Figure 4-6: The two-dimensional representation of the reflected X-ray from two 

crystal planes. 

Suppose that the X-ray beam is incident at the angle θ in one of the crystal plane then the 

beam is reflected from an atom of both planes (upper and lower planes). The reflected 

beam from the lower surface travels further from the upper surface reflected beam by a 

distance of 2dsinθ. The reflected beam from both planes is combined to make the 

constructive interface when this path difference is equal to some integral multiple of the 

wavelength λ. 

 

4.3 Results 

4.3.1 SOE-PCR construction of single mutant Ply 

In the crystal structure of Ply, individual Ply monomers are packed side-by-side, which 

resembles the molecular packing of the pre-pore complex. To test whether the 

intermolecular interactions observed in the crystal are also essential for the cytolytic 

activity of the toxin, mutations were introduced into those residues at the interface. In 

total eight point mutations were introduced. These mutations were designed to change 

surface exposed residues and thereby to disrupt the intermolecular packing. Most residues 

were changed to large charged groups (Glu or Arg) because these are likely to be most 

disrupting of the surface complementarity: Leu11Arg, Thr88Glu, Asp205Arg, 

Val341Arg, Thr304Arg and Asn339Arg (L11R, T88E, D205R, V341R, T304R and 

N399R). Other mutations Lys268Ala, Arg226Ala (K268A and R226A) were made to 

d 

Incident X-ray  Reflected X-ray 

Crystal planes  dsin 

Upper plane 

Lower plane 
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disrupt polar intermolecular interactions. 

SOE-PCR was used to generate all mutants of Ply using two rounds of PCR. In the first 

round, the mutation was introduced into the Ply gene to create two overlapping fragments. 

In the second round the fragments were amplified to generate the full-length mutant gene. 

First round and second round PCR is shown for two of the mutants including Asp205Arg 

(fragments of 615bp and 804bp) and Lys268Ala (fragments of 615bp and 804bp) both 

mutants are designated as D205R and K268A in (Figure 4-7). A similar strategy was used 

to create all mutants. Once the full-length mutant clones were produced, they were cloned 

into pLEICS-93 by PROTEX. DNA sequencing by PNACL was used to verify the 

mutations and to confirm that no additional changes were introduced by the PCR. Proteins 

were expressed in BL21 (DE3) and purified by Ni-chromatography followed by size 

exclusion chromatography on a Superdex 200 16/60 as described for the wild-type 

protein. Yields of all proteins were high with ~35 mg of protein from 1L of culture. 

 

Figure 4-7: SOE-PCR to introduce the mutations D205R and K268A into Ply. 

In the first round, PCR products of 615 bp and 804 bp (D205R) and 804 bp and 615 bp 

(k268A) were produced which matched the expected size of the fragments. These 

products were combined to generate the 1416 bp gene of full length Ply. 
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4.3.2 Mutations inTMH1 and TMH2 region of Ply  

Two double mutants were introduced into Ply gene to create disulphide-locked mutants: 

Thr55Cys+Val163Cys and Ala262Cys+Trp278Cys. These mutations were introduced 

into the regions of Ply that form the transmembrane structures of the pore. D3 of Ply 

consists of a 5-stranded antiparallel β-sheet that is surrounded by the two α-helical 

bundles that become (TMH1 and TMH2) (Shepard et al., 1998, Shatursky et al., 1999, 

Lawrence et al., 2015). When Ply binds to the membrane, TMH1 and TMH2 unfurl to 

make two ß-hairpins, which insert into the membrane. TMH1 was initially identified in 

PFO as residues S190-N217 (Shepard et al., 1998) and TMH2 as K288-D311 (Shatursky 

et al., 1999). Residues M158-E187 (TMH1) and D257-Q280 (TMH2) represent the 

corresponding stretches in Ply (Figure 4-8).  

10         20         30         40         50         60  

MANKAVNDFI LAMNYDKKKL LTHQGESIEN RFIKEGNQLP DEFVVIERKK RSLSTNTSDI  

 

        70         80         90        100        110        120  

SVTATNDSRL YPGALLVVDE TLLENNPTLL AVDRAPMTYS IDLPGLASSD SFLQVEDPSN  

 

       130        140        150        160        170        180  

SSVRGAVNDL LAKWHQDYGQ VNNVPARMQY EKITAHSMEQ LKVKFGSDFE KTGNSLDIDF  

 

       190        200        210        220        230        240  

NSVHSGEKQI QIVNFKQIYY TVSVDAVKNP GDVFQDTVTV EDLKQRGISA ERPLVYISSV  

 

       250        260        270        280        290        300  

AYGRQVYLKL ETTSKSDEVE AAFEALIKGV KVAPQTEWKQ ILDNTEVKAV ILGGDPSSGA  

 

       310        320        330        340        350        360  

RVVTGKVDMV EDLIQEGSRF TADHPGLPIS YTTSFLRDNV VATFQNSTDY VETKVTAYRN  

 

       370        380        390        400        410        420  

GDLLLDHSGA YVAQYYITWN ELSYDHQGKE VLTPKAWDRN GQDLTAHFTT SIPLKGNVRN  

 

       430        440        450        460        470  

LSVKIRECTG LAWEWWRTVY EKTDLPLVRK RTISIWGTTL YPQVEDKVEN D 

 

Figure 4-8: Ply amino acid residues forming TMH1 and TMH2. 

Residues M158-E187 and D257-Q280 highlighted as black and navy blue bold 

respectively form the TMH1 and TMH2 regions of Ply. Blue, green, red and black 

residues indicate domains 1, 2, 3 and 4, respectively. 
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Figure 4-9 summaries the construction of the double mutants (Thr55Cys+Val163Cys and 

Ala262Cys+ Trp278Cys Ply genes encoding the locked mutants. Single mutations were 

introduced first and these were used as templates to generate the final double mutant. 

Mutant Plys gene were introduced into pLEICS-93 vector by recombination and were 

produced in BL21 (DE3) as described for the single mutants. 

 

 

 

Figure 4-9: Result of SOE-PCR showing the construction of the Ply 

Thr55Cys+Val163Cys (TMH1) and Ala262Cys+Trp278Cys (TMH2) mutants.  

PCR was used to produce the full-length double mutants Ply in a multi-step process. 

Products from the initial reactions, after producing two half fragments were combined 

and used as a template to generate the full-length single mutants Thr55Cys. This was used 

as template to make Val163Cys and finally Thr55Cys+Val 163Cys was produced. 

Ala262Cys was created and used as template to make Trp278Cys and finally 

Ala262Cys+Trp278Cys was produced.  
 
 

4.3.3 Cytolytic activities of Ply mutants  

The haemolytic activities of mutant Plys was compared with wild-type protein using 

sheep RBCs. Haemolysis was measured by absorbance at 410 nm to detect the released 

haemoglobin following lysis. The ability of Ply to lyse sheep RBCs was reduced in all 

mutations, but by different degrees, as shown in (Figure 4-10 A and Table 4-4). The 

greatest effects were observed for Asn339Arg and Asp205Arg, which failed to lyse sheep 

RBCs at the highest concentrations tested (10 μM) reflecting >3000-fold decreases in 

haemolytic activity. Both mutations are located towards in the middle of the binding 
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interface within D1. Other mutations including Thr88Glu and Arg226Ala in D1 also 

caused substantial decreases of about 25.6 and 15.6 folds in their haemolytic activity 

respectively. The mutation Thr304Arg within D3 resulted in a 300-fold decrease in the 

hemolytic activity. The Thr side chain forms part of a β strand, which packs against the 

hydrocarbon portion of side chain of Lys268. The activities of Leu11Arg and V341Arg 

were also lower but only by ≤2-fold. Interestingly, these residues are situated in the 

posterior region of D1 that forms the outer part of the pre-pore ring, Residues in this 

region of the toxin may be less important for oligomerization, perhaps reflect some 

flexibility when monomers assemble. In summary, disruption of the surface 

complementarity and polar intermolecular interactions of Ply in the crystal structure also 

reduce the ability of the toxin to produce pores. These finding support our hypothesis that 

the packing observed in the crystal lattice mimics the packing of Ply during pore 

formation. 

Analysis of the two disulphide locked mutants showed that both had reduced haemolytic 

(5%, 1.5% of Ala262Cys+Trp278Cys and Tys55Cys+Val163Cys of wild type Ply) 

(Figure 4-10 B) activities, as expected, but neither completely abolished haemolysis. The 

simplest explanation for the residual activity is that a small proportion of each mutant 

contained reduced cysteine residues so could still form pores. As expected, neither D4 

nor D1-3 had haemolytic activity (Figure 4-10 B), indicating that the full-length Ply is 

required for pore formation. The hemolytic activity test of locked mutants were carried 

out separately and highlited as grey in (table 4.4).  
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Figure 4-10: Haemolytic activities of wild-type Ply, mutants Ply and ply truncated 

fragments.  

Figure A, and B is shown the haemolytic activity of single mutants, double mutants and 

Ply fragments. The absorbance of haemoglobin was measured at 410nm absorbance after 

30 min incubation at room temperature PBS was used as a negative control.  The data 

was recorded in triplicate and the error is the SEM. Graph pad prism 7 programme was 

used to make the figures.    
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Table 4-4: Cytolytic activity of wild-type Ply and Ply mutants. The haemolytic activity 

of single mutants and double mutants were carried out at different time. Therefore, the 

relative activity of wild-type Ply is different.  

Protein EC50 (nM) Relative haemolytic activity  

Wild-type Ply 2.6  1.0 

 

L11R 4.6  0.565 

T88E 76  0.034 

D205R >10000  <0.0003 

N339R >10000 <0.0003 

R226A 48  0.054  

T304R 900   0.0031  

K268A 6.3 0.412 

V341R 2.5  1.04  

Wild-type 6.4 1 

T55C+V163C 4.07 1.5 

A262C+W278C 1.8 3.5 

 

4.3.4 Stability measurement of mutants by Gdn-HCl denaturation  

To check that change in haemolytic activities was not caused by destabilisation of the 

mutants, proteins were denatured with Gdn-HCl and unfolding was measured by 

fluorescence. Figure 4-11 shows the emission spectra of all mutants in increasing 

concentrations of Gdn-HCl.   
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Figure 4-11: Fluorescence emission spectra of wild-type Ply and mutants in Gdn-

HCl.  

All mutant Proteins were excited at 280 nm with different concentration of Gdn-HCl from 

(0.5-2.2) M with a 2.5 nm slit width and fluorescence was detected between 300-400 nm 

at 1nm intervals with 2.5 slit width. All spectra were collected at 20°C. Each graph 

represents the denaturation profile of each Ply toxin, where the protein was exposed to 

0.55 M to 2.2 M Gdn-HCl M.  
  

The fluorescence of the wild-type and all mutants were measured in increasing 

concentrations of Gdn-HCl. In every case, the fluorescence intensity increased over the 

range of 0.99-1.54 M of Gdn-HCl and then decreased from 1.54-2.2M of Gdn-HCl 

(Figure 4-12 A). The changes probably reflect unfolding of the different Ply domains (e.g. 

D4 and D1-3). Above 2.2 M Gdn-HCl, the fluorescence intensity did not change 

suggesting that all toxins were fully unfolded. All mutants had the same denaturation 

profile as the wild-type Ply, indicating that they are not destabilised appreciably by the 

mutations. The shift in the fluorescence maximum is shown in (Figure 4-12 B). For each 

protein the λem, max was between 347-349 nm at 1.65 M Gdn-HCl and increased to 352-

354 nm with increasing concentrations of Gdn-HCl. The graph represent tha data after 

calculation of 1st derivative IN Origin programe.  This is consistents with the buried Trp 

residues becoming exposed to the polar solvent as the protein unfolds. 
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Figure 4-12: Unfolding of wild-type and mutant Plys in Gdn-HCl.  

(A) Shows the relative change in fluorescence intensity and B, change in, λem, max after 

calculation of 1st derivative. It was calculated in origin programe (analyze, Mathatics and 

then differenciate. (C) change in the relative intensity after finding of the area under curve 

in Origin programe (analyze, Mathatics and then integrate). The experiment was carried 

out using 1μM of the protein and λex = 280 nm. 
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4.3.5 Liposome binding  

The Gdn-HCl denaturation measurements confirmed that the mutations did not 

compromise protein stability. To investigate membrane binding, Ply was added to 

cholesterol-containing liposomes, and fluorescence was used to detect any changes in the 

environment of the Trp residues. Data are shown in (Figure 4-13). 
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Figure 4-13: Fluorescence emission spectra of wild-type Ply and mutants in the 

presence and absence of cholesterol containing liposomes. 

Final protein concentration and liposome were 1µm, 10 µm respectively. Proteins were 

excited at 280 nm with a 2.5 nm slit width and fluorescence was detected between 300 

and 400 nm at 1 nm intervals with a 2.5 nm slit width. All spectra were collected at 20°C. 

Pink and green lines show the fluorescence spectra of protein with and without liposome 

respectively. 
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There are eight Trp residues in Ply with six in D4 and three of in the Trp-rich loop. 

Incubating the toxins with liposomes, lead to a reduction in the λ em max indicating a change 

to a more hydrophobic environment. This probably reflects Trp residues in the binding 

loop becoming buried in the hydrophobic membrane. This is in agreement with a previous 

study by (Ohno-Iwashita et al., 1988) on PFO toxin. Importantly, all the mutants behaved 

similarly to the wild-type toxin indicating that the mutations do not prevent lipid binding. 

 

 
 
Figure 4-14: Change in the λem max of wild-type Ply and mutants in the presence and 

absence of liposomes.  

 

The green dots represent the λem max of Ply in solution with liposomes, the red dots 

show that same without liposomes. Ply has an initial fluorescence maxima wavelength 

Between 343 and 347 nm that, on average, decreases by 5 nm with the addition of 

liposomes. The λem max of all mutants decreases in the presence of liposomes, reflecting 

a change in the location of one or more Trp residues into a more hydrophobic 

environment. The λem max of each mutant is taken from the data and ploted against the 

mutant’s name.   
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4.3.6 Calcein leakage from liposomes in the presence of Ply  

Ply point mutations Asp205Arg, and Asn339Arg completely abolished lysis of sheep 

RBCs. To test the effect of the mutants on membrane integrity, calcein leakage from 

liposomes was quantified by steady-state fluorescence spectroscopy. Calcein is a 

fluorescent molecule that is self-quenching on membranes. Dissociation from the 

membrane leads to an increase in the fluorescence (Menestrina, 1988) enabling the time 

course of pore formation to be measured. Figure 4-15 shows the calcein fluorescence 

changes from liposomes with wild-type Ply, Asp205Arg, Asn339Arg PlyD4 and PlyD1-

3. Leakage appears as an increase in the fluorescence, which reaches a steady state. To 

calibrate the system, complete release of calcein was obtained by exposing liposomes to 

Triton X-100, which dissolves liposomes by destabilizing their membranes (Lin and 

Thomas, 2003). Wild-type Ply showed increasing calcein release over time. More release 

was observed with increasing concentrations of Ply. By contrast no release was observed 

with PlyD4 and PlyD1-3. No change of fluorescence was seen for either Asn339Arg or 

Asp205Arg, confirming that neither mutant forms pores in synthetic liposomes. 
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Figure 4-15: Calcein release from liposomes by Ply. Calcein leakage was measured 

as a function of time.  

Protein concentration was 1µm and no release was detected for PlyD4, and plyD1-3 or 

for the point mutants Asp205Arg or Asn339Arg, indicating that they do not form pores 

in liposomes, unlike wild-type Ply. 
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4.3.7 Pore formation of Ply on Chol-containing liposomes by EM 

Wild-type Ply, and selected mutants were incubated with Chol-containing unilamellar 

liposomes to visualize their oligomeric structures by negative-stain electron microscopy. 

Mixtures were stained with 1% uranyl acetate on a copper grid, and oligomers were 

visualized by transmission EM. As shown in (Figure 4-16) wild-type Ply formed 

complete rings that covered most of the liposomes indicated in the figure by cyan arrows 

(Koster et al., 2014, Sonnen et al., 2014). The interior of lysed liposomes stained more 

darkly indicating that transmembrane pores were formed and the lipid was removed 

(Dang et al., 2005). In contrast, the non haemolytic mutant Asp205Arg bound to and 

oligomerized on unilamellar liposomes mainly in the form of long chains (Figure 4-17 

orange arrow). The Ply monomers still self-associated, but these structures did not form 

pores. Ply Asp339Arg, which is also non haemolytic, did not form pores or arcs. Instead 

the mutant appeared to completely cover the liposomes which remained undamaged (with 

no darker internal staining) (Figure 4-18, blue arrow). PlyD4 also bound the membrane 

to form arrays (Figure 4-16 by the green arrow). The mutant Thr304Arg reduced the 

haemolytic activity of Ply by ~300-fold. It is located in the domain 3. Addition of 

Arg prevent the threonine side chain forms part of a β strand that packs against 

the hydrocarbon portion of the side chain of Lys268. This strand may displaced 

upon oligomerisation on the membrane to allow the monomers to pack together 

to form the ring. To visualize the oligomeric structures of T304R negative-stain electron 

microscopy was performed. The mutant was incubated with unilamellar liposome 

membrane and after that checked by the transmission EM. As shown in (Figyre 4-16) 

mutant Thr304Arg can form complete ring and incomplete ring on the liposome 

membrane.  
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Figure 4-16: Negative-stain EM of wild-type Ply, mutants Ply Thr304Arg, and 

PlyD4 with unilamellar liposome containing-Chol.  

Liposomes were incubated with wild-type Ply, mutant Ply and PlyD4 for 10 min at room 

temperature and imaged by EM. The complete ring is produced by the wild-type Ply; In 

the case of PlyD4, it is also oligomerized on the membrane as an array.
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Figure 4-17: Negative-stain EM of Ply Asp205Arg, with the unilamellar liposome 

containing-Chol.  

 

Liposomes were incubated with Asp205Arg mutant for 10 min at room temperature and 

imaged by EM. This mutant makes chain like structures. The scale bar is written in the 

bottom right of each image, which is 100 nm. 
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Chain like structure  
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Figure 4-18: Negative-stain EM of Ply Asn339Arg, with the unilamellar liposome 

containing Chol.  

Liposomes were incubated with Asp339Arg mutant for 10 min at room temperature and 

imaged by EM. This mutant only coats the liposomes. The scale bar is written in the 

bottom right of each image, which is 100 nm. 

 

4.3.8 Crystallization of PlyD1-3 and D4 

Crystals of PlyD1-3 were grown in 0.1M sodium citrate pH 5.5, containing 0.2M sodium 

acetate and 7% PEG 4000 at 4°C by the sitting drop method. Cryoprotected crystals were 

picked, and tested for diffraction at 100K; but unfortunately no crystals diffracted. 

Crystals of PlyD4 were grown in 0.1M potassium thiocynate containing 35% PEG MME 

2000 at room temperature. Crystal took ~4 weeks to grown and diffracted to 2.1Å 

resolution at Diamond Light Source. Two different structures were determined only one 

structure is shown in (Figure 4-19). Refined models had good stereochemistry (Table 4-

7). Although crystals were grown in the presence of sialyl Lewis-X (which is proposed 

to serve as a co-receptor on host cells (Shewell et al., 2014), no sugar was detected in the 

Asn339Arg 

Asn339Arg Asn339Arg 

Monomer oligomerization   

Monomer oligomerization   
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density map (Figure 4-19). Structures were solved by molecular replacement using the 

structure of the full-length Ply as a search model.  

 

Figure 4-19: PlyD4 crystal structure the Trp loop in the green structure is flip down. 

PlyD4 is the binding domain of Ply. This domain was crystalized after one-month and 

small crystals grew in 0.1 M potassium thiocyanate, and 35% PEG MME 2000. The Trp 

loop is responsible for binding to cholesterol, its receptor in the membrane. The protein 

data bank ID of PlyD4 is 5CR8.  

 

 In the structure of full-length Ply, the Trp-rich loop is extended as would be expected 

when bound to a membrane. In the structures of PlyD4 alone, the loop is partially folded 

back (Figure 4-20). In the PFO structure the loop is fully bent back against the body of 

D4 (Rossjohn et al., 1997). Taken together the structures are consistent with the previous 

suggestion that when the toxin binds to the membrane of mammalian cells the loop 

springs outwards and downwards to project into the membrane (Rossjohn et al., 1997).  
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Figure 4-20:  Ply domain structure and the likely changes upon membrane binding. 

(A) Domains 1, 2 and 3 are contiguous and connected to the C-terminal membrane-

binding domain (D4) via D2. The protein data bank ID of Ply is 5CR6. (B) Overlay of 

D4 of full-length Ply, PlyD4 and perfringolysin O (PFO; PDB: 1PFO) structures. The 

structures show the likely changes that occur upon membrane binding. Remarkably, the 

Trp-rich loop flips outwards and downwards (cyan arrow) showing Trp433, to enable 

binding to the membrane (Marshall et al., 2015). The protein data bank ID of PlyD4 is 

5CR8. 
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Table 4-5: Data collection and refinement statistics (Marshall et al., 2015). 

Data collection  PlyD4 

PDB ID 5CR8 

Beam Line Diamond I03 

Space group I121 

a,b,c, Å 48.7, 47.7, 97.5 

α, β,γ , ° 90, 101.4, 90 

Resolution, Å 46.53 – 2.05 (2.12 – 2.05) 

Rsym 0.091 (0.451) 

I/σ(I) 6.8 (2.0) 

Completeness 99.4 (97.8) 

Redundancy 2.9 (2.4) 

Refinement  

Resolution 46.53 – 2.05 (2.12 – 2.05) 

No. reflections 40468 (2447) 

Rwork/Rfree 0.218/0.271 

No of atoms 2021 

Protein 1870 

water 151 

B-factors, Å2 35.0 

Protein 35.1 

water 33.6 

Rms deviations  

Bond lengths, Å 0.004 

Bond angles, ° 0.83 
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4.3.9 Discussion  

Pore formation by Ply kills host cells and plays a major role in the damage caused during 

pneumococcal infections. In this chapter, mutations were introduced into Ply with the aim 

of disrupting packing between adjacent molecules during pre-pore and pore-formation. 

Residues were selected based on the recent crystal structure of Ply in which monomers 

pack side-by-side in linear arrays. Eight mutations were made: Leu11Arg, Asn339Arg, 

Asp205Arg, Thr88Glu, Arg226Ala, and Val341Arg in D1, Lys268Ala and Thr304Arg in 

D3. When tested all 8 mutations reduced the ability of Ply to lyse RBCs, confirming that 

these residues are important and supporting the hypothesis that the packing of molecules 

in the crystals mimics the interactions that occur during pore formation. Several other 

CDCs have been crystallized. Although most pack differently, two recent structures of 

intermediolysin and listeriolysin O, show similar side-by-side packing to Ply (Johnson et 

al., 2013). Interesting contacts in the three structures involve equivalent regions of the 

CDC polypeptides, and many of the interacting residues are conserved, suggesting that 

CDCs pack together in the same way during pore formation (Marshal et al., 2015).  In 

line with our findings Lawrence et al. and Van et al. also showed that the mutations in 

Ply interface residues significantly influence the Ply pore formation activity (Lawrence 

et al., 2015, van Pee et al., 2016). This confirms the idea that the monomer-monomer 

interactions observed in the structure  are necessary for pore-formation by the CDCs 

(Hotze et al., 2012).  

Mutations in this study were mostly located in PlyD1 and PlyD3, because these regions 

form the majority of the interface between monomers. During pore formation, PlyD4 

anchors Ply to the membrane. PlyD1 participates in oligomerization and acts as a bridge 

between D2 and D3. PlyD3 undergoes a large conformational change in which the helical 

regions form β-hairpins that penetrate into the membrane (Tween et al 2005, Tilley et al., 

2005). PlyD2 is relatively mobile and collapsed down and rotates as the pre-pore is 

converted to the functional pore. 

As indicated above, all mutants reduced the haemolytic activity of Ply but to different 

degrees. Remarkably, two mutants Asp205Arg and Asn339Arg completely lost their 

haemolytic activities. Stability and membrane binding tests showed that the loss of 

haemolytic activity was not caused by destabilization of Ply or a failure to bind to 

cholesterol-containing membranes. Interestingly, EM indicated that loss of activity was 
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caused by distinct changes in the Asp205Arg and Asn339Arg mutants (Figure 4-17 and 

4-18). Ply Asp205Arg monomers oligomersized on the membrane to form linear chains, 

but these structures were not curved and failed to make pores in the membrane. 

Alternatively, mutant Asn339Arg was still able to bind to the membrane, but monomers 

could not oligomerize. Overall both residues are important for oligomerization and 

assembly of functional pores. This interesting finding provides further understanding of 

Ply oligomerization on the cell surface and could facilitate the production of inhibitors 

for Ply toxin.  

Finally, PlyD4 was successfully crystallized to give two new structures. The Trp-loop is 

partially folded back against the body of Ply.  In solution it is likely that the Trp loop is 

fully bent back as seen in the structure of PFO structure (Rossjohn et al., 1997). Upon 

membrane binding the loop moves away and swings outward and downwards enabling 

interaction with the cell membrane. This conformation change at the base of the toxin 

promotes monomer-monomer interactions upon membrane by binding the loop that 

springs outwards and downwards, allowing additional contacts between D4 of adjacent 

monomers. 
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Chapter 5 The conversion of monomers of Ply to pre-pore 

complexes promotes microdomain formation in lipid bilayers 

 

5.1 Raman spectroscopic analysis of lipid bilayers 

5.1.1 Raman spectroscopy  

Raman spectroscopy is the optical analysis technique discovered by Professor Sir 

Chandrasekhara Venkata in 1928. He was awarded a Nobel Prize in 1930 for his work on 

this phenomenon  (Lawton et al., 2014). Raman spectroscopy is the useful technique to 

determine the chemical composition and molecular structures in cells and tissues. It is 

defined as a vibrational spectroscopy technique, which occurs as a result of interaction of 

light with molecules leading to inelastic scattering. The shift in the wavelength gives 

information about the frequencies of vibrational modes of molecules present in the 

sample (De Luca et al., 2015). This technique is mostly used in biology, analytical 

chemistry, and medicine specifically to identify molecular fingerprints of disease and 

evaluation of living cells and tissues (Redding et al., 2015). When the light is passed 

through the transparent substance, it can be elastically scattered by the molecules with 

the same frequency. This is known as Rayleigh scattering (Lambert et al., 2006). In the 

Raman effect the incoming wavelength is different from the scattered wavelength i.e. this 

is an inelastic light scattering process (Lambert et al., 2006). Raman scattering is 

classified into two different kinds: Stokes and anti-Stokes scattering. In Stokes 

scattering, the photons have lost energy to the molecules, whereas, in anti -Stokes 

scattering, the photons have gained energy from the molecule (Richard, 2001). Both 

scattering include the Raman scattering types and the Rayleigh scattering (Figure 5-1). 
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Figure 5-1: Rayleigh and Raman scattering.  

The molecule is excited light from its ground state to the virtual state. Left: Rayleigh 

scattering. Middle: Stokes Raman scattering. Right: anti-Stokes Raman scattering. 

Inelastic scattering therefore; their previous and the electronic ground state are different. 

 

 

5.1.2 Lipid Raman spectra  

Lipids are an important class of biomolecules; particularly they are important in cellular 

signaling, energy storage and component of the cells membrane. Raman spectroscopy can 

be used to deduce the lipid composition and structure (Kochan et al., 2013). Biological 

membranes contain phospholipids with different chemical structures and degree of 

saturation, such as the phosphatidylcholine and phosphatidylethanolamine are saturated 

and unsaturated lipid respectively. However, they have similar properties because both 

are composed of two fatty acid chains with identical glycerol-based backbones and their 

acyl chains are approximately equal in length (Czamara et al., 2015). Raman spectroscopy 

in combination with optical tweezing was used to study the structure of the LUVs lipid 
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bilayer. The hydrophobic lipid tail groups at 1050-1150 cm-1 and 2800-3200 cm-1 

respectively represent the Raman spectra of the skeletal C-C and C-H starching mode of 

the lipid bilayer. This was the first example of the Raman spectrum recorded from the 

individual vesicles (Cherney and Harris, 2010). In addition, Raman spectroscopy in 

combination with optical tweezers was also used to analyse the composition of the 

liposome membrane by Sanderson and Ward (Sanderson and Ward, 2004).  The Raman 

assignment peaks of some lipids are well established. For example, 2851 and 2882 cm-1 

represent the symmetric (d+) and antisymmetric (d-) methylene stretching vibrations of 

DMPC respectively (Lhert et al., 2002, Snyder et al., 1982). However, in the bilayer of 

POPC, the methylene stretching is at 2855 cm-1  and 2893 cm-1 ; the latter value is shifted 

to higher frequency because the lipid chains are more fluid (Snyder et al., 1982, Aslanian 

et al., 1986). The shoulder at 2928 cm-1 and the peak around 2972 cm-1 is assigned to a 

Fermi resonance of the symmetric methyl stretch (rFR+) and antisymmetric methyl stretch 

(r-) respectively of the fatty acid chains (Lhert et al., 2002). The lipid Raman spectrum is 

characterized by the presence of the hydrocarbon chain, which is observed in three 

regions for all lipids including 1500-1400, 1300-1250 and 1200-1050 cm-1 in the 

fingerprint. The bands in the 1500-1400 cm-1 range is the CH2 assignment fingerprint and 

~1300 cm-1 is assigned to the CH3 vibrations groups in the lipids. Bands in the 1200-

1050cm-1 regions are attributed to the C-C stretching vibrations, which represent the 

skeletal modes. It needs to be taken account that the Raman spectra of individual lipids 

are considerably different according to their saturation, phase, geometrical isomerism and 

polymorphic/polytypic and presence of a hydrophilic group (Czamara et al., 2015).  

 It is very well understood that the transition temperature are different for different lipid 

molecules such as POPC, DPPC, DOPC, DLPC and PC24. They are different in their 

temperature of the gel phase to the fluid phase (Dmitriev and Surovtsev, 2015). The 

disordering process in the lipid bilayer from gel to fluid is determined by different 

structural and spectroscopic techniques including infrared absorption, electronic spin 

resonance, NMR and Raman (Binder et al., 1998, Naumann et al., 1992, Heimburg et al., 

1992, Sassi et al., 2015). It has been reported that the frequency of the CH2 peak positions 

increase with the increasing of the temperature; for example they are increased by about 

2 cm-1 at 50 K and 263 K, larger increase of temperature is caused transition from gel-

fluid phase (between 263 K and 275 K) (Surovtsev and Dzuba, 2014, Kodati et al., 1994, 

Casal and Mantsch, 1984). The conversion from gel to liquid-crystalline phases is 
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accompanied by an increase in the symmetric CH2 stretching band in both FTIR and 

Raman spectra; the wavenumber shifts from 2851-2853 cm-1 in the FTIR spectra of 

hydrated lipids; similarly in Raman spectra, the wavenumber is shifted from 2851.5-

2853.5 cm-1 (Sassi et al., 2015). In addition, when cholesterol is added to DPPC and 

POPC lipids near the gel-fluid phase transition, the Raman frequencies for both CH2 and 

C-C stretching are altered (Surovtsev and Dzuba, 2014). Raman spectroscopy can be 

combined with optical tweezing (known as Raman tweezing) to enable a confocal 

spectroscopic measurement on cell-sized structures. This was used first time in 1986 and 

has recently been extended to trap and record the Raman spectra from particles in 

microfluidic flow channels (Redding et al., 2015). Raman Tweezers are typically 

composed of two lasers: one for trapping a cell-sized particle and another for Raman 

excitation. The lasers can be configured on a microscope apparatus (Ajito and Torimitsu, 

2002).  

5.1.3 Optical tweezers (OT) 

Different types of synthetic bilayers can be studied. Two common variants are solid-

supported planar lipid bilayers and unilamellar lipid vesicles. The former is unsatisfactory 

for the study of transmembrane protein complexes because the solid support would 

interfere with penetration of the protein in the lipid bilayer. Thus, we have utilised 

unilamellar lipid vesicles in this research. There is a very useful approach that can be used 

in experiments employing unilamellar lipid vesicles in which a single vesicle is 

suspended at a fixed point in a liquid sample by OT. Physical changes to the single vesicle 

can then be monitored by optical microscopy or microspectroscopy. Arthur Ashkin 

discovered the physical principles of optical tweezing (OT) in 1970 (Heller et al., 2014). 

He showed that the radiation pressure from the laser beam causes the acceleration of 

microparticle (Ashkin, 1970), and two counter propagating beams could create an optical 

trap for the particle by the radiation pressure. Later, he showed that a single laser beam 

could lead to levitation of the microparticle by the balance of the radiation pressure and 

the gravitational force on the particle (Ashkin and Dziedzic, 1971). OT is attractive 

because of its capability as a non-contact and non-invasion method that can be widely 

used in different applications in physics, biology, chemistry, medical science and 

nanoscience (Guo and Li, 2013). Another configuration of OT uses a highly focused laser 

beam to trap particles. The laser beam is focused by a high-quality microscope objective 
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to a diffraction-limited spot in the specimen plane, which makes an optical trap to hold a 

small particle at the beam waist (Guo and Li, 2013). OT is a useful tool for the trapping 

and manipulation of biological cells, and has been utilised in different areas in biomedical 

research, such as fertilization, cell-cell interaction, cell adhesion, embryology, 

microbiology… etc (Zhang and Liu, 2008).  

The mechanism of trapping by a highly focussed laser beam relies on two kinds of forces 

namely scattering force which tends to push the particle along an axis parallel to the 

direction of light propagation and the gradient force which tends to pull the particle 

towards the high intensity region. The gradient force is produced by the field gradient 

density (Figure 5-2) (Zhang and Liu, 2008, Basu et al., 2010, Redding et al., 2015). Both 

forces exerted on the particle depend on the particle size (r) and the wavelength of the 

laser beam (λ) (Zhang and Liu, 2008).  Optical trapping is usually performed with deep 

red and near-infrared lasers. The short wavelengths of the laser minimise photon damage 

to the trapped particle (Celliers and Conia, 2000). A particle trapping by the OT is 

classified into three different regimes including Mie regime (r≫λ); Rayleigh regime 

(r≪λ); and regime in between them (r∼λ). If a particle is within the Mie scattering region, 

which is when the particle is of the identical scale as the incident light. The optical force 

can be divided into two components. The first component is the pressure force resulting 

from the back scattering of incident photons from the laser; this force acts along the 

direction of the propagating laser beam. The second, and more important form of energy 

transfer occurs through the refraction of photons through the particle (Ashkin, 1992). 
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Figure 5-2: The gradient force mechanism in OT.  

The objective lens of the microscope focuses the light to a diffraction-limited beam waist, 

to create a three-dimensional light gradient. 
 
 

5.1.4 Microfluidic device 

This device makes it possible to deliver unilamellar vesicles into an optical tweezer, and 

then after a single vesicle is held by the tweezers, the surrounding fluid can be exchanged. 

How this is done is explained in the next section. Microfluidic devices enable small liquid 

volumes of liquids to be controlled precisely (Tehranirokh et al., 2013). According to the 

microfluidic technology liquid flow can be manipulated in channels with dimensions of 

(10-100) micrometers (Yu et al., 2009). The microfluidic system allows two various 

solutions to flow without mixing in a channel. The micro channels lead to interesting flow 

characteristics that are integral to the function of microfluidic devices (Eriksson et al., 

2007).  

The fluid flow in the microfluidic device is controlled  by the Reynolds number which is 

defined as the ratio of momentum forces to viscous forces (Squires and Quake, 2005). 

The Reynolds number equation is shown as Re =   v  d /, (d represents the pipe 

diameter, v is the average velocity, and ρ is the fluid density and μ is the dynamic viscosity 

(Saint-Michel et al., 2014).Three types of fluid flow in the channel pipe have been 

described: turbulent, laminar and transient. For instance, if the Re value is lower than 

2300, the flow is laminar and the two fluids will flow in parallel streams to each other 

without mixing; whereas, if   Re  4000, the flow is turbulent and both fluids are mixed 



 

166 
 

completely. In addition, if Re 2300 < Re < 4000, the flow is transient and the fluids will 

be partially mixed (Squires and Quake, 2005). Microfluidic devices are produced by Soft-

lithography with an elastomer rubber, polydimethylsiloxane (PDMS) (Velve-Casquillas 

et al., 2010). 

 

5.2 Objectives  

In this chapter, the structural changes of the lipid bilayer in a liposome is described once 

exposed to Ply and a number of Ply mutants. Using a combination of OT, microfluidic 

device and Raman spectroscopy. A microfluidic device was created to allow 

manipulation of the liposome into a solution of Ply using OT. It is consisting of laser 

beam tightly focused through an objective lens, which is used to isolate single particles 

in suspension. A change in the structure of the lipid membrane in a liposome (~1 µm in 

diameter unilamellar vesicles) was detected by measuring inelastic back-scattered light 

via Raman spectroscopy.  

5.3 Materials and methods 

5.3.1 Materials 

Chol, POPC, Micro-Extruder and polycarbonate membrane were supplied by Avanti 

polar lipid. Boron-doped silicon (100) wafer purchased from (MicroChemical GmbH), 

negative photoresist (SU-8-2002) supplied by (MicroChem Crop). The base hardener 

silicon adhesive with Trimethylisocyate and 85% oil immersion were purchased from 

the Sigma 1.0 mm biopsy puncher was purchased from World Precision Instruments.  

5.4 Preparation of lipid vesicles (Liposomes) 

Different batches of liposomes were prepared: pure POPC, binary mixtures of 

POPC/Chol (1:1, 1:2 and 4:1 mole ratio) and a ternary mixture of POPC/Chol/SM (1:1:1). 

Liposomes were prepared according to the Avanti Polar Lipids protocol 10 mg POPC 

was mixed with 5 mg Chol (for a 1:1 mole ratio) they were dissolved in 1ml chloroform 

this was dried under a gentle stream of N2 at room temperature to evaporate the solvent 

completely. After that the white film rehydrated in 1 ml PBS. Then it was extruded 20 

times through the 1μm pore size polycarbonate membrane at 50oC in order to control the 

phase transition temperature. In addition, to produce LUVs that are homogeneous with 



 

167 
 

the respect of size but might be different in the composition. Liposomes were stored at 

4oC and used within a week.  

5.5  Microfluidic laminar flow cell 

A microfluidic device was prepared to enable controlled mixing of a single liposome in 

PBS with a solution-containing Ply that is flowing in parallel by laminar flow. 

Microfluidic devices were made by soft lithography. A photomask containing negative 

images of the pattern of microfluidic channels was reproduced and printed by (JD Photo-

Tools, Oldham, Lancashire) made from Boron-doped silicon with a diameter of 50 mm 

and a thickness of 280 m. A single copy of the pattern is composed of two inlets and 

one out let (Figure 5-3 A). The perimeter of the inlet for the protein solution is bordered 

by two rows of isosceles trapezia (Figure 5-3 B) these are separated by 8 μm in the inner 

circle, and 5 μm in the outer circle. Two rows of isosceles trapezia provide removing of 

any particles present in the protein solution, which would be drained into the focus of the 

optical-tweezing laser. The width of the fluidic channels into which the liposome 

dispersion and the protein solution are injected is 100 μm, and these converge at a Y-

shaped junction into a fluidic channel of 200 μm-width. 

The master template of the device was produced by dispensing approximately 1 ml of a 

permanent negative photoresist (SU-8-2002) onto the wafer and distributed on the wafer 

surface on the chuck of the spin. Then, it was spun onto the wafer at 500 rpm for 30 sec 

followed by 1500 rpm for 30 sec to create a uniform 100 m. Next the wafer was baked 

on a hot plate at 95oC for 45 min. An in-house vacuum chuck photography apparatus was 

used to clamp the coated silicon wafer and then a predesigned mask was placed on the 

wafer, which was exposure to UV radiation at 365 nm to the wafer with the 15% power 

at the illumination of 550-650 mJ cm-2 using a LED curing lamp (DELOLUX80/365, 

Delo industrial adhesive). The UV initiates cross-linking of the epoxy resin; the parts of 

the resin not exposed to UV are removed following developing. After UV exposure the 

wafer was put on the hot plate to bake at 95oC for 10 min, and rinsed in Microposit EC 

solvent developer for 2 min and then cleaned with isopropyl alcohol and dried.  

Replicas of the pattern shown in (Figure 5-4 A) were produced by PDMS. PDMS consists 

of two components, the base and hardener silicon adhesive; they were mixed in a ratio 

10:1 and cast over the pattern with ~5 mm thickness (Figure 5-4 B). Then the cast was 
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placed into the vacuum desiccator to remove air bubbles, before casting the wafer was 

salinized in 85% Trimethylisocyate in a vacuum left overnight to reduce the sticking of 

PDMS on the wafer and to prolong the lifetime of the wafer. The wafer was then 

incubated in an oven at 65oC for 2 hr to harden the PDMS. Then the PDMS slab was 

carefully excised from the wafer with a sharp scalpel. The template was then reused to 

make another microfluidic device. 

The 1 mm-internal diameter biopsy puncher was used to punch holes to create the outlet 

and inlet in the fluidic patterns transferred onto the PDMS. The PDMS blocks were 

cleaned with adhesive tape to remove debris from both sides and they were taped to 

eliminate any dust from collecting. Glasses cover slip cleaned it in 14 ml of the 95% 

H2SO4 and 6 ml of 30% H2O2 at room temperature for 15 min then it washed in 40 ml 

(18.2 MU, Milli-Q, Millipore) for 5 min finally they put into the methanol for a few sec 

and dried in oven at 60oC for 10 min. Next the PDMS was sealed with a glass cover slip. 

Next the PDMS and the glass cover slip for PDMS sealing were treated with oxygen 

plasma to activate the PDMS and the cover glass (Menzel-Glaser, 24 mm by 50 mm) for 

1min at 0.1 mbar and 28 W (ManiFesto-PC-MFC, Gala Instrument GmbH) (Friend and 

Yeo, 2010). Then the PDMS was bonded to the cover glasses; a weight was placed on 

top of the PDMS to secure to the glass surface and the device was placed in the oven at 

80oC overnight. This procedure promotes complete bonding and allows the cover glasses 

to bind to the PDMS and seal the flow channels of microfluidic device. Figure 5-3 C 

shows the Y-shape device with two inlets and outlet and the laminar co-flowing streams 

of two fluids: pure water and a solution containing a blue dye   
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Figure 5-3: Microfluidic device pattern. 

(A) Display microfluidic pattern replica. (B) Shows the inlet of the microfluidic device, 

which was used to inject Ply. (C) illustrates the laminar flow of co-flowing streams of 

pure water and a dye solution in the microfluidic device at 10 nl/min. 
 
 

 
 
Figure 5-4: Microfluidic device preparation.   

(A) Represent the silicon wafer with printed Y-shaped patterns. (B) is the sealed 

microfluidic component; inlets were made with a 1 mm biopsy punch after casting. 
 

 

5.6 Raman tweezers of a single liposome with the wild-type Ply and Ply mutants 

 For the flow cell experiment 9.5 nM (0.5 µg/ml) of Ply and a 1:100 dilution of liposome 

were prepared separately in PBS. Delivery of the two fluids was done using a dual syringe 

pump (Harvard Scientific). Both were delivered to the separate inlets of the microfluidic 

component using PTFE tubing. The flow rate was set initially at 100 nl/min, and then 

after the microfluidic channels were fully filled the flow rate was lowered to 5 nl/min to 

enable the optical trapping of the liposomes. OT of a single liposome was carried with a 

1070 nm IR laser at a power of 10 mW that was controlled by the LabView software 

(National Instruments). First the liposome was trapped in the original solution PBS and 

C 

     100  mm 

A B 

1 

mm 

Liposome inlet 

Ply inlet 

Outlet 

9.5 nM 

PLY 

(PBS) 
1 mm 

LUV 

(PBS) 

OT 

(d ) (e ) 

OT = Optical 

Trap 

A B 



 

170 
 

its Raman spectra was collected at 37oC. Then the liposome was transferred into the Ply 

solution site in the microfluidic device (Figure 5-5) again the Raman spectra were 

recorded with 100 Raman spectra recorded over 30 sec using WinSpec3 software.  

 

Figure 5-5: Liposome manipulation between two different solutions including PBS 

and Ply by OT.  

Two solutions comprising liposomes (LUVs) in PBS and Ply flow together but do not 

mix because of a laminar boundary inside the microfluidic device. 
 

 

5.7 Raman measurement and data collection 

The combination of dichroic mirrors, DM1 and DM2 (z700dcxr; Chroma) (Figure 5-6) 

allowed the Raman-scattered light, from the 488 nm laser, to be collected by the objective 

lens. The signals were gathered from the samples utilizing at 13.5 mW for all Raman 

experiments depicted in this work. Focusing of the 160 mm achromatic lens system 

(Comar), onto a 150 μm pinhole (Comar) in the confocal image plane allows spatial 

filtering of the Raman wavelength. The second achromatic lens 160 mm was used to re-

collimate the spatial filtered light. Then the 50 mm achromatic lens was focused onto the 

100 μm-width entrance slits of a spectrograph with a 0.500 m imaging triple grating 

monochromator (Acton Research Potbelly, Spectra Pro 2500i; 1800 seam /mm grating; 

500 nanometre blaze wavelength). The detector was a -80 °C cooled, back-

illuminated, charge-coupled device (Princeton Instruments, Pixis I 00B). Increments 

of 0.018 nanometer (~ 0.5 centimetre -1) was used to measure the spectral data points. 
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The optical resolution of the spectrograph was 2cm-1, and the precision of the 

wavenumber was 0.5 cm-1. Acquisition time for an individual spectrum was 30 sec and 

was controlled by the WinSpec3software. The background signal of the lipid-Raman 

spectrum (which includes the stretching set of water molecules) was subtracted using 

Excel, and all Raman spectra were normalized in order to have the same integrated 

intensity for the overlapping C-H stretching bands (between 2800 and 3040 cm-1), which 

is the region of interest of the lipid. Figure 5-6 represents the schematic diagram of the 

OT and measuring the inelastic scattering of light.  

 

Figure 5-6: Schematic of Optical tweezers.  

The blue path is the Raman excitation laser at 488 nm lasers. The mirror DM1 reflects 

the beam onto the objective. The inelastic back-scattered light of the Raman is collected 

back through the objective by the short wave pass dichroic mirror DM2. The DM1, DM2 

are the dichroic mirrors, with the long-wave pass. L1-achromatic lens, L2-achromatic 

lens, are included 160 mm, 50 mm respectively. M is the silver mirror and λ-graph is a 

Raman spectrometer. 

 

5.8 The OT setup 

The experiments were performed using a custom built inverted microscope. The sample 

stage was composed of the aluminum plate and the insulted flexible heater ring shape. A 

K-type thermocouple was used to monitor the temperature of the aluminum plate. A 1cm 
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delrin plate was used to isolate the sample stage from the microscope body. The 

aluminum plate and delrin plate have a circular opening matched to the inner diameter of 

the heating element. The oil-immersion infinity corrected, objective lens (Nikon Inc., 

1.25 NA, 100) make contact between the microscope and the lower surface of the 1.5 

cover glass through the circular opening. The white light LED 400-800 nm and the 

condenser illuminated the sample. The trapping laser at 1070 nm had a 7 mm diameter 

beam. This was expanded to 21 mm by two achromatic lenses (L1 and L2). In order to 

create an optical trap in the sample plane, the back aperture of the objective lens was over 

filled by a continuous-wave infra-red (IR) laser (1070 nm-wavelength). The liquid-

crystal-on-slicon and the spatial light modulator controlled the focal point of the optical 

trap in the lateral and axial position, which is located near the IR source beam. This 

instrument capability enables a trapped particle is correctly positioned at the focal point 

of a second laser beam of 488 nm wavelength which is combined with the IR laser by the 

DM1 dichroic mirror. More than 95% of the 488 nm was reflected by the DM1 dichroic 

mirror with the transmission of IR 1070 nm and approximately 50% of the laser 488 nm 

was used to measure the light scattering because it is not sufficient to trap the particle. 

The Notch filter was placed in front of the CCD for both laser sources. The advantage of 

using two different laser sources for the optical trapping and the Raman excitation is that 

the trapped particle can be manipulated freely with sensitivity and the set up allows 

alignment of the particle into the focal spot of the excitation laser to optimize the Raman 

intensity. Another advantage of using two lasers with the different wavelengths is 

minimising damage of the sampl by selecting a suitable wavelength for the optical 

trapping laser.  

5.9 Raman data normalization  

Raman data was normalized using a multistep process. Firstly, the cosmic background 

anomalies of all Raman data were removed by estimating the values that would have been 

recorded without interference and replacing them with the average of the two neighboring 

data. After this correction any changes in the data can be identified. Secondly, the base 

line was adjusted to zero to normalize the intensity of the Raman data because in the raw 

data the Raman spectra lies on a slope due to overlapping signals in the Raman. This was 

solved by taking three sections using a linear equation due to the change in gradient in 

stages. For example, the data was separated into three sections including 1st section 
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between 562.200-564.989 nm, the 2nd section between 565.001-572.989 nm and the 3rd 

section lies between 573.006-574.200 nm. The large broad signal of PBS was excluded 

because lipid intest peaks are contained in those three sections. The equation to normalize 

the intensity of each section was performed by Dr. Andrew Hudson in the Chemistry 

department at Leicester University. All equations are displayed in the appendix. The final 

step was the calculation of the Raman shift, in which the wavelength of the region of 

interest was converted into wavenumbers of the Raman shift.  

5.10 Results 

5.10.1 Lipid vibrational spectroscopy  

LUVs (1µm) were prepared by the extrusion method in order to produce the consistent 

liposome vesicles. A single liposome was optically trapped with the 1070 nm laser and 

the Raman spectra was recorded at 488 nm laser. The region of interest for the study of 

the liposome structural changes is the C-H stretching region. The C-H stretching region 

is composed of symmetric and asymmetric methylene stretching (d+, d-) and methyl 

stretching (rFR+, r-). Previous studies have assigned peaks to different vibrations. The 

symmetric (d+) and asymmetric (d-) methylene stretching vibrations of POPC appear at 

2851 cm-1 and 2900 cm-1, respectively (Figure 5-7 A). The shoulder at 2925 cm-1 is 

assigned to the symmetric methyl stretch (rFR+), and the peak around 2970 cm-1 to the 

asymmetric methyl stretch (r-) of the fatty acid chain (Figure 5-7 A) (Snyder et al., 1978, 

Snyder et al., 1982, Aslanian et al., 1986). The Raman fingerprint of pure POPC and Chol 

were recorded separately to understand how they impact the Raman assignment peaks of 

liposome. Though the same C-H stretches shifted frequencies they are still identifiable as 

the d+, d-, rFR+ and r- stretches respectively (Figure 5-7 B). This clearly shows that POPC 

is responsible for a significant fraction of the d+ contribution and a broader d- stretch vice 

versa d+ is shifted and d- is thinner in Chol.  The rFR+ and r- are much stronger in Chol 

than the POPC peak.  
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Figure 5-7: Representative Raman spectra of an-optically trapped POPC/Chol 

liposome and POPC/Chol separately.  

Symbols on each peak represent different regions of the C-H stretching spectrum. Figure 

A (d+) and (d-) represent symmetric and asymmetric methylene (CH2) stretching 

respectively and (rFR+) (r-) represents symmetric and asymmetric methyl (CH3) 

stretching. Figure B shows the Raman peak of the POPC/Chol separately shown by the 

red and black lines. 

 

5.10.2  Observing structural changes in a single liposome by wild-type Ply  

The Y-shaped microfluidic device (Figure 5-3A) was used in order to study the 

interaction between a single POPC/Chol liposome and Ply. Movement of an optically 

trapped liposome across the laminar-flow boundary results an immediate change in the 

environment enabling study of the structural changes in the lipid bilayer. The liposome 

was optically trapped with the red laser (=1070 nm) and moved into the flow of the toxin 

stream. The change in the Raman spectra of the liposome was recorded at 488 nm, every 

30 sec. A control experiment was carried out in which the liposome was optically trapped 

in the same way but without the addition of Ply. The first spectrum, in black (Figure 5-8) 

was recorded whilst the liposome was stationary in PBS. The final spectrum in red (Figure 

5-8) was recorded after 720 sec in the solution of Ply. A change in the Raman spectra is 

observed when Ply is present with a decrease in the CH2 symmetric stretching mode (d+) 

(Figure 5-8). Differences in the C-H stretching region of the liposome might be a sign of 

an increase in the diameter of the vesicle when Ply binds, with a decrease in short-range 

order of lipid molecules in the bilayer and an increase in membrane fluidity. The overall 

change in the Raman spectra of the liposome with Ply is similar to the change observed 
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by a temperature-induced transition from Lo into Lo + Ld. This change is characterized 

by a decrease in CH2 symmetric stretching mode (d+).  

To confirm that Chol is necessary for the changes observed, Ply was mixed with pure 

POPC vesicles without Chol. Raman spectra were recorded for a series of liposomes 

(Figure 5-9 B). No changes were observed in the Raman spectra when exposed to the 

wild-type toxin indicating that Chol is essential for binding of Ply. 

 

 

Figure 5-8: The Raman spectra profile of an-optically trapped liposome (1:1 mole 

ratio POPC/Chol) with and without wild-type Ply.  

Raman spectra of liposome was recorded in Y-shape microfluidic device. Then liposome 

transferred to the Ply site in Y-shaped device by OT. A sequence of experimental Raman 

spectra recorded at 30 sec intervals following exposure to Ply. Raman Spectra of liposome 

without (black) and with wild-type Ply (red after 720 sec). 
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Figure 5-9: Raman spectra profile of an-optically trapped pure POPC liposome with 

and without wild-type Ply. 

(A) Shows the pure POPC spectra.  (B) Shows the Raman spectra of POPC with wild-

type Ply, both spectra are identical indicating that Chol is essential for Ply binding. The 

d+ and d- bands are not changed in both figures A and B. 

 

5.10.3 The influence of lipid composition on the changes observed in the bilayers 

following the addition of wild-type Ply 

In this experiment liposomes were prepared with POPC/Chol ratios of 4:1 and 1:2. The 

latter ratio is the saturation limit of Chol in the POPC bilayers. This experiment was 

performed to observe how the Chol impacts the chemical and structural changes of the 

lipid in the liposome once incubated with Ply.  Figure 5-10 A shows the Raman spectra 

of a single liposome with low Chol concentration. No change can be seen in the Raman 

spectra when the liposome is transferred to the wild-type Ply solution. However, a big 

change is observed with the high Chol concentration once exposure to Ply (Figure 5-10 

B). The major change was in the d+ symmetric CH2 and rFR+ CH3 symmetric region, 

which decreased and increased respectively. Differences in the C-H stretching region was 

caused by sequestering of Chol by Ply. It has been suggested, that change in C-H 

stretching region on addition of Chol is caused by the Chol associating tightly with the ac 

yl chain of the lipid in the membrane (Rojko and Anderluh, 2015). Taken together, the 
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results suggest that addition of Chol to the membrane causes the lipid acyl chains to 

become more packed and ordered. Addition of Ply changes the arrangement of the lipid 

acyl chains from packed ordered to disorder. Ply impact the membrane phase similar to 

the changes induced by temperature.
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Figure 5-10: Comparison Raman spectra of an-optically trapped single liposome 

with and without wild-type Ply in low/high concentration of cholesterol.  

A sequence of experimental Raman spectra recorded at 30 sec intervals following 

exposure to Ply. Top (A, B) images show Raman spectra of single liposome (containing 

low and high amounts of Chol) with Ply. Bottom images show the liposomes without Ply. 
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5.10.4 Raman spectra of liposome with the PlyD4  

PlyD4 cannot lysis RBCs (Figure 4-10 B), however, it can bind to membrane Chol 

through the Trp-rich region (Gilbert et al., 1999, Baba et al., 2001). To measure the impact 

of PlyD4 on the chemical structure of the lipid a similar experiment was performed as 

described in section 5.10.2. When PlyD4 was incubated with the liposome no changes 

were observed with low or high Chol (Figure 5-11 A and B) indicating that the methylene 

and methyl C-H stretching is unaffected. This shows that binding alone does not cause 

spectral changes in the membrane structure that were observed for the full-length toxin. 

PlyD4 binds superficially to the membrane, but does not oligomerize and does not deeply 

embed into the membrane (Nollmann et al., 2004).  
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Figure 5-11: Comparison of Raman spectra of an-optically trapped liposome with 

and without PlyD4.  

Top (A, B) images show Raman spectra of single liposome (containing low and high 

amounts of Chol) with PlyD4. Bottom images show the liposomes without PlyD4. A 

sequence of experimental Raman spectra recorded at 30 sec intervals following exposure 

to PlyD4. In both A and B images the four bands of CH2 and CH3 as lablled d+ d-, Rfr+, 

r- respectively are not changed.  
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5.10.5 Monitoring membrane, structural change of the liposome with Ply 

Asp205Arg (D205R) and Asn339Arg (N339R)  

The point mutations N339R and D205R abolished the haemolytic activity of Ply without 

affecting its overall structure or ability to interact with the membrane (Chapter 4). N339R 

does not oligomerise on liposomes whereas D205R can oligomerise but cannot form 

pores. Addition of the N339R mutant resulted in no change in the Raman spectra (Figure 

5-12), indicating that the mutation prevents the structural changes in the membrane that 

were observed for wild-type toxin. Surprisingly, the D205R mutant (Figure 5-12) induced 

similar affects as wild-type toxin despite having no haemolytic activity. Thus the spectral 

changes observed are not caused by pore formation itself. Instead, it can be concluded 

that oligomerization of Ply monomers on the membrane surface causes the changes to the 

membrane. 
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Figure 5-12: Raman spectra profile of an-optically trapped liposome (1:1 

POPC/Chol) with mutant D205R and N339R.  

A sequence of experimental Raman spectra recorded at 30 sec intervals following 

exposure to Ply D205R and N339R. Raman Spectra of liposome without (black) and with 

Ply D205R and N339R (red) recorded after 0 sec and 720 sec. 

 

5.10.6 Monitoring membrane, structural change of the liposome with mutant Ply 

Thr304Arg, Arg226Ala, Thr88Glu, and Lys268Ala, Val341Arg and 

Leu11Arg  

Spectral changes in a single liposome were also measured for a number of Ply point 

mutants including Thr304Arg, Arg226Ala, Thr88Glu, and Lys268Ala, Val341Arg and 

L11R. All showed similar changes to the wild-type toxin to varying degrees revealing 

similar structural changes to the membrane (Figure 5-13). Mutant Thr304Arg (Figure 5-

14) caused large shifts in the C-H stretching spectrum and the d+ band disappeared. 

This mutant reduced the haemolytic activity of Ply by ~300-fold (Chapter 4). At 1:1 

ratio and low POPC/Chol ratio the d+ band reduced significantly, (Figure 5-14A, B red 

line), however, no change was observed at a high Chol ratio (Figure 5-15).  The reason 

for these differences is not clear.  
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Figure 5-13: Raman spectra profile of-an optically trapped 1:1 POPC/Chol vesicle 

with mutant Lys268Ala, Arg226Ala, Val341Arg, Thr88Glu and Leu11Arg.  

A sequence of experimental Raman spectra recorded at 30 sec intervals following 

exposure to all above mutants. Raman Spectra of liposome without (black) and with Ply 

mutants (red) recorded after 0 sec and 720 sec. 

 

 

 

 

Figure 5-14: Comparison of Raman spectra for an-optically trapped liposome 

POPC/Chol 1:1 ratio  and POPC/Chol low ratio with mutant Thr304Arg.  

Top (A, B) images show Raman spectra of single liposome (containing 1:1 and low 

amounts of Chol) without PlyT304R. Bottom images show the liposomes with PlyT304R. 

Raman Spectra of liposome without (black) and with Ply T304R (red) recorded after 0 

sec and 720 sec. 
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Figure 5-15: Comparison of Raman spectra for an-optically trapped liposome 

POPC/Chol high with and without Thr304Arg.  

The A, spectra represent the liposome spectra without the Thr304Arg whereas; B, spectra 

represent the liposome spectra without (blak) and with Thr304Arg (red) that result in no 

change. 

 

5.10.7 Influence of locked mutant on the chemical structure of the membrane  

The two locked mutants were also tested. Both mutants caused similar spectral changes 

as wild-type Ply (Figure 5-16), in which the d+ peak disappeared. The locked mutants 

were designed to prevent pore insertion, but not Ply oligomerisation, so these results are 

consistent with the conclusion the changes to the membrane structure are not caused by 

pore formation itself. However, caution is needed because the locked mutants did retain 

some haemolytic as described in Chapter 4 (Figure 4-10 B) suggesting that a small 

proportion of the mutants were not disulphide trapped. 
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Figure 5-16: Raman spectra analysis of an-optically trapped liposome with Ply 

locked mutants (Thr55Cys+Val163Cys and Ala262Cys+Trp278Cys).  

Raman spectra of POPC/Chol (1:1 mole ratio) was recorded for both mutants in the Y-

shaped microfluidic device. A sequence of experimental Raman spectra recorded at 30 

sec intervals following exposure to (Thr55Cys+Val163Cys and Ala262Cys+Trp278Cys).  

Ply. Raman Spectra of liposome without (black) and with mutants (red after 720 sec). 

 
 

5.10.8 Monitoring change of the lipid layer of a liposome membrane composed of 

ternary mixture of POPC/Chol /SM (1:1:1) 

To understand the interaction between lipid rafts and Ply toxins, spectra were recorded 

for liposomes containing 1:1:1 mixture of POPC/Chol/SM. SM is used to form lipid rafts 

in liposome preparations (Kai and Elina, 1997). No changes were detected on addition of 

wild-type Ply, PlyD4 or mutant T304R to POPC/Chol/SM liposomes (Figure 5-17). This 

result suggests that the presence of SM in a lipid membrane, causes the surrounding lipid 

to become more ordered, so that no Chol sequestering is required prior to pore insertion 

by Ply. 
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Figure 5-17: Raman spectra profile of 1:1:1 POPC/Chol/SM liposome with wild- 

type Ply, PlyD4 and Ply mutant T304R.  

(A) Shows the pure Raman spectra of the POPC/Chol/SM alone; B, C, and D display 

Raman spectra profile of the liposome once exposed to the wild-type Ply, PlyD4 and the 

mutant Ply T304R consequently ina Y-shape microfluidic devic. 

 

5.11 Discussion  

The present study observes changes in the membrane of single cell-sized liposome using 

Raman spectroscopy and optical tweezers. The process of pore formation by Ply is well 

established (Tilley et al., 2005, Gilbert et al., 1999) but how it impacts on the structure of 

the cell membrane is still poorly understood. The purpose of the work in this Chapter was 

to provide a greater understanding of the structural changes in the lipid membrane upon 

interaction with the Ply toxin. Raman spectroscopy is widely used to study membranes 

and gives a spectral fingerprint of a sample as a result of inelastic scattering of light (Rajan 

et al., 2017). Many studies have reported the characteristic changes in the chemical 

structure of the lipid in response to changes in temperature (Wu et al., 2016a, Lewis and 

McElhaney, 2013, Schaefer et al., 2012). According to the literature the Raman peaks of 

the lipid is divided into four overlapping bands due to symmetric and asymmetric 

stretching of the CH2 and CH3 bonds (Snyder et al., 1978). The Raman spectra of the 

liposome changes when Ply is added reflecting in an increase in the disorder of the 

membrane. The changes resemble those caused by heating in which the diameter of the 

vesicle is gradually increased and this leads to a decrease in a short-range order of lipid 

molecules in the lipid bilayer, and increase in membrane fluidity. The membrane phase 

changes from an ordered gel phase to a liquid-disordered phase. Comparison of the effects 

of wild-type Ply with the point mutants and truncated forms suggests that the observed 

changes to the membrane fluidity are caused by self-association of Ply monomers not by 

pore formation itself. Thus disulphide-locked mutants, which cannot form pores but can 

form pre-pore structures, showed similar changes to wild-type Ply confirming that the 

changes observed in the membrane are not caused by pore formation. By contrast, the 

Asn339Arg mutant binds to the membrane but cannot self-associate or form pores and 

caused no spectral changes (as did D4 alone). Asp205Arg self-associates on the 

membrane but cannot form pores, yet resembles wild-type Ply with respect to the changes 

in the Raman spectrum. This approach therefore provides a very useful way of 
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distinguishing pores from pre-pores, something that has not been possible previously 

using spectral methods. This in-turn can be used for characterising the molecular 

mechanism of Ply inhibitors.  

The structural changes of the membrane were recorded for different Ply mutants include 

(Leu11Arg, Lys268Ala, Val341Arg, Arg226Ala, and Thr88Glu, Thr304Arg) through the 

Raman spectroscopy with highlighting on the C-H stretching region and specifically the 

d+ band which represents the symmetric stretching of CH2 region of lipid. All the mutants 

impact the structural changes with different degree, in all of them the d+ band was 

reduced. Reducing of the d+ band means that the membrane phase is changed from the 

Lo to Ld phase. Because the impact of Ply on the membrane structure some how similar 

to the impact of tempreture on the membrane. Ply and Ply mutants once bind to the 

cholesterol in the membrane they sequester cholesterol from the membrane for the 

purpose of securing the most stable surface for pore formation. Sequestering of the 

cholesterol from the membrane by Ply and Ply mutants cause reduction of the d+ band is 

then an indication of altering the phase of the membrane from the Lo to Ld (Figure 5-18).  

 

 

 

Figure 5-18: Schematic represntaion of impacting Ply on the the membrane phase. 

When the membrane contains the equi-molar amountas of phosphocholine (POPC) and 

cholesterol (1:1), a liquid-ordered phase, Lo, exists (shown in blue in the figure). The Lo 

shares characteristics of the gel (L) and fluid (liquid-disordered, Ld) phases of a lipid 

membrane. While the intercalation of cholesterol with phosphocholine molecules disrupts 

the planar triangular lattice in the gel phase, a trans conformation of the hydrocarbon 

chains is more favoured in the fluid phase resulting in a higher degree of short-range 

order. After addition of the Ply and Ply mutants, we believe that the membrane transitions 

from a pure Lo phase into a state in which the Lo and Ld phases coexist (as shown in the 

figure in dark blue - Lo region with high cholesterol - and red Ld region with low 

cholesterol. The Ply sequesters cholesterol from the membrane.    
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5.12 General discussion  

5.12.1  ELISA binding between Ply and human L-ficolin  

Ply is a virulence factor of the pneumococcus, which is a pathogen of significant clinical 

importance; therefore, understanding the interaction of Ply with the immune system is 

critical. The work presented in (Chapter 3) revealed that Ply does not bind to human L-

ficolin, contrary to a previous report (Ali et al., 2013). The inconsistency between the two 

studies is most likely to have been caused by contamination of Ply preparations. Because, 

Ply is produced in E. coli, a potential target of L-ficolin, any impurities (e.g. acetylated 

cell wall components) could lead to false positive results. I used highly pure preparations 

of Ply with an additional gel-filtration purification step. The resulting protein was 

successfully crystallized (Marshall et al., 2015).  

5.12.2  ELISA binding between Ply and IgG isotypes  

My data confirmed that Ply binds to IgG. However, the results were somewhat surprising 

regarding binding to IgG isotypes. Ply bound to IgG2, IgG3, and IgG4, but not to IgG1. 

The reason for these differences in binding is unclear. However, it is interesting to note 

that the length of the hinge regions in each IgG isotypes is different. Ali et al (2013) 

suggested that the long hinge region of IgG3 (62 amino acids) might facilitate its 

interaction with Ply. However, the hinge regions of IgG4 and IgG2 are shorter than IgG3 

(12 amino acids), so this explanation is unlikely. More likely is that there is a binding site 

that is conserved in IgG2, IgG3 and IgG4 but not in IgG1 which is located in the CH1 

region (Figure 3.22).  Interestingly, IgG3 and IgG1 both activate the classical pathway, 

whereas IgG2 has lower activity and IgG4 fails to activate complement. Thus, most 

Ply-driven complement activation probably occurs through IgG3. The function of the 

interactions of Ply with IgG2 and IgG4 is less clear, although they would likely reduce 

the amount of functional IgG in serum, thereby impairing the immune response of the 

host. 

5.12.3 Ply binds to the Fab region of IgG via domains 1-3  

The results of this study indicate that the Ply-IgG interaction is mediated mainly through 

the Fab fragment of  the IgG and the PlyD1-3 fragment of Ply. In contrast, to the findings 

of Mitchell et al (1991), Ply did not interact via IgG Fc. Binding of Ply to the Fab 

fragment of IgG would mean that the Fc portion is free to bind to C1q and activate CP.  
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5.12.4 Structural based mutation in Ply to block pore formation 

 Monomers of Ply pack side-by-side in the crystal structure of Ply (Marshall et al., 2015). 

We hypothesized that these packing interactions mimic the packing interactions that 

occur when Ply monomers come together on the cell-surface. To test this hypothesis, 

mutations were made to residues at the interface and the activities of the resulting Ply 

mutants were measured. The eight point mutations that were made all reduced the 

haemolytic activity of Ply, supporting our hypothesis. Two of the mutants completely 

abolished haemolysis by Ply. These affects were not caused by destabilization of Ply 

or by failure to bind to the membrane. Analysis by EM showed that the loss of activity 

was caused by distinct mechanisms. Asp205Arg mutants still formed oligomers but these 

oligomers were linear not curved, implying that the mutation prevents pore-formation. 

Pore formation would require flexibility in the packing to create the necessary curvature. 

Presumably the Asp205Arg mutation prevents this flexibility resulting in the linear arrays 

of molecules that were observed in electron micrographs rather than circular pores. The 

other mutant Asn339Arg appeared to block oligomerization completely, so that the 

mutant covered the membrane of liposomes but did not assemble to form pores, arcs or 

even linear arrays.  

5.12.5 Raman spectral analysis of Ply on the lipid bilayer membrane 

Analysis by Raman spectroscopy of single liposomes revealed that Ply impacts 

membrane chemical structure. Ply leads to a decrease in a short-range order of lipid 

molecules in the lipid bilayer. The changes observed were the result of oligomerization 

of Ply monomers on the membrane rather than pore formation itself leading to changes 

in the lipid vibrational mode (CH2 and CH3). Thus, the non-haemolytic mutant 

Asp205Arg caused changes in the lipid vibrational mode similar to the wild-type Ply. 

Asp205Arg mutant still oligomerized to form long chains, but could not form pores. 

Conversely, mutant Asn339Arg caused no changes to the lipid vibrational mode, despite 

binding to the membrane. Oligomerization of Ply was completely abolished by this 

mutation. Together, the data show that toxin oligomerization on the membrane is 

necessary to change the vibration mode of the CH2 and CH3 groups in the lipid 

molecule of the membrane.  
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5.13 Future work  

5.13.1 Mutation in PlyD1-3 residues  

Studies in this thesis revealed that the interaction between Ply and IgG occurs via the 

PlyD1-3 and Fab region of IgG. Thus it would be interesting to identify the residues that 

are responsible for this interaction by introducing point mutation into PlyD1-3 residues 

to identify the binding region on the toxin. The PlyD1-3/IgG Fab would also be a good 

target for crystallization/structural studies. 

5.13.2 Disruption of Ply monomers 

The chapter four results showed that disruption of packing interactions prevents pore 

formation by Ply. Therefore, a drug that blocks packing could potentially form the basis 

of a new treatment for pneumococcal disease. Ply activity could be prevented either by 

small molecules or antibodies. It would also be interesting to investigate the packing in 

other CDCs by introducing mutations at interface surface residues. This would confirm 

that interface is conserved in all CDCs and that they have a common mode of 

polymerization.  

5.13.3 Raman spectroscopy and Ply 

The structural changes in lipid membrane observed by the Raman spectroscopy caused 

by Ply provide a useful way of distinguishing pore from pre-pore formation. It would be 

interesting to investigate more Ply mutants to show the impact of residues on the chemical 

structure of the membrane. Additionally, it is important to investigate the impact of other 

CDCs on the chemical structure of the membrane to see if the observed changes are a 

common feature of CDCs.    
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Appendixes  
 
Appendix 1- Blast DNA sequences of truncated Ply 

  
Ply D1-3 forward primer blast 
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 Ply D1-3 Reverse primer blast 
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Ply D4 blast sequences  

 

 
 

 
Appendix 2- L-ficolin and fibrinogen like domain blast sequences  

 

 
 
 
 
 
 
 
 

Full-length L-ficolin cloned into  pGEM-T  sequence analyse  
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Full-length L-ficolin cloned into pED4 vector and the  sequence analyse with the primer pED4 seq F   

Fibrinogen-like domain cloned into  pGEM-T vector and the sequence analysed with T7-promoter prime  
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Fibrinogen-like domain cloned into  pGEM-T vector and the sequence analysed with SP6 prime  

Fibrinogen-like domain cloned into pET28 vector and the  sequence analyse 
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Appendix 3- mutants Ply blast sequences  

 

 
 
 

 
 
 
 
 
 

Thr88Glu= T88E (Thr changed to Glu acid) ACT D GAA 
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Asn339Arg= N339R (Asn changed to Arg) AAT D CGC 

 

Thr304Arg=T304R (Thr changed to Arg) ACA D CGT  
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Asp205Arg= D205R (Asp changed to Arg) GAC D CGT 
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Val341Arg= V341R (Val changed to Arg) GTT D CGT 
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Tyr55Cys+Val163Cys= T55C+V163C (ACA changed into TGT and GTC changed into TGT) 

Ala262Cys+Trp278Cys =A262C+W278C (GCT changed into TGT and TGG changed into TGT) 
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Appendix 4- Raman data normalization  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Section 1 formula  

Section 2 formula  

Section 3 formula  

Raman shift intensity correction formula  

Raman data normalization equation and formula  
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