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ABSTRACT

The human non-integrin laminin receptor (LamR) is a multifunctional protein

which is localised to a number of sub-cellular locations. LamR is a component of

the ribosome and has a number of intracellular functions; it also acts as an

extracellular receptor for laminin, growth factors, pathogenic microorganisms,

prion proteins, toxins and the anticarcinogen epigallocatechin gallate (ECGC).

Although LamR is present in most cellular compartments, its overexpression in

many types of cancer cells suggests a vital role for LamR in tumor-cell migration

and invasion. There are two isoforms of laminin receptor: the monomeric 37-kDa

laminin receptor precursor (37LRP) and the mature 67-kDa laminin receptor

(67LR). Although the precise molecular nature of 67LR is unclear, accumulating

evidence strongly suggest that 37LRP can undergo homo- and/or hetero-

dimerization with Galectin-3 (Gal-3) to form mature 67LR. A recent study

demonstrated that both homo- and heterodimer LamR forms are present on the

cell surface, where they form distinct populations.

Neisseria meningitidis, Streptococcus pneumoniae and Haemophilus influenzae

type b (Hib) are major causes of bacterial meningitis. The contribution of LamR

in traversal of the blood brain barrier (BBB) by neurotropic viruses is well

established and interaction with LamR was recently found to be critical for

initiation of bacterial contact with the blood brain barrier (BBB). These bacteria

bind LamR via the surface protein adhesins: meningococcal PilQ and PorA;

pneumococcal CbpA; and H. influenzae OmpP2.

Further investigations showed that the fourth and second extracellular loops of

meningococcal PorA and OmpP2 of H. influenzae, respectively, are responsible

for LamR binding.
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The work presented here consists of two complementary projects in which a

number of approaches were taken to characterise the ligand-binding domains of

LamR. The first project aimed to identify sites on LamR that are critical for

binding the ligands of bacterial meningeal pathogens. The second project aimed to

identify residues that contribute to the stability of LamR homodimers and the

heterodimer with Gal-3.

Several mutations were introduced into full-length human LamR, either by

deletion mutations within the C-terminal domain (CTD) of LamR using inverse

polymerase chain reaction (IPCR), or by single-amino acid substitution in the N-

terminal domain (NTD) of LamR using site-directed mutagenesis. Protocols for

large-scale expression of full-length and truncated LamR proteins in human cells

were developed, as well as non-denaturing purification protocols.

We hypothesised that bacteria-binding domains could be located on both the NTD

and CTD of LamR. In vivo examination using ELISA assays, in which the

interaction of LamR and whole bacteria or purified recombinant PorA or PilQ

were tested identified several novel sites on LamR that contributed significantly to

binding of the bacterial ligands. These sites include amino acids 206-229 and 263-

282, located within the CTD, and Tyrosine 156 in the NTD, each of which

contributed to the binding of meningococcal PorA, and more specifically it’s

fourth extracellular loop. Furthermore, three sites on LamR comprising amino

acids 206-229 and 263-282 within the CTD and Tyrosine 139 in the NTD were

shown to contribute to binding pneumococcal CbpA, OmpP2 and Loop two of

OmpP2 of H. influenzae. These results indicate that the three neuroinvasive

bacteria share the same binding sites on LamR.
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Bimolecular fluorescence complementation (BifC) coupled with flow cytometry

and confocal microscopy revealed the vital contribution of amino acid residues

Arginine 155, Tyrosine 156 and Lysine 166 (all within the NTD of LamR) for the

homodimerization and heterodimerization of LamR with Gal-3. The dimerization

of two meningococcal host receptors, LamR and Gal-3, may help to extend

spectrum of their bacterial adhesins, which may act cooperatively or

synergistically at different stages of infection. Information about the residues in

LamR that contribute to the stabilization of LamR dimers has implications for the

role of LamR dimers in the pathogenesis of bacterial meningitis. Identification of

bacteria-binding domains on LamR is of particular interest for development of

vaccines or therapeutic interventions that provide protection against the three

major meningitis-causing bacteria.

The aim of the current work was firs to localise the domains of LamR responsible

for binding with PorA and PilQ of N. meningitidis; CbpA and OmpP2 of S.

pneumonia, and OmpP2 of H. influenzae. Also, previous studies have shown

conspicuous homodimerisation of 37LRP and heterodimerisation with Gal-3. Our

second aim was to identify of amino acid residues involved in 37LRP self-

association and heterodimer formation with Gal-3.

In current work, several regions of LamR were hypothesised to constitute the

binding site for the bacterial ligands; these predictions were based on previous

studies on LamR binding domains and the crystal structure of laminin receptor.

Also, to investigate both homo and heterodimerisation of LamR, the involvement

of several putative amino acid residues within 37LRP in LamR dimerisation was

was hypothesised.
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CHAPTER ONE

1 GENERAL INTRODUCTION

1.1 Meningitis

Central nervous system (CNS) infections continue to be an important cause of

mortality and morbidity (Tan et al., 2015). Meningitis, also termed

leptomeningitis or arachnoiditis is an infection of the protective membranes

(meninges) that surround the brain and spinal cord (Mace, 2008). This infection

causes the meninges to become inflamed, which is characterised by the existence

of polymorphonuclear cells in the cerebrospinal fluid (CSF) and can damage the

nerves and brain in some cases (Harvey et al., 1999, Huang et al., 2000).

Meningitis is caused by number of pathogenic microbes or less commonly by

certain drugs. The pathogens that-cause meningitis include bacteria (bacterial or

pyogenic meningitis), parasites, viruses and fungi. Pathogens capable of causing

meningitis must have the ability to access the CNS (Ginsberg, 2004, Mace, 2008).

Although several bacteria are able to attack the CNS and cause meningitis,

meningitis infection can be fatal due to the inflammation's proximity to the brain

and spinal cord; therefore, the condition is classified as a medical emergency

(Saez-Llorens and McCracken, 2003, Tunkel et al., 2004).

1.2 Bacterial meningitis; epidemiology and clinical presentation

Bacterial meningitis (BM) was universally considered to be a life-threating

disease from the time it was first reported by Vieusseux in 1806 in Geneva.

Despite the extensive use of antibiotics and other advances in medical care,

mortality and morbidity from bacterial meningitis still remain very high (Durand

et al., 1993) accounting for an estimated 180, 000 deaths, per year, worldwide 
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(Durand et al., 1993, Jodar et al., 2002) with up to 50% of survivors developing

long term neurological; neuropsychological sequelae and impairment (Saez-

Llorens and McCracken, 2003, Tunkel et al., 2004, Hodgson et al., 2001, van de

Beek et al., 2002, van de Beek and de Gans, 2004, Schmidt et al., 2006). Bacterial

meningitis is now among the top 10 infectious causes of death worldwide

(Grimwood et al., 2000) ; it usually presents as an acute illness, with a quick onset

of symptoms, predominantly affects children and young adults (Boos et al., 2004)

and rarely presents as a chronic infection in older adults. The most common cause

of chronic bacterial meningitis (CBM) is Mycobacterium tuberculosis which

accounts for 40–60% of cases (Anderson and Willoughby, 1987, Hildebrand and

Aoun, 2003). Rarely, a few individual cases have been reported in the literature of

CBM caused by N. meningitidis group B (Findler and Hoffman, 1981, Wynn et

al., 1994). Acute bacterial meningitis (ABM) usually happens when bacteria get

access into the bloodstream and migrate to the brain and spinal cord. In some

cases, ABM occurs by direct bacterial inoculation of the meninges, as an outcome

of a skull fracture or ear and sinus infection, or, rarely, after some surgeries. ABM

is mainly caused by Streptococcus pneumoniae (pneumococcus); Neisseria

meningitidis (meningococcus); Haemophilus influenzae (haemophilus), Listeria

monocytogenes (listeria) and, in newborns, Escherichia coli K1 and Group B

streptococcus (Harvey et al., 1999, Huang et al., 2000). Over 90% of all acute

bacterial meningitis worldwide, outside of the neonatal period, is caused by the S.

pneumoniae; N. meningitidis and H. influenzae (Luksic et al., 2013); these

bacteria are all considered to be part of the normal flora in the nasopharynx and

only occasionally cause disease (Steinbach and Shetty, 2001). They are

transmitted via aerosolization or by contact with respiratory secretions of infected
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persons (Roos, 2000, van de Beek et al., 2006, Schut et al., 2008, Mook-Kanamori

et al., 2011).

The classical clinical presentation in the majority of patients with bacterial

meningitis includes fever, neck stiffness and altered mental status; 80% of cases

present with meningismus, and signs of cerebral dysfunction. Elderly patients and

infants, however, may present with insidious disease manifested only by lethargy

or variable signs of meningeal irritation without fever (Bamberger, 2010,

Juganariu et al., 2012).

1.3 Diagnosis of bacterial meningitis

The clinical diagnosis of bacterial meningitis routinely requires the culturing of

both blood and CFS (from lumbar puncture), beside the morphologic and

chemical examination of CSF via Gram staining, cell count, glucose and protein

levels. Wayson stain and Acridine orange are also used for microscopically

examination to screen smears of CSF for bacteria (Daly et al., 1985).

Cerebrospinal fluid glucose concentrations of <45 mg/dL and WBC count greater

than 1000/μl, are indicative of bacterial meningitis (Mace, 2008). Isolation and 

culture from CSF is the gold standard to determine the causative organisms in

bacterial meningitis. However, this infrequently achieved in many health

institutions in developing countries, also around 50% of the CSF culture negative

patients being pretreated with antibiotics (Caugant, 1998, Brouwer et al., 2010).

Several methods including coagglutination (COAG); latex agglutination (LA),

EIA Enzyme immunoassays (EIAs) (Salih et al., 1989), and counter-immune

electrophoresis (CIE), have been implicated widely in the clinical microbiology

laboratories for a direct and rapid detection of having bacterial meningitis for the

presence of the soluble bacterial antigens in the CSF of the patients (Naiman and
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Albritton, 1980, Tilton et al., 1984, Salih et al., 1989, Gray and Fedorko, 1992,

Carbonnelle, 2009).

Antigen-based bacterial identification is beneficial to detect N. meningitidis

serogroups A, B, C, Y, and W135; H. influenzae type b, S. pneumoniae and

Streptococcus group B which possess soluble, type-specific, capsular

polysaccharide antigens which are released into surrounding body tissues and

fluids as the bacteria proliferate, and also to identify group B Streptococci that

possesses a soluble type-specific cell wall polysaccharide antigen (Coonrod,

1983).

Rarely, the Quellung capsular reaction can be also used to confirm the presence of

organisms with a morphology typical of N. meningitidis; H. influenzae type b and

S. pneumoniae, by using the antisera specific for the capsular polysaccharides of

the bacteria mixed with the clinical specimens (Gray and Fedorko, 1992).

Also, in the CSF of patients with suspected bacterial meningitis, microbial DNA

can be detected using the PCR using primers specific for S. pneumoniae, N.

meningitidis, and H. Influenzae Type b (Hib)(Chiba et al., 2009, Kotilainen et al.,

1998, Poppert et al., 2005).

1.4 Bacterial agents of Meningitis

The types of bacteria that cause bacterial meningitis vary depending on the

infected individual's age group. Common bacteria that cause bacterial meningitis

in each age group are listed in Table 1-1 (Thigpen et al., 2011).
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1.4.1 S. pneumoniae

S. pneumoniae is the leading cause of the bacterial pneumonia and meningitis.

Pneumococci are pathogenic, encapsulated Gram-positive diplococci which

usually grow in pairs, but may form short chains or grow singly. They are

facultative anaerobes and grow best in 5% CO2. S. pneumoniae is α-haemolytic 

when grown on blood plates (Kadioglu et al., 2008, Andisi et al., 2012).

S. pneumoniae is a member of the normal flora of the human upper respiratory

tract in up to10% of healthy adults; in children aged six years or younger, the

carriage rates may reach 44%. Although carriage of the bacterium is usually

asymptomatic, in some people symptomatic otitis media, pneumonia, bacteremia,

or meningitis can be developed (Johnston, 1991).

S. pneumoniae is the leading cause of bacterial respiratory tract infections and is

also a leading cause of septic infections and meningitis. This bacterium is also an

occasional etiological agent of endocarditis (Uemura et al., 2001, Mook-Kanamori

et al., 2011). Despite advances in medications, S. pneumoniae remains the leading

cause of bacterial pneumonia, bacteremia, and otitis media in children below the

age of five years. Due to emergence of antibiotic-resistant strains during the

1990s, S. pneumoniae has become the most common invasive pathogen in

children and infants (Leowski, 1986, Hollingshead et al., 2000).

Table 1-1 Meningitis-causing bacteria based on age group.

Age Group Causes

Newborns Group B Streptococcus, E. coli, L. monocytogenes

Infants and Children S. pneumoniae, N. meningitidis, H. influenzae type b

Adolescents and Young Adults N. meningitidis, S. pneumoniae

Older Adults S. pneumoniae, N. meningitidis, L. monocytogenes
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1.4.2 Pneumococci structure and virulence factors

The recognition and attachment of S. pneumoniae to human nasopharyngeal cells

is the first and critical step in the interaction of the bacterium with human cells

and this may lead to invasion of new sites within the body and/or contribute to the

development of disease. S. pneumoniae possess several surface exposed proteins

to mediate host-bacteria interactions as well as soluble toxins and structures

protecting the pneumococcus from the host immune system. All of these

structures significantly contribute to pathogenesis and might be involved in the

disease process caused by these pathogens (Boulnois, 1992, Henrichsen, 1995,

Jedrzejas, 2001). Pneumococcal virulence factors and their role in the

pathogenesis are summarised in

Figure 1-1 and Table 1-2.

1.4.2.1 Capsule of S. pneumoniae

The capsular polysaccharide (CPS) is of great importance in the pathogenesis of

pneumococcal infections. Encapsulated pneumococci are pathogenic for humans

and may be isolated from clinical materials such as blood (Catterall, 1999,

Martner et al., 2009), whereas the bacteria without capsular polysaccharides are

unable to cause disease in animal models, illustrating the importance of capsule in

pneumococcal virulence (Avery et al., 1944, Morona et al., 2002, Morona et al.,

2006).

The capsule of the S. pneumoniae is encoded by a single genetic locus (cps) which

has a cassette-like organization organised in a single transcriptional unit.

Variation in the antigenic structure of the capsule allows more than 90 different

serotypes of S. pneumoniae to be distinguished. The capsule is protects bacteria

from phagocytosis and against complement-mediated phagocytosis and bacterial
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killing by neutrophil extracellular traps (Garcia and Lopez, 1997, Hyams et al.,

2010).

1.4.2.2 The pneumococcal cell wall

The two important structural components of the pneumococcal cell wall are

teichoic acid (TA) and peptidoglycan, which found in almost equal proportions.

Lipoteichoic acid (LTA) is attached to the cell membrane via a lipid moiety, and

both teichoic and lipoteichoic acid contain phosphorylcholine (Fischer and

Tomasz, 1985, Fischer et al., 1993). Two choline residues may exist on each

carbohydrate repeat, these phosphocholine residues are vital for binding of a

family of choline-binding receptors located on human cells and are also essential

for the activity of autolysins (Tomasz, 1979). In contrast to capsular

polysaccharides, cell wall polysaccharide (PS) can reproduce symptoms of

typical pneumococcal diseases such as pneumonia, otitis media and meningitis in

animal models by injection with cell wall components (Carlsen et al., 1992).

1.4.2.3 Pneumococcal pili

Pneumococcal pili were observed on the surface of pneumococci in 2006 and

found to be significantly involved in pneumococcal virulence, and to mediate

bacterial binding to host cells. The presence of pili on the pneumococcal cell

surface enabled the bacteria to inhibit phagocytosis, promoted invasion, and

stimulated proinflammatory cytokine production (Barocchi et al., 2006). Two

types of pilus were found in S. pneumoniae. Pilus one is composed of three pilus

subunits called RrgA, RrgB, and RrgC (Barocchi et al., 2006, Hilleringmann et

al., 2009).
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RrgA is located at the tip of the pilus, which make it a major pilus-associated

adhesin, while RrgB forms the backbone of the pilus structure, and the RrgC is an

addition proteins which positioned at the internal ends of the pili. In the second

pneumococcal pilus type, the structural protein is called PitB, which is involved in

adherence of pneumococci to epithelial cells (Nelson et al., 2007).

A study by Bagnoli and co-workers revealed that pilus one covers most of

pneumococcal surface, while pilus two is found in single copies that extend from

the bacterial cell (Bagnoli et al., 2008). Furthermore, several studies results have

shown that pilus one was expressed in less than 30% of clinical isolates, while

pilus two is expressed in less than 17% of isolates, suggesting that pilus genes are

not present in all pneumococcal strains and clinical isolates (Adamou et al., 2001,

Basset et al., 2007, Moschioni et al., 2008).

1.4.2.4 Pneumococcal surface proteins (PSPs)

Cell-surface proteins have attracted considerable attention due to their important

roles in the pathogenesis of S. pneumoniae. There are therefore significant efforts

to develop a vaccine using cell-surface protein antigens as they have the potential

to stimulate production of opsonic antibodies. PSPs may be divided into three

major groups: (i) choline-binding proteins, (ii) lipoproteins, and (iii) LPXTG-

containing proteins, in which X denotes any amino acid (Jedrzejas, 2001, Bergmann

and Hammerschmidt, 2006).

1.4.2.4.1 Choline-binding proteins (CBPs)

Pneumococcus expresses several, surface-exposed, choline-binding proteins

(CBPs) which function as specific adhesins for glycoconjugates on eukaryotic

host cells (Rosenow et al., 1997, Gosink et al., 2000). Genomic data demonstrated
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that all CBPs share similar C-terminal choline-binding domains, which are

responsible for non-covalently binding the phosphorylcholine moiety of the

pneumococcal cell wall, while their N-termini are distinct, reflecting different

functions of CBPs. In the context of pathogenicity, the CBPs family comprises

several proteins which are implicated in pneumococcal adhesion and virulence.

For instance, pneumococcal surface protein A (PspA) acts as a protective antigen;

Choline binding protein A (CbpA) and Pneumococcal choline-binding protein A

(PcpA) act as adhesins; and LytA, B, and C are autolysins. Each group of CBPs

are implicated as significant determinants of virulence in S. pneumoniae

(Rosenow et al., 1997, Gosink et al., 2000, Perez-Dorado et al., 2012).

1.4.2.4.1.1 Pneumococcal surface protein A (PspA)

Pneumococcal surface protein A is a choline-binding protein and the gene

encoding this protein is present in all pneumococci (Crain et al., 1990) It seems to

be necessary for complete virulence. On the pneumococcal surface, PspA was

found to inhibit spontaneous classical complement activation (Weiser et al., 1994,

Weiser, 1998) and killing by the bactericidal peptides of lactoferrin (Smillie,

1938, Weiser et al., 1996).

McDaniel reported that inactivation of the PspA in murine infection models

resulted in reduction of pneumococcal virulence (Mcdaniel et al., 1987). Several

studies have suggested that immunization with PspA can confer protection against

pneumococcal infection (Briles et al., 1989, Mcdaniel et al., 1987, Briles et al.,

1996, McDaniel et al., 1998, Briles et al., 2000).

1.4.2.4.1.2 Pneumococcal choline-binding protein A (PcpA)

Pneumococcal choline-binding protein A (PcpA) is a surface protein which is

expressed in the lungs and blood throughout invasive disease. Selva and
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colleagues found that PcpA was expressed in more than 90% of tested

pneumococcal isolates (Selva et al., 2012). The protein consist of two domains:

the C-terminal choline-binding domain, which is responsible for attachment of

PcpA with the bacterial surface; and the N-terminal domain, which contains

several leucine-rich repeats (LRR) (Sanchez-Beato et al., 1998) that may play a

role in adhesion (Seepersaud et al., 2005).

1.4.2.4.1.3 Choline binding protein A (CbpA)

The Choline binding protein A (CbpA), also referred to pneumococcal surface

protein C (PspC) and secretory pneumococcal surface protein A

(SpsA)(Hammerschmidt et al., 1997, Iannelli et al., 2002), is a multifunctional,

major member of CBPs family. It acts as an adhesin, binding to the polymeric

immunoglobulin receptor (Hammerschmidt et al., 1997, Zhang et al., 2000).

CbpA has been shown to be important in pneumococcal disease and plays a

significant role in protecting the pneumococcus from the host immune system by

binding to the complement regulatory protein factor H and thus confers resistance

to complement (Dave et al., 2001). Its ability to bind lactoferrin may aid in the

colonization of the host mucosae (Hakansson et al., 2001). PspC is known to

cross-react with PspA, which may in part be the reason antibodies elicited by

PspC are protective against infection with pneumococci (Brooks-Walter et al.,

1999, Daniels et al., 2010).

Eleven different CbpA subtypes have been identified to date; they are classified

into two subgroups depending on their anchorage in the bacterial cell envelop.

The classical CbpA proteins (subtypes 1-6, members of subgroup 1) belong to the

choline-binding proteins (Iannelli et al., 2002) and CbpA-like proteins (subtypes

7-11) are placed in subgroup 2. Both subgroups of CbpA proteins contain a leader
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peptide and an N-terminal region with a high similarity in sequence and structure,

followed by one or two single repeated domains (called R1 and R2), and a

proline-rich sequence. Like other members in CBP family, the C-terminal choline-

binding domain (CBD) is conserved and enables non-covalent attachment to the

cell wall through an interaction with the phosphorylcholine of lipoteichoic and

teichoic acids (Hammerschmidt et al., 1997, Iannelli et al., 2002, Luo et al., 2005).

CbpA is also known as secretory pneumococcal surface protein A (SpsA)

reflecting its function in binding protein including secretory IgA or polymeric

immunoglobulin receptor (pIgR), which is responsible for transports of IgA

(Hammerschmidt et al., 1997, Zhang et al., 2000, Elm et al., 2004).

CbpA was found to be involved in human nasopharyngeal adherence and

colonization as knockout of the cbpA resulted in significant attenuation in the

ability of the bacteria to colonize the nasopharynx and to bind epithelial cells

(Rosenow et al., 1997, Cheng et al., 2000, Dave et al., 2001). Also, several studies

demonstrated a role for CbpA in human epithelial cell invasion as it promotes

pneumococcal adherence and invasion of these cells via interaction with the

secretory component of pIgR (Elm et al., 2004, Hammerschmidt et al., 1997,

Zhang et al., 2000). More recently, CbpA was found to bind a receptor on human

brain microvascular endothelial cells (HBMECs), called laminin receptor (LamR)

to initiate bacterial contact with the blood brain barrier (BBB)(Orihuela et al.,

2009).

1.4.2.4.1.4 Pneumococcal hydrolytic enzymes

The family of choline-binding protein also includes the hydrolytic enzymes LytA

(autolysin), LytB, LytC, CbpA and CbpE which are implicated in nasopharyngeal

colonization and adhesion to host tissues. Among these enzymes, LytA is
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considered to be major pneumococcal autolysin which is characterized by binding

to the phosphorylcholine moiety of the cell wall via its choline binding domain

(Garcia et al., 1986). LytA was also found to contribute to pathogenesis by

allowing release of the intracellular toxin pneumolysin (Canvin et al., 1995) and

cell wall degradation components that can provoke inflammatory responses of the

host.

Two other cell wall hydrolases, LytB and LytC, have recently been described, but

their roles in virulence have not been assessed. LytB plays a role in pneumococcal

daughter cell separation (Garcia et al., 1999).

1.4.2.4.2 Pneumococcal Lipoprotein

S. pneumoniae is endowed with a variety of lipoproteins that have been

demonstrated to contribute to virulence. Pneumococcal surface antigen A (PsaA)

is a conserved antigen which is expressed in all S. pneumoniae strains and

functions to transport manganese. When PsaA was identified, it was thought to be

an adhesin due to the similarity of its sequence with putative adhesins from other

streptococci (Sampson et al., 1994).

PsaA is a lipoprotein member of an ATP-binding cassette (ABC) transporter

complex. The two pneumococcal ABC transporters, PiuA and PiaA have been

identified as possible lipoproteins localised to the cytoplasmic membrane of S.

pneumoniae and responsible on iron uptake. In animal models, PiuA and PiaA

were found to be required for full virulence (Brown et al., 2001).

1.4.2.4.3 LPXTG-anchored surface proteins

LPXGT-anchored surface proteins are a group that comprises several proteins that

are anchored via G+ LPXTG attachment motif and are pneumococcal virulence
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factors (Bergmann and Hammerschmidt, 2006, Kadioglu et al., 2008). The most

prominent enzymes in this group are: hyaluronidase, neuraminidase (NanA), and

the serine protease PrtA which all characterised by their location on the surface of

the pneumococcus.

NanA was found to be important in colonization and development of otitis media

in animal models due to its ability to cleave N-acetylneuraminic acid or sialic acid

from glycolipids, glycoproteins, lipoproteins and oligosaccharides in the mucosal

cell surfaces. Thus, it unmasks potential receptors in the surface of the human

epithelial cells and enhances pneumococcal colonization (Tong et al., 2000, Tong

et al., 2001). Furthermore, NanA enhances invasion by modifying the function of

sialidated proteins of the host which play role in clearance of bacteria (Kadioglu

et al., 2008, Mitchell and Mitchell, 2010).

PrtA is another enzyme in group of LPXTG-anchored surface proteins which

exhibit proteases activity and is considered to be a pneumococcal virulence factor

due to its ability to cleave host proteins such as complement compounds,

immunoglobulins and proteins of the extracellular matrix (Bethe et al., 2001,

Bergmann and Hammerschmidt, 2006, Frolet et al., 2010).

1.4.2.4.4 Pneumolysin

Pneumolysin (PLY) is a 53 kDa protein belonging to the family of pore-forming

toxins and is a key virulence factor which has several roles in the pneumococcal

infection. PLY was originally described as a haemolysin and is present in all

pneumococci (Nabors et al., 2000). Several in vivo studies results have been

suggested that PLY have no role in the inflammation associated with meningitis

(Shapiro et al., 1991, Ralph et al., 1994). However, this toxin is implicated in

deafness associated with pneumococcal meningitis (Rosenow et al., 1997), and in
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bacteraemia and pneumonia (Rosenow et al., 1997, Nuorti et al., 2010). It is also

involved in activation of complement. Using animal models and a PLY-deficient

mutant of S. pneumoniae, PLY has been shown to play a significant role in lung

cell recruitment and redistribution of T-lymphocytes and B-lymphocytes in and

around inflamed bronchioles in response to respiratory tract infections (Mitchell

and Mitchell, 2010, Harvey et al., 2014). Lack of PLY also resulted in a

significant reduction in the numbers of the bacteria in the nasopharynx, trachea,

and lungs in an intranasal infection model (Kadioglu et al., 2002). Braun and co-

workers also reported the role of PLY in brain damage during pneumococcal

meningitis in the rabbit model of infection (Braun et al., 2002).

Figure 1-1 Schematic diagram for pneumococcal main virulence factors.
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Table 1-2 The role of each virulence factors in the pathogenesis of S. pneumoniae.

Virulence
factors

Role in pathogenesis Description

Capsule Colonization
. Bacterial escape from mucosal

secretions to the epithelial cells

. Antiphagocytic

Type IV pili Adhesion/Invasion . Adherence to respiratory epithelium

PspA
Adhesion/Invasion

. Prevent binding of the complement
components on the surface of
pneumococci

. Inhibit the bactericidal activities of
the lactoferrin

PcpA Adhesion/Invasion
. Expected to play role in cellular

Adherence

CbpA Adhesion/Colonization
and Invasion

. Binds to human secretory IgA or
polymeric immunoglobulin receptor
(pIgR) during the first stage of
translocation across the epitheliums

. Binds a receptor on HBMECs, called
laminin receptor (LamR) to initiate
bacterial contact with the blood brain
barrier (BBB)

LytA Colonization/Invasion
. Digests the cell wall, which results in

the release of Ply

Hyl Adhesion/Colonization
. Breaks down hyaluronan-containing

extracellular matrix components.

NanA Colonization
. Reveal receptors for adherence,

modifying the function of host
clearance glycoproteins

Ply Colonization
. Cytolytic toxin that also activates

Complement
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1.4.3 H. influenzae

H. influenzae is a pleomorphic, Gram-negative cocco-bacillus that is human-

specific pathogen and exists as a commensal within the upper airways. This

bacterium is classified into two categories according to the presence of a

polysaccharide capsule. Encapsulated strains are characterized by expression of

one of six different capsular polysaccharides, designated types a-f, where type b

(Hib) is the most virulent. Non-encapsulated strains are characterised by their

inability to react with antisera against the recognized H. influenzae polysaccharide

capsules and are considered nontypable (NTHi). In healthy carriers of H.

influenzae, the isolated bacterium is often NTHi, and is commonly associated with

middle ear infection and sinusitis. By contrast, Hib is often usually responsible for

invasive disease and mostly affects infants and children, causing potentially life-

threatening conditions such as severe sepsis, epiglottitis and meningitis

(Kuklinska and Kilian, 1984, Howard et al., 1988, Murphy et al., 2009, Watt et

al., 2009).

1.4.3.1 Structure and virulence factors in H. influenzae

H. influenzae is expresses a number of surface structures that act as virulence

factors. Some of these factors are present in both encapsulated and non-

encapsulated strains, while others are strain-specific. These virulence

determinants are related to host defence, transmission, adherence, colonization,

and invasion (Read et al., 1991, Wilson et al., 1992, Vitovski et al., 2002,

Hallstrom and Riesbeck, 2010). The virulence factors of H. influenzae and their

role in the pathogenesis are summarised in Figure 1 2 and Table 1 3.
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1.4.3.1.1 Polysaccharide capsules of H. influenzae

Serotype b (Hib) is the most clinically important group that commonly associated

with human disease (Zhou et al., 2007, Agrawal and Murphy, 2011, King, 2012,

Su et al., 2014). The presence of the polysaccharide capsule is an important

virulence feature of encapsulated H. influenzae strains; it appears to be essential

for bacteremia and meningitis caused by Hib and allows the bacteria to avoid

phagocytosis and opsonisation processes (Ulanova and Tsang, 2009, King and

Sharma, 2015).

1.4.3.1.2 Adhesins of H. influenzae

Adherence to the epithelial surface is a critical step in the process of host

colonization. Several bacterial surface elements influence the course of bacterial

adherence with the host cells.

High molecular weight (Hmw) proteins 1 and 2, type IV pilin protein (PilA),

outer-membrane protein P5 (OmpP5), Haemophilus protein D (Hpd) and

Haemophilus adhesive protein (Hap) are surface proteins involved in the

adherence of non-typeable H. influenzae (Vuong et al., 2013).

1.4.3.1.2.1 Types of Pili in H. influenzae

Some isolates of type b and nontypable H. influenzae (NTHi) are capable of

expressing adhesive pili. Two types of pili have been recognized in H. influenzae

strains type IV pili (Tfp) and hemagglutinating pili. The former type are primarily

associated with NTHi strains and likely contributes in adherence of the bacteria to

human respiratory epithelial cells (Guerina et al., 1985, Clemans et al., 2001,

Bardy et al., 2003). Hemagglutinating pili are mainly found in Hib strains but are

also found in approximately 15% of NTHi strains, mediate the adherence of the

bacteria to respiratory epithelial cells, hence it plays a role in colonization of the
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upper respiratory tract by H. influenzae. Due to the differences in their antigenic

structures especially in NTHi strains, Hemagglutinating pili may not be a potential

candidate for vaccine development (Gilsdorf et al., 1997, Rao et al., 1999, St

Geme, 2000).

1.4.3.1.2.2 HMW1 and HMW2 adhesins in H. influenzae

Two proteins, HMW1 and HMW2 with high-molecular weight (125 kDa for

HMW1 and 120 kDa for HMW2) are adhesins present in H. influenzae (Grass and

St Geme, 2000) which play crucial role in adherence to human epithelial cells.

These two proteins are members of the autotransporter family of proteins and are

expressed abundantly by almost 80% of NTHi strains (Giufre et al., 2006, Yeo et

al., 2007) and are commonly associated with strains that cause otitis media and

nasopharyngeal infection; these proteins are expressed rarely in encapsulated

strains (Remaut and Waksman, 2004). In NTHi strains which lack HMW1 and

HMW2, H. influenzae was found to express either Hia protein or

heamagglutinating adhesins. Despite the presence of some conserved homologous

regions in HMW1 and HMW2, which could be utilized for the development of

vaccines against non-typeable NTHi. HMW proteins were found to be mainly

heterologous among different stains (Remaut and Waksman, 2004, Yeo et al.,

2007).

1.4.3.1.2.3 Hia and Hsf adhesins in H. influenzae

Adherence of H. influenzae that lack HMW1/HMW2 adhesins to human epithelial

cells is mediate by two adhesins, H. influenzae adhesin (Hia) and Haemophilus

surface fibrils (Hsf) which are expressed by NTHi and Hib strains of H.

influenzae, respectively. Hia is a trimeric autotransporter protein, expressed in

approximately 25% of the clinical NTHi isolates (Rodriguez et al., 2003) and
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enhances bacterial adherence to respiratory epithelial cells through two

homologous binding domains, named HiaBD1 and HiaBD2 (Yeo et al., 2004). By

using Hia mutant NTHi strains, Barenkamp & St Geme observed a significant

reduction in bacterial attachment to various human epithelial cell types

(Barenkamp and St Geme, 1996). Hsf is structurally similar to Hia, however, it is

expressed universally by Hib strains and exists on the cell surface as short fiber-

like structures that are considered to be one of the main virulence factors of Hib

strains and plays an essential role in respiratory tract colonization (St Geme et al.,

1996, Rodriguez et al., 2003).

Interestingly, Hia and Hsf are conserved at their N-terminal and C-terminal ends

and there is 72% amino acid sequence identity and 81% similarity between the

two proteins, Recent evidence indicates that these two proteins confer identical

adhesive specificities by binding to the same receptors, suggesting that hia and hsf

are alleles of the same locus (St Geme et al., 1996).

1.4.3.1.2.4 The Hap adhesin of H. influenzae

Studies of mutant strains lacking HMW1/2 or Hia led to the identification of an

additional adhesin, Haemophilus adhesion and penetration protein (Hap) which

also belongs to the autotransporter family and shares homology with IgA protease

(St Geme et al., 1994, St Geme, 2002). The presence of the hap gene in all

encapsulated H. influenzae type suggests that Hap plays a critical role in

pathogenesis and it is known to contribute to bacterial binding to human epithelial

cells (Rodriguez et al., 2003) as well as extracellular matrix proteins such as

fibronectin, laminin, and collagen IV (Hendrixson and St Geme, 1998, Fink et al.,

2002).
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1.4.3.1.3 Opacity-associated Protein A (OapA) in H. influenzae

OapA is a surface-associated protein found in all H. influenzae strains and is

responsible for opaque colony morphology of H. influenzae on a transparent

growth medium. Several studies revealed that OapA is required for efficient

nasopharyngeal colonization in the infant rat model (Weiser et al., 1995,

Prasadarao et al., 1999a). Prasadarao et al. showed that mutation of OapA in

Chang epithelial cells resulted in a significant decrease in adherence compared

with the isogenic parental strains (Prasadarao et al., 1999a). In the context of

vaccine design, OapA was found to be a potentially useful antigen for vaccine

design (Fu et al., 2013).

1.4.3.1.4 Immunoglobulin protease (IgA) in H. influenzae

IgA is a predominant immunoglobulin found in mucosal tissues and it is known to

be involved in host defence by inactivation of bacterial toxins and by inhibiting

the microbial adherence and invasion (Bakema and van Egmond, 2011, Pan et al.,

2014). Indeed, the IgA1 subclass in the respiratory tract comprises 90% of all IgA

present (Brandtzaeg, 1992). Therefore, to overcome the protective effects of IgA,

more than 97% of NTHi strains that colonise the human respiratory mucosa,

possess IgA protease that cleaves the hinge region of both the serum and the

secreted forms of IgA1. Hence, it inactivates human immunoglobulin by splitting

the antigen-binding Fab domains from the Fc portion of the antibody (Kilian et

al., 1996, Fernaays et al., 2006). Recently, it has been found that some strains of

NTHi possess a second IgA protease called IgAB which is a potential virulence

factor in nontypeable H. influenzae (Fernaays et al., 2006).
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1.4.3.1.5 Lipopolysaccharide in H. influenzae

Like several respiratory pathogens, H. influenzae lipopolysaccharide (also called

lipooligosaccharide or LOS) lacks the long polysaccharide side chains that are

characteristic of many other Gram-negative bacteria and instead has just one

oligosaccharide unit (Kilian et al., 1996, Fernaays et al., 2006). H. influenzae,

LOS contains a conserved lipid A core region which confers a net negative charge

to the bacterial surface. The lipid A is connected to highly variable

oligosaccharides which consist of various sugars, including glucose, galactose, N-

acetylglucosamine, and sialic acid (Wong et al., 2011).

In NTHi, LOS mediates endotoxin activities, attracts opsonization and

phagocytosis, also it constitutes a first line of defense against the innate immune

response which is encountered in the blood and at mucosal surfaces (Andersson et

al., 1994, Narkio-Makela et al., 2001, Marc et al., 2004, Van Zele et al., 2009).

The structure and antigenic similarity of H. influenzae LOS with the human

glycosphingolipids confers protection to these bacteria. NTHi can attach to host

cells by binding to platelet-activating factor receptor (PAFr) via LOS glycoforms

that contain phosphorylcholine (ChoP)(Fink et al., 2003, Forsgren et al., 2008). H.

influenzae LOS has also been investigated as a potential antigen for NTHi vaccine

development (Choi et al., 2014).

1.4.3.1.6 Outer membrane proteins (OMPs) in H. influenzae

The major outer membrane proteins of H. influenzae are P1-P6, of which P2 is the

most abundant (Poolman et al., 2000). Two OMPs, OmpP2 and OmpP5, are porin

proteins and are characterised by their capacity to bind mucin. It is believed that

these two proteins facilitate the establishment of infection caused by H. influenzae

(Reddy et al., 1996).
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OmpP2, is highly immunogenic, but also highly antigenically variable, which

allows bacteria to evade protective antibodies (Forbes et al., 1992, Hansen et al.,

1988). OmpP2 was found to be expressed by all H. influenzae strains and its

molecular weight ranges from ca 38 to ca 40 kDa. OmpP2 is usually present as

trimer with porin activity (Coulton et al., 1992). It has 16 predicted

transmembrane regions which are highly conserved among strains, and 8 surface-

exposed loops that exhibit a considerable heterogeneity (Arbing et al., 2001,

Galdiero et al., 2006). Antigenic drift OmpP2 enables the bacteria to escape

clearance by potentially protective antibodies, thus it is involved in the

development of chronic infection (Smith-Vaughan et al., 1997). Interestingly, in

animal models and human infected by NTHi, the antibodies produced against

OmpP2 protein have bactericidal activity, and were able to confer protection

against H. influenzae (Winn et al., 2006).

The P6 protein is a 16.6-kDa peptidoglycan-associated lipoprotein that constitutes

1-5% of all OMPs, and it is expressed in both typeable and nontypeable H.

influenzae strains. In animal models of infection it has been shown to elicit

bactericidal antibodies (Winn et al., 2006). In contrast to OmpP2, OmpP6 is a

conserved protein; the amino acid analysis of the OmpP6 showed a high

homology (97%) among NTHi strains (Winn et al., 2006) making OmpP6 a

promising candidate vaccine against NHTi strains.
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Figure 1-2 Schematic diagram for the main virulence factors in H. influenzae.
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Table 1-3 The role of each virulence factors in the pathogenesis of H. influenzae.

Virulence factors Role in pathogenesis Description

Capsule Colonization
. Resist phagocytosis and
. Opsonisation Antiadherent

Pili
Type IV pili/

Hemagglutinating
pili

Adhesion
. Mediates haemagglutination and

adherence to human respiratory
epithelial cells

HMW1/HMW2 Adhesion
. Mediate bacterial adherence to

human epithelial cells

Hia and Hsf
Adhesins

Adhesion
. Mediate bacterial adherence to human

epithelial cells in strains lack
HMW1/HMW2

Hap Adhesin Adhesion
. Adhesion to human epithelial cells

and extra cellular matrix proteins
such as fibronectin, laminin, and
collagen IV

OapA Adhesion/ Colonization
. Mediates adherence to epithelial cells

in culture and is required for
pharyngeal colonization.

IgA Protease Adhesion/Invasion
. Inactivates the human

immunoglubolin A1

LPS Endotoxin
. Poses endotoxin activities
. Attracts opsonization and

phagocytosisgen

OmpP2 Colonization
. Enable bacteria to escape clearance

by protective antibodies
. Binds to LamR on HBMECs to

initiate bacterial contact with the
blood brain barrier (BBB)s

OmpP6 Colonization
. Induce production of bactericidal

antibodies
. Induce P6-specific humoral and cell

mediated immunitys
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1.4.4 N. meningitidis

N. meningitidis, or the meningococcus, is a strict human commensal, aerobic or

facultatively anaerobic, Gram-negative diplococcus, commonly occurring as pairs

of cells with adjacent flattened sides. This bacterium belongs to the family

Neisseriaceae. Of the 15 human originated Neisseria species, only two are

frequently pathogenic: N. gonorrhoeae and N. meningitidis. The remaining

Neisseria species, such as N. lactamica and N. polysaccharea, are commensal

bacteria that may rarely cause disease in immunocompromized patients (Catlin,

1973, Lee et al., 2010).

N. meningitidis is relatively fastidious and grows on blood agar, chocolate agar,

modified New York City medium, and Mueller Hinton agar. N. meningitidis

grows optimally at 35-37ºC at pH 7.0-7.4 in a humid atmosphere containing 5-

10% CO2 (Ala'Aldeen and Turner, 2006).

1.4.5 Structure and virulence factors in N. meningitidis

The meningococcus can evade host defense mechanisms and establish infection

by expressing numerous surface components and secretion of various molecules.

The main virulence factors of N. meningitidis and their role in the pathogenesis

are summarised in Figure 1-4 and Table 1-4.

1.4.5.1 Meningococcal Polysaccharide

A polysaccharide capsule covers the outer membrane of meningococci (Prather et

al., 2004) and is considered to be a major virulence factor that plays vital roles in

invasive meningococcal disease (Schneider et al., 2007) and in the organism’s

survival during invasion of the bloodstream or CSF by its antiphagocytic,

antibactericidal and antiadherent properties (Manchanda et al., 2006). The
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antigenic and chemical differences among pathogenic meningococcal

polysaccharide structures are used to classify meningococci to thirteen

serogroups: A, B, C, D, E, H, I, K, L, W, X, Y and Z (Morley and Pollard, 2001).

Serogroups: A, B, C, W and Y were found to be responsible for more than 90% of

invasive disease worldwide (Tzeng et al., 2005, Lo Passo et al., 2007). However,

around 50% of the strains isolated from carriers were unencapsulated and

therefore non-serogroupable (Claus et al., 2002).

Several separate clinical and epidemiologic studies support a role for capsule in

meningococcal pathogenesis. In studies conducted by Schwartz et al., 1989 and

Stephens et al., 2007, they revealed that the majority of clinical isolates of N.

meningitidis from patients with invasive disease were encapsulated strains

belonging to serogroups A, B, C, Y and W-135 (Schwartz et al., 1989, Stephens,

2007). While Ala'Aldeen et al.; and Cartwright et al. showed that the majority of

N. meningitidis isolates recovered from the nasopharynx lack a polysaccharide

capsule (Cartwright et al., 1987, Ala'Aldeen et al., 2000). Indeed, meningococcal

capsular polysaccharides for most invasive groups (A, B, C, Y and W) are

composed of sialic acid derivatives (N-acetylneuraminic acid, NANA), with the

exception of serogroup A, which, is formed of N-acetyl mannosamine residues

(Liu et al., 1971). However the composition of the sialic acid in capsules differs

among serogroups (Ala'Aldeen and Turner, 2006).

Sialylation of meningococcal capsules is thought to protect the bacteria by

reducing the ability of the human immune system to recognize these encapsulated

bacteria (Hill et al., 2010). Interestingly, the (α2→8)-linked polysialic acid 

capsule of serogroup B meningococci is structurally mimics human neural cell

adhesion molecule, N-CAM. This similarity, which constitutes a form of
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molecular mimicry, is likely to contribute to the adaptation and protection of the

organism within the host; this property explains why meningococcal serogroup B

capsule is poorly immunogenic: a property which has been a major obstacle to

vaccine development against serogroup B strains (Diaz Romero and Outschoorn,

1994, Stephens, 2009).

1.4.5.2 Meningococcal type IV pili (Tfp)

Meningococcal pili are the first adhesin to contact human cells, particularly in the

presence of the bacterial capsule. In N. meningitidis, pili have been shown to

contribute significantly to meningococcal pathogenesis as they are required for the

interaction of bacteria with both human epithelial and endothelial cells leading to

the bloodstream invasion from the nasopharynx, and the crossing the blood-brain

barrier (BBB) (Taha et al., 1998, Nassif et al., 1999, Mairey et al., 2006). In

addition to adhesion, several other functions of meningococcal pili have been

reported. For example, their association with the ability of bacteria to mediate

transformation (horizontal genetic exchange)(Jodar et al., 2002), modulate target-

cell specificity (Jonson et al., 2005); biofilm formation (Lappann et al., 2006) and

twitching motility (Mattick, 2002).

Pili are adhesive hair-like projections (also known as fimbriae), that extend

beyond the capsule and are assembled from protein subunits called pilins (Strom

and Lory, 1993, Pizarro-Cerda and Cossart, 2006). Based on a systematic genetic

analysis, 15 proteins, designated pilC-pilX and ComP, have been identified to be

important in pilus biogenesis, assembly and disassembly of pili (Virji, 2009,

Brissac et al., 2012). Meningococcal pili belong to the Type IV family of pili, and

a single meningococcus has the ability to produce several antigenically different

pili subunits (Nassif et al., 1997, Nassif et al., 1999). In addition to N.
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meningitidis, type IV pili were also identified in other Gram-negative bacterial

pathogens including Moraxella bovis, Pseudomonas aeruginosa, and Vibrio

cholera (Virji et al., 1989, Eriksson et al., 2015).

Type IV pili are homopolymers composed of thousands copies of the single-chain

pilin protein encoded by the pilE gene (Craig et al., 2006) and an adhesive subunit

at the tip encoded by the pilC gene (Pizarro-Cerda and Cossart, 2006). To build

the Neisserial pilus fibre, several pilin subunits (~15-17) are assembled and

arranged in a helical configuration (Craig et al., 2006).

In N. meningitidis, PilE, PilC, PilF and PilQ are considered to be key protein

subunits as they are necessity for biogenesis and maturation of pilus as well as

bacterial adherence (Carbonnelle et al., 2005).

The PilE pilin, is the major protein subunit that constitutes the pilus shaft and is

initially localised to the inner membrane (IM), it also anchored to the membrane

by a hydrophobic N-terminal sequence. PilE is essential for pilus biogenesis and

indirectly for host adhesion by promoting functional display of the PilC adhesin in

the context of the pilus fiber (Winther-Larsen et al., 2001).

Meningococcal pili also contain another important pilus protein termed PilC,

which is located at the extreme tip of the pilus (Rudel et al., 1995) and appears to

be essential for bacterial adherence to both epithelial and endothelial cells (Rudel

et al., 1995, Kirchner et al., 2005). Adhesion of meningococcal cells to endothelial

cells of the blood-CSF barrier in the clinical samples has been shown to be related

to expression of PilC (Pron et al., 1997). In addition to adhesion function, PilC

was also found to play a crucial role in pilus expression on the bacterial surface

and transformation competence (Nassif et al., 1994). Meningococci pilC genes

contain a poly-G tract within the coding sequence causing phase variation. There
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are two highly homologous PilC variants in meningococci, designated PilC1 and

PilC2 (Jonsson et al., 1991). It was demonstrated by Nassif et al. (1994) that

mutation of PilC1 in N. meningitidis resulted in a non-adhesive, piliated,

transformation-competent strain (Nassif et al., 1994) suggesting that although

PilC1 and PilC2 are necessary for pilus biogenesis, only PilC1 is mediates

adherence to human cells (Nassif et al., 1994, Ryll et al., 1997, Rahman et al.,

1997). These authors suggested that the interaction was mediated via the

membrane cofactor protein MCP/CD46 (Kallstrom et al., 1997). More recently,

Morand and co-workers demonstrated that meningococcal PilC2 also has ability

to mediate adhesion; however pili containing these two variants of PilC had

differing cell specificities and mentioned diverse effects on the host cells (Morand

et al., 2009).

Another important component of the pilus of both N. meningitidis and N.

gonorrhoea, is the PilT protein. PilT protein is a hexameric ATPase located in the

inner membrane; it mediates pilus retraction, which is required for twitching

motility that enables the bacteria to move across the host cell surface prior to

intimate attachment (Pujol et al., 1999, Merz and So, 2000). PilT is implicated in

force-induced elongation allowing bacteria to control interactions with surfaces by

modulating the tension on their pili (Maier et al., 2004). Twitching motility

mediated by PilT also appears to be essential for invasion by pathogenic

meningococcus whereby the pilus rapidly extends and retracts to move the

bacterium (Skerker and Berg, 2001), and is generally associated with bacteria

expressing type IV pili (Whitchurch et al., 1991). It was observed by Wolfgang et

al., 1998 that twitching motility of N. meningitidis was abolished by mutation

pilT; this mutant also lacks competence for sequence-specific uptake of DNA
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facilitating natural transformation (Wolfgang et al., 1998). Subsequent to the

primary attachment of bacteria to host tissue, PilT causes the pilus to retract,

bringing the bacterium into closer contact with the cell surface and thus

facilitating the progression from localised to diffuse adhesion (Pujol et al., 1999)

suggesting a role for meningococcal PilT in microcolony formation (Merz et al.,

1999).

PilQ is the other significant meningococcal pilus protein involved in type IV pilus

biogenesis; other pilus-related functions, such as adhesion, DNA uptake, and

twitching motility also require the expression of PilQ (Bille et al., 2005, Frye et

al., 2006). PilQ is a member of a large family of proteins called secretins.

Meningococcal secretin PilQ forms a pore in the outer membrane allowing the

extruded pilus to emerge (Collins et al., 2001, Collins et al., 2005). PilQ is also

required for phage extrusion of a filamentous phage that is encoded in the genome

of many meningococci, especially strains belonging to hypervirulent lineages

(Bille et al., 2005). PilQ has also been shown to be an adhesin with specificity for

the human laminin receptor (Orihuela et al., 2009).

PilG, which is present in most meningococcal strains is required for piliation, and

contributes to protein export and competence (Tonjum et al., 1995). The

lipoprotein PilP was also shown to be involved in pilus assembly through its

interaction with the cap region of the PilQ complex (Carbonnelle et al., 2006,

Balasingham et al., 2007). Another meningococcal pilus component, a PilV, a

PilE-like pilin was also shown to be essential for pilus biogenesis, and another

pilin-like protein, PilX is co-localized with the pilus fiber; it is not necessary for

pilus assembly but appears to be important for aggregate formation and adhesion

to host cells (Helaine et al., 2007).
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Moreover, several studies demonstrated the role of PilP in assembly of

meningococcal PilQ outer ring (Jain et al., 2011, Berry et al., 2012). PilG and PilT

are not required for pilin biogenesis, however, they are necessary for pilus

retraction. PilF is a cytoplasmic ATPase which has been shown to contribute to in

pilus elongation (Tonjum et al., 1995, Wolfgang et al., 2000).

During the biogenesis of Tfp and after synthesising of the pilin as a precursor

(prepilin) in the cytoplasm, the individual pilin subunits are inserted into the inner

membrane by the Sec machinery (Peek and Taylor, 1992). For pilus assembly,

each of the individual pilin subunits (PilE) is assembled at the inner membrane-

periplasm interface after inserting the PilE into the cytoplasmic membrane by PilF

ATPase and PilG (Carbonnelle et al., 2006). Indeed, PilE has a hydrophobic N-

terminal, which is attributed in the polymerization of the pilin subunit to form Tfp

fibre. In this stage, the inner membrane prepilin peptidase (PilD) play a role in

cleaving of the N-terminal leader sequence (first seven amino acids), and

methylate it at its N-terminal Phenylalanine in order to generate the mature pilin

(Strom and Lory, 1993). Then, the processed PilE assembled into a helical

filament from a platform complex comprising PilM, PilN, PilO and PilP at the

inner membrane (Carbonnelle et al., 2006). After translocation across the inner

membrane and assembling of mature pilin, the Tfp subsequently extruded across

the outer membrane through a secretin pore, PilQ by the cytoplasmic ATPase PilF

(Bayan et al., 2006, Carbonnelle et al., 2006). Two inner membrane ATPases,

PilF and PilT, were found to promote pilus extension (assembly) and pilus

retraction (disassembly), respectively (Wolfgang et al., 1998). In addition to

mentioned proteins, the other pili proteins, PilW, PilX, PilV and ComP were also

contributed in pilus biogenesis after pilus assembly, for instance, PilW was found



CHAPTER ONE

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 36

to play a role in fibre stability and function after pilus assembly (Deghmane et al.,

2002, Carbonnelle et al., 2006).

Figure 1-3 Various components of meningococcal TFP pili involved in pilus

assembly.

In the cytoplasmic membrane, the pilin subunits called PilE is inserted by help PilF

ATPase and PilG and assembled. For Pilus maturation, the inner membrane prepilin

peptidase PilD cleaves the N-terminal leader sequence and methylates it at its N-terminal

Phenylalanine. Then, processed PilE as well as PilM, PilN, PilO and PilP form a platform

complex. Subsequently, the mature pilus extruded across the outer membrane through

PilQ with help of cytoplasmic ATPase PilF. The pilus extension and retraction mediate by

two inner membrane ATPases, PilF and PilT. While, the other pili proteins, PilW, PilX,

PilV and ComP were also participated in pilus biogenesis after pilus assembly. Adapted

and modified from (Carbonnelle et al., 2009).
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1.4.5.3 Meningococcal porin proteins

Neisseria spp., including the human pathogens N. meningitidis and N.

gonorrhoeae possess porins which are β-barrel proteins that assemble into trimer 

forming pores in the bacterial outer membrane and comprise up to 60% of the

proteins present in the outer membrane (Tommassen et al., 1990, van der Ley et

al., 1991). Unlike other Neisseria spp. which express a single porin, N.

meningitidis possess both class 1 (PorA, 45 kDa), and either class 2 or class 3

(PorB, 33 kDa)(van der Ley et al., 1991). Neisserial porins function as pores and

are essential for bacterial survival as they modulate the exchange of ions between

the bacteria and the surrounding environment. Having both PorA and PorB

proteins in the OMPs aids selective passage of cations and anions across the cell

membrane respectively (Tommassen et al., 1990). Topology models of Neisserial

porins predict PorA to be composed of 16 transmembrane segments that form a β-

sheet structure with eight extramembranous surface-exposed loops designated I–

VIII; VR1 (loop I) and VR2 (loop IV) contain the most amino acid variation

among different meningococcal strains (van der Ley et al., 1991). It has been

found that the amino acid sequences of these variable regions are stable within an

isolate but vary between unrelated isolates, and thus they have been used for

differentiation of meningococci in a subtyping system. For this reason, PorA is an

important epidemiological marker in meningococcal disease and has been used as

an immunogenic antigen in several nonpolysaccharide-based serogroup B

meningococcal vaccine trials (Claassen et al., 1996, Jessouroun et al., 2004,

Sexton et al., 2004, Devoy et al., 2005).
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1.4.5.4 Meningococcal Opacity proteins

The class 5 major outer membrane proteins of in Neisseria Spp. are known as the

opacity proteins which include Opacity-associated (Opa) and Opc proteins. Opa

and Opc proteins are so named due to their association with opaque agar-grown

colony phenotype (Virji, 2009, Hill et al., 2010). Although these two proteins

belong to the same class of OMPs and have similar molecular weights (27-31

kDa), they share only limited sequence homology. Opa is found in both

meningococci and gonococci, while Opc is present only in meningococci (Aho et

al., 1991, Olyhoek et al., 1991, Zhu et al., 1999). Both, Opa and Opc play key

roles in adhesion and invasion of meningococci to host epithelial and endothelial

cells, but only in the absence of a polysaccharide capsule (Virji et al., 1992, Virji

et al., 1995, de Jonge et al., 2003, Hauck and Meyer, 2003).

Meningococci express 3-4 Opa proteins (Aho et al., 1991), that has eight

transmembrane domains arranged in β-parallel strands and four extracellular 

loops. Three of these loops are highly variable within and among different N.

meningitidis strains (Malorny et al., 1998, Prince et al., 2002).

Meningococcal Opa proteins were found to bind heparan sulphate proteoglycans

(HSPGs)(Virji et al., 1995, Unkmeir et al., 2002, Sadarangani et al., 2011) and

recognize members of the carcinoembryonic antigen-related cell-adhesion

molecule (CEACAM) family that harbor the CD66 epitope (Chen and Gotschlich,

1996, Virji et al., 1996).

Opc is one of the most important meningococcal surface adhesions and is

encoded by a single opcA gene, which is phase variable through transcriptional

regulation (Chen and Gotschlich, 1996, Virji et al., 1996). Structurally, Opc is a β 

barrel-containing- protein that consists of 10 transmembrane domains producing
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five surface-exposed loops (Zhu et al., 1999). Neisserial Opc bind fibronectin,

vitronectin, and endothelial cell integrins (Sa et al., 2010). Although Opa and Opc

proteins have capability to elicit a strong bactericidal response, their high phase

and antigenic variabilities limited their utility in vaccine development (Virji et al.,

1995, Unkmeir et al., 2002).

1.4.5.5 Meningococcal lipooligosaccharide (LOS)

Meningococcal lipopolysaccharide (LPS) which also called lipooligosaccharide

(LOS) as it lacks repeating polysaccharide O-antigens, is the major constituent of

the outer leaflet of the outer membrane of pathogenic Neisseria (Kahler and

Stephens, 1998). Due to having immunomodulatory activities, like LOS is also

referred to as consider endotoxin; it is a major contributor to meningococcal septic

shock, multiple organ failure and death (Brandtzaeg et al., 1989).

Meningococcal LOS molecule consists of an oligosaccharide (OS) portion

attached to the toxic lipid A moiety. An oligosaccharide (OS) portion comprises

the conserved inner core region, which is composed of diheptose sugars (HepI and

HepII), Lipid A moiety composed of two glucosamine residues connected to fatty

acids. Each carbohydrate unit normally contains a phosphate group. The

heterogeneous mixture of variable number of sugars which present in

meningococcal LOS has been used as the basis for meningococcal classification

into 13 immunotypes, designated L1–L13 (Mandrell and Zollinger, 1977, Verheul

et al., 1993, Scholten et al., 1994, Raetz et al., 2009). Both, inner and outer core of

Meningococcal LOS lipid A and the inner core are embedded in the cell

membrane; while the variable oligosaccharide chains are surface exposed.

Meningococcal LOS is one of the important virulence factors in the pathogenesis

of N. meningitidis for its different biological activities. Due to the presence of
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sialic acid residues which act as molecular mimics for human antigens,

Meningococcal LOS confers defensive properties on the meningococcus that

protects the bacteria by facilitating its evasion from the immune system, such as

antibody and complement. Furthermore, meningococcal LOS is subject to phase

variation, enabling the organism to switch between immunotypes (Mandrell et al.,

1991, Virji, 2009, Berrington et al., 2002).

Besides the above roles that are shared with the capsule, the lipid A component of

LOS has been shown responsible for initiating the intense inflammatory response

observed during sepsis (Brandtzaeg et al., 2001). Additionally, LOS exert high

levels of toxicity toward endothelial cells in vitro (Virji, 2009). Interestingly, the

presence of pili has been shown to synergistically enhance this toxicity, indicating

the cooperation between the pili and LOS in signalling to endothelial cells (Dunn

et al., 1995). Van der Ley and Steeghs have also demonstrated that

Meningococcal LOS can facilitate bacterial adhesion and invasion independently

as mutation of LOS abolished the bacterial adhesion and invasion (van der Ley

and Steeghs, 2003).
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Figure 1-1 Schematic diagram for meningococcal main virulence factors.
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1.5 Bacterial Meningitis

Despite advances in antimicrobial therapy, bacterial meningitis remains a

significant cause of mortality and morbidity. The high prevalence of this condition

is in part due to an incomplete understanding of its pathogenesis (van de Beek,

2012, Tan et al., 2015). Indeed, bacterial meningitis usually develops through

several stages of bacteria-host interactions; a key factor for all these steps is the

involvement of numerous bacterial and human receptors to mediate specific

interactions that result in meningitis. Significant progress has been made in

understanding the molecular interaction between the human cells and meningeal

pathogens. (Ribet and Cossart, 2015). Prior to initiation of meningitis, bacteria

initially colonize mucosal cells, usually of the upper respiratory or gastrointestinal

tract (Stephens, 1999), following this they may invade the intravascular space. At

this stage, bacteria may survive and multiply in the bloodstream resulting in

Table 1-4 The role of each virulence factors in the pathogenesis of N. meningitidis.

Virulence factors Role in pathogenesis Description

Capsule Colonization
. Bacterial survival in the bloodstream
. Bacterial survival in the CSF
. Antiphagocytic, Antibactericidal and

Antiadherent

Type IV pili Adhesion/Invasion . First contact with the human epithelial
and endothelial cells

PorA

PorB

Porin/Adhesion

. Bacterial survival by modulating the
exchange of ions between the bacteria
and the surrounding environment.

. Help in selective passage of cation and
anion across the cell membrane

. PorA binds human endothelial cells

Opa Adhesion/Invasion . Binds human epithelial/endothelial cells
and fibronectins

Opc
Adhesion/Invasion . Binds human epithelial/endothelial cells,

fibronectins and vitronectin

LOS Endotoxin
. Meningococcal septic shock, multiple

organ failure and death
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bacteraemia. From the blood stream they may further transverse the BBB

(Mereghetti et al., 2008, Nakamura et al., 2011). Multiplication of bacteria in the

subarachnoid space elicits an inflammatory responses resulting in

pathophysiological alterations such as pleocytosis and BBB disruption (Pfister et

al., 1992).

In the context of CNS infections, the brain is usually protected from the infection

by an intact blood-brain barrier (BBB), which is composed mainly of specialized

brain microvascular endothelial cells (BMVEC). This barrier maintains the neural

microenvironment in the central nervous system (CNS) by regulating the passage

of molecules and ions into and out of the brain. Despite the highly restrictive

nature of the BBB, certain bacterial pathogens are able to gain access into the

CNS by crossing the BBB to invade CNS resulting in serious disease including

bacterial meningitis (Zhang and Tuomanen, 1999, Hawkins and Davis, 2005,

Kim, 2008, Cardoso et al., 2010). Globally, Neisseria meningitidis

(meningococcus), Haemophilus influenzae type B (Hib) and Streptococcus

pneumoniae are the most common causes of meningitis in infants and adults,

while Escherichia coli K1 and Group B streptococci are most commonly isolated

in newborns (Eskola et al., 1987, Peltola, 2000, Maruvada et al., 2008, Thigpen et

al., 2011).

1.6 Mechanisms of bacterial entry into BBB

Meningitis-causing bacteria have the ability to enter the brain via several complex

mechanisms that enable them to cross and disrupt the BBB. Although the exact

mechanisms of entry are not clear, several studies suggest that the pathogens may

disrupt the BBB and traverse into the CNS via transcellular penetration,
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paracellular entry, and/or by means of so-called Trojan Horse carriage across the

BBB within infected immune cells (Kim, 2008).

In transcellular passage, the pathogen crosses the microvascular endothelial cell

layer without altering barrier permeability using pinocytosis or receptor-mediated

mechanisms (Kim, 2008). This mode of invasion has been observed for many

bacterial pathogens, such as Neisseria meningitidis (Pujol et al., 1997),

Streptococcus pneumoniae (Ring et al., 1998), and Escherichia coli (Prasadarao et

al., 1999b). The pathogen penetrates through barrier cells with and/or without

evidence of tight-junction disruption. Paracellular penetration of the BBB has also

been suggested for the Hib (Chang et al., 2004). On the other hand, some

pathogens which have ability to survive within the phagocytes can be carried

across the BB by infected immune cells, such as monocytes; this mechanism is

sometimes called the Trojan Horse pathway and, has also been suggested for

some viral pathogens, such as simian immunodeficiency virus (Erlander, 1995).

1.7 Bacterial attachment and entry into HBMECs

The mechanisms of BBB presentation by specific bacteria are summarized below.

1.7.1 N. meningitidis

A first step in the course of meningococcal infection is initiated by colonization of

nasopharynx. The type IV pili mediate the attachment with human

nasopharyngeal mucosal cells, which is a critical step for establishing the

infection in vivo. Then the bacteria use other virulence factors to bind more

intimately with these host cells. For instance, the opacity (Opa) proteins recognize

and bind to carcinoembryonic antigen cell adhesion molecules (CEACAMs,
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formerly CD66), a cell-surface molecule which is located on nasopharyngeal

epithelial cells (Kirchner et al., 2005, Sanders et al., 2011).

Following the initial pilus-mediated contact, the bacteria invade the mucous and

meningococcal capsular polysaccharides bind to collectins, and can inactivate

IgA1 via the autotransporter protease (Vidarsson et al., 2005). Then, N.

meningitidis cross the mucosa by transcytosis to invade the bloodstream (Pujol et

al., 1997, Unkmeir et al., 2002). Meningococcal can survive and multiply in the

bloodstream due to the presence of a number of virulence factors including lipo-

oligosaccharide (LOS) and capsular polysaccharide, which can lead to a high-

degree of bacteremia. Interaction of LOS with immune cells and other cells lead

to the production of proinflammatory cytokines and chemokines, including

interleukin 1 (IL-1), IL-6, and tumor necrosis factor (TNF)(Brandtzaeg, 1992,

Zughaier et al., 2004). The central role of LOS at this stage has been demonstrated

as LOS-deficient meningococcal mutants were observed to have remarkable

reductions in bacterial adherence (Albiger et al., 2003) and induction of serum

cytokines (van der Ley and Steeghs, 2003). The antiphagocytic properties of

capsular polysaccharide has also been shown to be fundamental for bacterial

growth in the bloodstream, a prerequisite for septicaemia and meningitis (Spinosa

et al., 2007).

After multiplication in the bloodstream, meningococcal can invade HBMECs.

Attachment to these cells is mediated via type IV pili which were thought to

recognize the CD46 molecule (Kallstrom et al., 1997), although interaction of pili

and CD46could not be verified in further studies and it is possible that the type IV

pilus attaches to host cells independently of CD46 (Kirchner and Meyer, 2005).
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Furthermore, PorA and PilQ have been recently shown to bind to the laminin

receptor (LamR) on HBMECs. After primary anchorage on the epithelium by way

of pili, Opc was also found to mediate a direct contact between the pathogen and

host cells by binding with fibronectin(Meyer, 1999). Attachments of these

bacterial adhesins contribute to traversal of the BBB by endoctyosis or

transcytosis after disorganizing the cell polarity via binding to type IV pili.

Meningococcal invasion of the meninges and replication in the CNS triggers the

production of cytokines and chemokines by cells of the immune system leading

to increased BBB permeability and pleocytosis; this in turn enhances the local

inflammatory response with subsequent increased intracranial pressure and

edema, ultimately resulting in neuronal injury (Pfister et al., 1992, Sanders et al.,

2011). See also Figure 1-5 that surmises the main steps in the bacterial meningitis

caused by N. meningitidis including host and bacterial-receptors involved in these

steps.
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Endocytosis
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Figure 1-5 Main steps in the bacterial meningitis caused by N. meningitidis including

host and bacterial-receptors involved in these steps. Adapted and modified from

(Sanders et al., 2011).
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1.7.2 S. pneumoniae

S. pneumoniae express a range of surface proteins that mediate adherence and

colonisation of the mucosal epithelium of the nasopharynx. The pneumococcal

polysaccharide capsule prevents entrapment in the mucus and inhibits

phagocytosis (Sanders et al., 2011). Neuraminidases (NanA and B) cleave

glycoproteins and oligosaccharides in mucus, thus it enhances bacterial

colonization by decreasing the viscosity of the mucus (Tong et al., 2000).

Pneumococcal IgA1 protease further facilitates colonization by degrading local

secretory IgA, which may protect the bacteria from type-specific antibody during

colonisation (Poulsen et al., 1998). Also, Phosphorylcholine (ChoP) binds to the

receptor for platelet activating factor (PAF) and activates host cell signalling

(Thornton et al., 2010). After adherence and colonisation, mucosal invasion is a

pre-requisite for bacteremic spread. For that, Pneumococci upregulate choline-

binding protein CbpA); this protein recognises and binds to epithelial polymeric

immunoglobulin receptor (IgR), which is critical for the adherence and migration

of pneumococci via epithelial cells Then, the bacteria traverses mucosa by

transcytosis (Zhang et al., 2000). Pneumococcal ChoP binds to C-reactive protein

(CRP) and enhances complement activation. In addition, two pneumococcal

surface proteins named PspA and PspC were found to inhibit complement

activation by interfering with binding of the bacteria to complement factor C3 and

H respectively (Kadioglu et al., 2008, Sanders et al., 2011). At this stage,

polysaccharide inhibits the interaction between any C3b bound to surface proteins

and receptors on phagocytic cells (Hyams et al., 2010, Melin et al., 2010). Prior to

invasion of the meninges, the bacteria must adhere to the human endothelial cells

that line the vessels. Two pneumococcal proteins, CbpA and ChoP bind to LamR
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and PAFr respectively; leading to invasion of the meninges and bacterial

replication in the CNS (Kadioglu et al., 2008, Orihuela et al., 2009). Bacterial

autolysis via the action of the autolysin LytA has been implicated in releasing

bacterial sub-capsular components, which subsequently trigger the inflammatory

response, cytokine and chemokine production leading to an inflammatory

response and increased BBB permeability, pleocytosis, BBB disruption, cerebral

oedema and increased intracranial pressure, ultimately resulting in neuronal

injury (Mitchell and Mitchell, 2010, Sanders et al., 2011). See also Figure 1-7 that

surmises the main steps in the bacterial meningitis caused by S. pneumoniae

including host and bacterial-receptors involved in these steps.
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Figure 1-2 Main steps in the bacterial meningitis caused by S. pneumoniae

including host and bacterial-receptors involved in these steps. Adapted and

modified from (Sanders et al., 2011).
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1.7.3 H. influenzae

H. influenzae gain access into the host by colonizing the nasopharyngeal mucosal

epithelium. Pilus-mediated adhesion is the initial step in a series of events that

may lead to infection (van Alphen et al., 1987). Haemophilus pili interact with

human oropharyngeal epithelial cells by recognition of sialylated lactosylceramide

derivatives (van Alphen et al., 1991). They also promote bacterial adherence to

respiratory mucus (Kubiet et al., 2000), and heparin-binding extracellular matrix

proteins, such as the heparin binding domain of fibronectin and mouse heparin-

binding growth-associated molecule (Virkola et al., 2000). In addition to adhesins

associated with pili or fimbriae, significant levels of attachment to mammalian

cells have been demonstrated in non-piliated H. influenzae that is mediated by

highmolecular-weight adhesins HMW1 and HMW2 which bind mammalian

surface structures containing glycoproteins related to heparan sulfate (Foxwell et

al., 1998). Nontypeable H. influenzae has been shown to adhere to human

nasopharyngeal mucin (Reddy et al., 1996) and human CEACAM 1 by H.

influenzae outer membrane proteins P5 (Omp5) (Reddy et al., 1996, Hill et al.,

2001). Two proteins, Hi autotransporter adhesin (Hia) and Haemophilus

adherence and penetration protien (Hap), which are members of autotransporter

family, also have adherent properties to respiratory epithelial cells. Two

homologous binding domains, named HiaBD1 and HiaBD2 were found to be

responsible for binding of Hia to host cells. While Hap binds to laminin,

fibronectin and collagen IV (St Geme et al., 1994, Hendrixson and St Geme,

1998, Fink et al., 2002, Yeo et al., 2007). Bacterial colonization of the upper

respiratory tract is also facilitated by IgAl proteases that cleave and inactivate

human IgAl (Plaut, 1983, Kilian et al., 1996).
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Once in the blood stream, H. influenzae can survive due to its polysaccharide

capsule which enhances its survival in the blood by interfering with the binding of

opsonising antibodies and complement to the bacterial surface (Marrs et al.,

2001). Like meningococci and pneumococci. H. influenzae binds to the LamR

receptor on HBMECs, in this case via its porin protein OmpP2 (Orihuela et al.,

2009, Abouseada et al., 2012). Prior to invasion, the bacteria interact with the host

endothelial cells by binding to the host platelet-activating factor receptor (PAFr)

via LOS glycoforms containing ChoP (Swords et al., 2001). Bacteria crossing the

BBB and invading the meninges, will trigger a host inflammatory cascade, which

subsequently leads to abnormalities in the cerebral blood flow and increases in the

permeability of the BBB leading to neuronal damage (van Sorge and Doran,

2012). See also Figure 1-7 that surmises the main steps in the bacterial meningitis

caused by H. influenzae including host and bacterial-receptors involved in these

steps.
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Figure 1-7 Main steps in the bacterial meningitis caused by H. influenzae

including host and bacterial-receptors involved in these steps.
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1.8 Development of vaccines against bacterial meningitis

Significant progress has been made in developing vaccines against H. influenzae,

S. pneumoniae and N. meningitidis in the last century to prevent bacterial

meningitis. Many of the most important vaccines to be developed are described

below.

1.8.1 Vaccines against H. influenzae

Numerous vaccine strategies have been attempted in the battle to control bacterial

meningitis caused by H. influenzae. These efforts have concentrated on the use of

lipopolysaccharides (LPS), outer membrane proteins, or capsular polysaccharides.

The Hib capsular polysaccharide was the first licensed for use in humans against

Hib in 1985. This vaccine was composed of polyribosyl ribitol phosphate

(PRP)(Morris et al., 2008). Although PRP vaccine conferred adequate protection

in children above two years, it failed to provide a full protection in infants

younger than 18 months (Peltola et al., 1977).

To overcome the T-cell independent characteristics of PRP and to address the

issue prevention of bacterial meningitis in children in younger age groups,

researchers redirected their efforts to find vaccine based on PRP conjugated to a

carrier protein, such as diphtheria toxoid conjugate (PRP-D), tetanus-toxoid

protein (PRP-T) or meningococcal outer membrane protein conjugate (PRP-OMP)

(Trotter et al., 2008, Pollard et al., 2009, Theodoratou et al., 2010). These proved

to be highly immunogenic vaccines that provided T-cell-dependent memory as

well as induction of immunological memory B cells that could not be achieved

with a capsular polysaccharide-antigen alone (McVernon et al., 2003). Although

Hib conjugate vaccines were effective in protection against H. influenzae, failures

were reported in several regions of the world (Garpenholt et al., 2000, McVernon
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et al., 2003, Rijkers et al., 2003). Also, Hib vaccines did not preventing disease

caused by non-type b H. influenzae (Trollfors et al., 1992). After developing a

Hib-vaccine, researchers have made significant advances with regard to the

development of vaccine against NTHi (non-capsulated strains). However,

developments of these vaccines and their implementation have faced major

challenges in terms of absence of capsule as well as the high heterogeneity among

these strains. Currently, there is no licensed vaccine against NTHi commercially

available. Numerous NTHi antigens have been investigated in in vivo models to

develop effective vaccines and some have yielded promising results with regard to

their ability to trigger the desired immune protection. These include LOS (Hong et

al., 2010) , Omp26 (Riedmann et al., 2011) , P4 (Hotomi et al., 2005) and

P5+PilA (Novotny et al., 2013). However, translation of these findings to human

vaccine requires further investigations prior to licensure.

A highly conserved lipoprotein named protein D (PD) which is present in both

NTHi and Hib strains (Janson et al., 1993) and enhances bacterial adhesion and

invasion showed promising results as a vaccine candidate in preclinical trials of an

11-valent pneumococcal conjugate vaccine containing PD (Forsgren et al., 2008).

In addition a surface-exposed protein of NTHi, Protein F (PF), has been

investigated as vaccine candidate. This protein with host cell adhesive properties

is highly conserved and may be a promising vaccine candidate against NHTi

(Jalalvand et al., 2014).

1.8.2 Vaccines against S. pneumoniae

To prevent pneumococcal meningitis, several vaccines have been developed

against different serotypes of the pneumococcus. In the 1980’s the first

generation vaccine was licensed named 23-valent polysaccharide vaccine
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(PPSV23 or Pneumovax® 23 Merck). This vaccine contains polysaccharide

antigens from 23 most prevalent invasive pneumococcal serotypes which are

responsible for 90% of the most serious pneumococcal disease in developed

countries (Herva et al., 1980). The 23-valent vaccine was shown to have no

efficacy in children less than 2 years age or in immunocompromised patients;

these groups have the highest rate of invasive pneumococcal disease and

pneumococcal meningitis (Black et al., 2000, McClure et al., 2006). For that

reason, in many industrialized countries a second generations of pneumococcal

vaccines have been developed by conjugation of the capsular polysaccharides

with carrier proteins from a nontoxic variant of diphtheria toxin (CRM197),

tetanus toxoid, or a meningococcal outer membrane protein complex, leading to

dramatic declines in pneumococcal meningitis in infants and young children,

these vaccines called pneumococcal conjugate vaccine (PCVs). By conjugating

polysaccharide vaccine antigens to a protein carrier the antigen is converted from

a T cell-independent one to a T cell-dependent one (Black et al., 2000, Dennehy,

2001).

In 2000, a 7-valent pneumococcal conjugate vaccine (PCV-7) was the first PCV

to be licensed. This vaccine contains polysaccharides from several serotypes (6A,

6B, 9V, 14, 19F, and 23F), which are conjugated to an inactivated nontoxic

diphtheria toxin CRM197(Ghaffar et al., 2004). Although the effectiveness of

PCV-7 vaccine has been very good, there has been a reported increase in invasive

disease due to non-vaccine serotypes in countries where PCV7 has been

introduced into the routine infant immunization schedule (Kaplan et al., 2004,

Byington et al., 2005). To address this issue, several pneumococcal conjugated

vaccines have been integrated in the vaccination program including: 9-valent, 11-
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valent and 13-valent conjugate vaccines which cover additional pneumococcal

serotypes (Klugman et al., 2003, Grando et al., 2015, Hirose et al., 2015).

Due to serotype-specificity of pneumococcal conjugated vaccines, current

researches are focused on bacterial surface proteins as pneumococcal vaccines

candidates for use in developing countries. Currently, there are three candidate

vaccines: pneumococcal surface protein A, pneumococcal surface adhesion A and

pneumolysoid (a mutant pneumolysin-like molecule). Common protein vaccines

are less expensive to manufacture than the polyvalent vaccines (which use the

capsular polysaccharide as the immunizing antigen) since they can be produced in

large amounts using inexpensive recombinant technology (Briles et al., 1996,

Yamamoto et al., 1997, Feldman, 2014).

1.8.3 Vaccines against N. meningitidis

There have been extensive global efforts to develop efficacious vaccines against

the five major pathogenic meningococcal serogroups: A, B, C, W, and Y. In the

1960s, the first major success towards vaccination against meningococcal disease

was achieved by Gotschlich and co-workers, who successfully demonstrated the

importance of anti-polysaccharide antibodies in the human immune response

against serogroup A and C disease (Morley and Pollard, 2001).

Capsule based vaccines against N. meningitidis serogroups A, C, W and Y have

been available and used since the 1970s. These include a bivalent vaccine

(serogroups A and C), a trivalent vaccine (A, C, Y), and a tetravalent vaccine (A,

C, W, and Y). Although, several investigations revealed that these vaccines have

the ability to activate high enough titres of bactericidal antibodies to all four

polysaccharide antigens in adults (18 years and above), these plain polysaccharide

vaccines have several drawbacks including their inability to confer the protection
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in children less than 2 years and their inability to provide long-term protection to

young children, protection typically lasting just for one year (Lepow et al., 1986,

Hankins et al., 1982, Bilukha et al., 2005), since they generate only T-cell-

independent responses (Reingold et al., 1985). Also, these vaccines ineffective in

providing protection against group B meningococcal disease.

As a result of the success of conjugate vaccines to protect against invasive disease

caused by H. influenzae type b and S. pneumoniae, conjugate vaccines against

specific serogroups of N. meningitidis were also developed. These vaccines

contain meningococcal polysaccharide conjugated to a protein such as tetanus

toxoid, diphtheria toxoid, or CRM197 (Burrage et al., 2002). They are

immunogenic and induce immunological memory in young children (Jodar et al.,

2002). Additionally, conjugate vaccines are characterized by their efficiency in

children below two years, their ability to reduce nasopharyngeal carriage, and

hence their ability to produce herd immunity (Jodar et al., 2002, Snape and

Pollard, 2005).

The carrier proteins that have been employed in conjugate vaccines include

toxoids of diphtheria toxin (for example CRM 197) or tetanus toxoids (Burrage et

al., 2002). There is also variation among the polysaccharides employed in

conjugate vaccines regarding their structures. Additionally, the polysaccharide

component can be attached to the carrier protein either directly or through a

chemical linker (Broker and Fantoni, 2007).

The first serogroup C meningococcal conjugate vaccine (MenC) was introduced

into the routine childhood immunisation schedule in 1999 (Ramsay et al., 2001).

This had a huge impact in reducing serogroup C carriage and disease (Ramsay et

al., 2003, Maiden et al., 2008). Later on, in January 2005, a quadrivalent
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meningococcal conjugate vaccine (MCV4) was developed and licensed (Harrison,

2006). Meningococcal conjugate vaccines have been proven to be safe and able to

trigger an efficient immune response in infants (Andersson et al., 1994, Richmond

et al., 1999, Campagne et al., 2000). Besides, these vaccines are able to prime

immunologic memory, and lead to a booster response to subsequent doses

(Twumasi et al., 1995, Borrow et al., 2000).

In addition to serogroup C, the conjugate vaccines have been also introduced

against serogroup A in Africa (MenAfriVac) beside the quardivalent conjugate

vaccine (A/C/ Y/ W) that confer protection in individuals aged 11-55 years

(Keyserling et al., 2006, Kristiansen et al., 2011). Indeed, it was believed that

developing a vaccine against serogroup B using carrier protein conjugation may

not be safe as it may lead to autoimmune reactions due to the structural homology

between serogroup B polysaccharides and host molecules (Finne et al., 1987,

Nedelec et al., 1990, Trotter and Ramsay, 2007).

With declining group C disease following, the introduction of multivalent

conjugate vaccines for infants, Group B disease remains the major public health

challenge. Despite the major successes with other serogroups, serogroup B

meningococci (MenB) vaccine development has been impeded by the similarity of

the group B capsule to host polysialic acid in glycoproteins from human neural

tissue rendering the conjugate vaccines (Hung and Christodoulides, 2013,

Vesikari et al., 2015). Although, extensive attempts have been made to solve this

problem by replacing the N-acetyl groups of polysialic acid residues to yield a

conjugate vaccine that was safe in phase I clinical trials, these vaccines did not

prove to be efficious in bactericidal assays, opsonophagocytic tests (Holst, 2007).

Thus other approaches have been adopted to develop vaccines using non-capsular
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antigens either as outer membrane vesicles (OMVs) or as individual antigens by

identifying conserved antigen variants, or by compiling a cocktail of

immunogenic antigens to provide broad coverage (Zollinger et al., 2011, Moran et

al., 2012). Of the non-capsular vaccine candidates, the most complex are outer

membrane vesicle (OMV)-based vaccines that contain a mixture of antigens

including lipo-oligosaccharide (LOS) and outer membrane proteins (Vesikari et

al., 2015). In several different countries, OMV-based vaccines have been utilized

as a basis for several outer-membrane-vesicle-based vaccines to protect against

MenB disease. For instance, MeNZB (Norwegian Institute of Public Health and

Novartis), a tailor-made outer-membrane-vesicle vaccine, stimulated the immune

responses directed against PorA and proved to be effective in controlling

epidemic meningitis infection in New Zealand. Unfortunately, antigenic variation

of PorA among geographic isolates has proven to be a major limitation in the use

of OMV-based vaccines more widely (Zollinger et al., 2011).

A new strategy called ‘reverse vaccinology’ has been adopted more recently

(Rappuoli, 2000). By this technique, in which protective antigens were identified

in a multi-level screen starting with bioinformatics prediction of conserved

surface-exposed proteins followed by expression, purification and screening for

the ability to elicit protective antibodies in in vivo models, a multicomponent

vaccine was developed which combined specific surface proteins with OMV; the

resulting vaccine is known commercially as Bexsero (4CMenB) and was

produced by Novartis (now Glaxo Smithcline) and was licensed for use in Europe

(Vesikari et al., 2015). Another vaccine has been developed and is now being

marketed by Pfizer; it is directed against two variants of fHbp (Fletcher et al.,

2004, Tan et al., 2010, McNeil et al., 2013).
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Using same technique, six neisserial antigens: factor H–binding protein

(GNA1870), GNA2091, N. meningitidis adhesin A (NadA, or GNA1994),

Neisserial heparin-binding antigen (NHBA; also known as GNA 2132), and GNA

1030 (fused with NHBA) as well as the later added outer membrane porin protein

PorA-containing OMV vaccine, were combined in a vaccine formulation named

rMenB (Zollinger et al., 2011, Serruto et al., 2012, Costa et al., 2014, Brendish

and Read, 2015, Oviedo-Orta et al., 2015).

1.9 Human Laminin receptor (LamR)

The 37/67 kDa human laminin receptor (p40, RPSA, 37LRP, 67LR, LamR) is a 

multifunctional protein, with a number of intercellular activities, which also acts

as an extracellular receptor. In 1983, the 67 kDa laminin receptor (LamR) was

first discovered by three independent laboratories by affinity chromatography on

laminin sepharose and identified as a non-integrin cell surface receptor for the

extracellular matrix molecule (ECM) laminin (Lesot et al., 1983, Malinoff and

Wicha, 1983, Rao et al., 1983).

1.9.1 Molecular nature of human LamR

The precise molecular nature of LamR and the relationship between the 37kDa

laminin receptor protein (LRP) and the 67 laminin receptor (LR) is unclear.

Although 37kDa LRP has been suggested to be the precursor of the 67kDa high-

affinity laminin receptor (LR), however, the exact mechanism by which the

37kDa precursor forms the mature 67kDa isoform has not been demonstrated,

although several conflicting hypotheses have been proposed to account for their

relationship. These include homodimerisation, heterodimerisation with another

molecule such as Galectin-3 (Gal-3) or fatty acylation (Rao et al., 1989, Buto et



CHAPTER ONE

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 65

al., 1998). Data from yeast two-hybrid analysis showed that LRP failed to interact

with itself (Hundt et al., 2001); an argument against hypothesis of a direct

homodimerisation. Analysis of the membrane-bound 67kDa LR indicated that

acylation of LRP is involved in the processing of the receptor (Landowski et al.,

1995a). Additional studies suggested that the 67kDa LR is a heterodimer

stabilized by fatty acid-mediated interactions (Buto et al., 1998).

1.9.2 The human LamR gene

Laminin receptor (LamR) is encoded in humans by the ribosomal protein SA gene

(RPSA, NCBI Gene ID: 3921, Accession No.: AC-000135). The gene is a 5,833-

bp stretch along chromosome location 3p22.2 (3p21.3 by in situ hybridization)

consisting of seven exons and six introns (Jackers et al., 1996).

Multiple copies RPSA gene have been found in mammalian genomes. For

instance, the human genome contains 26 copies, while the mouse genome has

only 6 (Jackers et al., 1996).

The human LamR sequence displays 99% homology with the rat sequence and

98.3% with the mouse and bovine sequences (Menard et al., 1997).

RPSA has homologues in widely divergent organisms including Saccharomyces

ccrevisiae, Arabidopsis thaliana, Drosophila mclanogaster, Chlorohydra

zjiridissima and the archaebacterium Haloarcula masmortzri (Ardini et al., 1998).

The homologue present in the Archaea is 40% identical to RPSA, which places the

human gene as a member of the S2 family of ribosomal proteins (Scheiman et al.,

2010a).
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1.9.3 The human LamR protein

The laminin receptor is likely to have originated ancestrally as a ribosomal

component and the human LamR precursor protein and the p40 ribosomal protein

are encoded by the same gene (37LRP/p40)(Ardini et al., 1998). The gene

encodes a protein of 295 residues with a calculated molecular weight of 37 kDa

(Jamieson et al., 2008). The amino acid sequence of LamR is 98% identical in all

mammals. LamR is not glycosylated but is acylated in position Ser2 by fatty acids

(Zidane et al., 2013). The acylation contributes to its conversion to the 67 LR

form and the residue Tyr139 is phosphorylated in vivo. LamR is comprised of two

main domains: an N-terminal (a.a. 1-209) and a C-terminal (210-295) domain

(Ould-Abeih et al., 2012). The N-terminal domain (NTD) is involved in the

ribosomal functions and is characterised by homology with the prokaryotic

ribosomal proteins S2. It is thus likely that the function of the 37LRP/p40 as a

ribosomal protein has been maintained during evolution from prokaryotes to

eukaryotes (Ould-Abeih et al., 2012). Scheiman and co-workers revealed that the

N-terminal domain of LamR is sufficient for ribosomal binding, as truncated

LamR protein (1-220) is incorporated into ribosomes and can rescue translational

defects caused by LamR siRNA knockdown (Scheiman et al., 2010a).

The C-terminal extension or domain (CTD) is involved in the extracellular

functions and is highly conserved among vertebrates. It binds laminin, its laminin-

binding capability constituting an additional function gained during evolution

(Ardini et al., 1998, Ould-Abeih et al., 2012).

Homologues to 37LRP/67LR can be found in all three domains of life and all five

traditionally recognised kingdoms (archae, bacteria, fungi, plants and animals)

and are likely to be present in all cellular organisms. Phylogenetic analysis of the
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sequence suggested that acquisition of laminin-binding capability by 37LRP is

linked to the evolution of the C-terminus, and more specifically to the appearance

of the palindromic sequence LMWWML (Ardini et al., 1998). This sequence

appeared during evolution concomitantly with laminin and the basement

membrane, the key foundation structure for multicellular tissue formation (Ardini

et al., 1998, Nelson et al., 2008). Since only multicellular animals have laminin-

containing basement membranes, it is clear that N-terminal homologies with

proteins from unicellular organisms indicated alternative or additional functions in

organisms other than metazoans. Interestingly, some pathogenic organisms have

cell-membrane-associated receptors for laminin, presumably as an adaptation to

aid in attachment to the basement membrane during invasion of the host. For

example, Leishmania donovani (a unicellular haemoflagellate parasite, which is

the causative agent of leishmaniasis) expresses a laminin receptor on its cell

membrane. However, on the basis of partial sequence analysis and western

blotting, this protein appears not to be homologous with LamR, although it does

have functions in common (Ghosh et al., 1996, Bandyopadhyay et al., 2003).

1.9.4 Crystal structure of LamR

The crystal structure of human LamR protein likely to provide insights into its

functions and to facilitate the design of novel therapeutics that target this receptor.

Kazmin and co-workers performed the first comparative modelling of the N-

terminal domain of 37 LRP using the crystal structures for the ribosomal protein

S2 from Thermus thermophilus (PDB code 1J5E) as a template in order to study

the ribosomal functions of LamR (Kazmin et al., 2003). This 37LRP/P40 model

was generated on the basis of proteins from organisms evolutionarily distant from
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humans and as it lacked a significant portion of the rRNA-binding domain and

they were unable to model the laminin-binding C-terminal domain.

Jamieson and colleagues were the first to produce a high-resolution crystal

structure of the majority of human LamR, which comprised residues 1-220,

abbreviated LamR220) (PDB code 3BCH) (Badger et al., 2005, Jamieson et al.,

2008). However, the C-terminal region, and thus the bulk of the putative laminin-

binding region was not contained with the LamR220 structure. Nevertheless,

LamR220 bound laminin with similar affinity to full-length LamR and inhibited

Sindbis virus infection in vitro (Ardini et al., 1998). By contrast, the A. fulgidus

S2p did not exhibit any laminin-binding activity; these two results support the

hypothesis that LamR acquired ECM functions during evolution (Jamieson et al.,

2008, Jamieson et al., 2011).

1.9.5 Insights into LamR functions

The fact that most of the LamR sequence and structure is highly conserved

suggests that LamR involved in several processes in the cell. Notably, yeast

homologs of LamR were found to be important cell viability (Demianova et al.,

1996), processing of 20S rRNA to 18S rRNA, maturation of the 40S ribosomal

subunit, and 80S monosome assembly (Ford et al., 1999). Figure 1-9 and Figure

1-9 shows different LamR functions and distributions respectively.

1.9.5.1 Binding of LamR to laminin

LamR was first identified for its direct binding with laminin-1 (Lesot et al., 1983,

Malinoff and Wicha, 1983, Rao et al., 1983); laminin-binding properties presages

the importance of LamR in numerous cellular functions, such as cell adhesion to

the basement membrane and in signalling transduction following Laminin-LamR
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binding (DiGiacomo and Meruelo, 2015). Both 37LRP and 67LR have been

shown to bind laminin with high affinity (Jamieson et al., 2008, Fatehullah et al.,

2010).

1.9.5.2 Ribosomal function of LamR

The first evidence for a ribosomal role for LamR was provided by Auth &

Brawerman, who observed the association of cytosolic p40 with ribosomal

particles in mice (Auth and Brawerman, 1992). Later, several studies confirmed

the association of LamR with the 40S small ribosomal subunit and demonstrated

that the N-terminal domain (NTD) was sufficient for ribosomal binding (Tohgo et

al., 1994, Scheiman et al., 2010a, Scheiman et al., 2010b, Anger et al., 2013).

LamR contributes in the maturation and assembly of the ribosome through its

associations with 18s rRNA and the S21 ribosomal protein, and it is implicated in

the translational processes through its association with 40S ribosomal subunit

(Sato et al., 1999, Scheiman et al., 2010a, Scheiman et al., 2010b).

1.9.5.3 Nuclear function of LamR

LamR has also been shown to localize to the nucleus and (DiGiacomo and

Meruelo, 2015) bind to histones H2A, H2B and H4, which seems to be controlled

in a cell cycle dependent manner (Sato et al., 1996, Kinoshita et al., 1998,

DiGiacomo and Meruelo, 2015). Association of 37LRP/p40 with both the nuclear

envelope and chromatin during interphase, but only with chromatin during mitosis

has been observed by Kaneda and co-workers (Kaneda et al., 1993). The same

group later suggested that LamR may serve as a ligand connecting chromatin to

the nuclear envelope (Kaneda et al., 1998). LamR was also found to be involved
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in cell signalling pathways that are important for cell survival (Givant-Horwitz et

al., 2004).

Figure 1-8 Schematic showing the multiple functions and localization of LamR.

(1) LamR located in the nucleus binds DNA via the histones, (2) LamR in the cytoplasm

associated with the 40s ribosomal subunit, (3) 37 kDa LamR may have additional

function/associations in the cytosol; Post-translational modifications such as fatty acid

acylation enable 37 kDa LamR to form: (4) The 67 kDa homodimer LamR (by interacting

of 37kDa LamR with itself and form 67 kDa homodimer LamR and/or (5) The 67 kDa

heterodimer LamR (by interacting of 37kDa LamR with Galactin 3 to form 67 kDa

heterodimer); 67 kDa LamR localize to the cell surface (6) 37kDa on the cell surface.
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Figure 1-9 Distribution of LamR.

(A) Distribution of LamR based on predicted function. (B) Distribution of LamR by

theoretical cellular localization (Venticinque and Meruelo, 2012).

1.9.5.4 Pathological functions of LamR

1.9.5.4.1 Role of LamR in cancer

LamR overexpression has been associated with many types of cancers including

breast (Martignone et al., 1993), gastric (de Manzoni et al., 1998), lung (Satoh et

al., 1992), colon (Cioce et al., 1991, Sanjuan et al., 1996), ovarian (Liebman et al.,
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1993, vandenBrule et al., 1996), liver (Ozaki et al., 1998), thyroid (Montuori et

al., 1999) , and melanoma (Vacca et al., 1993, Taraboletti et al., 1993). However,

it is not known whether 37 LRP and 67 LR have separate roles in tumor

development. It has been found that the high-affinity interactions between LamR

and laminin mediate changes in the cell environment (Zuber et al., 2008c). The

overexpression of LamR also enhances the capability of circulating cancer cells to

attach to and migrate on laminin substrates. All these changes lead to increase the

metastatic capability of the tumor cells attachment to the basement membrane,

and form vasculature more effectively (Narumi et al., 1999). These features render

LamR a useful prognostic marker for determining the severity of tumors of human

cancer patients (DiGiacomo and Meruelo, 2015).

The effect of siLamR on cell morphology in vivo is much more profound,

indicating that the ribosomal functions of LamR may be more critical for tumor-

cell survival in a more physiological environment. The ability of LamR to

regulate translation, proliferation, and survival as a ribosomal protein may

therefore be as important, if not more, than its extracellular functions in tumor

development (Tohgo et al., 1994, Scheiman et al., 2010a, Scheiman et al., 2010b,

Anger et al., 2013).

1.9.5.4.2 Role of LamR in Prion diseases (PDs)

Prion diseases, also called transmissible spongiform encephalopathies (TSEs), are

a group of rare, fatal neurodegenerative diseases, that affect humans and animals

(Belay, 1999). A protein known as cellular prion protein (PrPc) is a glycolipid

anchored protein which is highly conserved among mammalian species. PrPc is

normally expressed in several cell types, mainly neuronal cells without causing

disease (Kretzschmar et al., 1986, Wopfner et al., 1999). Several lines of evidence
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suggested the physiological activities of PrPC including its role in cellular uptake

or binding of copper ions, protection against apoptotic and oxidative stress,

transmembrane signaling, and adhesion to the extracellular matrix. However, the

evidences are not conclusive for any them (Isaacs et al., 2006, Westergard et al.,

2007). Prion disease develops when endogenous PrPc is converted to an abnormal

form, the infectious prion protein called PrPSc, which accumulates in the brains of

affected animals and humans (Prusiner, 1998).

Interestingly, both LamR monomer and dimer forms were found to act as

receptors for cellular and infectious prion protein isoforms (Gauczynski et al.,

2001). Both PrPc and PrPSc were found to use LamR as part of a mechanism of

cellular internalization and propagation, they also bound heparin sulphate

proteoglycans (HSPGs) as co-receptors, to facilitate their interaction with LamR

(Hundt et al., 2001). Furthermore, the prion protein was also found to be related to

Alzheimer’s Disease (AD), and LamR thus also have indirect role in AD. The

identification of the LamR as prion receptor has opened a new direction for the

development of a prion disease therapy such as anti-prion therapy (Vana et al.,

2009).

1.9.5.4.3 LamR binding to pathogens and exogenous ligands

A role for LamR in the development of bacterial meningitis development was first

reported by Kim and co-workers, who showed that LamR was required for

internalization of E. coli K1 into brain endothelial cells (Kim et al., 2005). More

specifically, a toxin secreted by these bacteria, called cytotoxic necrotizing factor

1 (CNF1) was found to bind LamR and initiate cytoskeletal rearrangement which

ultimately lead to the uptake of the pathogen (Chung et al., 2003). More recently,

three neurotropic bacteria which are the major bacterial agents of meningitis,



CHAPTER ONE

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 74

Neisseria meningitidis, Haemophilus influenzae and Streptococcus pneumoniae,

were reported to employ a similar mechanism to initiate bacterial interaction with

the BBB by binding with LamR on HBMECs (Orihuela et al., 2009). These

bacteria mediate attachment to LamR via the surface protein adhesins:

meningococcal PilQ and PorA, H. influenzae OmpP2 and pneumococcal CbpA.

More specifically, the fourth and second surface-exposed loops of meningococcal

PorA and H. influenzae OmpP2 respectively, and the surface-exposed loop of the

R2 domain of pneumococcal CbpA were shown to act as ligands for LamR. Using

synthetic peptides corresponding to loop4/PorA and loop2/OmpP2 LamR-binding

to the bacterial ligands was blocked, confirming their role as the LamR ligands

(Orihuela et al., 2009, Abouseada et al., 2012).

In addition to bacteria, numerous of neurotropic viruses have been shown to

utilize LamR as a receptor to bind host microvascular endothelial cells. These

viruses include: Adeno-associated virus (AAV; serotypes 2,3,8 and 9) (Akache et

al., 2006), Dengue virus; serotypes 1,2 and 3, Dengue virus (serotypes 1,2 and 3)

(Tio et al., 2005), Sindbis virus (Wang et al., 1992), Venezuelan equine

encephalitis virus (VEE) (Ludwig et al., 1996), tick-borne encephalitis

(TBE)(Protopopova et al., 1999) and the West Nile Virus (Bogachek et al., 2008).

LamR was also shown to bind (-)-epigallocatechin-3-gallate (EGCG)(Tachibana

et al., 2004), the major active polyphenolic compound in green tea with reported

anti-cancer effects inducing promotion of apoptosis of tumorigenic cells.

Interestingly, EGCG has been shown to inhibit tumor cell growth in vitro and in

vivo (Umeda et al., 2008).
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1.9.6 Binding domains of LamR

1.9.6.1 Laminin, heparin and ribosome binding domains on human LamR

Three regions of the C-terminal domain of LamR are believed to be implicated in

laminin binding: 53 amino acids on C-terminal containing four acidic TEDWS

repeats (Landowski et al., 1995b), also the putative helical stretch between amino

acids 206–229, and the heparin-sulfate-dependent laminin-binding region from

161–180 (peptide G) using utilized synthetic peptide segments of LamR (Graf et

al., 1987, Castronovo et al., 1991b, Landowski et al., 1995b).

Recently, the laminin binding sites on human LamR were mapped by Jamieson

and colleagues by substitution of amino acid residues that were most highly

conserved among mammalian species. Residues Phe32, Glu35, and Arg155 were

identified as primary ligands for LamR as mutations of these residues resulted in

significant reduction in laminin binding activity as well as migration in cellular

assays (Jamieson et al., 2011).

Both N-terminal and C-terminal portions of LamR can independently bind

laminin-1 (Jamieson et al., 2008, Jamieson et al., 2011, Zidane et al., 2013). In

addition to Laminin, LamR is also binds directly to the sulfated polysaccharide

heparin through peptide G domain (161−180). Heparin and laminin compete for 

binding its peptide G; this may represent a further level of regulation of the

interaction between 67LR and the basement membrane. Heparin and laminin are

also both bound by a second domain: 206-229 on LamR (Nelson et al., 2008,

Malygin et al., 2009).
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1.9.6.2 Prion protein binding domains on human LamR

Prion protein binding domains have been identified on both NTD and CTD of

human LamR using yeast two-hybrid assays and cell-binding studies on neuronal

and non-neuronal cells (Tubulekas et al., 1997).

Binding of LamR to PrP is mediated either directly or indirectly depending on the

presence of heparin sulfate proteoglycan (HSPG) on the cell surface (Hundt et al.,

2001). On the NTD, the region between amino acid residues 161 and 180 was

identified as a direct cellular PrP binding region using a yeast two-hybrid screen.

A second PrP-binding site was identified between amino acids 205 and 229 using

a mutant LamR protein lacking the direct PrP-binding domain; the site required

the presence of HSPG (Kazmin et al., 2000). Two comparatively short PrP-

binding sites on LamR, amino acids 263-278 and 187-210, were identified using

polyclonal and monoclonal antibodies that interact with these sites and inhibit

binding of PrP (Malygin et al., 2009).

Two LamR-binding domains of PrP, comprising amino acid residues 53-93 called

PrPLRbd1, and 144-179 called PrPLRbd2 that mediate HSPG and direct binding

with LamR respectively, were identified using a yeast two-hybrid screen (Hundt

et al., 2001).

1.9.6.3 LamR-binding domains for bacteria, virus and EGCG

Despite the critical role of LamR in bacterial meningitis, only two studies have

focused on the identification of bacteria-binding domains on LamR. In one of

these studies, peptide G (residues 161-180) was identified as a binding site for the

E coli K1 toxin, cytotoxic necrotizing factor 1(CNF1). Preliminary results

suggested that residues between 263-282 in the C-terminal portion of LamR acted

as a binding-domain for N. meningitidis (Orihuela et al., 2009).
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Kim and co-workers identified amino acids 263-282 of LamR as binding domain

for Venzuelan equine encephalitis virus (Kim et al., 2005) and Malygin and

colleagues identified two regions corresponding to amino acids 263-278 and 187-

210 of LamR as binding regions for the E2 protein of this virus, as well as tick-

borne encephalitis virus using monoclonal antibodies (Malygin et al., 2009).

The functional domains of LamR that bind EGCG and are thus responsible for

mediating its anti-cancer activity were identified within the CTN of LamR using a

peptide containing the 10-amino acid residues, IPCNNKGAHS, corresponding to

residues 161-170 as well as deletion/replacement of this region. This region as

well as the basic amino acids, K166 and H169 were shown to interact with EGCG

and to inhibit cancer cell growth (Fujimura et al., 2012).
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Virulence factors Role in pathogenesis Description In vitro model In vivo model

N. meningitidis Meningitis PilQ and PorA (adhesion) BMECs BBB

S. pneumoniae Meningitis CbpA (adhesion) BMECs BBB

H. influenzae Neonatal meningitis OmpP2 (adhesion) BMECs BBB

E. coli K1 Adhesion/Invasion CNF1 (toxin) BMECs No

Sindbis virus Sindbis fever ? Hamster cells No

Dengue virus
Dengue fever GP E Domain II HepG2 No

West Nile virus
Meningitis/encephalitis GP E Domain II Vero/PEK cells No

Adeno-associated virus ?
Capsid protein HeLa cells No

TBE virus Encephalitis GP E Domain II RH cells No

VEE virus Encephalitis GP E C6/36 (mosquito
cell line)

No

Prion Prion diseases Prion protein Neuronal cultures No

?: Data unknown.

BBB: Blood–brain barrier; BMEC: Brain microvascular endothelial cell; CNF: Cytotoxic necrotizing factor;PEK: Pig

embryo kidney; RH: Human embryonic kidney cell; TBE: Tick-borne encephalitis; VEE: Venezuelan equine

encephalitis; Vero: African green monkey kidney epithelial cell

Table 1-1 Reported differences in the laminin receptor-mediated neurotropism for

various microbial pathogens from viruses to bacteria. Adapted from (Huang and Jong,

2009).
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Figure 1-3 Schematic of proposed LamR Binding regions shows different binding

sites.

The map shows either LamR binding regions (gray) and single-amino acid residue (red).

Residues 86-101 constitute a proposed transmembrane domain; residues 32 ,35 and 155

constitute laminin-binding domain, 161-182 (also called peptide G) binds multiple

ligands including laminin, heparin, prion protein, E coli toxin CNFI and -Venezuelan

equine encephalitis virus (VEE); residues 183-193 represent a domain responsible for

binding the green tea polyphenol epigallocatechin-3-gallate (EGCG ); residues 188-194

(also called- YIGSR homology domain) constitute the binding site for the minimal ligand

sequence of laminin required for interaction with LamR; residues 206-229 represent the

binding site for laminin, heparin and prion protein: residues 243-295 constitute an

additional binding sites for laminin.
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1.9.7 LamR targeting for therapeutic purposes

LamR has garnered much attention as a potential target for anti-cancer therapeutic

intervention. Several studies have examined possible strategies to block the

interaction of LamR and ECM, either by silencing or using antibodies to block the

interaction of LamR and ECM component. Several studies have confirmed the

effectiveness of these strategies in reduction of cellular invasion and loss of cell

attachment to laminin (Leucht et al., 2004, Zuber et al., 2008a, Zuber et al.,

2008b).

Immunization of mice with recombinant LamR loaded on liposomes was not toxic

and was shown to be efficient in reducing tumor metastasis. Indeed, rLamR has

been included in a human cancer vaccine trial for breast cancer patients (Barsoum

et al., 2009).

Furthermore, due to its ability to bind EGCG, LamR has been utilized to uptake

the EGCG-containing medicine via receptor-mediated endocytosis, enabling them

to exert their therapeutic effects. This strategy was applied to deliver Ruthenium

Nanoparticles (RuBB-Loaded EGCG-RuNPs) antiliver cancer therapy. Notably,

same medicine and strategy have been used to control Alzheimer’s disease (Zhou

et al., 2015).

The implications of LamR as therapy have been utilized in a variety of other

diseases, including prion disease. LamR was used to reduce peripheral PrPSc

propagation in the spleen (Ludewigs et al., 2007, Zuber et al., 2008a, Zuber et al.,

2008b) as well as by viral delivery to reduce PrPsc propagation in the brain (Zuber

et al., 2008d).

In addition, truncated LamR that only expresses residues 102-295 is secreted from

cells to serve as a decoy in binding and inhibiting PrPSc propagation (Vana and
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Weiss, 2006). This truncated LAMR construct has therapeutic effects in vivo

(Pflanz et al., 2009).

1.10 Galectins

1.10.1 The Galectin family

Galectins are a group of β-galactoside-binding lectins which play vital roles in cell 

trafficking, signalling and inflammation. Members of galectin family are present

across a variety of tissues from diverse species ranging from lower invertebrates

such as sponges and nematodes to mammals, including humans (Hirabayashi and

Kasai, 1993). They are highly conserved in their carbohydrate recognition domain

(CRD)(Barondes et al., 1994a, Dumic et al., 2006)

Currently, fifteen mammalian galectins have been described in the literature,

eleven of which are expressed in humans (Cooper, 2002). These lectins are

implicated in a wide range of biological processes, including tumour cell

adhesion, inflammation, wound healing, and immunity (Dumic et al., 2006).

Based on the structure of the CRD, galectins have been classified by Hirabayashi

and Kasai into three subtypes: (i) Proto-type galectins; (ii) Tanden-repeat

galectins; and (iii) Chimera-type galectins, Proto-type galectins include: galectins

1, 2, 5, 7, 10, 11, 13, 14 and 15; they each contain a single CRD. Tandem-repeat

galectins includes: galectins 4, 6, 8, 9 and 12; they contain two CRDs that are

joined by a linker peptide. Chimera-type galectins includes only galectin 3, which

has only one CRD connected by a collagenase-sensitive domain to the N-terminus

(Hirabayashi and Kasai, 1993).
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1.10.2 Galectin-3 (Gal-3): structure and cell localization

Galectin-3 (Gal-3) is a 31-kDa chimera-type lectin which was initially identified

as a Mac-2 antigen on the surface of murine macrophage (Ho and Springer, 1982).

Based on its function, localization and biochemical properties, Gal-3 has been

assigned several names including CBP-35 (Roff and Wang, 1983); IgE-binding

protein (Liu and Orida, 1984); RL-29 (Cerra et al., 1985); L-34 (Raz et al., 1987)

and HL-29 (Sparrow et al., 1987). After establishing the nomenclature of

galectins, all these names were re-designated Galectin-3 (Gal-3)(Barondes et al.,

1994a).

Among vertebrate galectins, Gal-3 seems to be unique in its structure (Houzelstein

et al., 2004). It is made up of three distinct structural domains: (i) an atypical short

N-terminal domain (NTD), which lacks glycan binding activity and consists of

110-130 amino acids (Barondes et al., 1994a), in which its first twelve amino

acids were reported to be important for Gal-3 secretion and nuclear localization

(Menon and Hughes, 1999) (ii) a repetitive collagen-like sequence; and (iii) a C-

terminal carbohydrate-recognition domain that contains only one CRD and is

composed of approximately 130 amino acids. The CTD of Gal-3 is responsible for

the glycan binding activity due to containing glycan binding sites (Barondes et al.,

1994b).

Although, Gal-3 is largely monomeric in solution, recent studies suggested that it

may self-associate to form homodimers via its C-terminus. In the presence of a

ligand, Gal-3 polymerizes into pentamers employing its N-terminal domain

(Nieminen et al., 2007, Kavanaugh et al., 2013).

Galectin-3 is reported to be localized in the cytosol, the nucleus and the cell

surface. In addition, it can be excreted extracellularly by an unknown mechanism
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(Dagher et al., 1995, Hughes, 1999). Gal-3 has ability to bind various cytosolic

proteins enabling it to contribute to a number of intracellular events (Dumic et al.,

2006). Its ability to bind the apoptosis repressor protein, Bcl-2 conveys Gal-3 with

anti-apoptotic activity (Yang et al., 1996).

Interaction of intracellular Gal-3 with host proteins is mainly via glycan

independent protein-protein interaction. On the cell surface it is implicated in cell-

cell adhesion as well as mediating the interaction with ECMs via its binding to

cell surface glycoproteins (Ochieng et al., 2004, Dumic et al., 2006).

Unlike nuclear Gal-3, extracellular Gal-3 interacts with several glycosylated

molecules on the cell surface in a glycan dependent pattern (Dumic et al., 2006).

In contrast to nuclear Gal-3, extracellular Gal-3 has pro-apoptotic activity in

activated T cells (Fukumori et al., 2003). In addition, extracellular Gal-3 is

implicated in cell signalling as well as migration of monocytes and macrophages

(Sano et al., 2000, Ahmad et al., 2004).

1.10.3 Interaction of Gal-3 with different pathogenes

Gal-3 has been shown to recognize some pathogens and their results indicated that

these interactions are mediated via the host-like glycan components in the

pathogens. Leishmania major; Candida albicans; Schistosoma mansoni;

Trypanosoma cruzi and Neisseria gonorrhoeae have all been reported to bind

Gal-3 (John et al., 2002, Pelletier and Sato, 2002, Kleshchenko et al., 2004,

Kohatsu et al., 2006).

These interactions can induce innate immunity, which subsequently leads to the

clearance of microorganisms or conversely enhances the infection (Sato et al.,

2009). Interaction of Gal-3 with some pathogens may promote the infection. For

example, binding of Gal-3 to H. pylori facilitated the bacterial infection by
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promoting bacterial adhesion to the gastric epithelium (Fowler et al., 2006,

Cerliani et al., 2011).

Gal-3 has also been shown to bind bacteria including Escherichia coli (Fermino et

al., 2011), Pseudomonas aeruginosa and Neisseria gonorrhoeae (Gupta et al.,

1997, John et al., 2002), and Helicobacter pylori (Fowler et al., 2006) mainly

through bacterial lipopolysaccharide.

Gal-3 is also recognized by a number of commensal bacteria via high affinity

interactions that may be involved in colonization resistance and host infection by

limiting the availability of Gal-3 to pathogens (Kavanaugh et al., 2013). See

Figure 1-11 that shows the interaction of galectins, including Gal-3 with different

pathogens.
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Figure 1-4 The interaction of galectins, including Gal-3 with different pathogens.

Galectins recognize the glycan component of pathogens; this interaction may lead to

pro-inflammatory responses and subsequent clearance of the pathogen or it may favour

immune suppressive microenvironments that enhance chronic infection. Candida

albicans for instance can be recognized by Gal-3 leading to fungal killing. Also, the

recognition of some parasites, such as Schistosoma mansoni and Trypanosoma cruzi, by

macrophages can be mediated by Gal-3, which subsequently leads to pathogen

eradication. Gal-3 can also promote infections with H. pylori and Neisseria

gonorrhoeae by enabling bacterial adhesion and bacterial host cell recognition,

respectively. Adapted from (Cerliani et al., 2011).
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Chapter two

Construction of plasmids to facilitate the

expression of mutant forms of laminin receptor in

bacterial and human expression systems
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CHAPTER TWO

2 CONSTRUCTION OF PLASMIDS TO FACILITATE THE

EXPRESSION OF MUTANT FORMS OF LAMININ RECEPTOR IN

BACTERIAL AND HUMAN EXPRESSION SYSTEMS

2.1 Introduction

Numerous ribosomal subunit proteins in eukaryotes contribute to cellular

processes in addition to their ribosomal function (Warner and McIntosh, 2009).

One example is the mammalian ribosomal protein SA (or p40), which was

initially termed the 37 kDa laminin receptor precursor as it was thought to be the

precursor of the mature 67 kDa laminin receptor (LamR), a protein which enables

cells to interact with components of the extracellular matrix in vertebrates (Nelson

et al., 2008).

The most studied aspect of LamR is its laminin binding function. Synthetic

peptides derived from the LamR primary sequence have been used to identify two

putative laminin-binding regions: the first is referred to as Peptide G, comprising

residues 161–180 (Castronovo et al., 1991a); the second site, typically referred to

as the ‘direct binding region’, is the stretch of amino acids between 205 and 229

(Landowski et al., 1995b). Both peptides can bind laminin-1 and have bioactive

properties in vivo; these peptides also display heparan sulfate (HS) binding

properties (Guo et al., 1992, Taraboletti et al., 1993, Landowski et al., 1995b,

Kazmin et al., 2000). Alongside its normal physiological functions, LamR has

been strongly linked to bacterial infection; 67LR promotes the internalization of

cytotoxic necrotizing factor 1 (CNF1) expressing E. coli (Chung et al., 2003, Kim

et al., 2005, Wang and Kim, 2013). In addition, 67LR acts as a receptor for prion
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protein (PrP) (Gauczynski et al., 2001) and is required for the internalization of

some alphaviruses, such as the Sindbis virus (Wang et al., 1992). Interestingly, it

has been reported that LamR mediates contact with the blood brain barrier for the

bacterial pathogens N. meningitidis, S. pneumoniae, and H. influenzae; all of

which can cause bacterial meningitis. Additionally, the bacterial ligands

responsible for LamR binding were identified as pneumococcal CbpA,

meningococcal PilQ and PorA and H. influenzae OmpP2 (Orihuela et al., 2009)

and specifically PorA loop 4 and OmpP2 loop 2 (Abouseada et al., 2012).

Objective of the work described in this chapter

In order to characterise the bacterial LamR binding domains, the aim of work

described in this chapter was to construct plasmids to facilitate expression of

several mutant derivatives of LamR in both bacterial and human expression

systems.
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2.2 Experimental procedure

2.2.1 Bacterial strains, growth conditions, and media

E. coli strains and plasmids used are listed in Table (2-1). Bacterial strains were

routinely grown at 37ºC in Luria-Bertani (LB) agar or in LB broth (Fisher

Scientific) containing antibiotics where necessary (kanamycin: 100 µg ml-1;

ampicillin: 50 µg ml-1). Broth cultures were incubated aerobically at 37ºC with

shaking at 200 rpm.

2.2.2 Plasmid DNA mini-/midi-/maxi- preparations

Plasmids were extracted using Qiagen plasmid purification kits (QIAprep Spin

Miniprep kit; Plasmid Midi kit; Plasmid Maxi kit). The extraction of plasmid

DNA follow the same procedure except a higher volume of buffers is needed

during the Maxi-prep since there is more culture volume initially. The protocols

Table 2-1 Bacterial strains and plasmids used in this study.

Strains/Plasmids Descriptions Source or Reference

E coli strain

E. coli JM109

BL21 (DE3) pLysS
E. coli XL10-Gold

Transformation of pET28/LamR
Transformation of pEF- BOS/LamR
Transformation of pET28/LamR
Transformation of pEF- BOS/LamR

Promega

Promega
Promega

Plasmids

pET28/LamR • Human laminin receptor cDNA
cloned into pET28a(+)
• Carries kanamycin resistence
cassette

Kindly provided by
Dr. Noha Abouseada
(Orihuela et al., 2009)

pEF-BOS/Fc • Mammalian expression vector
encoding Enhanced Green
Fluorescent Protein (EGFP) Carries
ampicillin resistence cassette

Kindly provided by
Dr. Lee Weldon
(Akbarzadeh et al.,
2008)

pEF-BOS/LamR • Human laminin receptor cDNA
cloned into pEF-BOS/Fc

Kindly provided by
Dr. Shaun Moroll
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for mini; midi and maxi-prep were performed according to the manufacturer`s

instructions and the purified plasmid DNA was stored at -20ºC.

2.2.3 Gel electrophoresis and gel extraction

PCR and restriction digestion products were analysed using 0.8-1% agarose gels

(APPENDIX). Electrophoresis was carried out in 1 x Tris Acetate EDTA buffer

(TAE buffer, Sigma)(APPENDIX) at 5 V cm-1; DNA was stained with ethidium

bromide (Sigma; final concentration: 10 mg ml-1) and visualized using an

ultraviolet trans-illuminator. The molecular weights of DNA molecules were

estimated by comparison to the 1kb DNA ladder (New England Biolab). For gel

extraction of DNA fragments, bands of interest were excised using a clean scalpel

blade and extracted using the QIAquick Gel Extraction kit (Qiagen) according to

the manufacturer’s instructions.

2.2.4 Purification of PCR and Gel-extracted DNA products

PCR and restriction digestion products were purified using the QIAquick PCR

purification kit (Qiagen) according to the manufacturer’s instructions. Briefly, 5

volumes of binding buffer (PBT) were added to the 1 volume of DNA and the

mixture added to the column. This was then centrifuged (12 000 g) for 1 min and

the flow-through was discarded. Then, 750 μl of washing buffer (PE) was added 

and centrifuged (12 000 g) for 1 min and flow-through was discarded. After that

50 μl of nuclease free deionised water was added and incubated for 2 min at room 

temperature. Finally, DNA was eluted by centrifugation for 1 min (12 000 g).

Purified DNA fragments were stored at -20°C.
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2.2.5 Quantification of DNA and protein

The concentration of DNA and purified proteins was quantified using a NanoDrop

(ND-1000) spectrophotometer (Thermo Scientific).

2.2.6 Construction of plasmids to allow the expression of LamR in bacteria

and human expression system

2.2.6.1 Mutations in pET28/LamR

The LamR expression vector pET28/LamR was kindly provided by Dr Noha

Abouseada. Briefly, this contains the human LamR cDNA cloned into

NdeI/BamHI digested pET28a (+) and encodes an N-terminal 6  histidine-tagged

protein (Figure 2-1). pET28/LamR was used as the DNA template for a series of

inverse polymerase chain reaction (IPCR) reactions to introduce deletions and

point mutations into the LamR coding sequence.
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Figure 2-1 Schematic diagram of pET28/LamR plasmid map.

The bacterial expression vector contains the following functional elements: This plasmid

harbours the human LamR cDNA flanked by NdeI and BamHI sites. The encoded

recombinant LamR protein is histidine-tagged at the N-terminus and expressed under

control of the T7 promoter (His-tag epitope allows protein detection and purification), the

lactose repressor gene (lacI), the T7 promoter and terminator, kanamycin resistance gene

(KanR), pBR322 origin of replication and the incorporation of the ROP sequence limits

the plasmid copy number.

2.2.6.2 Deletion Mutations in pET28/LamR

2.2.6.2.1 Primer design

Several pairs of primers were designed for deletion mutations; NheI restriction

sites were incorporated onto the 5’ end of the forward and reverse primer

sequences as shown in Table 2-2 All oligonucleotide primers were designed using

Primer 3 software (http://frodo.wi.mit.edu/).
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2.2.6.2.2 Inverse Polymerase Chain Reaction (IPCR) to introduce deletion

mutations

The IPCRs were performed in 300 μL reaction containing template DNA (10ng 

for LamR-pET28 template) -10μM- each of forward and reverse primers, 10µM

dNTP mix, 5x Phusion HF reaction buffer and (1.0 units/50μl) Phusion DNA 

polymerase (Roche). The cycling reactions were conducted for 30S, at 98°C,

followed by 34 cycles of 10 sec denaturation step at 98°C. The annealing

temperature and extension time described in Table 2-3.

Table 2-2 Primers used to introduce deletion and point mutations into the LamR

coding sequence.

Oligonucleotide sequences in blue represent primers to introduce deletions, sequences in

brown represent primers designed for point mutations and oligonucleotide sequences in red

represent NheI restriction sites.

Template
Plasmids

Primer name Oligonucleotide sequence
5’ - 3’

Restriction
site

Deletion Mutation

pET28/LamR

pEF-
BOS/LamR

Del AA 206-229
For

GCGCGCTAGCGAATGGACTGCTCCCGC NheI

Del AA 206-229
Rev

CGCGCTAGCTCTGTAGAAGTACAGATCAGGC NheI

Del AA 244-295
For

GCGCGCTAGCTAAGCGGCCGCTCGA NheI

Del AA 244-295
Rev

GCGCGCTAGCAGGCTGAGTAGCAGTGAAC NheI

Del AA 262-283
For

GCGCGCTAGCCAGGCCACTGAATGGGTAG NheI

Del AA 263-283
Rev

GCGCGCTAGCGAATTGCTGAATAGGCACAGAG NheI

Point mutations

pET28/LamR

pEF-
BOS/LamR

R155A For taacacagattctcctggcctatgtggacattgccatc

R155A Rev gatggcaatgtccacataggccagaggagaatctgtgtta

K166A For ccatcccatgcaacaacgcgggagctcactcagtgg

K166A Rev ccactgagtgagctcccgcgttgttgcatgggatgg

Y139F For cctctcacggaggcatcttttgttaacctaccta

Y139F Rev taggtaggttaacaaaagatgcctccgtgagagg

Y156F For ctcctctgcgctttgtggacattgccatcc

Y156F Rev gatggcaatgtccacataggccagaggagaatctgtgtta
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2.2.6.2.3 PCR site-directed mutagenesis

Primers were designed using the www.agilent.com/genomics/qcpd tool. Primers

were designed to be between 25-45 bp in length, have a melting temperature (TM)

between 75-85°C and GC content between 40-60%. Mutagenesis was carried out

following the manufacturer’s instructions using the Quick Change Lightning Site

Directed Mutagenesis Kit (Agilent). Mutations were introduced by PCR using the

QC Lightning Enzyme; the reagents used for PCR and the thermal cycles were

described in Tables 2-4 and 2.5. PCR amplified DNA plasmids were selected by

digesting parental methylated and hemi-methylated DNA plasmids with DpnI

enzyme at 37°C for 5 min. Digested PCR products were then used to transform

chemically competent E. coli XL10-Gold ultra-competent cells. The

transformation mixtures were spread on LB agar plates containing the appropriate

antibiotic selection and grown overnight at 37oC. A single colony was selected

and grown overnight in 10 ml LB medium containing the appropriate antibiotic

selection and the DNA was extracted and sent for sequencing to confirm the

mutation.



CHAPTER TWO

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 95

Table 2-3 PCR Site-directed mutagenesis reactions

Reagent Volume Final concentration

5 μl 10× reaction buffer -

X μl dsDNA template 10-100 ng

X μl forward oligonucleotide primer 125 ng

X μl reverse oligonucleotide primer 125 ng

1.5 μl dNTP mix 0.2mM

1.5 μl QuikSolution reagent -

final volume of 50 μl ddH2O -

1 μl (last add) QuikChange Lightning Enzyme -

Table 2-4 Cycling parameters of QuikChange Lightning reactions

Segment Number of

Cycles

Temperature Duration

1 1 95°C 2 min

2 18

95°C 20 s

60°C 10 s

68°C 30 s/kb of plasmid length

3 1 68°C 5 min
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2.2.6.2.4 Digestion

Following IPCR, the purified DNA was digested using NheI (NEB) according to

the manufacturer’s instructions. Then, DNA was extracted from gel slices

containing the bands of interest using a QIAquick Gel Extraction kit (Qiagen)

according to the manufacturer’s instructions.

2.2.6.2.5 Ligation

Self-ligation reactions were performed using T4 ligase in a rapid ligation buffer

(Fermentas) according to the manufacturer’s recommended protocol. Briefly, a

typical ligation reaction contained; 50 ng plasmid DNA, 1 μl T4 DNA ligase (5u  

μl-1; Fermentas); 10 μl 5× rapid ligation buffer (Fermentas); and where required 

dH2O was added to make a final volume of 50 μl. The mixture was incubated at 

22°C for 24h. Ligation products were transformed into chemically competent E.

coli JM109.

2.2.6.2.6 Transformation

E. coli JM109 chemically competent cells (Promega) were transformed as

follows. Briefly, competent cells were thawed on ice and 50 μl aliquotted into two 

microcentrifuge tubes. 100 ng of plasmid construct was added to one tube, while

the other served as a negative control. Both tubes were then incubated on ice for

20 min. Cells were then subjected to a heat shock treatment at 42°C in water bath

for 50s. The cells were then immediately transferred to ice for 2 min. 400 μl of 

room temperature SOC medium (2% tryptone, 0.5% yeast extract, 10 mM sodium

chloride, 10 mM magnesium chloride and 20 mM glucose; Sigma) was added to

the cells and the tubes were incubated for 1 h with shaking at 250 rpm. Aliquots

of the transformation reaction were then plated out on LB agar plates contain a
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propraite antibiotic and incubated overnight at 37°C. Single colonies were picked

from the plate, streaked onto LB agar plates and DNA was extracted as described

in section 2.2.2 Screening for a successful clone was performed by colony PCR

amplification of the desired DNA fragment and subsequent DNA sequencing.
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2.2.6.3 Mutations in pEF-BOS/LamR

2.2.6.3.1 Deletion Mutations/Site-directed mutagenesis in pEF-BOS/ LamR

The mammalian expression vector, pEF-BOS/LamR, was kindly provided by Dr.

Shaun Moroll and contained a wild-type copy of human LamR cDNA cloned into

the NdeI and NotI sites (Figure 2-2). The expressed protein carries an N-terminal

FC-tag [Fc fragment of human immunoglobulin G (IgG)]. Attempts to generate

deletion mutations in pEF-BOS/LamR were unsuccessful. Therefore the wild-type

copy of LamR was removed from pEF-BOS/LamR by NdeI and NotI digestion

and replaced with mutated versions of the gene derived from pET28-based

plasmids. Site-directed mutagenesis of pEF-BOS/LamR was performed for

selected amino acid residues (Table 2-2) as described in 2.1.5.2.1.3.
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Figure 2-2 Schematic diagram of pEF-BOS/ LamR plasmid map.

The mammalian expression vector contains the following functional elements: This

plasmid harbours human LamR cDNA cloned into the NdeI and NotI sites. The Simian

virus 40 (SV40) polyoma origin of replication to allow the plasmid to replicate

episomally in HEK293T cells that express the SV40 large T antigen. The N-terminal Fc-

tag (the Fc-fragment of human antibody IgG) allows protein detection and purification,

followed by 3C cleavage site, and gene encoding human laminin receptor (LamR).

Downstream of the coding sequence, the internal ribosomal entry site (IRES) enables the

co-translation of the enhanced green fluorescent protein (EGFP) and the selection of

transfected cells. The TPZ encodes Enhanced Green Fluorescent Protein (EGFP) to

monitor transfection efficiency. The ampicillin resistance gene (AmpR) was used for

plasmid propagation in E coli.
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2.2.6.3.2 DNA Ligation

A typical ligation reaction contained 100 ng insert, 50-100 ng plasmid DNA, 1 μl 

T4 DNA ligase (New England Biolabs), 1 μl 10× ligation buffer (New England 

Biolabs), and where required dH2O was added to make a final volume of 10μl. 

The ligation reaction was incubated at 16°C for 1h and then overnight at 4°C and

finally transformed into the JM109 strain of E. coli as described previously.
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2.3 Results

Human laminin receptor (LamR) has been recognized as an interaction partner for

N. meningitidis, S. pneumoniae, and H. influenzae. Several regions of LamR were

hypothesised to constitute the binding site for the bacterial ligands; these

predictions were based on previous studies on LamR binding domains and the

crystal structure of laminin receptor. Having identified likely binding regions,

these were then deleted or modified by altering the LamR coding sequences in

expression constructs, thus enabling allowing experiments to examine the effects

on bacterial ligand binding to be undertaken.

2.3.1 Identification of LamR peptides and residues for deletion or mutation

Initially, five sites within the C-terminal portion of LamR were hypothesised as

potential bacterial ligand binding regions: 161-182, 139-156, 263-282; 244-295

and 244-295 (Figure 2-3 and Figure 2-4). Based on published studies, each of

these is a binding site for various ligands including host proteins, viruses or

bacteria (see Figure 1-10).

However, based on the crystal structure of LamR, it was hypothesised that

deletion of amino acids 161-182 and 139-156 may lead to drastic conformational

changes within LamR since the majority of these amino acid residues are located

within the globular structure of the protein (Lee Wheldon, personal

communication). Therefore, modification of these two regions was restricted to

the site-directed mutagenesis of specific surface-exposed amino acids that might

interact with ligands including the meningococcal ligands. The IPCR strategy was

used to create constructs encoding recombinant LamR (rLamR), rLamR206-229,

rLamR263-282 , and LamR244-295 in both bacterial and human expression vectors,

whilst site-directed mutagenesis was used to create the remainder.
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Figure 2-3 Crystal structure of 37LamR shows the regions or amino acids

targeted for deletion or mutation.

The graphic figures were created using the RAZMOL program and explain the human

LamR crystal structure (LamR220)(Jamieson et al., 2008). A: aa161-182 are for the

most part buried within the protein, B: similarly, aa139-156 are also predicted to

largely buried in the protein, C and D: aa139 (Tyrosine), aa156 (Tyrosine), aa155

(Arginine) and aa166 (Lysine) residues are exposed at the cell surface.

- AA= Amino acids

A

B

C DC AA 139 TyrosineAA 139 Tyrosine

AA 156 Tyrosine

AA 155 Arginine
AA 166 Lysine

is exposed at the
surface in cleft

along the protein



CHAPTER TWO

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 103

N- terminus= amino-terminus

C- terminus= carboxyl-terminus

R155A K166A

1 86 101 Y139F Y156F

Double mutant Y139F/ Y156F

243-295

C-terminusN-terminus

Proposed
TM domains

206-229 263-282

Figure 2-1 Schematic of the regions of LamR selected for deletion or mutation in

order to establish their roles in the binding to various bacterial ligands.

1- Del AA139-156 Dimerisation interface region (Jamieson et al., 2008)

2- Del AA161-180 Heparin Binding Region (Guo et al., 1992)

3- Del AA206-229 Direct Laminin Binding Region (Landowski et al., 1995b)

4- Del AA244-295 Laminin Binding Region (Nelson et al., 2008)

5- Del AA263-282 Proposed PorA/ Loop4 binding region (Abouseada et al., 2012)

LamR Mutation sites Region Reference

- 139-156
- 162-180
- Y139F
- R155A
- Y156F

- K166A
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2.3.2 Inverse PCR mutagenesis to delete DNA encoding amino acids 206-

229, 263-282 and 244-295 from pET28/LamR

Mutation of LamR was achieved by inverse PCR deletion of selected regions

encoding amino acids 206-229, 263-282 and 244-295 from pET28/LamR (Figure

2-1). Different primer pairs were designed for amplification of products (Table

2-2); these included NheI sites to facilitate re-ligation of digested amplicons.

Initially, amplification steps were optimized in pilot experiments using different

conditions, including different annealing temperatures and extension times

(Figure 2-5). For example, IPCR using a temperature gradient to obtain the

∆aa263-282 amplification product indicated that optimal yield was achieved using 

an annealing temperature of 57 or 58oC (Figure 2-6). The reaction was then scaled

up and the resulting amplicon digested with NheI. Digested and purified DNA

was self-ligated using T4 DNA ligase (Figure 2-7) and transformed into JM109.

PCR was used to confirm that the resulting clones contained inserts of the correct

size. Subsequent DNA sequence analysis confirmed the identity of the clones. An

identical approach was used to generate the remaining two deletions in the LamR

coding sequence in pET28-LamR. Figure 2-8 explain all the steps followed to

generate deletion mutations in LamR harboured on bacteria expression vector

(pET28).
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Figure 2-5 Inverse PCR amplicons produced from pET28-LamR template.

IPCR performed using a 67oC-57oC temperature gradient for annealing, and primers for

the ∆aa 263-282 amplicon (expected size = 6.2 kb) M: 1kb DNA marker, Lane 1: 67.0oC,

Lane 2: 66.3oC, Lane 3: 65.1oC, Lane 4: 63.3oC, Lane 5: 61.0oC, Lane 6: 59.3oC, Lane 7:

58.0oC, Lane 8: 57.0oC. The same methodology was utilized to optimise the IPCRs

required to obtain LamR206-229 and LamR243-295 (figures not shown).

1 2 3 4 5 6 7 8 M

- 4.0

- 5.0
- 6.0
- 8.0
- 10.0LamR206-229

~ 6.2KB

- 3.0

Figure 2-6 Agarose gel analysis showing inverse PCR amplicons produced from

pET28 at optimal conditions.

IPCR performed at 58oC to generate deletion mutation (∆ aa 263-282) in pET28/LamR 

(6.2kb); M: 1kb DNA marker. WT pET28/LamR was subjected to IPCR using specific

primers (Table 2.2), the primers was incorporating NheI restriction sites in both sides of

the product. Same protocol was used to generate deletion mutations in both: LamR206-229

and LamR243-295 (figures not shown).

M M

- 3.0
- 4.0
- 5.0
- 6.0
- 8.0
- 10.0LamR263-282

~ 6.2KB
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Figure 2-7 Purification, digestion and ligation of IPCR product for pET28/LamR

(6.2 kb).

M: 1kb marker Lane 1: purified IPCR products, Lane 2: NheI digestion of pET28/LamR

restriction site (6.2 kb). Lane 3: Purified product after digestion. Lane 4: purified digested

IPCR products before ligation. Lane 5: purified digested IPCR products after self-ligation

with T4 ligase enzyme.

3.0

5.0

10.0
8.0
6.0

4.0

M 1 M 2 M 3 M 4 5
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2.4 Transformation of rLamR mutants clones into expression host

All ligated fragments were used to transform E coli JM109 competent cells.

White-colonies were selected and PCR was used to confirm that the clones

contained inserts of the correct size. Subsequent, sequence analysis confirmed the

identity of the clones. To express the rLamR in bacteria, all obtained clones were

used to transform the E coli expression host BL21(DE3) plysS. In this system

IPCR products were digested with Restriction enzyme site NheI

Digested products were self-ligated using T4 ligase enzyme

Ligated plasmid harbouring mutant LamR transformed into E coli by Transformation

Transformation of pET28/LamR into E coli BL21(DE3) plysS (expression host)

Isolation of the plasmid DNA (pET28) harbouring mutant LamR using Miniprep

Verification the identity of the transformed clones by sending to sequencing analysis

Expression of the recombinant protein was induced using IPTG

3

4

5

6

7

8

9

Figure 2.8 Schematic diagram representing all the steps followed to generate

deletion mutations in LamR harboured on bacteria expression vector (pET28).
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transcription of the target gene is controlled by the T7 promoter, and the

production of the T7 RNA polymerase is encoded by the pLysS plasmid and is

regulated by a lac Promoter derivative.

2.5 Inverse PCR mutagenesis to delete amino acids from the LamR coding

sequence harboured on pEF-BOS/LamR

Amplification of IPCR products using pEF-bos/LamR as template was performed

using primer pairs described in Table 2-2. As before, amplification steps were

optimized in pilot experiments using a temperature gradient for the annealing

steps (Figure 2-9) and again 58°C was determined to be the optimal annealing

temperature. The reactions were then scaled up using an annealing temperature of

58oC and amplified products with expected size of 8.2kb were visualized by

agarose gel electrophoresis. The DNA yield of the amplicon was low but PCR

fragments were nevertheless digested with NheI to yield the expected DNA

fragments of 8.2 Kb (Figure 2-10). Due to the low DNA yield, an alternative

strategy was performed to generate deletion mutations in pEF-BOS/LamR as

described in section (2.6).
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3.0

5.0

10.0
8.0
6.0

4.0

M 3M 2M 1

Figure 2-10 Purified and digested IPCR product for pEF-BOS/LamR.

M: 1kb DNA marker.Lane 1: purified IPCR products, Lane 2: Digested of IPCR product

with NheI restriction site (~8.2kb). Lane 3: Purified product after digestion.

Figure 2-9 Inverse PCR amplicons produced from pEF-BOS-LamR template

(~8.2kb).

IPCR performed using a 67oC-57oC temperature gradient for annealing, and primers for

the ∆aa 263-282 amplicon (expected size = 8.2 kb) M: 1kb DNA marker, Lane 1: 

67.0oC, Lane 2: 66.3oC, Lane 3: 65.1oC, Lane 4: 63.3oC, Lane 5: 61.0oC, Lane 6:

59.3oC, Lane 7: 58.0oC, Lane 8: 57.0oC. The same methodology was utilized to

optimise the IPCRs required to obtain LamR∆206-229 and LamR∆243-295 (figures not

shown).
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2.6 Strategy to generate deletion mutations in pEF-BOS/LamR

pET28/LamR-based deletion clones were used as the basis for pEF-BOS clones.

Briefly, the mutated LamR sequences were removed from pET28 by digestion

with NotI and NdeI and cloned into both pEF-BOS digested with the same

enzymes (Figure 2-11). The resulting fragments which represent pEF-BOS/LamR

(mutant clones) were analysed by agarose gel electrophoresis before and after

ligation to verify the activity of the ligase (Figure 2-12). The ligated plasmid DNA

was used to transform E coli JM109 and the identity of the resulting clones were

confirmed by sequencing.
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Figure 2-11 Schematic diagram representing the steps employed to sub-clone

mutated LamR coding sequences into the human
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Figure 2-12 Agarose gel showing ligation of LamR∆263-282 with pEF-bos plasmid.

Lane 1: LamR∆263-282(1.2 kb), Lane 2: purified digested IPCR products after self-ligation

with T4 ligase (7kb) M: 1kb marker.

2.7 Site-directed mutagenesis for pET28 and pEF-BOS

Site-directed was used to introduce point mutations into the LamR coding

sequence carrying on both pET28/LamR and pEF-BOS/LamR as described in

section (2.2.6.2.3). All mutations were confirmed by sequence analysis (Figure

2- and Table 2-5).

pEF-BOS/LamR
262-283

~8kb

pEF-BOS
(vector)
~ 7kb

LamR262-283

(Insert) ~1kb

MM 1 2 M 3
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Figure 2-13 Sequence alignment showing substitution of codons in the LamR coding

sequence following site directed mutagenesis.

Table 2-5 Deletion and Point mutants generated and confirmed by sequence

analysis.

Human
expression clone

Bacterial
expression clone

pEF-BOS/LamR pET28/LamR

Deletion of amino acids
1 206 – 229 206 - 229
2 243 – 295 243 - 295
3 263 – 282 263 - 282

pEF-BOS/LamR pET28/LamR

Amino acid substitutions
4 Y139F Y139F
5 R155A R155A
6 K166A K166A
7 Y156F Y156F
8 Y139F/Y156F Y139F/Y156F

361 CTTCTTGTGGTTACTGACCCCAGGGCTGACCACCAGCCTCTCACGGAGGCATCTTATGTT
||||||||||||||||||||||||||||||||||||||||||||||||||||||| ||||

896 CTTCTTGTGGTTACTGACCCCAGGGCTGACCACCAGCCTCTCACGGAGGCATCTTTTGTT
Y139F/415✔

421 AACCTACCTACCATTGCGCTGTGTAACACAGATTCTCCTCTGCGCTATGTGGACATTGCC
|||||||||||||||||||||||||||||||||||||||||| ||||||||||||||||

822 AACCTACCTACCATTGCGCTGTGTAACACAGATTCTCCTCTGGCCTATGTGGACATTGCC

R155A/462✔

421 AACCTACCTACCATTGCGCTGTGTAACACAGATTCTCCTCTGCGCTATGTGGACATTGCC
|||||||||||||||||||||||||||||||||||||||||||||| |||||||||||||

962 AACCTACCTACCATTGCGCTGTGTAACACAGATTCTCCTCTGCGCTTTGTGGACATTGCC
Y156F/465✔

481 ATCCCATGCAACAACAAGGGAGCTCACTCAGTGGGTTTGATGTGGTGGATGCTGGCTCGG
||||||||||||||| |||||||||||||||||||||||||||||||||||||||||||

882 ATCCCATGCAACAACGCGGGAGCTCACTCAGTGGGTTTGATGTGGTGGATGCTGGCTCGG
K166A/495✔

421 AACCTACCTACCATTGCGCTGTGTAACACAGATTCTCCTCTGCGCTATGTGGACATTGCC
|||||||||||||||||||||||||||||||||||||||||||||| |||||||||||||

962 AACCTACCTACCATTGCGCTGTGTAACACAGATTCTCCTCTGCGCTTTGTGGACATTGCC

361 CTTCTTGTGGTTACTGACCCCAGGGCTGACCACCAGCCTCTCACGGAGGCATCTTATGTT
||||||||||||||||||||||||||||||||||||||||||||||||||||||| ||||

902 CTTCTTGTGGTTACTGACCCCAGGGCTGACCACCAGCCTCTCACGGAGGCATCTTTTGTT Y139F/495✔
Y156F/465

WT LamR

Mutant LamR

WT LamR

Mutant LamR

WT LamR

Mutant LamR

WT LamR

Mutant LamR

WT LamR

Mutant LamR

WT LamR

Mutant LamR
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2.8 Discussion

The pathogenic bacteria utilise a number of mechanisms to cause disease in

human hosts by expressing a wide range of molecules that bind host cell receptors

to facilitate a variety of different host responses. Some of these receptors are

pathogen-specific; others act as receptors for several pathogens (Huang and Jong,

2001, Pizarro-Cerda and Cossart, 2006). The non-integrin laminin receptor,

LamR, has binding sites for a number of bacterial and viral pathogens, prion

proteins as well as endogenous ligands (Nelson et al., 2008). Recently, LamR has

been identified as a common portal of central nervous system (CNS) entry for the

leading meningeal pathogens S. pneumoniae, H. influenzae and N. meningitidis

(Orihuela et al., 2009, Abouseada et al., 2012).

In order to more deeply study the binding of LamR to its bacterial ligands, the

work in this chapter aimed to construct plasmids encoding mutated versions of

LamR for expression in both bacterial and cells. To this end, the plasmids vectors

pET28 and pEF-BOS/Fc were used as vehicles for the expression of wild type and

mutated versions of LamR. The former was employed to facilitate expression in a

bacterial expression system, which offers relatively easy and rapid expression and

purification of the recombinant proteins. However, rLamR may not be correctly

folded or post-translationally modified in bacterial cells, and thus the derived

proteins may not be biologically representative. To avoid these problems, a

second plasmid (pEF-BOS/Fc) was employed to facilitate expression of in human

cells where folding and post-translational modification are more likely to be

similar to that found physiologically. However, expression and purification in

mammalian cells is more complex and technically challenging.
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As a first step toward identifying LamR binding domains for bacteria, several

mutations were generated in LamR by IPCR and site-directed mutagenesis to

create deletions and point mutations, respectively. Five deletion mutation

constructs were generated by IPCR. Specifically, residues 161-182; 139-156; 206-

229; 263-282 and 243-295 were deleted. The crystal structure of the LamR

indicates that 161-182 and 139-156 regions were largely buried in the protein

(Jamieson et al., 2011). As an alternative strategy to target sites that were

predicted to have effects on the conformation of the protein, site-directed

mutagenesis of single exposed amino acids within these regions was performed in

attempt to minimise disruption to the structure of the resulting protein. Site-

directed mutagenesis was successfully performed to create the following changes:

Y139F; R155A; Y156F; K166A; and Y139F/Y156F using pET28 and pEF-BOS

vectors to express mutant proteins in bacteria and human cells respectively. In

terms of deletion mutations, several mutations were introduced into the LamR

coding sequence harboured on the bacterial expression vector (pET28) using

IPCR. The regions targeted for deletion encoded amino acid residues 206-229;

243-295, and 263-282. The ligation products were initially introduced into the E

coli host strain JM109 due to its high efficiency of transformation before the

constructs were transferred into the expression host E coli BL21 (DE3) plysS.

This strain harbours the plysS plasmid, which encodes the T7 RNA polymerase

gene required for induction of the gene encoded by the recombinant pET28

vector. As with pET28/LamR, similar deletion mutations were introduced into the

LamR coding sequence harboured by expression vector pEF-BOS. Although,

IPCR and digestion conditions were optimized, low DNA yields resulted in

several unsuccessful digestion, ligation and transformation results. To address this
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problem, mutant clones initially constructed in pET28/LamR were sub-cloned

successfully into pEF-BOS and their identities confirmed by sequencing.

The precise contact sites between 67LamR and laminin have not been mapped.

However, several studies results support the hypothesis that multiple laminin

binding sites are present on LamR. In the current work, we examined mutation of

a previously identified putative laminin and PrP binding sites (161-180 and 206-

229) and one of the laminin binding sites (243-295). The residues 161-180, the so-

called peptide G (IPCNNKGAHSVGLMWWAR) has been shown to possess

diverse biological effects, it was identified as a binding epitope in assays that

utilized peptide segments of LamR to bind laminin, also, binds directly to the

sulphated polysaccharide heparin (Chang et al., 2010). A separate study using a

yeast two-hybrid system recognized the same region as direct PrP-binding domain

on LamR. In addition to laminin and PrP, heparin, E coli toxin (Chung et al.,

2003) and VEE virus (Ludwig et al., 1996) have also been shown to target the

peptide G region of LamR . Remarkably, it has been found that peptide G also

increases and stabilizes the binding of laminin-1 on tumour cells (Magnifico et al.,

1996). The crystal structure of human LamR revealed that almost all the G peptide

is solvent buried by a surface flexible loop (residues 188-197), flanked by a C-

terminus ᾳ-helix (residues 198-204), making it partially inaccessible to binding of 

laminin-1. In addition, the residues 139-156 were predicted to constitute the

interface of a 67LamR homo-dimer; this makes these residues of particular

interest for the study (Jamieson et al., 2008). However, these residues are largely

buried within the protein structure. The only study to attempt a mutational

approach to determine the laminin binding site identified Phenylalanine 32,

Glutamine 35 and Arginine 155 using a truncated LamR37(1-220) recombinant
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protein expressed in E coli; individual or mutations in combination resulted in a

significant reduction in laminin binding capacity. However, introduction of these

mutations into the full-length LamR (1-295) protein did not significantly affect

laminin-1 binding, suggesting that they contribute to other LamR functions

(Jamieson et al., 2011). In addition to residues 161-180 and 205-229, TEDWS-

containing C-terminal repeats have been implicated as a binding epitopes for

laminin (Kazmin et al., 2000). Notably, the green-tea-derived polyphenol, (-)-

epigallocatechin-3-gallate (EGCG) has also been reported to interact with LamR

mediating the anti-tumor effects of EGCG in vivo (Tachibana et al., 2004, Umeda

et al., 2008). The extracellular region of human LamR, residues 161-170, Lysine

166 and 169 Histidine on LamR were identified as binding sites for EGCG

(Fujimura et al., 2012).

In the current study, a mutagenesis strategy was devised to identify LamR domain

functional sites and the principles that guided our approach were to avoid the

mutagenesis of inferred buried hydrophobic residues. For that purpose,

substitutions for surface exposed residues were chosen in an attempt not to disrupt

the overall structure of the LamR protein. For this reason, tyrosine 139 and 156

were replaced by Phenylalanine. Although both aromatic amino acids are similar

in their structure, the presence of the hydroxyl group in tyrosine in place of the

ortho hydrogen on the benzene ring of Phenylalanine, making it much more likely

to be involved in protein interactions. In addition, in the current study, Arginine

155 and Lysine 166 of LamR were mutated to alanine. Arginine and Lysine

contain a positively charged amino group on their side chains and are quite

frequently implicated in the active or binding sites of proteins; a mutation that
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replaces Arginine or Lysine residues with polar short chain amino acids like

alanine will thus facilitate the dissection of such interactions.

Three additional LamR regions including 206-229, 243-295 and 263-282 were

also of interest as potential bacterium-interacting regions. As reported in previous

studies, residues 205-229 of human LamR have been shown to bind to laminin,

heparin and PrP. Modelling of the peptides derived from phage-display mapping

has proposed that LamR 205-229 is mainly alpha helical with two faces: a polar

heparan-sulfate-binding face and hydrophobic laminin binding face. A single

study has focussed on residues 263-282 was conducted by Orihuela et al. (2009).

In this study, evidence was presented supporting the hypothesis that

pneumococcus, meningococcus, and H. influenzae target a common carboxyl-

terminal recognition site on LamR (amino acids 263-282), since antibodies

recognizing this sequence, or a synthetic peptide corresponding to LamR263-282

could decrease bacterial adherence to microvascular endothelial cells. In a

subsequent study, the binding of a synthetic peptide derived from the

meningococcal PorA loop4 with synthetic LamR peptides, 161-182 and 263-282

was tested using ELISA assay. The synthetic loop4 bound the full length LamR as

well as synthetic peptide (263-282), but not a synthetic peptide corresponding to

residues 161-182 (Abouseada et al., 2012). These observations confirm the

importance of the carboxyl terminus of LamR in meningococcal infection.

However, N. meningitidis has two LamR ligands: PorA and PilQ; the relative

contribution of these adhesins as well as their respective binding sites needs

further investigation.
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Concluding remarks

For the first time deletion and single mutant forms of full length LamR expressed

in both bacterial and human expression vectors has been undertaken. In total, 18

plasmids were constructed successfully; the expression and purification of wild-

type and mutated LamR will be discussed in detail in the next chapter.



CHAPTER THREE

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 120

Chapter three

Expression and purification of full-length human

laminin receptor and its derivatives using bacterial

and human expression systems



CHAPTER THREE

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 121

CHAPTER THREE

3 EXPRESSION AND PURIFICATION OF FULL-LENGTH HUMAN

LAMININ RECEPTOR AND ITS DERIVATIVES USING

BACTERIAL AND HUMAN EXPRESSION SYSTEMS

3.1 Introduction

Human LamR is encoded by the ribosomal protein SA (RPSA) gene which is

composed of 5833 base pairs (Wewer et al., 1986). By fluorescence in situ

hybridization, Jackers et al. localized RPSA to chromosome 3p21.3 (Jackers et al.,

1996). The cDNA of RPSA is formed by the assembly of seven exons, six of

which correspond to the coding sequence; LamR, as predicted from its cDNA

sequence, is 295 amino acid residues long with a predicted molecular mass of

32.8kDa (Rao et al., 1989, Rea et al., 2012). LamR can be sub-divided in two

main domains: an N-domain, comprising residues 1-209 (corresponding to exons

2-5 of RPSA) is highly conserved and homologous to the prokaryotic ribosomal

protein S2 (RPS2); and a C-domain which displays more sequence divergence and

is highly-negatively charged, and encompasses residues 210-295 (corresponds to

exons 6 and 7 of RPSA) (Ardini et al., 1998, Nelson et al., 2008, Zidane et al.,

2013). LamR has been identified as the p40S ribosome-associated protein

(Siianova, 1992, Sorokin et al., 2000, Rosano and Ceccarelli, 2014); in fact

phylogenetic analyses have suggested that LamR is a ribosomal protein that has

acquired the function of a laminin receptor (Mecham, 1991, Ardini et al., 1998,

Scheiman et al., 2010b). Using truncated LamR1-220, Scheiman et al showed that

the N-terminal domain of LamR was incorporated into ribosomes, suggesting that

such a domain is sufficient for ribosomal binding (Jamieson et al., 2008).
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The high resolution (2.15 Å) crystal structure of human LamR1-220 has been solved

by Jameson et al from crystals grown at 17oC (Jamieson et al., 2008). The result

showed that LamR1-220 was structurally similar to prokaryotic ribosome protein

SA, comprising 5 -helices and 7 -sheets. Although this structure provided

insights into some LamR functions, in particular its binding to laminin, the

absence of the unstructured C-terminus from the model means that some aspects

are still unclear (Jamieson et al., 2008). In another study, recombinant C and N-

terminal domains and full-length LamR were studied individually; Ould-Abieh

and co-workers proposed multiple folding states for LamR domains and they

found that the C-domain was intrinsically disordered, while the N-domain was

mostly in an intermediate state of folding at 37°C as well as full-length LamR

(Ould-Abeih et al., 2012).

It is clear now that LamR is a multifunctional protein with affinity for numerous

ligands. Several investigations have examined the ligand-binding domains on the

N and C-termini separately, either using synthetic peptides corresponding to

certain sequences, or by truncated the LamR domain(s). Zidane et al (2013) found

that laminin targets both N- and C-domains of purified recombinant 37LamR

expressed in E. coli, while only the N-domain was found to be targeted by

heparin, which competed for binding with laminin. Similar to heparin, green tea

polyphenol epigallocatechin-3-gallate (EGCG) also exhibits N-domain binding

only (Zidane et al., 2013). To characterize the role of LamR and its interaction

with ligands expressed by different bacterial pathogens, the full-length wild type

LamR and mutant derivatives of this protein detailed in chapter two were

expressed in mammalian cells.
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Both prokaryotic and eukaryotic expression systems can be used to express

recombinant protein, but choosing the optimal system is vital to the success of an

expression experiment (Yin et al., 2007). The advantages of prokaryotic systems

is their low cost and easy handling, however the expression of eukaryotic proteins

in a bacterial system is not ideal option (Khow and Suntrarachun, 2012, Wuest et

al., 2012). Generally, bacterially expressed protein differs from mammalian

produced protein in several ways, including the fact that bacteria lack the proper

machinery to perform post-translation modifications in the produced protein. In E

coli for example, the pathway for native disulphide bond formation involves the

CXXC-containing Dsb family of proteins (Dsb-D) and may be analogous to the

eukaryotic pathway (Roszczenko et al., 2012). However, due to the reducing

environment of the bacterial cytoplasm, E coli is not favourable for the expression

of proteins containing disulphide bonds leading to the formation of inactive

inclusion bodies (Baneyx and Mujacic, 2004). Therefore, additional in vitro

refolding is necessary to acquire biologically functional proteins (Yamaguchi and

Miyazaki, 2014). In contrast, mammalian cells usually allow the formation of the

disulphide bonds which are crucial for proper protein folding, stability, and

activity. Overall, generation of protein in a soluble form is the preferred choice

(Fakruddin et al., 2013). Therefore, using eukaryotic systems is the only way to

express correctly post-translationally modified proteins (Heras et al., 2004,

Baneyx and Mujacic, 2004).

Objective of the work described in this chapter

In order to study LamR, the aim of work described in this chapter was to express

wild type full-length and mutated LamR in both bacterial and mammalian cells

and purified under non-denaturing conditions.
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3.2 Experimental procedures

3.2.1 Expression of the rLamR in a bacterial host system

E. coli BL21 (DE3) pLysS containing pET28/LamR was inoculated into 10 ml of

LB medium (Fisher) containing kanamycin (100 µg ml-1) or chloramphenicol (25

µg ml-1)(Sigma) and incubated overnight at 37°C with shaking. One litre of LB

broth containing appropriate antibiotics was then inoculated with the overnight

starter culture. The optical density (OD) of grown bacteria was monitored using a

UV-160A spectrophotometer (Shimadzu) until it reached 0.6 (logarithmic phase).

Next, bacteria were induced using 1 mM of isopropyl-1-thio-β-D-

galactopyranoside (IPTG) (Promega) for up to 24 h. After harvesting cells by

centrifugation (9,000 × g for 10 min, 4°C) using an AllegraTM X-22R centrifuge

(Beckman Coulter), cells were either stored for purification of rLamR or

resuspended in 1× SDS sample buffer, boiled for 5 min at 95°C and resolved by

SDS-PAGE.

3.2.2 Purification of rLamR under denatured conditions

HisPur Cobalt resin batch purification was used to purify rLamR under denature

conditions. Cells from 50 ml E. coli cultures were re-suspended in 5 ml of lysis

buffer (8M urea, 0.1M NaH₂PO₄, 0.01M Tris.HCl [pH 8.0]), followed by

incubation at room temperature for 30 min with shaking. Then the mixture was

sonicated in an ice bath for 15 cycles of 10 s with 5 s intervals in between using a

SoniPrep Sonicator 150 (MSE). The lysate was then centrifuged at 10,000 × g for

30 min at 4°C to pellet cellular debris, followed by incubation of the supernatant

(soluble phase) with 20 mM imidazole (Qiagen) and HisPureTM cobalt resin

(Fisher Scientific) overnight at 4°C. This was then passed through a gravity
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column (Evergreen) and using washing buffer (8M urea, 0.1M NaH₂PO₄, 0.01M

Tris.HCl, [pH 6.3]). The protein was finally eluted using elution buffer (8M urea,

0.1M NaH₂PO₄, 0.01M Tris.HCl, [pH 4.5]). Buffer exchange was performed

using PD-10 desalting columns (GE Healthcare), replacing the acidic urea buffer

with PBS (pH 7.2). Protein concentration was estimated using a Nanodrop ND-

1000 spectro-photometer (NanoDrop Technologies) by measuring the absorbance

at 280 nm. Proteins were stored at -20°C.

3.3 Expression of rLamR in mammalian cells

3.3.1 Mycoplasma Detection

PCR Mycoplasma Test Kit II (AppliChem) was used to screen for the presence of

mycoplasma contamination in cultured cells following manufacturers'

instructions.

3.3.1.1 Culture of human embryonic kidney cells (HEK293T)

Human embryonic kidney cells (HEK293T) were grown as monolayer cultures in

6-well plates, 100mm dishes and 225cm2 tissue culture flasks (Corning) for small

scale, test and large-scale transfections, respectively at 37°C, in a humidified

atmosphere in the presence of 5% CO2. Cells were grown in Dulbecco’s modified

Eagle’s Medium (DMEM; Gibco) supplemented with 1% (v/v)

antibiotic/antimycotic solution (Sigma), 10% (v/v) fetal bovine serum (FBS,

Sigma) and 0.5% L-Glutamine (Sigma). Media was replaced every two days and

cells were split when they reach 80% confluence. On the day before transfection,

cells were split in order to reach 40-50% confluency on the day of transfection.
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3.3.1.2 Harvesting and passaging cell cultures

Cells were harvested from the cell culture vessels by Trypsin-EDTA treatment.

Briefly, the medium was removed from the flask and Trypsin-EDTA added (5

ml/75 cm2 flask) and the flask incubated at 37°C for approximately 5 min. After

detachment of the cells, the trypsin was neutralised with 5 ml media containing

10% (v/v) FBS and the cell suspension was transferred to a 15 ml centrifuge tube.

Cells were centrifuged at room temperature for 5 min at 350 × g. If being

passaged, the cell pellet was resuspended in 5 ml growth medium and an

appropriate fraction transferred to a new flask containing growth medium.

3.3.1.3 Cryopreservation and thawing of cell cultures

After trypsination and addition of prewarmed DMEM media, cells were

transferred to a falcon tube and centrifuged at 350 × g. In order to prevent the

formation of ice crystals within the cells, cultured cells were cryopreserved by

resuspending the harvested pellet in 1 ml of media containing 20% DMSO. Then,

the cell mixture was transferred into cryogenic vials and immediately placed in a -

80°C freezer overnight before transfer to a -150°C freezer for long-term storage.

To reconstitute cultures, cryovials removed from -150°C or liquid nitrogen

storage were thawed at room temperature (RT), washed once with fresh media to

remove the freezing medium, and then resuspended in 10 ml of fresh media.

3.3.1.4 Determination of cell numbers and cell viability

Cells counted on a hemocytometer using a light microscope and the cell viability

was estimated by a trypan blue exclusion method, thereby determining the

live/dead ratio of cells and the total cell concentration per milliliter.
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3.3.1.5 Transfection of HEK293T cells using calcium phosphate

precipitation

For small-scale transfection; cells were grown in 10 cm2 (1 well of a 6-well plate)

to 40-50% confluence before transfection. Transfection mixes were prepared by

dilution of 3.3µg DNA in 8.6µl 2M CaCl2 and the volume made up to 83µl by

adding dH2O. After mixing, the DNA/CaPO4 precipitation was dropped into 83µl

of 2× Hepes-buffered saline (HBS and the mix incubated for 5-10 minutes at

room temperature (a fine opaque precipitate was observed at this stage). Then the

mixture was added drop wise to each well containing cells and incubated at 37°C,

5% CO2 for 18-24h. After overnight incubation, the medium was replaced with

Ultra CHO cell medium (Lonza) and cells incubated for a further 48h. Cells were

then observed by fluorescence microscopy and images recorded using a Nikon

fluorescence microscope. Cells were harvested 72h post transfection for protein

purification; culture supernatants were removed and centrifuged at 350 × g for 10

min at 4°C and the supernatant transferred to a clean tube. The total protein

extracts from cells were obtained by lysis (all lysis steps were performed on ice or

at 4°C to prevent proteolytic degradation of the target) in the radio

immunoprecipitation assay buffer [RIPA, 85% v/v 1M TE, 3.8% v/v 4M NaCl,

10% v/v 10% NP40 (nonyl phenoxypolyethoxylethanol), 1% v/v 10% SDS, 5 mg

ml-1 deoxycolate] supplemented with Phosstop (Merck Millipore) and complete

Mini EDTA-free protease inhibitor cocktail tablets (Roche) for 10 min on ice,

then the cell debris removed by centrifugation at 20,000 ×g for 10 min at 4°C and

the clarified lysate, transferred into fresh tubes. The protein samples were boiled

for 5 min at 95°C in 1 × SDS-PAGE loading buffer (APPENDIX). After

optimising the protocol in 6-well plate format, transfection was scaled-up to other
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dish formats including 75cm2 and 225cm2 for test and large scale transfections,

respectively.
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Incubate 24h

Mix and add transfection complexes Incubate DNA-
Calcium phosphate complexes dropwise onto cells

Incubate DNA-Calcium phosphate complexes
5-10 min at room temperature

Calcium phosphate Method

DNA Isolation

add CaCl2 Solution

add 2x HBS Buffered Solution

Mix carefully and thoroughly

Change medium

Incubate 48h to allow the gene expression

Screening of GFP +ve cells 48h post
transfection using Flourescent Mircsope

72h post transfection

Flow cytometry Harvest cells

Figure 3-1 Schematic diagram representing optimised protocol for transient

transfection of HEK293T cells using the CaPO4 precipitation method.



CHAPTER THREE

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 130

3.3.1.6 Fluorscent microscopy screening and flowcytometry assay

Expression of eGFP-tagged proteins (wild type and mutated rLamR) was initially

detected by fluorescence microscopy (Nikon). The transfection efficiency was

measured quantitatively using flow cytometry as described in chapter five.

3.3.1.7 Protein purification and concentration

3.3.1.7.1 Protein A affinity purification of rLamR under native conditions

Fc tagged rLamR was purified under native conditions by protein A affinity

chromatography using HiTrap protein A-sepharose HP columns and the AKTA

PrimePlus purification system, according to the manufacturer's instructions.

Briefly, the clarified lysates were centrifuged at 20,000 × g for 10 min at 4°C, and

lysates were mixed with an equal volume of binding/wash buffer (20mM Na3PO4

[pH 7.3], 150mM NaCl) using a 50 ml super loop (GE Healthcare Biosciences).

The clarified lysate was then passed through 1 ml HiTraPTM Protein A HP

column, the column prepacked with 1 ml HiTrap Protein A SepharoseTM High

Performance (GE Healthcare Biosciences) connected to an ÄKTAprime Plus

liquid chromatography system (GE Healthcare Biosciences) and equilibrated with

10 column volumes of binding/wash buffer. The column was loaded with 15 ml

sample/binding buffer mix at a flow rate of 1 ml/min over 15 min. The fusion

protein was eluted by using 0.1 M glycine (pH 2.5), and the pH neutralized with 1

M Tris.HCl (pH 8.8). Eluted proteins were then dialysed into PBS using Float-A-

Lyzer G2 100-kDa dialyzers (Sigma) and stored at -80°C. The Prime view 5.0

software (Amersham Biosciences) was used to analyse and view the whole

chromatography process.
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3.3.1.7.2 BCA protein assay

Proteins were quantified with the BCA (Bicinchoninic Acid) assay protein

quantitation kit (Thermo Scientific): a colorimetric assay which involves the

reduction of Cu2+ to Cu+ by the peptidic bonds of proteins. Bicinchoninic acid

chelates Cu+ ions with very high specificity to form a water-soluble purple

colored complex. The reaction was measured by the optical absorbance at 562 nm.

Protein concentrations were calculated in reference to a standard curve obtained

with BSA. The working reagent was prepared by mixing 50 volumes of BCA

reagent A with 1 volume of BCA reagent B. 100 µl of the standard protein

fractions and samples were mixed with 2 ml of working reagent, respectively,

incubated at 37°C for 30 min, and measured at 562nm on a spectrophotometer

(Unicam Helios Instruments). The average absorbance values for the standard

curve were plotted, and the linear regression equation for the best fit line through

the points was calculated by Microsoft Excel. Average sample absorbance values

in the range of the standard curve were interpolated to determine the protein

concentration.

3.3.1.7.3 SDS-PAGE analysis and immunoblotting

Proteins were electrophoretically separated by 12% SDS-PAGE (APPENDIX)

using Mini-Protean III equipment (BIO-RAD) at a constant 30mA per gel with a

125V voltage limit for approximately 2 h. Protein samples were resuspended in

1× SDS sample buffer and heated at 95°C for 5 min. 10 μl of sample was loaded 

into each well alongside 10 μl of pre-stained broad range protein markers (New 

England Biolabs). Separated proteins were visualized by staining with

SimpleBlueTMSafeStainTM (Invitrogen) according to the manufacturer’s
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instructions. For immunoblotting, proteins were transferred onto nitrocellulose

membrane (0.22µm; BIO-RAD) in semi-dry blotting buffer (constituents) using a

Trans-Blot SD semidry transfer cell (BIO-RAD) at a constant current of 19mA for

19 min. After blocking the membrane with 5% BSA/PBS for 1 h at RT or

overnight with shaking at 4°C, membranes were probed with mouse anti-

pentahistidine (Qiagen; 1:2000 dilution) or anti-37 laminin receptor precursor

(anti-37LRP [A7]) mouse monoclonal IgG antibody (Santa Cruz Biotechnology;

1:2000 diluted) or goat anti-human IgG-Fc HRP conjugate (Millipore; 1:40000)

for 1 h at RT and then washed 5 times with washing buffer (PBS-Tween 0.05%).

After washing, the membrane was probed with anti-mouse IgG HRP-conjugate

(Sigma; 1:30000 diluted) for 1 h at RT prior to being developed with luminata

western HRP substrate (Millipore).
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3.4 Results

3.4.1 Expression of wild type and mutated rLamR in bacteria

3.4.1.1 Full-length wild type rLamR can be produced in E. coli

In efforts to identify the bacteria binding region(s) on LamR, the first step was to

express and purify rLamR for use in subsequent binding assays. pET28/LamR

was transformed into E. coli BL21 (DE3) pLysS; rLamR expression was under

the control of the T7 promoter and was induced by IPTG. Time course

experiments demonstrated that the optimal expression was achieved by addition of

a final concentration of 1mM IPTG when the cells had reached an OD600nm of

0.6 with further incubation for 3 h at 37°C (Figure 3-2). SDS-PAGE analysis

revealed the production of an IPTG-induced recombinant protein with un-

expected size approximate 46 kDa which was larger than expected rLamR (~37

kDa). The optimised protocol was used to produce both rLamR∆206-229 and 

rLamR∆263-282 in bacterial cells (Figure 3 4). The protein identity for each wild 

type (Figure 3-3) and mutated rLamR (Figure 3-5) were confirmed by

immunoblot analysis with mouse anti-pentahistidine. Expression experiments

using empty plasmid pSAT-9 (encoding meningococcal fructose-1,6-bisphosphate

aldolase; rFBA) (Tunio et al., 2010) and pET28 were included in this experiment

as positive and negative controls respectively.
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Figure 3-2 SDS-polyacrylamide gel (12%) demonstrating rLamR expression by E.

coli BL21 (DE3) pLysS cells harbouring pET28/LamR or control plasmids before

and after induction for different times with 1mM IPTG.

M: ColorPlus Prestained Protein Marker (7-175 kDa), Lane1: pre induction WTLamR

in 0 h incubation Lane2: pre induction WTLamR after 1h incubation; Lane3: after 1h

induction (+IPTG) of WTLamR; Lane4: pre induction WTLamR after 2hrs incubation,

Lane5: after 2hrs induction of WTLamR, Lane 6: pre induction WTLamR after 3h

incubation, Lane7: after 3h induction of WTLamR, Lane 8: pre induction WTLamR

after 4h incubation, Lane 9: after 4h induction of WTLamR, Lane10: pre induction

WTLamR after 5h incubation, Lane11: after 5h induction of WTLamR, Lane12: pre

induction WTLamR after 24h incubation, Lane13: after 24hr induction of WTLamR,

Lane14: pre induction BL21 (DE3) pLysS cells harbouring empty pET28 vector after

3hr induction (-ve control), Lane15: after 3h induction of BL21 (DE3) pLysS cells

harbouring empty pET28 vector, Lane16: pre induction of BL21 (DE3) pLysS cells

harbouring pSAT-9/rFBA (WT) after 5h induction (-ve control), Lane17: after

induction of BL21 (DE3) pLysS cells harbouring pSAT-9/rFBA (WT) after 5h

incubation

The size of the expressed protein: WTLamR= 46 KDa
The size of the expressed protein: rFBA (WT)= 39 KDa (Positive control)

- rFBA= Recombinant fructose 1, 6 bisphospate aldose
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Figure 3-3 Immunoblot analysis demonstrating the yield of rLamR expression

before and after induction with 1mM IPTG with different incubation times using

anti-pentahistidine antibody.

M: ColorPlus Prestained Protein Marker (7-175 kDa), Lane1: pre induction WTLamR in

0 h incubation Lane2: pre induction WTLamR after 1h incubation; Lane3: after 1h

induction (+IPTG) of WTLamR; Lane4: pre induction WTLamR after 2hrs incubation,

Lane5: after 2hrs induction of WTLamR, Lane 6: pre induction WTLamR after 3h

incubation, Lane7: after 3h induction of WTLamR, Lane 8: pre induction WTLamR after

4h incubation, Lane 9: after 4h induction of WTLamR, Lane10: pre induction WTLamR

after 5h incubation, Lane11: after 5h induction of WTLamR, Lane12: pre induction

WTLamR after 24h incubation, Lane13: after 24hr induction of WTLamR, Lane14: pre

induction BL21 (DE3) pLysS cells harbouring empty pET28 vector after 3hr induction (-

ve control), Lane15: after 3h induction of BL21 (DE3) pLysS cells harbouring empty

pET28 vector, Lane16: pre induction of BL21 (DE3) pLysS cells harbouring pSAT-

9/rFBA (WT) after 5h induction (-ve control), Lane17: after induction of BL21 (DE3)

pLysS cells harbouring pSAT-9/rFBA (WT) after 5h incubation

The size of the expressed protein: WTLamR= 46 KDa

The size of the expressed protein: rFBA (WT)= 39 KDa (Positive control)

- rFBA= Recombinant fructose 1, 6 bisphospate aldose
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Figure 3-4 Expression of rLamR∆206-229 and rLamR∆263-282 with and without induction

with 1mM IPTG for 3 h.

M: ColorPlus Prestained Protein Marker (7-175 kDa), Lane1: pre induction WTLamR

after 0h incubation Lane2: pre induction WTLamR after 3h incubation; Lane 3: after 3h

induction of WTLamR (+ve controls); Lane4: pre induction rLamR∆206-229 after 0hr

incubation, Lane5: pre induction rLamR∆206-229 after 3h incubation, Lane6: after 3h

induction of rLamR∆206-229, Lane7: pre induction rLamR∆263-282 after 0h incubation, Lane8:

pre induction rLamR∆263-282 after 3h incubation, Lane9: after 3h induction of rLamR∆262-

282, Lane10: pre induction empty pET28 vector after 3hr induction (-ve control), Lane11:

after 3hr induction of empty pET28 vector (-ve control),

The size of the expressed protein: WT LamR= 46 KDa

The size of the expressed rLamR∆206-229= 39 KDa

The size of the expressed rLamR∆263-282= 39 KDa
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Figure 3-3 Immunoblot analysis demonstrating the yield of rLamRΔ206-229 and

rLamRΔ263-282 rLamR with and without induction with 1mM IPTG for 3h

incubation using anti-pentahistidine antibody.

M: ColorPlus Prestained Protein Marker (7-175 kDa), Lane1: pre induction WTLamR

after 0h incubation Lane2: pre induction WTLamR after 3h incubation; Lane 3: after 3h

induction of WTLamR (+ve controls); Lane4: pre induction rLamR∆206-229 after 0hr

incubation, Lane5: pre induction rLamR∆206-229 after 3h incubation, Lane6: after 3h

induction of rLamR∆206-229, Lane7: pre induction rLamR∆263-282 after 0h incubation,

Lane8: pre induction rLamR∆263-282 after 3h incubation, Lane9: after 3h induction of

rLamR∆262-282, Lane10: pre induction empty pET28 vector after 3hr induction (-ve

control), Lane11: after 3hr induction of empty pET28 vector (-ve control),

The size of the expressed protein: WT LamR= 46 KDa

The size of the expressed rLamR∆206-229= 39 KDa

The size of the expressed rLamR∆263-282= 39 KDa



CHAPTER THREE

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 138

3.4.2 Expression of wild type and mutated rLamR in human cells

3.4.2.1 Cell cultures were free of Mycoplasma

In order to express rLamR in human host cells, HEK293T cell line was selected

for transient transfection. Before using HEK293T for cell cultures, the cells were

screened for Mycoplasma contamination by PCR; the agarose gel of PCR

products indicated that HEK293T cells were clear of any Mycoplasma

contamination. The positive control showed a strong 270-bp band verifying that

all PCR reagents are working efficiently and can generate a band, the internal

control DNA produced a 191 base pair band indicating no inhibition of the PCR

reaction. The HEK293T cell sample showed no band confirming that the cell is

free of Mycoplasma (Figure 3-6).

3.4.2.2 Optimizing conditions for the successful transfection of

HEK293Tcells

Examination of the literature revealed that calcium phosphate precipitation and

lipofectamine-based transfection are the most successful methods that have been

reported to transfect HEK293T cells. To confirm this, the transfection efficiencies

Figure 3-4 Agarose gel (1.5%) showing PCR products from different controls and

HEK293T cells.

Lane1: DNA marker (100bp DNA ladder), Lane2: Positive control (270bp band),

Lane3: Internal control (191bp band), Lane4: HEK293T cell (no band has been

detected).
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of three transfection reagents: calcium phosphate; jetPRIME and Trans-IT2020

were compared. For Trans-IT2020 and jetPRIME, transfections were performed

according to the suppliers instructions; however, the CaPO4 precipitation protocol

was optimized using different concentrations of plasmid DNA (1-5µg) (data not

shown). Transfection efficiecny was determined in small-scale transfection (SST;

using 6-well plates) experiments based on the expression levels of eGFP (encoded

by pEF-BOS-based constructs) as measured by flow cytometry at 24, 48 and 72h

post transfection. For each transfection, un-transfected cells were used as a -ve

control. The results demonstrated that eGFP was successfully expressed in

HEK293T cells following transfection and reached highest levels of expression at

72h post transfection for all three methods. Flow cytometry results revealed that

transfection of cells using CaPO4 and Trans-IT2020 resulted in higher and similar

transfection efficiencies of 81.5% and 73.5%, respectively, compared to

jetPRIME, (Figure 3-7). Since it yielded the highest transfection efficiency,

CaPO4 was used for subsequent experiments. The expression of the proteins was

detected using immunoblott assay as described later in (section 3.4.2.3.2).

3.4.2.3 Large-Scale transient transfection using CaPO4 precipitation

method

3.4.2.3.1 HEK293T cells can be efficiently transfected in a large-scale using

CaPO4 precipitation method

After establishing an optimised protocol that provided a high level of expression

for rLamR using calcium phosphate in a small scale (data not shown), the protocol

was scaled up to perform medium-scale transfections (MST) in 75cm2 (data not

shown), then large-scale transfections (LST) in 225cm2-tissue culture flasks in
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order to produce high quantities of protein. Similar to SST, transfection of

HEK293T cells in MST and LST led to high levels of eGFP+ve cells as

determined by fluorescent microscopy and flow cytometry indicating that the

optimized protocol was reproducible on a larger scale. As before, pEF-BOS

lacking RPSA (Fc-stop) was used as a +ve control, whilst non-transfected cells

were used as a -ve control (Figure 3-8).
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3.4.2.3.2 Immunoblotting analysis confirmed the expression of rLamR

Immunoblot analysis was performed by probing whole cell lysates with anti-

37LRP [A7] (which binds to the peptide 253-289 of LamR) and anti-Fc antibodies

to detect Fc-tagged rLamR. Weak bands were observed in culture supernatants

obtained from cells transfected with constructs to express rLamR (results not

shown). Immunoblot analysis of whole cell lysates for wild type rLamR was

performed in the presence or absence of the reducing agent, 2-mercaptoethanol (2-

Me) and the results showed that both endogenous LamR (eLamR; 38 kDa) and

rLamR (78 kDa) were detected. It was observed that the amount and size of wild

type LamR was not affected regardless of the presence or absence of the reducing

agent (Figure 3-9A).

Note that in some samples, such as rLamR∆263-282 and LamR∆243-295, rLamR was

not detectable using anti-37LRP antibody since the binding sites for the antibody

had been deleted in these proteins (Figure 3-9B). rLamR could also be detected

using anti-Fc antibodies confirming that the rLamR proteins were Fc-tagged

(Figure 3-9C). Controls used in these immunoblotting analyses (such as Fc stop

and Fc-3ATM) were included as they lack rLamR, but contain Fc-tagged proteins.

Non-transfected cells were used as a further control to show the absence of

rLamR, but presence of eLamR. Collectively these results showed the expression

of the rLamR in only transfected cells and eLamR in all transfected and non-

transfected cells.



CHAPTER THREE

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 142

Figure 3-7 Optimisation the transfer of plasmid DNA into HEK293T cells using

different transfection reagents.

HEK293T cells transfected using CaPO4; Trans-IT2020 and jetPRIME. The transfection

efficiency of each method was screened 72 h post transfection by measuring the

fluorescent intensity of cells as the plasmid DNA encodes eGFP. Data shown are the

means of three independent experiments, with each sample tested in triplicate. Error bars

indicate± SEM. *Significant at P ≤ 0.05. 
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Figure 3-8 Fluorescent microscopy screening 48 h post LST (large-scale

transfection) for eGFP signal.

For each image, the optical and fluorescent light imaging of cells are shown; GFP signals

(green) indicating successful expression in HEK29T cells, 1: non-transfected cells; 2: WT

rLamR; 3: rLamR206-229 ; 4: rLamR243-282; 5: rLamR263-295; 6: Fc-stop (+ve control); 7:

rLamRY139F; 8: rLamRR155A; 9: rLamRY156F; 10: rLamRK166A; 11: rLamRY139F/Y156F.
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Figure 3-9 Agarose Immunoblotting analysis for the presence of LamR in whole cell

lysates (WCL) of HEK293T cells 72 h post large-scale transfection.

Immunoblotting analysis performed using) anti-37LRP [A7] (A & B and anti-Fc

antibodies (C). In A, the test was performed under reducing (2-Me (+)) or non-reducing

(2-Me (−)) conditions using anti-37LRP [A7] antibody; the results showed eLamR and 

rLamR with expected size of 38 kDa and 78 kDa, respectively. (B & C) The test was

performed under reducing conditions. In both B & C, Lane 1: WT LamR; Lane 2:

rLamR263-282; Lane 3: rLamR206-229; Lane 4: rLamR243-295; Lane 5: rLamRY139F/Y156F; Lane

6: rLamRk166A; Lane 7: rLamR155A; Lane 8: rLamRY156F; Lane 9: rLamRY139F; Lane 10:

Non transfected cells (-ve control); Lane 11: Fc stop (-ve control); Lane 12: Fc-3ATM

(culture supernatant); Lane 13: Fc-3ATM (WCL).

- 2-Me indicates 2-mercaptoethanol

- Binding sites of anti-37LRP [A7] with LamR= 253-289
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3.4.2.3.3 Purification of highly pure and soluble rLamR proteins using

protein A affinity chromatography

Purification of rLamR and its mutant derivatives from whole cell lysates was

achieved under native conditions using the ÄKTA prime plus liquid

chromatography system (HPLC) as described in section (3.3.1.7.1). The

purification of each mutant protein was similar to that of wild type LamR and

most mutated Fc-tagged LamR purified proteins, as well as the wild type, were

collected in fractions 7 and 8. These results indicated that the mutations did not

interfere with protein folding or stability (Figure 3-10, 3-11 and 3-12). The

fractions were analysed by SDS-PAGE and immunoblotting with anti-LRP [A7]

and anti-Fc antibodies. Proteins obtained from a purification procedure are

assayed to estimate the yield. Protein concentration was determined by reference

to a standard curve of the purified protein. Proteins purified include: wild type

LamR; rLamR206-229; rLamR263-282; rLamR243-295; rLamRY139F; rLamR155A;

rLamRY156F; rLamRY139F/Y156F; rLamRk166A; Fc-stop and 3ATM proteins.
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Figure 3-5 Purification of wild type rLamR.

(A) Chromatogram of purification of WT rLamR by step elution. rLamR binds to

Protein A-Sepharose inside the column via its Fc tag, started to elute after passage of 6

ml elution buffer (peak of UV absorbance), purified rLamR was collected in fractions

7,8 & 9. A declining UV absorbance (blue line) indicated completion of the elution

process. Immunoblot analysis of collected fractions of purified protein probed with (B)

Anti-37LRP [A7] and Anti-Fc antibodies (C) and SDS-PAGE analysis of purified

protein (D). Whole cell lysate of non-transfected cells; Fc-stop or rLamR transfected

cells showed band with 38 kDa for eLamR with anti-37LRP [A7] antibody. While with

anti-Fc antibody, only Fc-stop and Fc-tagged rLamR showed corresponding bands.

Lane 1: Non-transfected cells (-ve control); Lane 2: Fc stop transfected cells (-ve

control); Lane 3: Precolumn whole cell lysate; Lane 4: Flow through; Lane 5: Washing

from column; Lane 6: Eluted sample, fraction 6; Lane 7: purified rLamR, fraction 7;

purified rLamR, fraction 8; Lane 9: Eluted sample, fraction 8. The red box indicates

bands corresponding to rLamR.
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Figure 3-6 Purification of mutated rLamR.

(A) Chromatogram of purification of wild type rLamR by step elution. rLamR binds to

Protein A-Sepharose inside the column via its Fc tag, started to elute after passage of

6.24 ml elution buffer (peak of UV absorbance), purified rLamR was collected in

fractions 6 & 7. A declining UV absorbance (blue line) indicated completion of the

elution process. Immunoblot analysis of collected fractions of purified protein probed

with (B) Anti-37LRP [A7] and Anti-Fc antibodies (C) and SDS-PAGE analysis of

purified protein (D). Whole cell lysate of non-transfected cells; Fc-stop or rLamR

transfected cells showed band with 38 kDa for eLamR with anti-37LRP [A7] antibody.

While with anti-Fc antibody, only Fc-stop and Fc-tagged rLamR showed corresponding

bands. Lane 1: Non-transfected cells (-ve control); Lane 2: Fc stop transfected cells (-ve

control); Lane 3: Precolumn whole cell lysate; Lane 4: Flow through; Lane 5: Washing

from column; Lane 6: Eluted sample, fraction 6; Lane 7: purified rLamR, fraction 7;

purified rLamR, fraction 8; Lane 9: Eluted sample, fraction 8. The red box indicates

bands corresponding to rLamR.
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Figure 3-7 Purification of Fc-stop.

(A) Chromatogram of purification of WT rLamR by step elution. rLamR binds to

Protein A-Sepharose inside the column via its Fc tag, started to elute after passage of

6.29 ml elution buffer (peak of UV absorbance), purified rLamR was collected in

fractions 7. A declining UV absorbance (blue line) indicated completion of the elution

process. Immunoblot analysis of collected fractions of purified protein probed with (B)

Anti-37LRP [A7] and Anti-Fc antibodies (C) and SDS-PAGE analysis of purified

protein (D). Whole cell lysate of non-transfected cells; Fc-stop or rLamR transfected

cells showed band with 38 kDa for eLamR with anti-37LRP [A7] antibody. While with

anti-Fc antibody, only Fc-stop and Fc-tagged rLamR showed corresponding bands. Lane

1: Non-transfected cells (-ve control); Lane 2: Fc stop transfected cells (-ve control);

Lane 3: Precolumn whole cell lysate; Lane 4: Flow through; Lane 5: Washing from

column; Lane 6: Eluted sample, fraction 6; Lane 7: purified rLamR, fraction 7; purified

rLamR, fraction 8; Lane 9: Eluted sample, fraction 8. The red box indicates bands

corresponding to rLamR.
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3.5 Discussion

It is becoming increasingly apparent that LamR is prominently involved in many

processes: the formation of organs and tissues (Rea et al., 2012), tumor growth

and metastasis (Scheiman et al., 2010a), and also in the penetration of the central

nervous system by different pathogenic bacteria (Kim et al., 2005, Orihuela et al.,

2009, Abouseada et al., 2012, Wang and Kim, 2013) and viruses (Wang et al.,

1992, Ludwig et al., 1996, Thepparit and Smith, 2004, Akache et al., 2006,

Kielian et al., 2010). However, more thorough studies of LamR are needed.

Examination of the literature reveals that full length, truncated or synthetic

peptides corresponding to LamR have been expressed in bacterial systems and

mostly under denaturing conditions. The purification and crystallisation of

recombinant human 67LamR was reported several years ago (Siianova, 1992,

Sorokin et al., 2000). However, this has not been followed by a description of the

high-resolution structure, and has the structure been solved by other groups. Later,

a high-resolution crystal structure of truncated LamR220 was solved for the first

time by Jamieson et al. (2008). In this study, several different-length constructs

were overexpressed in E. coli, including residues 1-295 (full-length), residues 1-

220, and residues 1-195. Of these, LamR220 was purified in amounts suitable for

crystallisation trials. Although the crystal structures of 37kDa LamR resolved

many questions regarding the N-terminal domain and the details of LamR-laminin

interactions, this structure includes only residues 1-220. Thus, the exact structure

of the C-terminus is largely unknown (Jamieson et al., 2008).

The production of full length LamR protein in its native host in sufficient quantity

and of appropriate quality is an essential pre-requisite for structural studies and to

gaining a full understanding of LamR functions. We hypothesised that LamR
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protein may possibly be subjected to posttranslational modification, thus, the

structure and binding activity of E. coli and human expressed LamR may be

variable. The work described in this chapter was aimed to express full length wild

type LamR protein and its mutant derivatives in a mammalian cell system and to

purify them under native conditions; this was hypothesised to produce protein that

was properly folded, processed and active. In addition, LamR protein was also

produced in bacteria and purified under denaturing conditions for comparative

purposes. Initially, the wild type LamR and its mutant derivatives, LamR∆229-244

and LamR∆245-295 were expressed in E coli BL21(DE3) pLysS using pET28-based

vectors which encode N-terminally His tagged proteins. The expression was

induced by IPTG, and LamR protein expressed under control of the T7 promoter.

E coli BL21(DE3) pLysS contains gene encoding T7 lysozyme which lowers the

background expression level of target genes without interference with the level of

expression achieved following induction with IPTG (Rosano and Ceccarelli,

2014). Wild type rLamR and its mutant derivatives including rLamR∆206-229 and

rLamR∆263-282 were successfully expressed in bacteria; the expression of wild type

rLamR yielded a protein with a molecular weight of approximate 43 kDa which

was higher than that predicted on the basis of the length of the RPSA cDNA (~37

kDa). Compared to wild type rLamR size (43 kDa), expected bands of 39 kDa

were observed for each rLamR206-229 and rLamR263-282.

Although, the theoretical molecular weight of LamR is 37 kDa, the aberrant

migration of LamR on SDS-PAGE has been noted in several previous studies.

Our results are consistent with reports that described a band of 43 kDa for rLamR

expressed in E. coli which was reactive with anti-LamR antibody (Landowski et

al., 1995a, Landowski et al., 1995b). Electrophoretic estimation of the LamR
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molecular weight has ranged up from 37 to 43 kDa; the anomalous electrophoretic

mobility of rLamR is possibly a result of its particular physicochemical properties.

Since rLamR expressed in E. coli may not be correctly folded or post-

translationally modified, and thus may not be biologically representative (Sahdev

et al., 2008, Lambertz et al., 2014).

Depending on the objective of the experiment, foreign nucleic acids can be

introduced into mammalian cell culture either stably or transiently. In transient

gene expression (TGE), the transfected genetic material express only for a short

time and is not integrated into the genome, but remains as an episomal DNA

element until it is degraded. However, the high copy number of the transfected

genetic material leads to high levels of protein expression for the period that the

DNA exists in the cell (Adamson et al., 2011). Transient expression also permits

determination of the strength of individual promoter sequences and effects of

mutation and DNA deletion and rearrangement on gene expression. The

transcriptional promoters used for TGE are mainly from viral sources, but cellular

promoters are also employed. The immediate early cytomegalovirus (CMV)

promoter/enhancer from mouse (mCMV) or human CMV (hCMV) and the simian

virus40 (SV40) early promoter/enhancer are frequently used elements. In the

current work the pEF-BOS/Fc-LamR construct was employed to allow expression

in mammalian cells. The expressed gene is under the control of SV40 (viral

promoter) (Mizushima and Nagata, 1990); the vector also contains TPz, with

enhanced Green Fluorescent Protein (eGFP) as a transfection indicator. eGFP is a

mutant form of GFPS65T/F64L which has emerged in recent years as a powerful

reporter molecule for monitoring gene expression. Such mutations allowed GFP

to rapidly fold and mature even when fused to poorly folding peptide, also it
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offers higher-intensity emission after blue-light excitation with respect to wild-

type GFP (Patterson et al., 1997, Lippincott-Schwartz et al., 2000, Pedelacq et al.,

2006). The pEF-BOS plasmid also contains an IRES sequence to aid expression

of the recombinant protein at higher levels (Goldman et al., 1996).

In order to express rLamR in mammalian cells, transient gene expression (TGE)

was used (Meissner et al., 2001, Jager et al., 2013). A number of methods are

currently available for TGE, prominent among these methods is calcium

phosphate precipitation (CaPO4); CaPO4 forms a fine precipitate by interacting

with DNA allowing the formation of small complexes which are internalized into

mammalian cells by endocytosis, thus transfecting them. Although this procedure

can be routinely used to transfect a wide variety of cell lines, CaPO4 precipitation

has been shown to yield superior results with the HEK293T cell line, although,

optimization was required to obtain the best results using this method (Jager et al.,

2013). More importantly, HEK293 cells were utilized for this study as they share

many similarities and features with neuronal cells (Shaw et al., 2002). In the

present study, we have modified and optimized a protocol which provides a very

reproducible and efficient calcium phosphate transfection method in HEK293T

cells. Initially an attempt was made to enhance TGE production by increasing the

amount of transfected plasmid DNA (data not shown). However, this approach

did not result in increased recombinant protein levels; on the contrary, transfection

with an excess of plasmid DNA had a negative impact on the level of protein

production.

The rLamR eGFP levels was monitored using fluorescent and flow cytometry at

different time points including 24; 48; 72 and 96 h post transfection to determine

the optimal protein expression, the higher level of expression was observed after
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72 h of transfection, therefore, the transfected cells were collected at 72 h post

transfection. In contrast to E. coli-produced LamR, immunoblot analysis of Fc-

tagged rLamR in HEK293T cells revealed ca. 37- and 78-kDa bands at the

expected size for endogenous and recombinant LamR, respectively, using both

anti-LamR and anti-Fc antibodies. The results suggested that LamR is a stable

protein and it retains its size and amount under the denaturing and reducing

conditions of SDS-PAGE as noted in the review (Landowski et al., 1995a).

Furthermore, protein expression of each mutant was similar to that of wild type

LamR, which indicates that the mutations do not affect the biochemical properties

of the LamR protein. The results presented in this chapter suggested that either

substitution or deletion of amino acids residues from the C-terminus of the LamR

do not affect the rest of the protein. Based on previous study conducted by

Jamieson et al (2008), a mutation of C-terminal domain of LamR was believed to

not affect the protein structure. This hypothesis was supported by deletion of 75

amino acid residues from the C-terminus of LamR which called LamR220. In his

study, LamR220 exhibited the same affinity of binding to laminin as full length

LamR. Our observations are consistent with that hypothesis.

After optimisation of the expression conditions for rLamR in mammalian cells,

we looked towards finding a suitable purification method to purify rLamR under

native conditions. Several investigators have attempted to purify bacterially

expressed full length rLamR under non-denaturing conditions. In one study,

several attempts to purify the full length rLamR under native conditions were not-

successful, so their protocol instead was based on the total denaturation of the E.

coli proteins, extraction of the recombinant protein by affinity chromatography,

then renaturation of rLamR on the column prior to elution. However, renaturation
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of denatured proteins may not accurately reproduce the native state. Other

investigators attempting to purify full-length 37LamR and truncated LamR

(LamR220) under non-denaturing have found that only the truncated protein was

shown to be soluble. It should be noted that, in the present study, several attempts

to purify His-tagged LamR under native conditions were unsuccessful.

The current study was undertaken to express full length rLamR protein in a

human system, taking advantage of the Fc-domain amino acids which mimic

Protein A (PrA) of Staphylococcus aureus and provide tight binding of protein A

with the hinge region on the Fc fragment of human immunoglobulin G (IgG)

(Feng et al., 2012). This strategy allows the production of recombinant protein on

a large scale as the Fc-tag confers a greater stability and improves the solubility of

the partner protein both in vitro and in vivo. Indeed, Fc fusion proteins have been

recently exploited to enhance the expression of proteins in mammalian cells that

are otherwise difficult to produce (Zhang et al., 2010). Another major advantage

of using Fc fusion proteins is that the Fc tag facilitates purification through

protein A chromatography to purify large quantities of proteins. In the current

study, the purification of the Fc-tagged rLamR was performed using the

ÄKTAprime plus liquid chromatography system. The washing/binding buffer

contains sodium phosphate for protein stabilization; glycine-HCl (pH 2.5) buffer

was used for dissociation of the Fc fusion protein from the column. The low pH of

elution buffer may damage the protein (Bornhorst and Falke, 2000), this was

avoided by adding Tris.HCl (pH 8.5) immediately to the purified protein to

neutralize the pH, then after, the protein was directly dialyzed with PBS. SDS-

PAGE and immunoblotting analysis results confirmed the purity and molecular

mass of the purified proteins.
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Concluding remarks

For the first time, full length wild type and mutated rLamR were purified from

mammalian cells under native conditions. This work will be highly relevant to

other researchers wishing to study LamR in relation to viruses, bacteria, laminin

or cancer. Also, this work may provide a useful approach to purify a full length

LamR protein for crystallisation, as the only crystal structure obtained to date

lacks the C-terminal domain. The following chapter will describe work utilizing

the purified rLamR proteins in interaction studies to identify regions involved in

bacterial ligand binding.
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CHAPTER FOUR

Localisation of the N. meningitidis, H. influenzae

and S. pneumoniae binding domains within human

LamR
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CHAPTER FOUR

4 LOCALISATION OF THE N. MENINGITIDIS’ H. INFLUENZAE AND

S. PNEUMONIAE BINDING DOMAINS WITHIN HUMAN LAMR

4.1 Introduction

The ability of bacterial species to colonize and infect host cells is critically

dependent upon their capacity to adhere to cellular surfaces of the host via host

receptors (Webb and Kahler, 2008). For instance, the bacterial pathogens which

infect the central nervous system (CNS) have the capability to adhere to host

receptors to cross the blood brain barrier (BBB) and gain entry to the CNS, where

they can proliferate (Doran et al., 2003). The mechanisms by which bacterial

pathogens invade and traverse the BBB are not fully understood. However,

previous findings suggest that four common meningeal pathogens: N.

meningitidis; S. pneumoniae; H. influenzae and E. coli K1 co-opt the 37/67 kDa

laminin receptor (LamR) located on the surface of human brain microvascular

endothelial cells (HBMECs) for host cell adhesion and bacterial translocation

across the BBB to invade the vascular endothelium of the BBB and cause

meningitis (Chung et al., 2003, Orihuela et al., 2009, Abouseada et al., 2012).

The process of bacterial infection involves bacterial adherence to host cell

surfaces followed by cellular invasion. Having shown that these bacterial

pathogens recruit human LamR, receptor activity-directed affinity tagging

(ReTagging) and mutagenesis studies conducted by colleagues in our research

group indicated that the corresponding bacterial LamR-binding ligands were

pneumococcal CbpA, meningococcal PilQ and PorA, and OmpP2 of H. influenzae

(Orihuela et al., 2009). A subsequent study conducted by Abouseada et al., (2012)
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in our group showed that the regions of PorA and OmpP2 that interacts with

LamR are located on Loop4 of PorA and Loop2 of OmpP2 in N. meningitidis and

H. influenzae, respectively (Abouseada et al., 2012).

Meningococcal PorA is a major outer membrane porin; it has eight predicted

surface-exposed loops, the two largest of which harbour variable regions: VR1

(loop 1) and VR2 (loop 4) (van der Ende et al., 2000, Luijkx et al., 2008). These

loops exhibit a high level of heterogeneity and are utilized in the determination of

the meningococcal subtypes. Meningococcal PilQ is a conserved secretin that is

fundamental for pilus extrusion and is naturally expressed at very high levels and

forms a pore through which Tfp (type IV pilus) emerges onto the bacterial surface

(Martin et al., 1993, Haghi et al., 2012). The meningococcal PilQ oligomer,

which is organised as a ring, consists of 12 identical subunits. One set of pilus-

associated genes, pilM, pilN, pilO, pilP, pilQ, is organised in an operon

(Georgiadou et al., 2012). The protein products of some of these genes, when

mutated, can give rise to a non-piliated phenotype that can be reversed in strains

deficient for pilus retraction (Martin et al., 1993, Drake et al., 1997, Tonjum and

Koomey, 1997). The CD46 receptor was first proposed as the receptor for N.

meningitidis via the adhesive pilus tip formed by the minor pilin PilC1. However,

this finding was not confirmed by subsequent studies (Kallstrom et al., 1997,

Kirchner et al., 2005). More recently, Morand and colleagues found that pilus-

mediated meningococcal adhesion to eukaryotic epithelial/ endothelial cells not

restricted only to PilC1, their study results suggested the role of the

meningococcal PilC2 variant in efficient adherence of N. meningitidis to

endometrium-derived ME180 cells (Morand et al., 2009).
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The choline-binding protein, CbpA is a major pneumococcal adhesin as well as

being a component of the pneumococcal cell wall; it has eight choline-binding

repeats (Rosenow et al., 1997, Brooks-Walter et al., 1999, Janulczyk et al., 2000).

CbpA binds carbohydrates on pulmonary epithelial surface and CbpA-deficient

mutants were found to be defective in colonization of the nasopharynx and failed

to bind to various human cells in vitro (Zhang et al., 2000, Lu et al., 2003).

H. influenzae type b (Hib) porin, also called OmpP2, is the most abundant protein

in the outer membrane (OMP), where it exists as a trimer. Secondary structure

predictions suggest that Omp2 exists as β-barrel structure containing eight 

extracellular connecting loops (L1-L8) which differ in their lengths (Hiltke et al.,

2002, Hiltke et al., 2003, Cantisani et al., 2012). OmpP2 plays fundamental roles

in pathogenicity and in protection and thus represents a potential targets for

therapeutic intervention or vaccine development (Cantisani et al., 2012). The

contribution of Omp2 in the pathogenesis of bacterial meningitis through binding

to LamR has been reported recently (Orihuela et al., 2009, Abouseada et al.,

2012).

All identified LamR-ligands play roles in bacterial pathogenesis. For instance,

both meningococcal PorA and OmpP2 of H. influenzae are abundance proteins

containing surface-exposed loop structures and play vital roles in adhesion and

invasion of host cells (van der Ende et al., 2000, Galdiero et al., 2003, Andersen et

al., 2003, Delbaz et al., 2013). Further, meningococcal PilQ is an essential

component of the type IV pilus, while CbpA is a major pneumococcal adhesin,

both play critical roles in bacterial binding to host cells (Luo et al., 2005, Berry et

al., 2012). Regardless of the bacterial species, each of these pathogens target the
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laminin receptor via different surface proteins and share a common property of

being able to cross the BBB after LamR has been engaged.

Objective of the work described in this chapter

The aim of work described in this chapter was to localise the domains of LamR

responsible for binding the identified ligands in the three meningeal pathogens N.

meningitidis, S. pneumonia and H. influenzae.
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4.2 Experimental procedures

4.2.1 Enzyme-linked immunosorbant assay (ELISA)

All ELISA assays were performed using 96-well plates (NUNC Immobilizer

Amino) treated with 5µg ml-1 of protein A (Sigma), which was prepared in

sodium carbonate buffer (0.1M Sodium Carbonate (Na2CO3) and 0.1M Sodium

Bicarbonate (NaH2CO3); pH 9.37). Various recombinant proteins were made up in

PBS and 100 μl of adsorbent solution/suspension was added to each well. 

4.2.1.1 Digoxigenin-labelling based ELISA for protein-whole bacterial cell

interactions

All DIG-labelling was carried out using the Digoxigenin-3-0-succinyl-ε-

aminocaproic acid-N-hydroxy-succinimide ester (Roche) in accordance with the

manufacturer’s instructions. Briefly, bacteria were harvested from an overnight

chocolate agar plates and suspended in PBST (0.05% v/v), washed three times

with the same buffer and finally resuspended in sodium carbonate buffer

(APPENDIX). The OD600 was measured and 20ng (2µl of 10 ng µl-1 of DIG) was

added to 1ml of bacterial suspension with OD600=1. The bacterial suspensions

were incubated for 3h in the dark at room temperature (RT) on a shaking

platform. Bacteria were washed three times with PBST and resuspended in 1%

BSA/PBS (w/v). The OD600 was adjusted to 0.02 before use. Plates were

incubated overnight at 4ºC, plates were washed five times and then incubated at

RT for 1h with monoclonal anti-Digoxin-alkaline phosphatase antibody (produced

in mouse and diluted 1:5000, Sigma). Fresh buffers and labelled bacterial cells

were prepared for each experiment. After washing five times in PBS-T, 100μl of 

substrate2, 2’-azino-bis; 3-ethylbenzthiazoline-6-sulphonic acid (ABTS;
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Chemicon international ES004) substrate dissolved in alkaline phosphatase buffer

(7.879g Tris-HCl, 2.92g NaCl, 0.1016g MgCl2.6H2O in 500 ml of H2O, [pH: 9.5])

were added and incubated at RT for 1h. Finally, plates were read with an ELISA

reader (BioTek EL800) at an absorbance of 405nm.

4.2.1.2 ELISA (Protein-protein interaction)

Purified proteins were diluted in PBS at concentration (5µg ml-1) and 100µl added

to protein A-treated wells. After overnight incubation in protein A at 4ºC, control

wells were coated with BSA diluted in PBS or 5μg ml-1 Fc-stop and 3ATM

(negative controls). Plates were incubated overnight at 4ºC with shaking then

washed five times with PBS-T (0.05% v/v) and blocked with 1% BSA/PBS (w/v)

overnight at 4ºC. After incubation, the plates were washed again five times with

PBS-T, followed by addition of 5μg ml-1 of purified recombinant proteins

overnight at 4ºC. The plate was washed five times with 350µl PBS-T with (10s

soak time). One hundred microliters of the Laminin-R Antibody (A-7) mouse

monoclonal IgG2b/anti-37 LRP [A7] antibody (Santa Cruz Biotechnology; 1:1000

dilution) or rabbit polyclonal anti-PorA antibody (in house; 1:8000 dilution) in

PBS/1% BSA were added to each well and plates were incubated overnight at

4ºC. Plates were washed five times, and then incubated at RT for 1h with

secondary antibodies: Alkaline phosphatase-conjugated anti-mouse IgG (produced

in goat and diluted 1:20000; Sigma) or alkaline phosphatase-conjugated anti-

rabbit IgG (produce in goat and diluted 1:16000; Sigma). After washing five times

in PBS-T, 100μl of substrate2, 2’-azino-bis; 3-ethylbenzthiazoline-6-sulphonic 

acid (ABTS; Chemicon international ES004) substrate dissolved in alkaline

phosphatase buffer (Section 4.2.1.1) were added and incubated at RT for 1h.

Finally, plates were read with an ELISA reader at an absorbance of 405nm.
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4.2.1.3 Purification and refolding of recombinant His-tagged meningococcal

PorA protein

His-tagged recombinant PorA was purified under denaturing conditions and

refolded into its native trimers by immobilized metal ion affinity chromatography

(IMAC) using an AKTA PrimPlus (GE Healthcare) following the manufacturer’s

instructions. After harvesting the cells, the cell pellets were thoroughly

resuspended in freshly prepared lysis buffer (50mM Tris-HCl, 8M urea, 100mM

NaH2PO4, pH 8; 1% Triton X100 was also added for solubilizing the membrane).

The mixture was sonicated (15s on, 10s off for 5min on ice) using a SoniPrep

Sonicator 150 (MSE). Then, the cell lysate was centrifuged at 10,000 × g for

30min, using an Allegra x-22R centrifuge (Beckman Coulter). The cleared lysate

(supernatant) was added to HisTrap FF crude column and mounted to the AKTA

PrimPlus system and equilibrated with the washing/binding buffer (50mM Tris-

HCl, 8M Urea, 100mM NaH2PO4 pH 8 and 10mM imidazole). The sample

soluble lysate was then injected into the column at a flow rate of 0.5 ml min-1.

Finally, elution buffer (8M Urea, 100mM NaH2PO4, 500mM Imidazole) was

applied to the column to elute the bound His-tagged recombinant protein. The

purified protein was then collected from the corresponding fraction(s). To remove

the detergent from purified protein and refold the protein to its nature trimers, the

protein was resuspended in dialysis Buffer (50mM Tris-HCL, 150mM NaCl,

0.1% Triton X-100, 0.25% Zwittegen 3-12). Gel filtration was performed to

ensure the refolding of the protein and whether the protein aggregated or not.
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4.2.1.4 Purification of recombinant His-tagged meningococcal PorA protein

under denaturing conditions

Immobilized metal ion affinity chromatography (IMAC) was used to purify the

His-tagged recombinant proteins, using an AKTA PrimPlus (GE Healthcare) and

following the manufacturer’s instructions. The stored cell pellets from 150ml

culture of E coli JM109 was resuspended with lysis buffer (8M urea, 10mM Tris-

HCl, 100mM NaH2PO4, pH 8). Sonication on ice was carried out to disrupt the

cells for 10min in short bursts (30s on and off), using an MSE SoniPrep 150

sonicator. The lysate was centrifuged at 4,200 × g for 15min, using an Allegra x-

22R centrifuge (Beckman Coulter). The supernatant was collected for

purification. Briefly, a HisTrap FF crude column was mounted to the AKTA

PrimPlus system and equilibrated with the washing/binding buffer (8M urea,

10mM Tris-HCl, 100mM NaH2PO4, 20mM imidazole, pH 6.3). The soluble lysate

sample was then injected into column at a flow rate of 0.5ml/min. Finally, elution

buffer (8M urea, 10mM Tris-HCl, 100mM NaH2PO4, pH 4.5) was applied to the

column to elute the bound His-tagged recombinant protein. The purified protein

was then collected from the corresponding fraction(s) by monitoring the

purification chromatogram. Throughout the purification process, aliquots were

taken and subjected to SDS-PAGE and immunoblot analysis.

4.2.1.5 Desalting and concentration of purified protein

After mounting on the AKTA PrimPlus system (GE Healthcare), a Hitrap

desalting column was equilibrated with desalting buffer (PBS). The purified

protein was then injected into column, where it was combined and concentrated

using 30KDa membrane cut-off Vivaspin tubes (Sartorius) by centrifuging at

4,200 × g.
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4.2.1.6 SDS-PAGE and immunoblot analysis

The identity of purified proteins was confirmed by SDS-PAGE and immunoblot

analysis. Briefly, proteins were electrophoretically separated under reducing

conditions. The protein mixture separated by SDS-PAGE (APPENDIX) was

transferred onto a nitrocellulose membrane in semi-dry blotting buffer using a

Trans-Blot SD semi-dry transfer cell (BioRad) at 15 V for approximately 20min.

The membrane was blocked by incubating with 5% (w/v) skimmed milk powder

in 20ml PBS (Oxoid, England)(APPENDIX). Then the membrane was probed

with the primary antibodies: rabbit polyclonal anti-PorA antibody (in house;

1:5000 dilution) or mouse anti-pentahistidine (Qiagen; 1:2000 dilution)

antibodies. After washing in PBS containing 0.05% Tween-20 (PBST) (Sigma)

three times, each for 15min, the membrane incubated with the secondary

antibodies: horseradish peroxidase (HRP) conjugated anti-rabbit IgG (Sigma;

1:20000 dilution) or HRP-conjugated anti-mouse IgG (Sigma; 1:30000 dilution).

The primary and secondary antibodies were diluted in the same buffer as used for

blocking and incubated for 1h at RT with shaking. The membranes were then

developed with luminata western HRP substrate (Millipore).
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4.3 Results

The aim of the work presented in this chapter was to investigate the binding-

domain interactions of human LamR protein with three bacterial species that are

the most common agents of meningitis: N. meningitidis; H. influenzae and S.

pneumoniae. Using an ELISA approach, microtiter well plates were treated with

5mg ml-1 protein A. Treating of wells with protein A facilitated the binding of the

Fc-tag of recombinant proteins onto the well surface to optimally display the

immobilized LamR protein (Figure 4-1). Wells were coated with rLamR

(recombinant 37kDa laminin receptor protein, expressed in human cells and

purified under native conditions). Wild type and mutant strains of the three

bacterial species were surface-labelled with DIG and added to triplicate wells;

after incubation, unbound bacteria were washed away and bound bacteria were

detected using an anti-DIG antibody.

In each experiment, BSA coated wells were included as a control to measure

background levels of binding. Equal amounts of labelled bacteria were added to

the BSA-coated wells, and mean values obtained from labelled bacteria-BSA

wells were subtracted from the values of rLamR-labelled bacteria wells to correct

for non-specific background binding. Two other proteins: 3 ATM (Fc-FGFR2 IIIa

TM; FGFR2 is Fibroblast Growth Factor 2) and Fc-tag only (termed Fc-stop; a

recombinant protein comprising the fragment crystallisable region [Fc region] of

the IgG antibody used to tag the rLamR protein), which had been cloned in the

same vector and purified by the same method as hLamR, were used as negative

controls. All recombinant proteins: wild type and mutated rLamR; Fc-stop and

3ATM were used to coat wells at equi-molar concentrations. Labelled-bacteria

were added to coated wells, anti-Dig antibody was added and the plates incubated
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for 1h at RT, and protein-bound bacteria detected 1h after adding alkaline

phosphatase (AP) (APPENDIX) substrate in an ELISA plate reader. The binding-

level of bacterial cells to recombinant proteins was evaluated by measuring the

OD at 405nm. Each experiment was performed in 3 technical replicates and

repeated at least 3 times.
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Figure 4-1 Schematic of re-orientation of Fc-tag proteins using protein-A.

ELISA plates in (A) In un-treated ELISA plates, the recombinant proteins will be coated

in a random orientation. (B) Coating ELISA-well plate with protein-A which has a high

affinity to bind Fc fragment of antibody (C) Protein-A re-orient the Fc-tagged LamR on

ELISA-well plate to allow (D) more specific binding between LamR and bacteria.

D- Bacteria-binding with LamR protein on ELISA-well plate

A- Binding of Fc-tagged LamR protein on ELISA-well plate

A-

B- Coating ELISA-well plate with protein-A

B-

C- Protein-A re-orient the Fc-tagged LamR on ELISA-well plate

C-

Protein A LamR Fc-Tag

Dig-labeled Bacteria Anti-Dig Antibody
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4.3.1 Human produced LamR (hLamR) and bacterial produced LamR

(bLamR) exhibit similar binding-affinity to the group B MC58

meningococcal strain

As an initial step towards determining the region(s) of LamR responsible for the

interaction with bacteria, DIG-label based ELISAs were performed as described

earlier (section 4.3) to confirm previously published results showing that LamR

binds to N. meningitidis (Orihuela et al., 2009). In our results, N. meningitidis

bound to both hLamR and bLamR at similar levels and the binding was

significant (***P≤ 0.001; Figure 4-2) in comparison to the negative controls: BSA 

which used for each protein; Fc-stop; and 3 ATM proteins. The data obtained in

the current experiment confirmed previous studies where the bLamR exhibited a

binding affinity to N. meningitidis (Orihuela et al., 2009). Further, our results

showed that there were no significant differences between hLamR and bLamR in

respect of binding to N. meningitidis.

In order to optimise the LamR-concentration used, different concentrations of

rLamR (2.5 μg ml-1; 5 μg ml-1 and 10 μg ml-1) were used to coat the wells. Also,

to show the specificity of LamR-N. meningitidis binding, an isolate of

Staphylococcus aureus was also included. Binding of N. meningitidis to rLamR

was statistically significant for all concentrations used, and significantly higher

than S. aureus binding, which was negligible (***P≤ 0.001; Figure 4-3). No

significant differences in bacterial binding to LamR were observed between the

three tested LamR-concentrations.
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Figure 4-2 Binding of immobilised hLamR and bLamR to N. meningitidis MC58.

Protein A treated wells were coated with hLamR or bLamR at a concentration of 5μg ml-

1. Fc-stop and 3ATM-coated wells were included as negative controls. BSA-coated wells

were included to correct for non-specific background binding, and the mean value

obtained from the BSA-bacteria coated wells was subtracted from all other data points.

Wells were subsequently incubated with DIG-labelled MC58 bacteria followed with anti-

DIG antibody. Bound bacteria were detected after 1h of adding AP substrate in an ELISA

plate reader. Data shown are the means of three independent experiments, with each

sample tested in triplicate. Error bars indicate± SEM. ***Significant at P ≤ 0.001 

compared to hLamR.

hLamR

bLamR
Fc-s

top

3 ATM

0.0

0.5

1.0

1.5

ns

*** ***

ns P > 0.05

*** P 0.001

- MC58
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Figure 4-3 Binding of MC58 N. meningitidis and S. aureus to various concentrations

of hLamR.

Protein A treated wells were coated with various concentrations (10μg ml-1; 5μg ml-1 and

2.5μg ml-1) of recombinant hLamR. BSA-coated wells were included to correct for non-

specific background binding. An isolate of S. aureus was included as a negative control.

After coating the wells with hLamR or BSA, the wells were subsequently incubated with

DIG-labelled bacteria followed with anti-DIG antibody. Bound bacteria were detected

after 1h of adding AP substrate in an ELISA plate reader. Specific binding of bacteria to

hLamR-coated ELISA plates was determined by subtracting the absorbance in BSA-

coated wells from that in protein-coated wells. Data shown are the means of three

independent experiments, with each sample tested in triplicate. Error bars indicate± SEM.

ns at P >0.05; ***Significant at P ≤ 0.001.  

4.3.2 Meningococcal PorA and PilQ were confirmed as LamR-binding

ligands

Meningococcal PorA and PilQ were previously identified as LamR binding

ligands of N. meningitidis (Orihuela et al., 2009). Prior to investigating the amino

acid residues that may be involved in binding of hLamR to the N. meningitidis

ligands, DIG-label-based ELISA was undertaken to determine whether specific

mutants of N. meningitidis strain MC58: ΔporA, ΔporAL4, ΔpilQ and ΔporA/pilQ

could bind hLamR. Wild type MC58 was used as a comparative positive control;

10 g/ml 5 g/ml 2.5 g/ml
0.0

0.5

1.0

1.5

hLamR

MC58
S. aureus (-ve control)

ns

*** *** ***

ns P > 0.05

*** P 0.001
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Fc-stop and 3ATM were used as negative controls. BSA coated wells were

included as a measure for background as described previously (section 4.3).

Deletion of either porA or pilQ resulted in a significant reduction (*P≤ 0.05; **P≤ 

0.01; respectively) in binding of hLamR to the mutant cells compared to the wild-

type bacteria; a similar reduction was observed in the porA/pilQ double-knock out

mutant (Figure 4-4).. This finding confirms the previously described finding that

PorA and PilQ bind bLamR (Orihuela et al., 2009).
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Figure 4-4 Binding of N. meningitidis MC58 and corresponding isogenic mutants to

immobilised hLamR.

Protein A-treated wells were coated with hLamR at a concentration of 5μg ml-1. Fc-stop

and 3ATM-coated wells were included as negative controls. BSA-coated wells to correct

for non-specific background binding. After coating the wells with hLamR or BSA, the

wells were subsequently incubated with DIG-labelled MC58 bacteria followed with anti-

DIG antibody. Bound bacteria were detected after 1h of adding AP substrate in an ELISA

plate reader. Specific binding of DIG-labelled bacteria to hLamR-coated ELISA plates

was determined by subtracting the absorbance in BSA-coated wells from that in protein-

coated wells. Data shown are the means of three independent experiments, with each

sample tested in triplicate. Error bars indicate± SEM. *Significant at P ≤ 0.05; ** P ≤ 

0.01; *** at P ≤ 0.001. 

4.3.3 Mutations in hLamR result in a significant reduction in binding to N.

meningitidis

To better understand LamR interactions with N. meningitidis, we investigated the

interaction of DIG-labelled wild type N. meningitidis MC58 and the constructed

mutants hLamR mutants (rLamR∆206-229; rLmaR∆262-282; rLamR∆243-295;

rLamRY139F; rLamRR155A; rLamRY156F; rLamRK166A; rLamRY139F/Y156F) using

ELISA as described previously (section 4.3). In these assays, wells were treated

with 5μg ml-1 protein A, then Fc-tagged proteins were added at equi-molar
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concentrations. The non-specific binding sites were blocked and wells

subsequentlly challenged with DIG-labeled bacteria. After rigorous washing, anti-

DIG antibody was added to detect the interaction between the bacteria and

rLamR. Wild type hLamR was used as a comparative positive control as it

demonstrated specific binding with bacteria (section 4.3.1). Fc-stop and 3ATM

were consistently used as negative controls. In total, 8 mutants were examined for

their ability to bind wild type MC58; deletion of LamR amino acid residues: 206-

229 and 263-282 resulted in an significant reduction (***P≤ 0.001) of binding 

affinity to bacteria, which indicated the involvement of amino acid residues in

these regions in bacterial binding. Also, substitution of LamR residues: Arginine

155 and Tyrosine 156 which are surface-exposed amino acid residues in smaller,

but nethertheless still significant reduction (*P ≤ 0.05; **P≤ 0.01; respectively) in 

bacterial binding activity. Substitution of Lysine166, Tyrosine 139 and double

mutation of Tyrosine 156 and 139 of LamR did not significantly effect bacterial

binding. The data imply that regions from 206-229 and 263-282 and amino acid

residues Arganine155 and Tyrosine 139 of LamR comprise bacteria binding sites

(Figure 4-5).
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Figure 4-5 Mutations in hLamR resulted in a marked reduction in binding by N.

meningitidis MC58.

Protein A-treated wells were coated with hLamR and its derivatives at 5 μg ml-1. Fc-stop

and 3ATM-coated wells were included as negative controls. BSA-coated wells to correct

for non-specific background binding. After coating the wells with hLamR or BSA, wells

were subsequently incubated with DIG-labelled MC58 bacteria followed with anti-DIG

antibody. Bound bacteria were detected after 1h of adding AP substrate in an ELISA plate

reader. Specific binding of DIG-labelled wild type MC58 to rLamR-coated ELISA plates

was determined by subtracting the absorbance in BSA-coated wells from that in protein-

coated wells. Data shown are the means of three independent experiments, with each

sample tested in triplicate. Error bars indicate± SEM. ns at P >0.05; *Significant at P ≤ 

0.05; ** P ≤ 0.01; *** at P ≤ 0.001; **** at P ≤ 0.0001. 

4.3.4 hLamR peptide, 263-282 as a binding site for meningococcal PilQ

We previously demonstrated that meningococcal mutants lacking PilQ have a

significantly reduced ability to bind hLamR (Section 4.3.2). To further identify

the LamR residues that may be involved in LamR-PilQ binding, wild type hLamR

and its mutant derivatives were tested for their ability to bind DIG-labelled

bacteria expressing no PorA or a PorA derivative in which the fourth
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extracellular loop had been deleted (ΔporA and ΔporAL4, respectively) in ELISA

experiments. Wild type hLamR was used as a comparative positive control; Fc-

stop and 3ATM were used as negative controls. In comparison to the wild-type

strain, only deletion of amino acid residues 263-282 in the C-terminal portion of

LamR resulted in a significantly reduction in binding to MC58 ΔPorA and MC58

PorA∆L4 (Figure 4-6; A & B). The reduction in hLamR binding by either ∆PorA or 

PorA∆L4 was similar indicating that the majority of the LamR binding activity of 

PorA was restricted to the fourth extracellular loop. This agrees with a previous

study by Abouseada and colleagues (Abouseada et al., 2012).

These results suggested that these particular residues are potentially involved in

binding of human LamR to the other identified meningococcal LamR-binding

protein: PilQ (Figure 4-6; A & B).
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Figure 4-6 Binding of  MC58 ΔPorA and PorAΔL4 to hLamR identifies the carboxyl 

terminal peptide, 263-282 as a meningococcal PilQ-binding site.

Protein A treated wells were coated with hLamR and its derivatives at concentration of

5μg ml-1. Fc-stop and 3ATM-coated wells were included as negative controls. BSA-coated

wells to correct for non-specific background binding. After coating the wells with hLamR

or BSA, the wells were subsequently incubated with DIG-labelled (A) PorA-deficient (B)

L4 of PorA-deficient MC58 bacteria, followed with anti-DIG antibody. Bound bacteria

were detected after 1h of adding AP substrate in an ELISA plate reader. Specific binding

of bacteria to protein-coated ELISA plates was determined by subtracting the absorbance

in BSA-coated wells from that in protein-coated wells. Data shown are the means of three

independent experiments, with each sample tested in triplicate. Error bars indicate± SEM.

ns at P >0.05; ***Significant at P ≤ 0.001; **** at P ≤ 0.0001 compared to binding to 

wild type hLamR.
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4.3.5 hLamR peptide, 206-229 as a binding site for meningococcal PorA

Previous studies with synthetic peptides corresponding to LamR263-282

demonstrated that this region in LamR may be involved in binding of LamR to

meningococcal PorA (Orihuela et al., 2009). Further investigations were therefore

conducted with wild type and LamR mutants expressed in human cells and

purified under native conditions for their ability to bind to DIG-labelled N.

meningitidis lacking PilQ in ELISA experiments. Among 8 hLamR mutant

proteins tested, LamR∆263-282 revealed a significant (*P ≤0.05) reduction in its 

ability to bind ΔPilQ N. meningitidis, suggesting that these amino acid residues

are important for binding the bacteria and confirming the previous observations.

Interestingly, a significant (*P ≤0.05) reduction in bacterial binding was also 

observed in both mutant constructs LamR∆206-229 and LamRY156F, demonstrating

that additional meningococcal PorA-binding sites may be present on LamR

(Figure 4-7). Further investigations using PorA or PorAL4 synthetic peptides are

required to confirm the results.
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Figure 4-7 The peptide, 206-229 in hLamR identified as a binding site for N.

meningitidis MC58 PorA, in addition to the 263-229 region.

Protein A-treated wells were coated with hLamR and its derivatives mutants at

concentration of 5 μg ml-1. Fc-stop and 3ATM-coated wells were included as negative

controls. BSA-coated wells to correct for non-specific background binding. After coating

the wells with hLamR or BSA, the wells were subsequently incubated with DIG-labelled

MC58 lacking PilQ followed with anti-DIG antibody. Bound bacteria were detected after

1h of adding AP substrate in an ELISA plate reader. Specific binding of bacteria to

protein-coated ELISA plates was determined by subtracting the absorbance in BSA-

coated wells from that in protein-coated wells. Data shown are the means of three

independent experiments, with each sample tested in triplicate. Error bars indicate± SEM.

ns at P >0.05; *Significant at P ≤ 0.05; ** P ≤ 0.01; *** at P ≤ 0.001 compared to 

binding to wild type hLamR.

4.3.6 Double PorA and PilQ knock out of N. meningitidis exhibits

significantly reduces binding to hLamR

Previously; our data showed that a single ablation knock out of either PorA

(ΔporA) (Figure 4-6) or PilQ (ΔpilQ) (Figure 4-6) resulted in a reduction in

hLamR binding compared to wild type MC58. To further show the importance of

these two meningococcal proteins as LamR ligands, DIG-labelled N. meningitidis
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lacking both PorA and PilQ were tested for their ability to bind to hLamR and its

mutant derivatives. Although a significant reduction in binding to hLamR was

observed compared to that exhibited by the wild type MC58, no significant

differences were observed between the binding of the double knockout to the wild

type and different mutated versions of hLamR (Figure 4-8). These results provide

evidence that meningococcal PorA and PilQ are the major meningococcal-LamR

ligands and confirmed the previous results. These results also suggested that no

additional LamR-binding proteins were present on the meningococcal surface.
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Figure 4-8 Double knockout of porA and pilQ in N. meningitidis significantly reduces

the binding ability of N. meningitidis MC58 to bind to wild type and mutants

hLamR proteins.

Protein A-treated wells were coated with hLamR and its derivatives at concentration of 5

μg ml-1. Fc-stop and 3ATM-coated wells were included as negative controls. BSA-coated

wells to correct for non-specific background binding. After coating the wells with hLamR

or BSA, the wells were subsequently incubated with DIG-labelled MC58 lacking PorA

and PilQ followed with anti-DIG antibody. Bound bacteria were detected after 1h of

adding AP substrate in an ELISA plate reader. Specific binding of bacteria to protein-

coated ELISA plates was determined by subtracting the absorbance in BSA-coated wells

from that in protein-coated wells. Data shown are the means of three independent

experiments, with each sample tested in triplicate. Error bars indicate± SEM. ns at P

>0.05; ****Significant at P ≤ 0.0001 compared to binding to wild type N. meningitidis

MC58.
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4.3.7 ELISA results reveal significant interaction of two proteins, human

hLamR and meningococcal rPorA

4.3.7.1 Expression and purification of recombinant PorA

In order to test the binding of recombinant proteins LamR and PorA, firstly rPorA

was expressed in E coli. Briefly, the pQE30/PorA construct was introduced into

the E. coli strain JM109 and expression of rPorA protein was induced with IPTG.

Optimal expression was achieved by addition of a final concentration of 0.5 mM

IPTG when the cells had reached an OD600 of 0.6 incubated for 1 h at 37°C. The

results of SDS-PAGE after induction revealed the production of recombinant

protein with an expected size approximate 45 kDa. The empty pQE30 vector and

rLamR were used as negative and positive controls, respectively. The expressed

protein was confirmed as rPorA by immunoblot analysis with both anti-PorA and

anti-His antibodies (Figure 4-9). The recombinant PorA was purified using IMAC

under denaturing conditions, solubilized supernatants added to the His Trap Ni

Sepharose resin, and the a single band corresponding to the expected protein size

was obtained (Figure 4-10). Purified protein was then immediately removed from

the urea buffer into PBS using desalting columns.
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Figure 4-9 Expression of recombinant PorA in E coli.

SDS-PAGE (A) and immunoblot using PorA and penta-his antibodies (B) showing rPorA

expression following induction with 0.5mM IPTG (panel 1) and purification using IMAC

(panel 2). Panel 1; Lane 1, protein marker; Lane 2, non-induced E. coli JM109 (pQE30);

Lane 3, 3h induced E. coli JM109 (pQE30); Lane 4, 3h induced E. coli JM109 contains

pET28/LamR (+ve control); Lane 5, 3h. Induced strain JM109 with pQE30 lack rPorA (-

ve control). Panel 2; Lane 1: purified rPorA; Lane 2: pQE30 lack rPorA (-ve control);

Lane 3: purified rLamR (+ve control).
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Figure 4.1 Chromatogram of purification of rPorA by step elution and Buffer

exchange.

(A) Elution step: rPorA bound to the Ni-via the 6×His tag, stars to elute with the passage

of elution buffer; the highest concentration of protein was eluted after passage of 4.45 ml

elution buffer (second peak of UV absorbance) and was collected in fractions 4-6. After

that a plateau was reached where the eluted rPorA concentration decrease. A declining

UV absorbance (blue line) indicated completion of the elution process. (B) Buffer

exchange: According to the molecular weight, rPorA appeared first (first blue peak of UV

absorbance) and was collected in fractions 2 to 4 followed by lower molecular weight

molecules present in the elution buffer used to elute rPorA (lower blue peaks of UV

absorbance).
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4.3.7.2 Interaction of recombinant hLamR with rPorA

In order to further dissect and confirm the contribution of defined amino acids

within hLamR to the interaction with PorA, binding of natively purified human

rLamR protein with rPorA was tested using ELISA.

4.3.7.3 Optimizing the ELISA reaction conditions

The optimal primary and secondary antibody dilutions for the ELISA were first

determined. Each dilution was tested on the same type of sample, to keep the

experimental conditions standardized. In these experiments, rLamR was used to

coat protein A-treated solid phase-microplate wells by adding 5μg ml-1 rLamR

diluted in PBS. After blocking and washing, an equal molarity of rPorA was

added and later challenged with different concentrations of anti-PorA antibody

and corresponding secondary antibodies. Plates were read every15 min between 1

and 6h. Wells coated with BSA only was used as a negative control for non-

specific interactions with the solid phase. The optimal antibody concentrations

were found to be 1:8000 and 1:16000 for primary and secondary antibodies,

respectively.

After optimisation of ELISA conditions 5μg ml-1 of rLamR was immobilized onto

protein A-treated ELISA wells and challenged with rPorA. The interaction was

detected using anti-PorA antibody; the plate was read after 1 h incubation with the

substrate. Significant binding of hLamR to rPorA to hLamR was observed (***P

< 0.001; Figure 4-11A) compared to negative controls. Similar results were

obtained when rPorA was used as the solid phase and this was probed with

soluble rLamR. (***P < 0.001; Figure 4-11B).



CHAPTER FOUR

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 186

Figure 4-11 Binding of recombinant hLamR and bLamR to soluble (A) or

immobilized (B) meningococcal rPorA protein.

Protein A treated wells were coated with rLamR or rPorA at concentration of 5 μg ml-1.

Fc-stop and 3ATM-coated wells were included as negative controls. BSA-coated wells to

correct for non-specific background binding. Specific binding of recombinant purified

proteins (bLamR and hLamR) to rPorA were determined either by using anti-PorA

antibody (A) or anti-LamR antibody (B). The mean value obtained from each rPorA-BSA

hLamR-BSA were subtracted from mean obtained from respective test wells. Data shown

are the means of three independent experiments, with each sample tested in triplicate.

Error bars indicate± SEM. ns at P >0.05; *Significant at P ≤ 0.05;*** at P ≤ 

0.001compared to hLamR.

hLam
R

bLam
R

Fc-
st

op

3
ATM

0.0

0.5

1.0

1.5

O
D

40
5

n
m

ns

*** ***

ns P > 0.05

*** P 0.001

- Soluble rPorA

hLam
R

bLam
R

Fc-
st

op

3
A

TM

0.0

0.5

1.0

1.5 - Immobilised rPorA

* *

ns

ns P > 0.05

* P 0.05

A

B



CHAPTER FOUR

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 187

4.3.7.4 Interaction of rPorA with recombinant hLamR and its mutant

derivatives

Our previous data demonstrated that amino acid residues 206-229, 263-282 and

Tyrosine 156 of LamR were involved in the interaction of hLamR with an N.

meningitidis MC58 derivative lacking PilQ (section 4.3.5). In order to provide

confirmatory evidence for the direct interaction of hLamR with PorA, and also to

confirm the role of specific amino acid residues of LamR in the interaction, the

binding ability of mutant rLamR proteins to wild type rPorA was examined using

the same ELISA conditions as described previously (section 4.3.7.3). The

experimental conditions were optimised using either soluble rLamR or

immobilized rLamR as anti-37LRP [A7] antibody can detect only sites (253-289);

it will not facilitate detection the possible interaction of PorA-with deletion

mutant that lack these residues. For this reason, ELISA assays were performed

using immobilized hLamR molecules or derivatives which were challenged with

rPorA and the interaction detected by anti-PorA antibody after 1h incubation with

the substrate. Similarly to our previous DIG-based ELISA data with whole

bacteria and rLamR protein, the highest reduction in binding levels to rPorA was

observed using LamR∆206-229; LamR∆263-282 and LamRY156F. Also, LamRR155A and

LamRK166A showed a reduction in binding, but to a lesser extent (Figure 4-12).

These data confirmed our previous findings showing the involvement of amino

acid residues 206-229; 263-229 and Tyrosine 156 of LamR in binding to PorA.

To examine the interaction of PilQ, the second meningococcal LamR ligand,

ELISA was performed to detect the interaction of rLamR and rPilQ. Our data

confirmed the previous results where the LamR region 263-282 was identified as

a meningococcal PilQ-binding domain (data not shown). However, the protein
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quantity was not enough for three separate experiments and the available time did

not allow further expression and purification of PilQ protein, ELISA experiments

to detect the interaction of rLamR-rPorA proteins were performed only twice and

ideally they should be assessed at three different occasions to allow us to estimate

its statistical significance.

Figure 4-12 Binding of meningococcal rPorA hLamR and its derivatives confirms

the identified LamR-PorA binding sites.

Protein A-treated wells were coated with hLamR at concentration of 5 μg ml-1. Fc-stop 

and 3ATM-coated wells were included as negative controls. BSA-coated wells were

included to correct for non-specific background binding. Specific binding of rPorA to

immobilised recombinant hLamR were determined using anti-PorA antibody. The mean

value obtained from BSA coated wells was subtracted from rLamR-coated wells. Data

shown are the means of three independent experiments, with each sample tested in

triplicate. Error bars indicate± SEM. ns at P >0.05; *Significant at P ≤ 0.05; ** P ≤ 0.01; 

*** at P ≤ 0.001 compared to binding to wild type hLamR. 
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4.3.7.5 H. influenzae OmpP2 confirmed as a LamR-binding ligand

In addition to N. meningitidis, it has been reported previously that LamR binds H.

influenzae and specifically, the second extracellular loop of its porin OmpP2

(OmpP2/L2) was identified as a LamR ligand (Orihuela et al., 2009, Abouseada et

al., 2012). In order to determine the region(s) within LamR which contribute to

binding OmpP2, DIG-label based ELISA was conducted as previously described

(section 4.3.1). For this purpose, the binding affinity of rLamR produced in

human cells to H. influenzae in vitro, DIG-labelled ELISA was examined;

bacteria produced LamR (bLamR) was included for comparison purpose; Fc-stop

and 3ATM were included as negative controls as described previously.

Recombinant LamR expressed in either E. coli or human cells bound H.

influenzae cells and no significant difference between bLamR and hLamR binding

capability to H. influenzae was observed (Figure 4-13). Also, various

concentrations (2.5 µg ml-1; 5µg ml-1 and 10µg ml-1) of recombinant hLamR were

used as the solid phase in ELISA experiments to examine their abilities to bind H.

influenzae. In our results, H. influenzae bound rLamR significantly more than S.

aureus, which was included as a negative control (P ≤ 0.001; Figure 4-14), and 

the binding was slightly increased at a rLamR concentration of 5μg ml-1 compared

to others, although this difference did not reach significance. rLamR produced in

E. coli was previously shown to bind to H. influenzae in ELISA assays

(Abouseada et al., 2012).
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Figure 4-13 Binding of immobilised hLamR and bLamR to H. influenzae.

Protein A-treated wells were coated with hLamR or bLamR at a concentration of 5 μg ml-

1. Fc-stop and 3ATM-coated wells were included as negative controls. BSA-coated wells

to correct for non-specific background binding. Wells were subsequently incubated with

DIG-labelled H. influenzae bacteria followed with anti-DIG antibody. Bound bacteria

were detected after 1 h of adding AP substrate in an ELISA plate reader. Specific binding

of bacteria to protein-coated ELISA plates was determined by subtracting the absorbance

in BSA-coated wells from that in protein-coated wells. Data shown are the means of three

independent experiments, with each sample tested in triplicate. Error bars indicate± SEM.

ns at P >0.05; ***Significant at P ≤ 0.001 compared to binding to wild type hLamR. 
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Figure 4-14 Binding of H. influenzae and S. aureus to various concentrations of

rLamR.

Protein A treated wells were coated with various concentration (2.5 µg ml-1; 5µg ml-1 and

10µg ml-1) of recombinant hLamR. BSA-coated wells to correct for non-specific

background binding. Wells were subsequently incubated with DIG-labelled bacteria

followed with anti-DIG antibody. Bound bacteria were detected after 1h of adding AP

substrate in an ELISA plate reader. Specific binding of bacteria to rLamR-coated ELISA

plates was determined by subtracting the absorbance in BSA-coated wells from that in

protein-coated wells. Data shown are the means of three independent experiments, with

each sample tested in triplicate. Error bars indicate± SEM. ns at P >0.05; ***Significant

at P ≤ 0.001. 

4.3.7.6 Regions 206-229, 263-282 and Tyrosine 139 of LamR identified as

binding sites for H. influenzae

To identify the domain(s) of LamR interacting with H. influenzae, a DIG-labelled

ELISA using the same conditions described earlier (Section 4.3.1) was employed.

Amino acids in the regions 206-229 and 263-282, as well as the single amino acid

Tyrosine 139 within hLamR were shown to be important for interaction with H.

influenzae (Figure 4-15). Since the OmpP2/L2 of H. influenzae was identified

previously as the LamR ligand, the interactions of LamR with both OmpP2

(Figure 4-16) and OmpP2/L2 (Figure 4-17) deficient H. influenzae were also
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examined. Binding of these strains to wild type hLamR was lower than the wild-

type; interestingly amino acids in the regions 206-229 and 263-282, and Tyrosine

139 of LamR were shown to be important for binding irrespective of the presence

of OmpP2 or OmpP2/L2. Since mutation of these bacterial ligands did not totally

abolish LamR binding, it suggests the presence of other LamR-ligands in H.

influenzae.

Figure 4-15 Various mutations in hLamR result in a significantly reduced binding to

H. influenzae.

Protein A-treated wells were coated with hLamR and its mutant derivatives at

concentration of 5 μg ml-1. Fc-stop and 3ATM-coated wells were included as negative

controls. BSA-coated wells were included to correct for non-specific background binding.

Wells were subsequently incubated with DIG-labelled H. influenzae followed with anti-

DIG antibody. Bound bacteria were detected after 1 h of adding AP substrate in an

ELISA plate reader. Specific binding of bacteria to protein-coated ELISA plates was

determined by subtracting the absorbance in BSA-coated wells from that in protein-

coated wells. Data shown are the means of three independent experiments, with each

sample tested in triplicate. Error bars indicate± SEM. ns at P >0.05; **Significant at P ≤ 

0.01; *** at P ≤ 0.001; **** at P ≤ 0.0001compared to binding to wild type hLamR. 
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Figure 4-16 LamR regions: 206-229, 263-282 and Tyrosine 139 proposed as binding

sites for OmpP2 of H. influenzae.

Protein A-treated wells were coated with hLamR and its mutant derivatives at

concentration of 5 μg ml-1. Fc-stop and 3ATM-coated wells were included as negative

controls. BSA-coated wells were included to correct for non-specific background binding.

After coating the wells with hLamR or BSA, the wells were subsequently incubated with

DIG-labelled H. influenzae lacking OmpP2 followed with anti-DIG antibody. Bound

bacteria were detected after 1 h of adding AP substrate in an ELISA plate reader. Specific

binding of bacteria to protein-coated ELISA plates was determined by subtracting the

absorbance in BSA-coated wells from that in protein-coated wells. Data shown are the

means of three independent experiments, with each sample tested in triplicate. Error bars

indicate± SEM. ns at P >0.05; *Significant at P ≤ 0.05; ** P ≤ 0.01 compared to binding 

to wild type hLamR.
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4.3.7.7 Mutations in LamR resulted in reduced binding to S. pneumoniae

and hLamR and bLamR exhibited similar binding behaviour with

the S. pneumoniae

Earlier investigations revealed that S. pneumoniae binds recombinant LamR

produced in E. coli. The binding behaviour of bLamR with the S. pneumoniae was

compared with the binding of hLamR with the S. pneumoniae using 5µg ml-1 of

both bLamR and hLamR proteins and the results displayed lower binding ability

Figure 4-17 Binding of H. influenzae lacking L2 of OmpP2 to hLamR confirms the

contribution of defined LamR regions in binding with OmpP2/L2 of H. influenzae.

Protein A-treated wells were coated with hLamR and its mutant derivatives at

concentration of 5 μg ml-1. Fc-stop and 3ATM-coated wells were included as negative

controls and BSA-coated wells to correct for non-specific background binding. After

coating the wells with hLamR or BSA, the wells were subsequently incubated with DIG-

labelled H. influenzae lacking L2 of OmpP2 followed with anti-DIG antibody. Bound

bacteria were detected after 1 h of adding AP substrate in an ELISA plate reader. Specific

binding of bacteria to protein-coated ELISA plates was determined by subtracting the

absorbance in BSA-coated wells from that in protein-coated wells. Data shown are the

means of three independent experiments, with each sample tested in triplicate. Error bars

indicate± SEM. ns at P >0.05; *Significant at P ≤ 0.05; ** P ≤ 0.01; *** at P ≤ 0.001 

compared to binding to wild type hLamR.
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of bLamR with S. pneumoniae compare with hLamR, but this difference did not

reach statistical significance indicating that bLamR and hLamR exhibited similar

binding behaviour with S. pneumonia (Figure 4-18). Also, using LamR as a solid

phase in DIG-labelled ELISA, different concentrations (2.5 µg ml-1; 5µg ml-1 and

10µg ml-1) of LamR were used to coat protein A-treated wells, which were then

challenged with Dig-labelled S. pneumoniae and S. aureus. S. pneumoniae bound

to rLamR expressed in bacteria or human cells at similar levels that were

significantly higher than binding to the control preparations (Figure 4 18).

The specificity of binding was demonstrated by comparing binding of S.

pneumoniae cells with S. aureus, which was included as a negative control;

binding of S. aureus to LamR was negligible and highly significantly lower than

binding of S. pneumonae cells at all dilutions tested (p value <0.001; Figure 4-

19).
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Figure 4-18 Binding of immobilised hLamR and bLamR to S. pneumoniae.

Protein A-treated wells were coated with hLamR or bLamR at a concentration of 5 μg ml-

1. Fc-stop and 3ATM-coated wells were included as negative controls. BSA-coated wells

to correct for non-specific background binding. Wells were subsequently incubated with

DIG-labelled S. pneumoniae bacteria followed with anti-DIG antibody. Bound bacteria

were detected after 1 h of adding AP substrate in an ELISA plate reader. Specific binding

of bacteria to protein-coated ELISA plates was determined by subtracting the absorbance

in BSA-coated wells from that in protein-coated wells. Data shown are the means of three

independent experiments, with each sample tested in triplicate. Error bars indicate± SEM.

ns at P >0.05; *Significant at P ≤ 0.05; ** P ≤ 0.01 compared to binding to wild type 

hLamR.
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4.3.7.8 LamR regions: 206-229, 263-282 and Tyrosine 156 were proposed as

binding sites for pneumococcal CbpA protein

The pneumococcal adhesin CbpA was reported to be LamR ligand and LamR

region, 263-282 was proposed as a binding domain for pneumococcal CbpA

(Orihuela et al., 2009), however this LamR has not been further confirmed as

LamR binding domain. The current study aimed to identifying the S. pneumoniae

-binding domain(s) of LamR. Using a similar technique that was employed to

identify N. meningitidi s and H. influenzae binding-domains of LamR, DIG-

Figure 4-19 Binding of S. pneumoniae and S. aureus to various concentrations of

rLamR.

Protein A-treated wells were coated with various concentration (2.5 µg ml-1; 5µg ml-1

and 10µg ml-1
) of recombinant hLamR. BSA-coated wells to correct for non-specific

background binding. Wells were subsequently incubated with DIG-labelled bacteria

followed with anti-DIG antibody. Bound bacteria were detected after 1h of adding AP

substrate in an ELISA plate reader. Specific binding of bacteria to rLamR-coated ELISA

plates was determined by subtracting the absorbance in BSA-coated wells from that in

protein-coated wells. Data shown are the means of three independent experiments, with

each sample tested in triplicate. Error bars indicate± SEM. ns at P >0.05; *Significant at

P ≤ 0.05; ** P ≤ 0.01.   

O
D

40
5

n
m



CHAPTER FOUR

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 198

labelled ELISA was used to identify S. pneumoniae-binding domain(s) within

LamR. The interaction level of wild type LamR and wild type S. pneumoniae was

included as a positive control; 3ATM and Fc-stop included as negative controls.

Interestingly, deletion of the two regions: 206-229 and 263-282 of LamR, which

were identified previously as binding domains N. meningitidis (Section 4.3.3) and

H. influenzae (Section 4.3.7.6), also resulted in a significant reduction in its ability

to bind S. pneumoniae (p value <0.01; Figure 4-20). Subsequent experiments with

CbpA-deficient bacteria confirmed and suggested the strong contribution of these

two regions in binding to S. pneumoniae. In addition of the defined regions,

substitution of 139 Tyrosine in LamR was also resulted in applicable decrease in

binding of LamR with both wild type and CbpA lacking pneumococcus (Figure 4-

21).
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Figure 4-20 Mutations in hLamR resulted in a marked reduction of binding to S.

pneumoniae.

Protein A-treated wells were coated with hLamR and its mutant derivatives at

concentration of 5 μg ml-1. Fc-stop and 3ATM-coated wells were included as negative 

controls and BSA-coated wells to correct for non-specific background binding. Wells

were subsequently incubated with DIG-labelled S. pneumoniae bacteria followed with

anti-DIG antibody. Bound bacteria were detected after adding AP substrate in an ELISA

plate reader. Specific binding of bacteria to protein-coated ELISA plates was determined

by subtracting the absorbance in BSA-coated wells from that in protein-coated wells.

Data shown are the means of three independent experiments, with each sample tested in

triplicate. Error bars indicate± SEM. ns at P >0.05; **Significant at P ≤ 0.01; *** at P ≤ 

0.001 compared to binding to wild type hLamR.
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4.4

Figure 4-21 LamR regions: 206-229, 263-282 and Tyrosine 156 were proposed as

binding sites for pneumococcal CbpA protein.

Protein A-treated wells were coated with hLamR and its derivatives mutants at

concentration of 5 μg ml-1. Fc-stop and 3ATM-coated wells were included as negative

controls. BSA-coated wells to correct for non-specific background binding. After coating

the wells with LamR or BSA, the wells were subsequently incubated with DIG-labelled

S. pneumoniae lacking CbpA followed with anti-DIG antibody. Bound bacteria were

detected after 1 h of adding AP substrate in an ELISA plate reader. Specific binding of

bacteria to protein-coated ELISA plates was determined by subtracting the absorbance in

BSA-coated wells from that in protein-coated wells. Data shown are the means of three

independent experiments, with each sample tested in triplicate. Error bars indicate± SEM.

ns at P >0.05; **Significant at P ≤ 0.01; *** at P ≤ 0.001 compared to binding to wild 

type hLamR.
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4.4 Discussion

Microbes interact with their hosts by recruiting several multiple receptors exposed

on the host cells (Pan et al., 2014). Laminin receptor (LamR) on the surface of

brain microvascular epithelial cells (BMECs) has recently been shown to play an

important role in infection by bacterial pathogens capable of causing meningitis

by serving as a receptor for specific adhesins on their surfaces and allowing these

pathogens to enter host cells (Nelson et al., 2008, Rea et al., 2012). Furthermore,

it has been observed that several bacterial meningeal pathogens bind host

glycoproteins, such as laminin; collagen; fibrinogen and fibronectin. These

glycoproteins may act as bridging molecules between those bacteria and

HBMECs (Khan et al., 2007, Tenenbaum et al., 2007, Banerjee et al., 2011). An

early study of the mechanism of E coli attachment to the HBMECs was reported

by Chung and co-workers, who demonstrated that cytotoxic necrotizing factor 1

(CNF1) of E coli K1 promotes bacterial internalization into human cells (Chung et

al., 2003). CNF1 triggered clustering of LamR on the human brain microvascular

endothelial cells (HBMECs) as well as association with focal adhesion kinase and

paxillin. This process is likely causing cytoskeletal rearrangement in order to

promote bacterial endocytosis (Chung et al., 2003, Kim et al., 2005, Wang and

Kim, 2013). In addition to bacteria, a role for LamR in binding and internalization

of many viruses and infectious prions into neuronal cells has been demonstrated

(Ludwig et al., 1996, Gauczynski et al., 2001, Gauczynski et al., 2006, Scheiman

et al., 2010b). Also, in cultured neuronal cells, it has been found that LamR is

targeted by the scrapie isoforms of the prion (PrPSc) receptor at the cell surface

(Malygin et al., 2009).
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Three bacteria that cause the majority of cases of bacterial meningitis: N.

meningitidis; H. influenzae and S. pneumoniae were shown to target LamR

(Orihuela et al., 2009). This study was undertaken to characterize regions within

LamR which might have role in the bacterial interaction with a particular focus on

recently published data which identified meningococcal PilQ and PorA,

pneumococcal CbpA, and OmpP2 of H. influenzae as being particularly important

in adherence of bacteria to HBMECs (Orihuela et al., 2009, Abouseada et al.,

2012). Investigation of LamR-bacteria binding sites will provide a broader

understanding of the mechanisms underlying this interaction.

Several regions on LamR were hypothesised to contribute in the interaction of

LamR with the three bacterial pathogens; those regions were deleted or

substituted to test their direct effects on binding of LamR to the bacteria.

Importantly, hLamR, expressed in human cells and purified under non-denaturing

conditions was used in order to ensure as far as possible that the protein was being

presented in its native form including any post-translational modifications (PTMs)

that would normally occur in human cells.

In current study and for the first time, the interaction of bLamR and hLamR with

three bacteria: N. meningitidis; H. influenzae and S. pneumoniae was compared.

bLamR and hLamR exhibited similar binding behaviour with those bacterial

pathogens. These results suggested that post translational modifications may not

be required for LamR binding with such bacteria since the recombinant bLamR is

likely to lack such modifications. However, it is important to note that LamR is a

multifunctional protein which is targeted by a number of viruses and other

bacteria, as well as laminin and prions, which were not tested in the current study
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so the question of whether PTMs are required for the binding of LamR to its

other ligands has not yet been addressed.

The results described in this chapter show that N. meningitidis; S. pneumoniae and

H. influenzae bind recombinant hLamR and the specificity of the interaction was

confirmed by comparing the binding of these pathogens with S. aureus and other

negative controls (3ATM and Fc-stop). The mutant bacterial strains: N.

meningitidis MC58 strain (ΔporA; ΔporAL2; ΔpilQ and ΔporA/pilQ); S.

pneumoniae (ΔcbpA) and H. influenzae (ΔompP2 and ΔompP2L2) were also

investigated for their ability to bind LamR. In these experiments, the binding

reduction reflected the level of ligands contribution in bacterial binding with

LamR. Binding of wild type LamR to all mutant strains of the three tested bacteria

was typically reduced by half in comparison with their wild type parent strains

confirming the critical role of deleted bacterial porins or surface proteins adhesins

in LamR binding.

In N. meningitidis, since two ligands: PorA and PilQ contributed in LamR-

binding, the partial binding was expected in case of single mutation. The PorA/L4

deficient MC58 strain was also tested for its ability to bind LamR and the results

confirmed the role of L4 in binding of LamR-PorA and demonstrated that in the

absence of L4 PorA did not display any residual LamR binding activity. When

both PorA and PilQ were deleted, LamR binding was reduced to levels lower than

either deletion alone, confirming the partial redundancy between these two

surface proteins with respect to LamR binding.

Attempts were also made to generate double knockout mutants of PilT and PilE in

a porA-deletion background N. meningitidis MC58 by natural transformation to
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examine whether having a pilus protruding through PilQ would affect binding to

LamR. We hypothesised that, in N. meningitidis lacking PorA, any LamR binding

will be mediated by PilQ. Also, in N. meningitidis lacking both PorA and PilT, the

pilus will be extruded and as it cannot be retracted, so a much greater proportion

of available PilQ secretin pores will be occupied by a pilus. While in N.

meningitidis lacking both PorA and PilE, the pilus will not be produced, so all

secretin pores should be empty. However, these attempts of natural transformation

were unsuccessful and time restrictions prevented further attempts.

In S. pneumoniae and H. influenzae, only OmpP2 loop2 and CbpA were identified

as LamR-ligands. Testing the binding of wild type LamR to mutant strains of

these two bacteria showed a signification reduction compared with wild type

bacteria. The interaction of the OmpP2/L2-deficient H. influenzae mutant strain

with LamR confirmed the role of L2 of OmpP2 in its interaction with LamR. Our

study complements and confirms the previous studies which showed that the

maximal LamR-binding was localized to pneumococcal CbpA and the amino

acids containing the surface-exposed loop 2 in OmpP2 of H. influenzae (Orihuela

et al., 2009, Abouseada et al., 2012).

As mentioned earlier, the main aim of the work described in this chapter was to

characterize the bacteria-binding domain(s) within the LamR protein. Several

novel sites within LamR that act as bacterial binding domains were revealed. Two

specific sites LamR: 206-229 and 263-282 respectively, were proposed to contain

binding domains for N. meningitidis; H. influenzae and S. pneumoniae as deletion

of these regions resulted in the most prominent reduction in level of interaction

with the three bacteria. Furthermore, this study has shown that Tyrosine 156 of
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LamR contributed to attachment to N. meningitidis and H. influenzae. Also,

substitution of Tyrosine 139 was observed to reduce LamR-pneumococcal

binding. The degree to which binding was reduced in these single-mutant residues

was similar to deletion of the defined regions (206-229 and 263-282), suggesting

a direct involvement of these residues in bacterial-interactions.

This study has revealed that LamR region from 206-229 was involved in binding

to meningococcal PilQ, while regions containing amino acids 206-229 and 263-

282, as well as the single amino acid Tyrosine 156, were found to mediate the

interaction of meningococcal PorA, in particular its L4 with LamR. The second

novel finding was identifying the H. influenzae-binding domains on LamR.

Similar to the meningococcal ligands, two regions within LamR: 206-229 and

263-282; and single residue: Tyrosine 156, contributed to binding of LamR to H.

influenzae. Including the mutant strains: ΔompP2 and ompP2:L2, which are

deficient in OmpP2 or the second extracellular loop of that porin, respectively,

demonstrated that these defined regions on LamR interact with L2 of OmpP2, but

that other unidentified molecules of H. influenzae may also contribute to LamR

binding. The S. pneumoniae interaction domain on LamR was the third novel

findings in current study. Two regions within LamR: 206-229 and 263-282; and

single residue: Tyrosine 139, were found to be important in binding of LamR to

CbpA of S. pneumoniae. However, deletion of these ligands did not totally abolish

LamR-bacteria binding in those tested mutants suggesting that other unidentified

molecules may also contribute to LamR binding in this pathogen as well, however

such interactions are likely to be less important than those of the identified ligands

in LamR-bacteria binding.
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The interaction of two recombinant versions of the LamR protein: hLamR and

bLamR, with both rPorA and rPilQ were compared using ELISA. Also, the

interaction of recombinant hLamR was tested with either soluble rPorA or

immobilised rPorA. Similar to our previous findings, no significant differences

were observed in rPorA-binding to either hLamR or bLamR. Further, recombinant

hLamR bound at similar levels to soluble and immobilised rPorA protein (Figure

4-11 A&B respectively). The recombinant LamR mutant proteins: LamR∆206-229;

LamR∆263-282, and LamRT156Y, also showed higher reductions in their binding

activity to rPorA, confirming our previous results. While other mutated LamR

proteins bound to rPorA at similar levels to the wild type protein (Figure 4-12).

Similar results were observed when rPilQ was used in ELISA: deletion of amino

acids 263-282 of LamR resulted in a reduction of binding to PilQ. However, due

to time constraints, the experiment was achieved only twice and the observed

differences did not reach statistical significance.

Interestingly, LamR region 206-229 has been reported as a binding domain for the

β1 chain of laminin-1(Nelson et al., 2008), heparin (Rea et al., 2012) and the prion 

protein (Hundt et al., 2001). A single study focussed on residues 263-282 of

LamR, which were proposed as a binding domain for meningococcal PorA

(Orihuela et al., 2009). The work described here confirms and builds on those

findings. Our results revealed that deletion of most of the C-terminal portion of

LamR (amino acid residues, 243-295) resulted an increase in the binding ability of

LamR to all three bacteria. Jamieson., (2011) indicated that deletion of the whole

C-terminal portion of LamR did not affected its physiological functions including

its ability to bind laminin with similar affinity as full-length LamR and inhibition

of Sindbis virus infection in vitro (Jamieson et al., 2011), however due to a lack of
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information regarding the crystal structure of the C-terminal portion of LamR, the

interpretation of such activity remains a challenge. It is possible that deletion of

these sites may expose new hidden residues which have similar affinity to binds

LamR.

Collectively, our results strongly suggest that N. meningitidis; H. influenzae and

S. pneumoniae each target the same LamR domains. Whether these LamR regions

contribute collectively or individually to the binding of LamR to the bacterial

ligands was not previously considered. Identification of the precise amino acid

residues within these regions, either by site-directed substitution of individual

amino acids, or using by the synthesis of synthetic peptides corresponding to the

defined regions within LamR will answer the question of whether or not these

bacteria target the same amino acid residues in LamR protein.

In light of the role of several LamR-bacterial ligands in infection, Alqahtani

(2012) reported the involvement of Gal3 in meningitis infection and found that

meningococcal PorA indirectly recruits Gal-3 through LamR dimers with Gal-3.

The same study reported that meningococcal PilE and PilQ interacted directly

with Gal-3, indicating that the identified meningococcal ligands utilized further

receptors on human cells, and this may contribute to the bacteria gaining entry

into the CNS. Interestingly, treating of HBMECs with meningococcal rPorA, loop

4 of PorA (synthesised as a synthetic peptide) and rPilQ proteins upregulated the

expression of LamR on these cells (Alqahtani et al., 2014). Similar results were

earlier observed by Orihuela and co-workers using whole bacteria; they revealed

the up-regulation of the LamR expression in the brains of mice infected with N.

meningitidis (Orihuela et al., 2009). Also, Kim et al (2005) observed the up-



CHAPTER FOUR

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 208

regulation of LamR protein in HBMECs in response to CNF1of E. coli K1(Kim et

al., 2005). Moreover, significant evidence showed that OmpP2 of H. influenzae

plays a critical role in the pathology of infection; the antibodies against OmpP2

protein are found to be bactericidal in both type b and non-typeable H. influenzae

strains. In an infant rat model, antibodies against OmpP2 were provided the

protection of bacteraemia. Also, OmpP2 mutant of H. influenzae in an infant rat

model was unable to cause bacteraemia (Cope et al., 1990, Chong et al., 1993,

Duim et al., 1996, Yi and Murphy, 1997).

Concluding remarks

From our results, it has been observed that three meningeal pathogens target the

same domains on LamR. Further investigation in future studies to map the precise

sites using either synthetic peptides or mutations to test whether the amino acids

of the defined regions are involved collectively or individually in LamR-binding

will be of great value.

Figure 4-22 Schematic of identified bacteria-binding domains within human LamR

protein.
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Chapter five

Identification of the interface determinants of

37LRP that participate in both LamR homo and

heterodimerisation
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CHAPTER FIVE

5 IDENTIFICATION OF THE INTERFACE DETERMINANTS OF

37LRP THAT PARTICIPATE IN BOTH LAMR HOMO AND

HETEROFDIMERISATION

5.1 Introduction

The 37/67kDa laminin receptor, LamR, is a multifunctional protein. This protein

has been found to associate with the 40S ribosomal subunit and also localizes to

the cytosol and the cell membrane where it can interact with the extracellular

matrix (DiGiacomo and Meruelo, 2015). Several endothelial cells, including

human brain microvascular endothelial cells (HBMECs), have been reported to

express LamR. Interestingly, a role for LamR in bacterial meningitis has been

established with LamR exhibiting affinity to three meningitis-causing bacteria

(Orihuela et al., 2009).

Several studies have revealed the presence of two forms of LamR: the monomer

termed as 37kDa LRP, which localizes to the nucleus, cytosol and cell surface;

and a cell-surface associated form called 67LR (Nelson et al., 2008, Alqahtani et

al., 2014, DiGiacomo and Meruelo, 2015). 67LR has been suggested to result

from post-translational modification or alternatively from homodimerisation of

two 37LRP molecules (Gauczynski et al., 2006, Nelson et al., 2008), or

heterodimerisation of 37LRP with a molecule of a protein called Galectin-3 (Gal-

3) (Castronovo et al., 1992, Buto et al., 1998). Gal-3 is a lectin with specificity for

β-galactoside-containing carbohydrates; it is a structurally unique member of the 

galectin family and involved in a variety of normal and pathological biological

processes. Its carbohydrate-binding properties constitute the basis for cell-cell and
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cell-matrix interactions and cancer progression (Dumic et al., 2006). Galectin-3 is

expressed in many cells, including HBMECs. A role for this molecule in

meningococcal meningitis has been previously suggested by Quattroni et al.,

(2012), who showed that Gal3 binds to N. meningitidis, that Gal-3 was expressed

during meningococcal disease, and that it co-localized with bacterial colonies in

infected tissues from patients (Quattroni et al., 2012). More recently, Alqahtani

and colleagues identified meningococcal PilQ and PilE as additional Gal-3 ligands

(Alqahtani et al., 2014). Indeed, 37LRP and Gal-3 proteins share several common

features: they are both multifunctional non-integrin laminin-binding proteins

which have meningococcal-ligand binding domain(s); they are both present in

cells in both monomeric and dimeric forms; they are also both present in multiple

subcellular locations in the cell. These two receptors were differentially expressed

in various cancer cells (Castronovo et al., 1992, Nelson et al., 2008, Rea et al.,

2012, DiGiacomo and Meruelo, 2015). Further, it was shown by Alqahtani and

co-workers that both cell-surface 37LRP and Gal-3 co-localized with 67LR in

HBMECs, astrocyte and COS7 cells. In the same study, the cell surface co-

localization of Gal-3 and 37LRP was tested either by co-transfecting constructs

encoding fluorescently tagging-recombinant versions of 37LRP and Gal-3 into

COS7 cells, or by labelling the endogenous LamR and Gal-3 in HBMECs and the

immunoblotting results using anti-37 LRP [A7]; anti-67 LR and anti-Gal-3

antibodies of membrane fractions showed co-localization of LamR and Gal-3

(Alqahtani et al., 2014). Although, 37LRP maturation and the direct relationship

between 37LRP and Gal-3 remains controversial, and the current literature is

often confusing, based on theoretical considerations derived from the intensive

investigations of LamR protein, a plausible hypothesis for the role of a LamR
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dimer form constituting 67 LR might be required for its interaction with Laminin

or other substrates such as elastin or collagen (Rao et al., 1989, Jamieson et al.,

2008, Nelson et al., 2008), virus and bacteria (DiGiacomo and Meruelo, 2015).

However, the 37LRP monomer has also been found to have laminin-binding

properties as well as the ability to bind viruses; bacteria and prion proteins

(Jamieson et al., 2008, Zidane et al., 2013, DiGiacomo and Meruelo, 2015).

Although an increasing amount of conflicting data and evidence have been

reported to support or refute the hypothesis that proposed LamR exists as a homo

or heterodimer, this provocative hypothesis has progressively become accepted by

several of scientists studying this important change throughout the maturation

process from precursor (37LamR) to a mature receptor (67LamR) (DiGiacomo

and Meruelo, 2015). A key event in the acceptance of the dimerisation idea of

LamR was the findings that showed evidence for both possibilities. Consequently,

the recurring question about LamR dimerisation has recently changed from ‘do

LamR dimers really exist?’ to ‘why do LamR need to exist as dimers?’

The answer to the latter question is possibly to be that LamR forms such a

complex to be mature (Menard et al., 1998, Scheiman et al., 2010b) and for

membrane association. However, the function of receptor homo or heterodimers

has been more difficult to elucidate, mainly because conclusive experiments to

differentiate the potential role of monomers from that of homodimers are not easy

to design and/or to perform. In our recent publication, we presented evidence that

supports the general roles that both homo and heterodimerisation could have in

LamR biology, with particular emphasis on finding the amino acid residues within

37LRP that may responsible on LamR homo and heterodimerisation (Alqahtani et

al., 2014).
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Characterization of protein-protein interactions (PPI) is essential to the

understanding biological processes (Charbonnier et al., 2008, Kar et al., 2009).

Several non-invasive techniques have been used to study protein-protein

interactions. These include, yeast two-hybrid screens and co-immunoprecipitation

assay (Shyu et al., 2006, Kerppola, 2008, Witherow and Carson, 2011). The

bimolecular fluorescence complementation (BifC) assay, is a new powerful

technique that allows the visualization of either single or dual PPI at the sub-

cellular level in live cells (Kerppola, 2013b). The greatest strength of this

approach compared with others is that it has higher detection sensitivity, and

permits for the detailed characterisation of such interactions in the native

biological system. The approach is based on protein fragment complementation

by splitting of a fluorescent reporter protein into two inactive non-fluorescent

fragments (N- and C-terminus) which are tagged with the target protein(s) to test

their dimerisation properties. The interaction between target proteins brings the

reporter moieties into close contact, leading to the spontaneous reconstitution of

an active reporter (Hu et al., 2002, Kerppola, 2009, Hollender and Liu, 2010,

Kerppola, 2013a, Alqahtani et al., 2014). Complemented fluorescent signals can

be then visualized by fluorescence-activated cell sorting (FACS assay) (Giese et

al., 2005, Watanabe et al., 2008), fluorescence microscopy or confocal

microscopy in live cells or in animals (Shyu and Hu, 2008). Several fluorescent

proteins such as green fluorescent protein (GFP) of Aequorea victoria (Walter et

al., 2004, Kerppola, 2006, Shyu and Hu, 2008) or its mutant derivatives such as

venus yellow fluorescent protein (vYFP) (Nagai et al., 2002); the red mCherry;

and the cyan Cerulean (Rizzo et al., 2004) are usually used for BifC assay. Due to

some limitations, including the requirement to pre-incubate GFP fragments at
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30°C to be able to detect the BifC signal, new BifC techniques were developed by

using GFP variants such as Venus, a known YFP mutant (vYFP) which was

truncated at either 155 or 173 residues. The vYFP has been showed a great

improvement in the efficiency of BifC complementation and allowed the

formation of BifC complementation under physiological conditions in mammalian

cells. Also, it is characterised by its fast maturation at 37°C and bright

fluorescence (Nagai et al., 2002, Shyu et al., 2006, Rose et al., 2010).

Aim of the work described in this chapter

Work described in this chapter was designed to identify amino acids in 37LRP

that are essential for the formation of LamR homodimers and heterodimers with

Gal-3. An in vitro approach using ELISA was complemented by using site-

directed mutagenesis and biomolecular fluorescence complementation (BifC) in

living cells.
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5.2 Experimental procedure

5.2.1 Molecular modelling and computer simulation for the interaction of

galectin-3 (Gal-3) with LamR

Three-dimensional structures of each carbohydrate recognition domain (CRD) of

Gal-3 and LamR (LamR220) were obtained the RCSB protein data bank

(www.rcsb.org). The wild type crystal structure of Gal-3 (3zsj.pdb: lactose-

liganded structure; 3zsm.pdb: non-liganded structure) and wild type LamR

(3bch.pdb) were used as templates for the molecular docking to identify predicted

binding sites for LamR dimerisation on each protein using a server in

zdock.umassmed.edu (Mintseris et al., 2007) based on available knowledge of

crystal structures. RASMOL (Sayle and Milnerwhite, 1995) and UCSF

CHIMERA (Pettersen et al., 2004) were used to create images of the molecular

interactions and the docking sites.

5.2.2 PCR site-directed mutagenesis

Primers were designed using the www.agilent.com/genomics/qcpd tool and listed in

chapter two (Table 2-2). Mutagenesis was carried out following the

manufacturer’s instructions using the Quick Change Lightning Site Directed

Mutagenesis Kit (Agilent) as described in chapter two (section 2.2.6.2.3). The

mutated samples were sequenced by DNA sequencing to confirm the mutations

(Source Bioscience).

5.2.3 Cell line and cell culture condition

COS7 and HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium

(DMEM, Invitrogen) with 10% (v/v) fetal bovine serum and 1% (v/v) antibiotic-
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antimycotic solution (Gibco) and incubated at 37°C in an atmosphere of 5% CO2.

The media was changed every two days and cells were split using trypsin-EDTA

(Gibco) when they became 90% confluent. Cells were plated the day before

transfection in either 6-well or 12-well plates until they reached a confluency of

50-70 % on the day of transfection. For immunofluorescence assays, cells were

grown on 12mm diameter glass coverslips with serum and antibiotic

supplemented DMEM media. For the primary human brain microvascular

endothelial cells (HBMECs, ScienCell Research Laboratories), they were cultured

either in fibronectin-coated 75 cm2 flasks or 12-well plates (Biocoat, BD-Falcon)

and incubated at 37ºC in an atmosphere of 5% CO2 in endothelial cell medium

(ECM, Science Cell Research Laboratories) supplemented with endothelial cell

glial supplement (ECGS, Science Cell Research Laboratories), 1% (v/v)

antibiotic-antimycotic solution (Gibco) and 10% (v/v) fetal bovine serum (FBS,

Science Cell Research Laboratories).

5.2.4 Transfection reagents and procedures

Three types of transfection reagent were used in current study.

5.2.4.1 Lipid-based transfection method using Trans IT®-2020 transfection

reagent

For the lipofection procedure, Trans IT®-2020 transfection reagent (Mirus) was

used to transfect DNA constructs into COS7 and HBMEC cells. The transfection

was performed according to the manufacturers’ instructions. In brief, the cells

were seeded the day before transfection in 6- or 12-well plate to reach ~ 70% on

the day of transfection. The DNA was diluted with TransIT-2020 in serum- and

antibiotic-free DMEM or ECM media for COS7 and HBMECs respectively at a
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ratio of 2µg DNA to 1µl TransIT-2020 and left for 25 min at room temperature

(RT) before 250µl or 100µl of transfection solution (DNA and TransIT-2020

complex) were added dropwise to each well of the 6- or 12-well plates. The plates

were incubated for 4h at 37ºC in a 5% CO2 atmosphere, then the media was

changed and the plates were incubated for 30h. After 24h, cells were harvested

using RIPA buffer (APPENDIX) and subjected to SDS-PAGE and immnoblot

assays to detect protein expression (section 3.3.1.7.3) and 30h post transfection

for Fluorescence-activated cell sorting (FACS) analysis to measure transfection

efficiency. For BifC signal detection and cell imaging, cells were prepared for

confocal microscopy or FACS assay as described in later sections.

5.2.4.2 Lipid-based transfection method using jetPRIM transfection reagent

Cells were transiently transfected with jetPRIME® reagent (Polyplus). For 6-well

plates, 200,000 cells were seeded per well in 2ml of cell growth medium the day

before transfection to reach 60- 80% confluent at the time of transfection. In order

to identify the optimal transfection efficiency, dilution series with different ratios

of transfection reagent to plasmid DNA were used. Then, the DNA was diluted in

jetPRIME® buffer. After mixing the DNA-buffer complex, the jetPRIME® was

added to the complex and vortexed for 10s and incubated for 10min at RT. The

transfection mix was then dropwise onto serum-containing media. The plates were

incubated for 4h at 37°C in a 5% CO2 atmosphere, then the transfection media

was changed with cell growth media and the plates were incubated for 24h.
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5.2.4.3 Chemical-based transfection method using CaPO4 transfection

reagent

Transient transfection of COS7; HEK293T and HBMECs cells performed using

calcium phosphate coprecipitation method as described previously in chapter

three (3.2.3.8.1).

5.2.5 ELISA assay to detect the hetero- and homo-dimerisation of LamR

ELISA was performed to detect the hetero- and homodimerisation of LamR. The

details of ELISA steps were described previously in chapter four (section 4.2.1.2).

In these experiments, the wild type recombinant human cell produced 37LRP (full

molecule and its mutant derivatives) fused with Fc-tag were coated on a solid

phase-microplate wells at concentration 5μg ml-1 diluted in PBS. After blocking,

an equal molarity of wild type recombinant 37LRP produced in E coli and fused

with His-tag or wild type human rGal-3 full molecule expressed in E coli

(Millipore) were added and later probed with mouse monoclonal anti-

pentahistidine (Qiagen; 1:2000 dilution) or mouse monoclonal anti-galectin-3

(MAB4033, Millipore; 1:8000 dilution) primary antibodies. Then the plates were

incubated with the alkaline phosphatase conjugated anti-mouse IgG, produce in

Goat (Sigma; 1:20000 dilution) secondary antibody. 100μl of alkaline 

phosphatase substrate (APPENDIX) were added to each well, and the absorbance

was measured at 405nm after 1h using an ELISA plate reader.
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5.2.6 Immunoblot analysis

Immunoblot analysis was performed as described in chapter three (section 3.3.1.

7.3). Here membranes were probed with anti-37LRP [A7] mouse monoclonal IgG

antibody (Santa Cruz Biotechnology; 1:2000 dilution) or anti-GFP rabbit

polyclonal antibody (sc-8334, Santa Cruz; 1:200 dilution) or anti-Galectin-3

mouse monoclonal antibody (MAB4033, Millipore; 1:1000 dilution) primary

antibodies. After washing, membranes were then incubated with anti-mouse IgG

horseradish peroxidase (HRP)-conjugated (Millipore; 1:125000 dilution)

secondary antibody or HRP-conjugated anti-rabbit IgG polyclonal antibody at

dilution: 1:20000. Afterwards, membranes were developed with Luminata western

HRP substrate (Millipore).

5.2.7 Flow cytometry

Transiently transfected COS7 or HBMECs were analysed by flow cytometry for

both protein expression and protein dimerisation. The COS7 or HBMECs were

grown in 6-well plates; 30h post transfection, the cells were detached using

trypsin (Sigma). Detached cells were collected in FACS tubes and centrifuged at

300 xg for 5 min. Supernatants were removed and pellets were washed with PBA

buffer (0.5% BSA and 0.5% sodium azide) and resuspended in 0.5%

paraformaldehyde in PBS and subjected to flow cytometry (Coulter Altra Flow

Cytometer). Data acquisition and analysis were performed with Weasel 2.5

software, cells were gated using forward scatter (FSC) and side scatter (SSC) to

exclude dead cells, cellular debris etc. In each case, 50,000 cells were counted in

triplicate and used to calculate the average BifC signal intensity ± SEM. Full-

length YFP fluorescence signal (vYFLP) was used as the interassay reference for
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maximal fluorescence in each experiment, against which the BifC signal

intensities were compared.

5.2.8 Immunofluorescence

For immunofluorescence assays, COS7 or HBMECs transfected with required

constructs were fixed on cover slips with 1% (w/v) paraformaldehyde (PFA) in

PBS for a maximum of 10 min at room temperature and then washed thrice with

PBS, followed by blocking with 4% BSA in PBS (blocking solution) for 1h at

room temperature. Then, the cover slips were incubated for 1h with primary

antibody(s): anti-37LRP [A7] mouse monoclonal IgG primary antibody (Santa

Cruz Biotechnology; 1:100 dilution); anti-67LR Mlu5 and Ab711(Abcam;1:100

dilution); anti-GFP rabbit polyclonal antibody (sc-8334, Santa Cruz; 1:100

dilution); mouse monoclonal anti-human galectin-3 antibody (MAB4033,

Millipore; 1:100 dilution), and rabbit monoclonal anti-human galectin-3 antibody

(Abcam; 1:100 dilution) in 4% BSA in PBS for 1h. Then the primary antibody

solution was removed by washing the coverslips 20 times in PBS-T; 20 times in

PBS and 20 times in dH2O. Afterwards, the coverslips were incubated with

secondary antibody(s): anti-mouse Alexa Fluor 680 antibody (1:100); anti-rabbit

Alexa Fluor 680 antibody (1:100); anti-rabbit Alexa Fluor 488 antibody (1:400);

anti-mouse Alexa Fluor 488 (1:400) (all from Molecular Probes), in 4% BSA in

PBS for 1h and washed 20 times in PBS-T, 20 times in PBS and 20 times in

dH2O. Finally, the coverslips were mounted using Fluoromount (Sigma)

mounting media and images obtained by confocal microscope (Zeisis LSM700).
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5.2.9 Confocal microscopy

Visualization and image acquisition of BifC signal formation was performed

using a Zeiss LSM700 confocal microscope (Carl Zeiss, Ltd., Welwyn, UK) using

Plan-Apochromat 63x/1.4 Oil DIC M27. Cells were imaged using following

lasers: (i) Hoechst, 405nm; (ii) Alexa 488, 488nm; and (iii) Alexa 680; 639nm.

The image size was 1024 × 1024 with 8 averages taken per frame and a pinhole

size of 1 Airy Unit. All control images were captured with the same laser power,

gains and zoom settings. Images were captured using the Zen 2009 software

package and analysed using LSM Image Browser software and Image J.
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5.3 Results

In the current study, the aim was to identify the residues that contribute to the

stability of LamR homodimers and heterodimers with Galectin3 (Gal-3). Using in

vitro models (COS7 and HBMECS) enables a better understanding of cell surface

LamR dimer forms that have critical roles in binding with different pathogens

including the bacterial meningeal pathogens as well as virus; prion protein and

extracellular matrix (ECM) components.

To achieve our goal, several 37LRP mutants were examined for their ability to

interact with either wild type 37LRP to form homodimer or with wild type Gal-3

to form heterodimer. In vitro investigations were performed using ELISA assays;

dimerisation was further analysed in living cells using the BifC assay. In order to

investigate the influence of different selected 37LRP mutations on dimerisation,

initially, the expression pattern of wild type 37LRP and wild type Gal-3 in COS7

and HBMECs was investigated. Further, the dimerisation ability of several LamR

mutants with either 37LRP or Gal-3 to form homo- or hetero-dimer respectively

in COS7 cells was examined in vitro and in living cells.

5.3.1 Computational approaches for modeling LamR dimerisation

predicted the involvement of several amino acid residues in both

37LRP and Gal-3 proteins to form LamR dimer form

Protein-protein interactions (PPIs) form the core of numerous biological processes

such as: cell signalling; protein dimerisation; enzyme inhibition; interaction hot

spots among proteins; interface prediction and immune recognition. Jamison et

al., (2008) previously reported the crystal structure of human LamR using a

truncated LamR (amino acids 1-220; therefore lacking the C-terminal portion). In
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Jamison’s study, several amino acid residues were speculated to be involved in

either laminin-binding (including Phenylalanine32, Glutamic acid35 and

Arginine155) or the interface residues for LamR homodimerisation (Alanine114,

Phenylalanine116 and Tyrosine139). Within the LamR220 crystallographic

homodimer, Alanine114 packs into a tight pocket in the symmetry-related

molecule and Phenylalanine116 is in van der Waals contact with Tyrosine139

(Jamieson et al., 2008). It should be noted, however, that the LamR crystal

structure results from a truncated protein and the suggested structure of the

homodimer is speculative; it is possible that the proposed homodimer interface

may be an artefact of crystallisation.

In current study, ZDOCK (zdock.umassmed.edu) was used to run rigid body

docking for the two target proteins, wild type LamR220 and wild type Gal-3 (Dr.

Necmettin Pirinccioglu, University of Dicle). The model revealed a large protein–

protein interface between the 37LRP and Gal-3 subunits, which predicted the

involvement of several prominent interaction residues within 37LRP in

heterodimerisation with Gal-3, mainly through salt bridges and hydrogen bonds

(Alqahtani et al., 2014). The predicted interface residues are listed in (Table 5-1)

and displayed in (Figure 5-1A & B). Importantly, binding of Gal-3 to the

proposed heterodimer interface is incompatible with both LamR homodimer

creation (Figure 5-1C) and also with laminin binding to at least one of the four

suggested laminin-binding sites of 37LRP, because the indicated residues

(Alanine114, Phenylalanine116 and Tyrosine139 for homodimerisation and

Phenylalanine32, Glutamic acid35 and Arginine155 for 37LRP-laminin

binding)(Jamieson et al., 2008) are either sterically hindered or implicated in the

heterodimer interaction. Indeed, our model supports a hypothesis of the mutual
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exclusivity of 37LRP homodimerisation to form 67LR and 37LRP/Gal-3

heterodimerisation for a given 37LRP molecule, while allowing for the possibility

that both homo- and hetero-dimers could coexist as separate molecules.
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Figure 5.1 Interaction residues predicted by ZDOCk on each 37LRP and Gal-3 to

form LamR heterodimer.

The proposed interface of 37LRP and Gal-3 was examined by means of the ZDOCK server.

Panel 1 showed the images obtained from molecular modelling of 37LRP interaction with

Galectin-3 displayed ribbon diagram of the heterodimer interaction of 37LRP with (A)

Lactose-liganded or (B) Non-lactose-liganded Gal-3. Residues participated in the

hypothetical large protein-protein interface are represented with sticks. (C) Ribbon diagram

with superimposed molecular surface of the homodimer interaction of 37LRP (red) with a

second 37LRP (cyan) as proposed by Jamieson et al. (Jamieson et al., 2008). (D) Proposed

amino acid residues which may involved in heterodimerisation and homodimerisation.

37LRP and Lactose-associated
Gal-3/salt bridges

(Alqahtani et al., 2014)

1. K166 of 37LRP with D178 of Gal-3

2. K166 of 37LRP with D154 of Gal-3

3. R80 of 37LRP with D178 of Gal-3

4. D151 of 37LRP with R151 of Gal-3

5. D151 of 37LRP with K227 of Gal-3

6. D44 of 37LRP with K233 of Gal-3.

37LRP and non-Lactose-associated
Gal-3/hydrogen bonds
(Alqahtani et al., 2014)

1. N81 of 37LRP and N180 of Gal-3

2. N29 of 37LRP and K233 and E230 of Gal-3

3. N29 of 37LRP and K233 and E230 of Gal-3

4. Y28 of 37LPR and E230 of Gal-3

37LRP and non-liganded
Gal-3/hydrogen bonds
(Alqahtani et al., 2014)

1. K166 of 37LRP and D178 of Gal-3

2. K166 of 37LRP and D154 of Gal-3

3. D44 in 37LRP and S233 of Gal-3

37LRP homodimer interface
(Jamieson et al., 2008)

A114, F116 and Y139 of 37LRP

A

B

C

D
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5.3.2 Generation of 37 LRP mutants tagged to vYFP constructs in

mammalian expression vectors BifC constructs

In order to experimentally confirm the in silico predictions of which specific

amino residues were involved in facilitating LamR dimerisation, several 37LRP

mutant constructs were generated. These constructs were based on three existing

plasmids; each encoding wild type 37LRP fused at the C-terminus to whole, C-

terminal or N-terminal fragments of vYFP (Alqahtani et al., 2014). Site-directed

mutagenesis was used to mutate four specific amino acids (namely, Tyrosine139;

Arginie155; Tyrosine156 and Lysine166); as a result 12 mutant constructs were

generated and sequence analysis confirmed their correct identity. The mutated

37LRP constructs were listed in (Table 5-1).

Table 5-1 The 37 LRP/BifC mutant constructs generated for BifC assay.

Wild type 37LRP fused at the C-terminus to whole, C-terminal or N-terminal

fragments of vYFP were used as templates to generate several 37LRP mutant

constucts using site-directed mutagenesis. These constructs were used for BifC assay.

No. Mutation 37LRP/BifC

constructs

No. Mutation 37LRP/BifC
constructs

1.

Y139F

37LRP/Y139F.vYFLP 7.

Y156F

37LRP/Y156F.vYFLP

2. 37LRP/Y139F.vYNL 8. 37LRP/Y156F.vYNL

3. 37LRP/Y139F.vYCL 9. 37LRP/Y156F.vYCL

4.

R155A

37LRP/R155A.vYFLP 10.

K166A

37LRP/K166A.vYFLP

5. 37LRP/R155A.vYNL 11. 37LRP/K166A.vYNL

6. 37LRP/R155A.vYCL 12. 37LRP/K166A.vYCL
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5.3.3 In vitro investigation of 37LRP homodimerisation and

heterodimerisation with Gal-3

5.3.3.1 Wild type recombinant 37LRP and Gal-3 interact in vitro to form a

heterodimer

The heterodimerisation of wild-type recombinant Gal-3 and Fc-tagged 37LRP

was examined in vitro by ELISA using anti-Gal-3 antibody. Initially, the

experiment was optimized using different concentrations of proteins (37LRP and

Gal-3) and primary and secondary antibodies (data not shown). The optimized

conditions utilized were tested before confirming the final result. The optimal

results were obtained when 5 µg ml-1 of each protein was used; a significant level

of binding between 37LRP and Gal-3 was observed compared to the negative

control (P ≤ 0.0001), confirming heterodimerisation of 37LRP and Gal-3 (Figure 

5-2). Similar results were observed when Gal-3 was immobilized and binding of

37LRP was assessed using anti-LRP [A7] antibody (data not shown).
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5.3.3.2 Single-amino acid substitutions in 37LRP can significantly influence

37 LRP and Gal-3 heterodimerisation in vitro

After confirming the interaction between wild type 37LRP and Gal-3, the impact

of single amino acid mutations substitution in 37LRP on Gal-3 binding was

examined. Wild type 37LRP-Gal-3 binding was used as a positive control, and

wells coated with BSA were included as a negative control; the mean value

obtained from the later wells was subtracted from 37LRP-Gal-3 wells.

Additionally, Fc-stop coated-wells included to determine the binding of Gal-3 to

Fc (as a negative control). A significant reduction in binding of Gal-3 to each of

the 37LRP were shown to be most heavily involved in dimerisation of 37LRP and

Gal-3; substitution of either of these amino acids resulted in a significant

reduction in binding of 37LRP to Gal-3 (p value ≤ 0.001 & 0.001 respectively;

Figure 5-3).

Figure 5-2 37LRP interacts significantly with Gal-3 to form a heterodimer in vitro.

Protein A-coated wells were incubated with 37LRP-Fc at a concentration of 5μg ml-1.

Wells were subsequently probed with Gal-3 or 1% BSA/PBS which was used as a -ve

control. Anti-Gal-3 mouse monoclonal antibody was added as a primary antibody and

anti-mouse IgG HRP-conjugated antibody was added as secondary antibody. The

interaction was detected 1h after adding alkaline phosphatase (AP) substrate. Data shown

are the means of three independent experiments, with each sample tested in triplicate.

Error bars indicate± SEM. ****Significant at P ≤ 0.0001.   
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5.3.3.3 Recombinants 37 LRP interacts in vitro to form homodimers

In addition to heterodimerisation, another aim of the work presented in this

chapter was to investigate the homodimerisation of 37 LRP. For this purpose two

differentially tagged full length wild type recombinant 37LRP proteins: Fc-tagged

37 LRP protein expressed in human cells and His-tagged 37 LRP expressed in E.

coli were tested for their ability to form dimers in vitro in ELISA assays. Wild

type Fc-tagged 37LRP was immobilized on ELISA plates and its interaction with

His-tagged 37LRP was assessed by comparing it with the binding of His-tagged

37LRP to BSA/PBS-treated negative control wells. The binding of two proteins

Figure 5-3 Mutation of Arginine 155, Tyrosine156 and Lysine 166 in 37LRP

significantly reduce binding to Gal-3 in vitro.

Protein A treated wells were coated with WT 37LRP or its derivatives; wells were

subsequently incubated with WT Gal-3, followed by mouse monoclonal anti-Gal-3

antibody and alkaline phosphatase-conjugated goat anti-mouse IgG. The interaction was

detected 1h after adding AP substrate. The mean value obtained from Gal-3 binding to

BSA-coated wells was subtracted from all data points. Data shown are the means of three

independent experiments, with each sample tested in triplicate. Error bars indicate± SEM.

ns at P >0.05; *Significant at P ≤ 0.05; *** at P ≤ 0.001 and **** at P ≤ 0.0001.   

W
T

37
LR

P

Y
13

9F

R
15

5A

Y
15

6F

K
16

6A

Fc-
st

op

0.0

0.1

0.2

0.3

0.4

O
D

40
5

n
m

- WT rGal-3

ns

* ***

**** ****

ns P > 0.05

* P 0.05

*** P 0.001

**** P 0.0001



CHAPTER FIVE

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 230

was determined using anti-pentahistidine or anti-Fc primary antibodies. Then the

plates were incubated with the alkaline phosphatase conjugated anti-mouse IgG,

produced in goat as a secondary antibody. The two WT recombinant 37LRP

proteins bound significantly (p value ≤ 0.0001) when compared with the -ve 

control (Figure 5-4). Our result suggested the homodimerisation of two 37LRP

proteins in vitro.

5.3.3.4 Single-substitution of 37 LRP significantly influenced the 37 LRP

homodimerisation and Arginine 155; Tyrosine 156 and Lysine 166 of

37LRP might involve in homodimerisation in vitro

Using ELISA assay, we sought to exam ine the influence of 37LRP mutations in

dimerisation ability of 37LRP proteins and determine which part of 37LRP

Figure 5-4 Significant self-association of wild type 37LRP to form LamR homodimer

in vitro.

The Protein A-treated wells were coated with Fc-tagged 37LRP at a concentration of 5 μg 

ml-1. Wells were subsequently incubated with His-tagged 37LRP or 1% BSA/PBS as a -ve

control. The interaction was detected with mouse monoclonal anti-pentahistidine at

dilution: 1:2000 as a primary antibody and alkaline phosphatase conjugated anti-mouse

IgG, produce in goat at dilution: 1:20000 as secondary antibody. The interaction was

detected after 1 h of adding AP substrate in an ELISA plate reader. Data shown are the

means of three independent experiments, with each sample tested in triplicate. Error bars

indicate± SEM. ****Significant at P ≤ 0.0001. 
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interacts with Gal-3 to form LamR homodimer and heterodimers, respectively.

Several single-substituted Fc-tagged 37LRP proteins were tested for their ability

to bind wild type His-tagged 37LRP protein using mouse anti-pentahistidine

antibody. The levels of binding of full length wild type 37LRP to wild type and

mutant 37LRP proteins were compared. 37LRP-BSA/PBS coated wells were

included as a -ve control, and the mean value obtained was subtracted from

37LRP-37LRP coated wells. A significant reduction in binding of LamR mutants:

37LRPR155A (P ≤ 0.05); 37LRPY156F (P ≤ 0.001) and 37LRPL166A (P ≤ 0.0001) to 

full length wild type His-tagged 37LRP protein. These results suggest the

participation of 37LRP residues: Arginine 155; Tyrosine 156 and Lysine 166 in

the homodimerisation of 37LRP proteins in vitro (Figure 5-5).
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5.3.3.5 Investigating the dimerisation of LamR in living cells

To investigate dimerisation of LamR in living cells biomolecular fluorescence

complementation (BifC) was employed. Initially, the experiments performed by

Alqahtani were repeated (Alqahtani, 2012) in which fragments of fluorescently

labelled wild type 37 LRP and wild type Gal-3 were co-expressed to confirm the

homo and heterodimerisation of LamR and/or Gal-3. Briefly, cells were

Figure 5-5 The involvement of 37LRP residues Arginine 155; Tyrosine 156 and

Lysine 166 in binding of 37LRP and Gal-3 to form LamR homodimer in vitro.

Binding of two recombinant 37LRP was tested in vitro using ELISA assay. The Protein A

treated wells were coated with full length WT Fc-tagged 37LRP or its mutant derivatives

at a concentration of 5 μg ml-1. Wells were subsequently incubated with full length WT

his-tagged 37LRP. The binding of 37LRP with Fc-stop was used as a -ve control,

followed with mouse anti-pentahistidine antibody at dilution 1:2000 and secondary

antibody at dilution alkaline phosphatase conjugated anti-mouse IgG, produce in Goat at

dilution 1:20000. The interaction was detected after 1 h of adding AP substrate in an

ELISA plate reader. The mean value obtained from Gal-3 binding to BSA-coated wells

was subtracted from all data points. Data shown are the means of three independent

experiments, with each sample tested in triplicate. Error bars indicate± SEM. ns at P

>0.05; *Significant at P ≤ 0.05; *** at P ≤ 0.001**** at P ≤ 0.0001. 



CHAPTER FIVE

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 233

transfected with the appropriate BifC constructs: either 37LRP-encoding and Gal-

3-encoding constructs to detect hetero-dimerisation, or two 37LRP-encoding

constructs to investigate homodimerisation. In each case, one construct was fused

with amino-terminus of the fluorescent protein (YNL), whilst the other was fused

with the carboxyl-terminus of fragment fluorescent protein (YCL). After allowing

the transfected cells time to develop fluorescent signals, the protein complex was

visualized by measuring the mean fluorescence intensity (MFI) of BifC using

flow cytometry, in parallel with immunoblot analysis to confirm the identity and

expression levels of the proteins of interest. Fluorescence microscope screening

was employe to determine the optimal conditions of signal developments and

confocal microscope imaging was performed for further validation of the BifC

signal obtained by flow cytometry.

Dimerisation of wild type 37LRP and wild type Gal-3 was tested with several

control experiments to ensure that the fluorescence signal generated was not due

to background fluorescence. Experiments included non-transfected cells, as well

as cells transfected with single constructs to confirm that each N or C-terminus

fragment was not individually capable of generating a fluorescence signal. Each

combination of the two fragments which listed in Table 5-2 and Figure 5-6 was

tested. Proteins fused with full length YFP (termed vYFLP) were employed as

positive controls.
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Table 5-2 Single and Co-transfections of 37LRP; Gal-3 or both into COS7 cells to

test homo and heterodimerisation.

All BifC constructs were transfected either alone or co-transfected considering all the

possible combinations between indicated BifC constructs.

Single transfection into COS7 cells used as +ve controls used for BifC assay

1. WT 37LRP.vYFLP 5. 37LRP/K166A.vYFLP

2. 37LRP/Y139F.vYFLP 6. Gal-3.vYFLP

3. 37LRP/R155A.vYFLP 7. Gal-3/C173A.vYFLP

4. 37LRP/Y156F.vYFLP

Single transfection into COS7 cells used as -ve controls used for BifC assay

1.
WT 37LRP.vYNL

7.
37LRP/Y156F.vYNL

2.
WT 37LRP.vYCL

8.
37LRP/Y156F.vYCL

3.
37LRP/Y139F.vYNL

9.
37LRP/K166A.vYNL

4.
37LRP/Y139F.vYCL

10.
37LRP/K166A.vYCL

5.
37LRP/R155A.vYNL

11.
WT Gal-3.vYNL

6.
37LRP/R155A.vYCL

12.
WT Gal-3.vYCL

Co-transfection into COS7 cells used as -ve controls used for BifC assay

1.
WT Gal-3.vYNL & WT Gal-3.vYNL

8.
37LRP/Y139F.vYCL & WT Gal-3.vYCL

2.
WT Gal-3.vYCL & WT Gal-3.vYCL

9.
37LRP/R155A.vYNL & WT Gal-3.vYNL

3.
WT 37LRP.vYNL & WY 37LRP.vYNL

10.
37LRP/R155A.vYCL & WT Gal-3.vYCL

4.
WT Gal-3.vYCL & WY 37LRP.vYCL

11.
37LRP/Y156F.vYNL & WT Gal-3.vYNL

5.
WT Gal-3.vYNL & WY 37LRP.vYNL

12.
37LRP/Y156F.vYCL & WT Gal-3.vYCL

6.
WT Gal-3.vYCL & WY 37LRP.vYCL

13.
37LRP/K166A.vYNL & WT Gal-3.vYNL

7.
37LRP/Y139F.vYNL & WT Gal-3.vYNL

14.
37LRP/K166A.vYCL & WT Gal-3.vYCL

Co-transfection into COS7 cells to test the Heterodimerisation

1.
37LRP/Y139F.vYNL & WT Gal-3.vYCL
+ve control

6.
37LRP/R155A.vYCL & WT Gal-3.vYNL

2.
37LRP/Y139F.vYCL & WT Gal-3.Vynl
+ve control

7.
37LRP/Y156F.vYNL & WT Gal-3.vYCL

3.
37LRP/Y139F.vYNL & WT Gal-3.vYCL

8.
37LRP/Y156F.vYCL & WT Gal-3.vYNL

4.
37LRP/Y139F.vYCL & WT Gal-3.vYNL

9.
37LRP/K166A.vYNL & WT Gal-3.vYCL

5.
37LRP/R155A.vYNL & WT Gal-3.vYCL

10.
37LRP/K166A.vYCL & WT Gal-3.vYNL
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Co-transfection into COS7 cells to test the Homodimerisation

1.
WT 37LRP.vYNL & WY 37LRP.vYCL
+ve control

6.
37LRP/Y156F.vYNL & WT 37LRP.vYCL

2.
37LRP/Y139F.vYNL & WT 37LRP.vYCL

7.
37LRP/Y156F.vYCL & WT 37LRP.vYNL

3.
37LRP/Y139F.vYCL & WT 37LRP.vYNL

8.
37LRP/K166A.vYNL & WT 37LRP.vYCL

4.
37LRP/R155A.vYNL & WT 37LRP.vYCL

9.
37LRP/K166A.vYCL & WT 37LRP.vYNL

5.
37LRP/R155A.vYCL & WT 37LRP.vYNL
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Figure 5-6 Schematic showing the multiple combinations of fusion proteins tested

for bimolecular fluorescence complementation (BifC).

Amino- and carboxyl-terminal fusions were used in several combinations of 37LRP and

Gal-3 to test LamR homo and heterodimerisation.
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5.3.3.5.1 Expression of fluorescently labelled 37 LRP and Gal-3 in COS7

cells

Expression of 37LRP and Gal-3 were initially examined in COS7 cells due to

their high transfection efficiency and expression level. The wild type and mutant

37LRP BifC constructs carrying either C or N-terminus of vYFP were transiently

co-transfected with wild type Gal-3 into COS7 cells using Trans IT-2020

transfection reagent. For optimisation purposes, the cells were transfected with

different amounts of both 37 LRP and Gal-3.vYFLP plasmids (1-4.5μg) or Trans 

IT®-2020 transfection reagent (0.5-7.5μl), and the transfection efficiencies for 

each conditions were by fluorescence microscopy, while their statistical

significance were measured by flow cytometry at 24; 30 and 48h post

transfection. The optimal amount of plasmid DNA was determined to be 2μg per 

7.5μl of transfection reagent incubated for 30h in 12 and 6 well plates (data not 

shown) and these conditions were used in all further experiments. In addition to

Trans-IT, co-transfection of 37LRP and Gal-3 was examined using other

transfection reagents and methods: CaPO4 and jetPRIME® DNA transfection

reagents, no significant differences in efficiency were observed between CaPO4

and Trans-IT TRs which both exhibited higher levels of transfection than

jetPRIME®. The Trans IT®-2020 transfection reagent was selected for all further

experiments due to its serum compatibility and high efficiency of transfection.

Also, as current work was complementary to the previous study of Alqahtanti and

co-workers and demonstrated the dimerisation of 37LRP and Gal-3 (Alqahtani et

al., 2014), Trans IT®-2020 TR was selected to be consistent with that study.

Further, after optimization of transfection conditions in COS7 cells, the same
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experiment was repeated in HEK293T to confirm the dimerisation behaviour of

LamR in different cells.

COS7 cells were co-transfected using Trans IT®-2020; each experiment was

performed in three wells and experiments were repeated three times to confirm the

results. Whole cell lysates of COS7 cells transiently transfected with the indicated

construct were analysed 30h post-transfection by immunoblotting after SDS-

PAGE under reducing conditions. Immunoblotting using anti-GFP, anti-LRP [A7]

and anti-Gal-3 antibodies confirmed the expression of each vYFP-tagged 37LRP

and Gal-3 proteins. For detection of vYFP-tagged 37LRP, both anti-LamR [A7]

and anti-GFP antibodies (Figure 5-7 A& B respectively) revealed bands at the

expected size of 67 kDa; 61 kDa and 52 kDa in the cell lysates of cells transfected

with 37 LRP.vYFLP; 37 LRP.vYNL and 37 LRP.vYCL respectively. Also,

analysis of Gal-3 transfected cell lysates with anti-Gal-3 and anti-GFP antibodies

(Figure 5-7 D & E respectively) showed bands at expected size 57 kDa; 50 kDa

and 40 kDa for each of Gal-3.vYFLP; Gal-3.vYNL and Gal-3.vYCL respectively.

These results indicated that both 37LRP and Gal-3 fusion proteins were expressed

successfully in transfected COS7 cells.

After optimizing and confirming the expression of the wild type proteins, the

fluorescently labelled 37LRP mutant proteins were transfected into COS7 and

expression was examined 24 and 30h post-transfection by fluorescence

microscopy, western blot and flow cytometry. Expression of each of the vYFLP-

fused 37LRP mutants (37LRPY139F; 37LRPR155A; 37LRPY156F; 37LRPK166A) was

confirmed in COS7 cells by immunoblotting (Figure 5-7 C) and flow cytometry

30h post transfection (Figure 5-8). In immunoblots each mutant protein had an

apparent molecular weight that was indistinguishable from that of the wild type
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37LRP.vYFP construct (Figure 5-7 C). The flow cytometric analysis revealed

similar expression levels of wild type and mutant receptors (data shown separately

for each mutant in next sections) indicating that the expression was un-affected by

the indicated mutations.

Before examining the effect of several single-substitutions within 37LRP on their

capability to form heterodimers with wild type Gal-3, wild type 37LRP was co-

transfected with wild type Gal-3 into HBMECs; COS7 and HEK293T cells and

the dimerisation between two proteins was examined 30h post-transfection by

flow cytometry and fluorescence microscopy. To investigate the homo- and

heterodimerisation ability of 37LRP mutants, they were co-transfected into COS7

cells with either wild type Gal-3 or wild type 37LRP and later analysed by

immunoblotting, flow cytometry, fluorescence and confocal microscopy.
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Figure 5.7 Immunoblotting to detect expression of LamR or Gal-3 fusion proteins in

COS7 cells 30h post transfection.

All BifC constructs were transiently transfected into COS7 cells and immunoblotting

analysis performed under reducing conditions using anti-37LRP [A7] mouse monoclonal

IgG primary antibody at dilution 1: 2000 or anti-Gal-3 mouse monoclonal antibody at

dilution 1:1000 or anti-GFP rabbit polyclonal antibody at dilution 1:100 as primary

antibodies, followed by (1:30000) dilution of anti-rabbit or anti-mouse conjugated to

HRP. (A & B) Show expression of 37LRP tagged with vYFP; Lane 1: 37LRP.vYFLP;

Lane 2: 37LRP.vYNL; Lane 3: 37LRP.vYCL. In A, the test was performed using anti-

37LRP [A7] antibody; the results showed expression of 37LRP with expected size of 38

kDa for e37LRP, and 67 kDa; 61 kDa and 52 kDa for each 37 LRP.vYFLP; 37

LRP.vYNL and 37 LRP.vYCL respectively. In B, the test was performed using anti-GFP

antibody; the results showed one band corresponding to r37LRP at the same size detected

by anti-LRP [A7] antibody. To indicate the comparable expression of WT and several

mutants of LamR, the WCL of COS7 cells transfected with either WT or mutants 37LRP

was tested using (C) anti-GFP and the western blot analysis confirmed the expression of
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all mutants 37LRP/BifC constructs, these include: Lane 1: WT r37LRP.vYFLP; Lane 2:

r37LRP/Y139F.vYFLP; Lane 3: r37LRP/R155A.vYFLP; Lane 4:

r37LRP/Y156F.vYFLP; Lane 5: r37LRP/K166A.vYFLP. (D & E) shows the expression

of Gal-3 tagged with vYFP. Lane 1: Gal-3.vYFLP; Lane 2: Gal-3.vYNL; Lane 3: Gal-

3.vYCL. In D, anti- Gal-3 antibody was used; the results showed eGal-3 with expected

size of 28 kDa and a band corresponding to rGal-3.vYFLP; r37Gal-3.vYNL or rGal-

3.YCL at size of 57 kDa; 50 kDa and 40kDa, respectively. In E, anti-GFP antibody was

used; the results showed one band corresponding to rGal-3 at the same size detected by

anti-Gal-3 antibody.

- Binding sites of anti-37LRP [A7] with LamR= 253-289

- e37LRP = endogenous 37LRP

- r37LRP = Recombinant 37LRP
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5.3.3.5.2 LamR heterodimerisation confirmed using BifC assay

High intensity vYFP signals (BifC signal) were observed by fluorescence

microscopy in cells transfected either with wild type 37LRP and Gal-3 fused with

vYFLP or co-transfected with both wild type 37LRP-Gal-3 fused with half

portion of vYFP. Afterwards, the dimerisation of the two proteins was visualized

by measuring the MFI of BifC signal using flow cytometry; dead cells and cell

debris were excluded from analysis using a forward scatter (FSC) and side scatter

(SSC) double plot. A fluorescent signal resulted from interaction of wild type

37LRP and wild type Gal-3 compared with the negative controls, indicating the

formation of a LamR heterodimer consistent with the previous ELISA results. No

significant differences were observed between the levels of fluorescence resulting

from co-transfection of wild type 37LRP.vYCL with wild type Gal-3.vYNL or

wild type 37LRP.vYNL with wild type Gal-3.vYCL, which provides further

confirmation of the stability of the dimerisation. All positive controls (37LRP or

Gal-3 fused with full length vYFP; YFLP) yielded high intensity fluorescence

signals. The BifC signal detected by fluorescent microscope is shown in Figure 5-

8. Flow cytometry is shown in Figure 5-9, and the confocal imaging for

endogenous and recombinant 37LRP are presented in Figure 5-10 and Figure 5-11

respectively.
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Figure 5-8 Fluorescence microscopy screening of COS7 cells 24h post transfection.

The optical (left, gray) and fluorescent (right, green) light imaging of cells. WT 37LRP or

WT Gal-3 tagged with vYFP were transfected separately, or co-transfected into COS7

cells, the vYFP +ve cells (green) using fluorescen microscope indicating a successful

transfection of the recombinant proteins.
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Following co-transfection of COS7 cells, the cells were harvested 30h post-transfection

and analysed for BifC signal. Cells were harvested 30h post-transfection and analysed for

BifC signal using flow cytometry assay. The fluorescence intensity quantified and

expressed as a percentage of gated cells.

Figure 5-9 Combinations of 37LRP and Gal-3.vYFP fused with Venus fluorescent

protein and controls for the BifC assay.
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Figure 5.10 Confocal cell imaging shows the colocolisation of endogenous 37LRP

with endogenous Gal-3.

The colocalisation of e37LRP with eGal-3. Cells grown on coverslips were fixed with

1% paraformaldehyde and single stained (SS) with anti-37LRP [A7] or anti-Gal-3, or

double stained (DS) with anti-37LRP [A7] and anti-Gal-3 antibodies (1:100) using

secondary antibodies: Alexa Fluor 680 antibody (Red) or/and Alexa Fluor 488

antibody (Green). Nuclei are stained with Hoechst 33258 (Blue). Coverslips were

mounted and images obtained by confocal microscope.
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Figure 5-11 Combinations of 37LRP and Gal-3 fused with Venus fluorescent protein

and controls for the BifC assay.

Combinations of single and co-transfections with 37LRP and Gal-3 fusion constructs

were tested for heterodimerisation of 37LRP and Gal-3. Cells were harvested 30h post-
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transfection and analysed for BifC signal using confocal cell imaging. The cells grown on

coverslips were fixed with 1% paraformaldehyde and single stained (SS) with anti-GFP

antibody (1:100) and secondary antibody; Alexa Fluor 680 antibody (Red). Nuclei are

stained with Hoechst 33258 (Blue). Coverslips were mounted and images obtained by

confocal microscope.

5.3.3.5.3 Tyrosine 156 and Lysine 166 of 37LRP contributed in

heterodimerisation of 37LRP with Gal-3 in living cells

After confirming the hetero-dimerisation of wild type 37LRP and Gal-3, the next

step was to determine the impact of the 37LRP mutations (37LRPY139F;

37LRPR155A; 37LRPY156F and 37LRPK166A) on heterodimerisation using the

same protocol (Figure 5-12A, B, C and D respectively). The effect of the

mutations was confirmed using both 37LRP.vYCL and vYNL fragments to

confirm specificity of the BifC assay. Overall, the ability of 37LRP to

heterodimerise with Gal-3 was significantly decreased by mutation of Tyrosine

156 and Lysine 166 of 37LRP compared with the positive control. In contrast, the

BifC signals resulting from the interaction of 37LRPY139F or 37LRPR155A with

wild type Gal-3 were not significantly different from wild type 37LRP.
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5.3.3.5.4 The homodimerisation of 37 LRP was confirmed in living cells

using BifC assay

Flow cytometry was used to quantify the interaction of two wild type 37LRP

proteins, one fused to the N terminal and other to the C terminal portion of vYFP.

The dimerisation was measuring at 30h post transfection., Flow cytometry showed

Figure 5-12 The effects of: (a) 37LRPY139F; (b) 37LRPR155A; (c) 37LRPY156F and (d)

37LRPK166A mutations within 37LRP on 37LRP and Gal-3 heterodimerisation.

Following co-transfection of COS7 cells, cells were harvested 30h post-transfection and

analysed for BifC signal by quantifying the fluorescence intensity and expressing it as a

percentage of gated cells. Difference in BifC signal were analysed by one-way ANOVA

and Tukey test. ***p , 0.001; **p , 0.01 while a p value >0.05 is considered not

significant (ns). Error bars = mean of triplicate values on three occasions ± SEM.
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a high signal compared to un-transfected cells (Figure 5 13) and all other negative

controls (Table 5-3) indicating a significant dimerisation of two 37 LRP proteins

in living cells to create homodimer isoform of LamR.

5.3.3.5.5 Tyrosine 156 and Lysine 166 of 37LRP contribute to the

homodimerisation of LamR in living cells

After identification of two amino acid residues within 37LRP that have critical

roles in the heterodimerisation of 37LRP with Gal-3, the next aim was

Figure 5-13 LamR homodimerisation confirmed by BifC analysis.

Combinations of 37LRP fused with either full length, N- or C-terminal vYFP were tested.

Cells were harvested 30 h post-transfection and analysed for their BifC signal using flow

cytometry to quantify the fluorescence intensity and express the data as a percentage of

gated cells. Error bars = mean of triplicate values on three occasions ± SEM.
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identification of residues important for homodimerisation by investigating the

influence of several 37LRP mutations on homodimerisation (37LRPY139F;

37LRPR155A; 37LRPY156F and 37LRPK166A). This data is shown in Figures

5.11A, B, C and D respectively). Interestingly, two 37LRP mutants: 7LRPY156F

results which also showed a similar effect in vitro (Figure 5 14).
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5.3.3.5.6 Expression of fluorescently labelled 37 LRP and Gal-3 in HBMEC

cells

After confirming both 37LRP and Gal-3 expression in COS7 cells, the expression

of both receptors was examined in HBMEC cells, by transient transfection. These

cells represent a more physiologically relevant cell line with respect to

meningococcal disease, Different transfection reagents were selected for

Figure 5-14 The effects of: (A) 37LRPY139F; (B) 37LRPR155A; (C) 37LRPY156F and (D)

37LRPK166A mutations on LamR homodimerisation.

Following co-transfection of COS7 cells, cells were harvested 30h post-transfection and

analysed for their BifC signal by quantifying the fluorescence intensity and expressing as

a percentage of gated cells. Difference in BifC signal was analysed by one-way ANOVA

and Tukey test. *Significant at P ≤ 0.05; ** at ≤ 0.01; *** at P ≤ 0.001while a p value

>0.05 is considered not significant (ns). Error bars = mean of triplicate values on three

occasions ± SEM.
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transfection of 37LRP and Gal-3 in HBMEC cells. Initially, the proteins were

expressed using Trans IT®-2020 and CaPO4 transfection reagents, which

previously resulted in a successful expression of protein in each of COS7 and

HEK293T cells with high efficiency. However, the expression level of 37LRP and

Gal-3 in HBMEC cells using these methods was very low compared with COS7

and HEK293T cells. Based on the literature, transfection into HBMEC cells is

challenging as modulation of gene function via plasmid DNA in HBMEC very

difficult to achieve (Gresch and Altrogge, 2012, Slanina et al., 2012). JetPRIME®

DNA transfection reagent is claimed by the manufacturer to provide higher

transfection efficiencies with cell lines that are hard to transfect by other methods

http://www.polyplus-transfection.com. For this reason, jetPRIME® DNA TR was

selected to express both 37LRP and Gal-3 to examine the homo and hetero-

dimerisation of both proteins in HBMECs cells. Several volumes of jetPRIME®

reagent (2-6μl), of TR; plasmid DNA (0.5; 0.7; 2 and 3 µg/ml), and different 

incubation times (24; 48 and 72h) were tested to select the optimal transfection

conditions. However, the highest transfection efficiency obtained was ca. 10% for

LamR heterodimerisation and ca. 12% for homodimerisation using 3µg/ml

plasmid DNA, 4 μl of TR and incubation time of 48 h, which was still very low 

compared with our previous results using COS7 and HEK293T.

Immunoblotting of total cell extracts of primary HBMECs were analysed using

anti-37 LRP [A7] and anti-Gal-3 antibodies. HBMECs transiently transfected to

express recombinant r37LRP fused with different fragments of YFP were assessed

by immunoblotting using anti-GFP antibody; bands were detected at the expected

sizes of 67kDa; 61kDa and 52kDa, corresponding the recombinant proteins

37LRP.vYFLP; 37LRP.vYNL and 37LRP.vYCL, respectively. Expression of
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rGal-3 in HBMECs was tested using anti-GFP antibody, which recognized bands

at with apparent molecular weights of 67kDa, 58kDa and 47kDa corresponding to

recombinant proteins Gal-3.vYFLP; Gal-3.vYNL and Gal-3.vYCL, respectively,

which are slightly higher than their predicted sizes of 60kDa, 50kDa and 40kDa,

respectively. These results have shown that primary HBMECs can express the

recombinant proteins 37 LRP and Gal-3 (Figure 5-15).

Figure 5-15 Immunoblotting analysis for the presence of BifC constructs in

HBMECs cells 24h post transfection.

All BifC constructs were transiently transfected into HBMECs cells and their expression

were tested by immunoblotting analysis which performed under reducing conditions

using anti-GFP antibody rabbit polyclonal antibody at dilution 1:100 as primary

antibodies and followed by (1:30000) dilution of anti-rabbit conjugated to HRP. Then the

membranes were developed with luminata western HRP substrate. (A) Showed the

expression of 37LRP/BifC constructs tagged with vYFP at sizes of 67kDa; 61kDa and

52kDa displayed in Lane 1: 37LRP.vYFLP; Lane 2: 37LRP.vYNL; Lane 3:

37LRP.vYCL respectively, were detected by testing the whole cell lysates (WCL) of

HBMECs cells for expression of recombinants 37LRP. (B) Showed the expression of

Gal-3/BifC constructs tagged with vYFP at sizes 60kDa; 50kDa and 40kDa for Lane 1:

Gal-3.vYFLP; Lane 2: Gal-3.vYNL; Lane 3: Gal-3.vYCL were detected by testing the

whole cell lysates (WCL) of HBMECs cells using anti-GFP antibody and the results

confirmed the expression of all indicated recombinants rGal-3.

5.3.3.6 The dimerisation of wild type recombinant proteins 37LRP and Gal-

3 was confirmed in HBMECs cells using BifC assay

To examine the LamR dimerisation properties in HBMECs, co-transfection of

recombinant 37LRP proteins with 37LRP or with Gal-3 were performed to
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provide further evidence of homodimerisation and heterodimerisation,

respectively, in HBMECs. Using fluorescence microscopy, the vYFP +ve cells

were checked 30h post transfection (Figure 5-14A). Attempts were made to

investigate the homo and heterodimerisation of LamR in HBMECs as performed

in COS7, however, because several attempts were made to optimize the

expression of both 37LRP and Gal-3 using different TRs and the available time

did not allow examining the effect of all 37LRP mutants in LamR dimerisation.

For that, we only examined the homo- and heterodimerisation of wild type 37LRP

and Gal-3 fused with vYFP using BifC assay. Expression of each wild type

37LRP; wild type Gal-3; 37LRPY139F and 37LRPK166A fused with vYFLP were

used as a positive controls as its shows the fluorescent intensity of full length YFP

protein. The flow cytometry results for co-transfected wild type 37LRP with each

wild type 37LRP or wild type Gal-3 was clearly confirmed the homo- and hetero-

dimerisation of LamR respectively in HBMECs (Figure 5-16C) and also provides

evidence that the dimerisation demonstrated in COS7 and HEK293T cells could

also occur in the more physiologically relevant HBMEC cells. Further, the BifC

signals (green) were also observed in non-staining HBMECs cells, which were co-

transfected with 37LRP and Gal-3, or with 37LRP (5.16B).
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Figure 5-16 Homo and heterodimerisation of recombinants 37LRP and Gal-3 in

HBMECs.

Following 30h post transfection of HBMECs with WT 37LRP using (A) Fluorescence

microscopy screening of HBMECs. The optical (left, gray) and fluorescent (right,

green) light imaging of cells. (1) Transfection of HBMECs with WT 37LRP tagged with

vYFP (+ve control), (2) Co-transfection of HBMECs with WT 37LRP and WT Gal-3

tagged with vYCL and vYNL resepectively, (3) Co-transfection of HBMECs with WT

37LRP.vYCL and WT 37LRP.vYNL, vYFP +ve cells (green) using fluorescen

microscope indicating a successful transfection of the recombinant proteins. (B)

Confocal imaging showing the BifC signal for heterodimerisation of WT 37LRP and

WT Gal-3 (upper image), and self-association of 37LRP (lower image). (C) Flow

cytometry of WT 37LRP and WT Gal-3 fused with vYFP (+ve controls);

heterodimerisation of WT 37LRP and WT Gal-3; and homodimerisation of WT 37LRP.

Error bars = mean of triplicate values on three occasions ± SEM.
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5.4 Discussion

The 37kDa LRP is thought to be the precursor of the 67kDa LR (DiGiacomo and

Meruelo, 2015). Extensive attempts have been made by several investigators to

understand the molecular structure of LamR and its cell surface-association and

dimerisation properties and several conflicting hypotheses has been suggested to

explain the formation of 67LR dimer. However, the exact mechanism(s) by which

the 37kDa precursor forms the mature 67kDa isoform is still elusive as evidence

supports both a homo and a heterodimer (Rea et al., 2012). It has been suggested

that the formation of 67LR is due to a post-translational covalent modification in

which the 67LR mature form involves 37LRP acylation or the formation of very

tightly associated homo- or hetero-dimers; this post-translation modification was

found to be a prerequisite for homodimerisation (Landowski et al., 1995a) or

heterodimerisation (Buto et al., 1998). Indeed, several separate studies support

these two hypotheses. Immunoblot analysis showed a cross reactivity of two anti-

37LRP peptide antibodies with 67-kDa LR and peptides with identical amino acid

sequences were found in both 67LR and 37LRP (Landowski et al., 1995a)

Acylation (or another post translational modification), which is thought to be a

prerequisite for dimerisation, does not happen in yeast cells. On the other hand,

other researchers have been supported the hypothesis which proposed 67LR as a

heterodimer. Buto et al suggested that 37LRP can associate with another protein

carrying epitopes from galectin-3 (Buto et al., 1998). The hypothesis of

heterodimerisation was supported by the fact that lectin epitopes are present in 67

LR, but not in 37LRP, that laminin recognition by 67-kDa LR is lactose-

dependent, and that 67-kDa LR can be eluted from laminin-affinity

chromatography columns by lactose (Castronovo et al., 1992). However,
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conflicting results were shown by Gauczynski et al, in which both 37LRP and 67-

kDa LR were present on the plasma membrane of N2a cells, which do not express

galectin-3, suggesting that dimerisation of Gal-3 with 37LRP is not necessarily

required for membrane-association or formation of 67LR, at least, in this cell type

(Nelson et al., 2008). A previous study in our research group showed the evidence

for both homo and heterodimerisation of LamR (Alqahtani et al., 2014). In the

same study, Gal-3 exhibited binding affinity for the LamR-bacterial ligand,

meningococcal PilQ, indicating that Gal-3 has one or more meningococcal-

binding domain(s).

These considerations prompted us to further investigate the LamR dimerisation

properties (Alqahtani et al., 2014). For that, the involvement of several putative

amino acid residues within 37LRP in LamR dimerisation was hypothesised and

the work presented in this chapter was aimed to investigate both homo and

heterodimerisation of LamR to identify the residues that may contribute to the

stability of LamR homodimers and heterodimers with Gal-3.

In the context of LamR homo and heterodimerisation, the only other study to

focus on determining the amino acid residues on LamR important for

heterodimerisation was reported by Alqahtanti, 2014 which showed the critical

role of cysteine 173 within Gal-3 in the formation of the LamR heterodimer. The

same study also examined the impact of two 37LRP residues (C148 and C163) on

heterodimerisation and suggested that neither was involved in heterodimerisation

(Alqahtani et al., 2014). Here, the results obtained from computer modeling of

LamR and Gal-3interactions were used to identify potential candidate residues.

The modeling was performed kindly performed by Dr. Necmettin Pirinccioglu,

University of Dicle, using ZDOCK software which is an effective and convenient
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simulation software proven to provide a fast and highly accurate estimation of

protein-protein complexes (Pierce et al., 2011). The modelling suggested a large

protein–protein interface between the 37LRP and Gal-3 subunits, which was

predicted to involve several prominent 37LRP residues including lysine166

(Alqahtani et al., 2014). On the other hand, a high-resolution crystal structure of

the N-terminal portion of LamR, residues 1 through 220 (abbreviated LamR220)

predicted the involvement of tyrosine 139 of 37LRP in the homodimerisation

process (Jamieson et al., 2008).

Based on this information as well as several published papers that studied or

reviewed the laminin-binding domains (Jamieson et al., 2008, Nelson et al., 2008,

Jamieson et al., 2011), we attempted to generate several substitutions mutations in

37LRP-Fc constructs including: Tyrosine 139; Arginine 155; Tyrosine 156 and

Lysine 166. We utilized these in ELISAs and our results revealed a significant

contribution of Tyrosine 156 and Lysine 166 to both hetero and

homodimerisation. Arginine 155 of 37LRP also appeared to contribute to

dimerisation to a lesser extent. However, ELISA results required further

confirmation to test these properties in living cells. Therefore, the same point

mutations were generated in BifC constructs encoding 37LRP tagged with

fragments of venus fluorescent protein (full length, N-terminal or C-terminal) to

study their impacts on LamR dimerisation in living cells. Then the wild type or

mutant 37LRP proteins were then co-expressed either with wild type 37LRP or

wild type Gal-3 to test their ability to form homo- or heterodimer respectively.

Co-expression of two proteins bearing N-terminal and C-terminal fragments

(complementing fragments) of YFP resulted in their association and detection of

dimerisation by fluorescence microscopy, flow cytometry and live cell imaging
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(confocal). Point mutations in 37LRP which may disturb homo or heterodimer

formation with Gal-3 were tested for variations in the magnitude of fluorescence

signal.

To test the homodimerisation and heterodimerisation of the wild type and mutated

37LRP with Gal-3, BiFC assay was conducted using three cell lines, including the

physiologically relevant HBMEC cell line, and the immunoblotting using anti-

LamR, anti-Gal-3 and anti-GFP antibodies confirmed their expression.

Interestingly, transient expression of recombinant Gal-3 in HBMECs resulted in

expression of rGal-3 at a higher than expected molecular weight compared with

COS7 and HEK293T cells; this corroborates previously published data

(Alqahtani, 2012). This anomaly may relate to the presence of different post-

translation modifications in the primary HBMECs, but this remains to be

determined.

Interestingly, double staining of non-transfected cells with anti-37LRP [A7] and

anti-Gal-3 antibody revealed co-localization of both endogenous 37LRP and Gal-

3. However, double-staining of co-transfected cells with both 37LRP and Gal-3,

each fused with half fragment of YFP stained with both: anti-Gal-3 and anti-67LR

antibody called Mluc5 which recognizes just mature the 67LR, and not the

monomeric 37LRP, didn’t show the presence of 67LR. Thus, it could be that

either staining with Mluc5 needs further optimization or the formation of 67 LR

required further factors in addition to 37LRP and Gal-3 interaction to be involved.

In the current study, the effect of several single-substituted 37LRP was tested for

their ability to form LamR homo or heterodimer in COS7 cells using flow

cytometry, fluorescence and confocal microscopy. Interestingly, among the

37LRP mutants tested, FACS data revealed a significant reduction in dimerisation
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of wild type 37LRP with only 37LRPY156F and 37LRPK166A, indicating their

critical role in formation of LamR homodimers. Fluorescence and confocal

microscopy also provided confirmatory evidence for the effect of the indicated

37LRP amino acid residues. Similarly, the same 37LRP mutants were tested for

their ability to form LamR heterodimers with Gal-3. A significant reduction was

observed when wild type Gal-3 co-transfected with 37LRPY156F and 37LRPK166A,

suggesting an important role of these residues in LamR heterodimerisation

process on the cell surfaces. In short, our model supports a hypothesis of the

mutual exclusivity of 37LRP homodimerisation to form 67LR and 37LRP/Gal-3

heterodimerisation for a given 37LRP molecule, while allowing for the possibility

that both homo- and heterodimers could coexist as separate molecules. We also

looked at a possible role for tyrosine 139 and Arginine 155 in dimerisation.

Mutation of tyrosine 139 did not affect the LamR heterodimerisation and

homodimerisation. Although, the mutation of 37LRP Arginine in position 155

slightly affect the homodimerisation and heterodimerisation, its impact was

statistically not significant. Considering all presented data, we identified for the

first time homodimerisation and heterodimerisation interface determinants within

37LRP, comprising residues Tyrosine 156 and Lysine 166, which are highly

conserved among mammalian species. The results corroborated our computing

model which predicted the role of Lysine 166 in heterodimerisation with 37LRP.

Indeed, the role of 37LRP Arginine 155 and Lysine 166 were studied by Jamison

et al., (2011) based on the crystal structure of LamR220 (Jamieson et al., 2011);

their results suggested that Arginine 155 but not Lysine 166 was essential in

binding of LamR with laminin. The results presented here showed that Tyrosine

139 is not essential for LamR homodimerisation in contrast to the findings of
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Jamison and colleagues, who predicted that Tyrosine 139 may be involved in

LamR homodimerisation based on the crystal structure of LamR220 (Jamieson et

al., 2011). However, in the same study, they were not able to demonstrate LamR

homodimer using recombinant LamR220. It should be noted, however, that the

crystal structure used in this study was based on a truncated LamR protein

(LamR220)(Jamieson et al., 2011) , hence it is expected that these prediction may

not conclusively explain the full biological features of LamR including

dimerisation in living cells, it is possible that the proposed dimer interface may be

an artefact of crystallisation. The findings that Lysine 166 and Arginine 155 are

implicated in both homodimerisation and heterodimerisation with Galectin-3

contrasts with the findings presented in Chapter 4, in which these residues were

shown not to have any role in binding to the bacterial ligands PorA, OmpP2 and

CpbA of N. meningitidis, H. influenzae and S. pneumoniae, respectively.

The localization of both 37LRP and Gal-3 on the cell surface of the HBMECs

(Fukushi et al., 2004, Markowska et al., 2011, Saint-Lu et al., 2012), and their

ability to bind same group of bacteria that cause meningitis, as well as the

presence of binding epitopes on each 37LRP and Gal-3 for their dimerisation, all

support a hypothesis in which the heterodimerisation of 37LRP and Gal-3 to form

LamR heterodimer is important for pathogenesis at the blood-brain barrier. While

homo- and heterodimerisation could be demonstrated in the more physiologically

relevant HBMEC cells, in addition to the more tractable COS7 and HEK293T

cells, it was not possible to dissect the contribution of individual amino acid

residues in the dimerisation of mutated 37LRP proteins in these cells due to

difficulties in transfection, low transfection efficiency and limited time. However,
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it is likely that the same residues would be involved in the dimerisation process in

each cell type.

In line with our results, in a study in which various transfection methods were

used to transfect HBMECs each of eleven method tested, including CaPO4

precipitation; lipid-based methods such as jetPRIME®; and electroporation with

the Amxa Nucleofector II and Neon Transfection system. Only low transfection

efficiencies were obtained with most methods, while using the Amxa

Nucleofector II and Neon Transfection system these workers able to transfect

these cells with 40% and 80% transfection efficiencies, respectively Slanina et al.,

(2012).

In the current study, tagging of 37LRP and Gal-3 with vYFP protein, and also the

amino acid substitutions tested, had little effect on their level of expression. This

is similar to our findings reported by Alqahtanti, 2012, in which BiFC constructs

with alanine substitution for the two cysteines (C148 and C163) of 37LRP's C173

of Gal-3's cysteines were expressed at levels that were similar to the wild type

proteins (Alqahtani, 2012).

Dimerisation of LamR was investigated using bimolecular fluorescence

complementation, a protein-protein interaction technique that relies on the

capability of the molecular fragments of vYFP (N- and C-terminus) to re-

associate and refold into a fluorescent structure. In the current study, a vYFP

isoform was employed as its BiFC fragments have the ability to refold at 37°C

with fast folding kinetics (Nagai et al., 2002, Kerppola, 2008, Robida and

Kerppola, 2009, Kilpatrick et al., 2010, Kodama and Hu, 2010). For homo and

heterodimerisation experiment, 37 LRP and Gal-3, fused with either the N- or C-

terminus of YFP, were transfected alone into COS7, HBMECs and HEK293T
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cells, as well as non-transfected cells and co-transfection of several possible

combined of vYFP fragments were used as negative controls (Figure 5-6). As

expected, the negative controls did not exhibit any fluorescence, validating the

specificity of the BifC assay. Wild type and mutated LamR and Gal-3 fused with

full length YFP were used as positive controls. Compared with wild type 37LRP,

all substituted-mutant 37LRPs did not exhibite any significant differences in their

level of expression or transfection efficiency, indicating that the point-mutations

did not affect their expression capability.

All negative and positive controls behaved as expected in terms of their

expression and fluorescence in indicated cells. LamR dimerisation was

demonstrated in each of three cell types: COS7; HBMECs; and HEK293T, cells

using the BifC assay and flow cytometry. Dimerisation of two recombinant wild

type 37LRP proteins to form LamR homodimer, as well as dimerisation of wild

type 37LRP with wild type Gal-3 was demonstrated by FACS in all three cells

types, suggesting that dimerisation of LamR is consistent property in most of

cells. To further validate the results of flow cytometry, live cell imaging by

confocal microscopy fixed, un-permeabilised cells also demonstrated LamR

dimerisation in COS7 by single-cell staining with anti-GFP antibody or double

staining with either anti-GFP and anti-LRP [A7] or anti-GFP and anti-Gal-3

antibodies. In all cases, the presence of fluorescence in staining and non-staining

transfected cells indicated the interaction of the two targeted proteins in living

cells. Also, double staining of non-transfected cells with anti-37LRP [A7] and

anti-Gal-3 antibody revealed co-localization of both endogenous 37LRP and Gal-

3. However, double-staining of co-transfected cells with both 37LRP and Gal-3,

each fused with a half fragment of YFP and stained with either anti-37LRP [A7]
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or anti-67LR antibody (Mluc5, which recognizes mature 67LR but not 37LRP), or

double-stained with anti-Gal-3 and anti-67LR (Mluc5), detected only 37LRP or

Gal-3, but not 67LR. Thus, it could be that either staining with Mluc5 needs

further optimization, or the formation of 67 LR requires further factors in addition

to dimerisation of 37LRP and Gal-3.

Among the 37LRP mutants tested, a highly significant reduction in dimerisation

of wild type 37LRP when either 37LRPY156F or 37LRPK166A substitutions were

made, indicating critical roles for these amino acid residues in the formation of the

LamR homodimer. These findings using FACS provided quantitative data that

showed a statistically significant difference in interaction between the subunits,

while qualitative data using fluorescence and confocal microcopy corroborated

these findings. The 37LRP mutants tested for their ability to form heterodimers

with Gal-3 also showed a significant reduction when wild type Gal-3 was co-

transfected with 37LRPY156F and 37LRPK166A, suggesting important roles of these

residues in LamR heterodimerisation process on the cell surfaces. In addition to

Tyrosine 156 and Lysine 166, Tyrosine 139 and Arginine 155 were also included

to test their contribution in LamR dimerisation. Mutation of tyrosine 139 did not

affect the LamR dimerisation while mutation of 37LRP Arginine in position 155

had a small effect that was not statistically significant. Considering all presented

data, we identified for the first time homodimerisation and heterodimerisation

interface determnants within 37LRP, comprising residues Tyrosine 156 and

Lysine 166. These residues are highly conserved among mammalian species.

The findings described here corroborate the computer model which predicted a

role for Lysine 166 in heterodimerisation with 37LRP.
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Concluding remarks

In vitro and in vivo experiments have identified, for the first time, several novel

amino acids residues within 37LRP which are required for optimal LamR homo

and heterodimerisation with Gal-3. Interestingly, Tyrosine 156 and Lysine 166 are

required for both LamR homo and heterodimerisation. This has implications for

the dimerisation of these proteins as the evidence provided here indicates that the

same amino acids are required for both dimerisation events, and thus the two

events are mutually exclusive. This provides insight into LamR functionality by

enhancing our understanding of the molecular mechanisms of LamR dimer

formation.
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CHAPTER SIX

General Discussion and future directions
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CHAPTER SIX

6 GENERAL DISCUSSION AND FUTURE DIRECTIONS

6.1 GENERAL DISCUSION

Central nervous system (CNS) infections including bacterial meningitis continue

to be serious and sometimes fatal (Lewis et al., 2013). Inadequate knowledge of

the pathogenesis associated with bacterial entry into the central nervous system

contributes to the considerable mortality and morbidity associated with bacterial

meningitis (Drevets et al., 2004). In recent years, significant progress has been

made in understanding the molecular and cellular events that are involved in the

development of bacterial meningitis. The three major pathogens causing bacterial

meningitis are N. meningitidis, S. pneumoniae and H. influenzae type b (Hib),

which have been found to be responsible for the majority of bacterial meningitis

in England and Wales (Corless et al., 2001). Normally, these three bacteria inhabit

the nasopharynx as commensal flora. However, under certain circumstances, these

bacteria migrate to other niches within the human body due to their ability to gain

entry into bloodstream, where they may cause bacteremia and/or traverse the

blood-brain barrier (BBB) into the cerebrospinal fluid, where they may cause

meningitis. To cross the BBB, bacterial adherence and invasion of microvascular

endothelial cells is a prerequisite for successful penetration into the CNS (Corless

et al., 2001, Kim, 2006). The molecular mechanisms involved in bacterial

penetration of the BBB are complex, and may include a variety of mechanisms.

Among the most common themes that illustrate these mechanisms are bacterial

ligand-receptor interactions, which have been described for several meningitis-

causing bacteria including E coli, N. meningitidis, S. pneumoniae and H.



CHAPTER SIX

SOZAN QARANI, PhD Thesis, University of Nottingham, 2016 272

influenzae (Kim, 2003, Wang and Kim, 2013). In E. coli K1 strains, two major

determinants: Type 1 fimbriae and OmpA were found to contribute to binding of

bacteria to HBMECs (Khan et al., 2003, Teng et al., 2005) through interactions

with CD48 (Khan et al., 2007) and N-acetylglucosamine (GlcNAc) residues on

HBMEC surface glycoproteins, respectively (Prasadarao et al., 2003, Khan et al.,

2003). Besides, Kim and co-workers studied the role of the bacterial virulence

factors, including the E. coli K1 toxin cytotoxic necrotizing factor 1 (CNF1), as

adhesin determinants specific for the BBB capillary endothelium. They found that

CNF1 of E coli K1 can recognize a receptor on the HBMECs (LamR), which

subsequently contributes to invasion of the BBB in vitro (Kim et al., 2005) and

traversal of the BBB in vivo; these events were dependent on RhoA activation

(Khan et al., 2002).

On the other hand, the mechanism by which pneumococcus traverse from the

circulation across the BBB into the subarachnoid has been demonstrated by

Cundell et al., and Ring et al., in 1995 and 1998 respectively, who observed that

the interaction of bacterial phosphoryl-choline to the host PAFr enhanced

bacterial adherence, and thus invasion of endothelial, epithelial and PAF-receptor-

transfected cell (Cundell et al., 1995, Ring et al., 1998). Of interest, PAFr has

been identified as a common portal of CNS entry for N. meningitidis and H.

influenzae (Virji et al., 1993, Orihuela et al., 2009). The pneumococcal invasion

of human endothelial cells was found to be promoted by cytokine activation,

which increases the amount of surface-expressed PAFr, which in turn binds the

phosphorylcholine component of the pneumococcal cell wall (Mook-Kanamori et

al., 2011). In addition, Unkmeir and colleagues provided the first evidence for the

internalization of meningococci by HBMECs; they showed that uptake of
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meningococci by HBMECs correlated with the expression of meningococcal Opc

protein, which binds human fibronectin, as the uptake-promoting serum factor by

using two different meningococcal hypervirulent lineages: ET-5, which expresses

Opc; and ET-37, which lacks the gene encoding the Opc outer membrane protein

(Unkmeir et al., 2002).

In 2009, researchers in our group and collaborators investigated the role of the

laminin receptor (LamR) in the pathogenesis of three bacteria: N. meningitidis; S.

pneumoniae; and H. influenzae. Using in vitro and in vivo models of the BBB,

affinity chromatography, co-immunoprecipitation, re-tagging and in vivo imaging

approaches, Orihuela et al. revealed that LamR on the surface of BBB acts as the

common receptor for the adhesion determinants of three examined neuroinvasive

bacteria, which thus revealed the fascinating capability of LamR to modulate the

neurotropism of meningitis-causing bacteria. After testing and confirming the

binding of the three bacteria with immobilized recombinant LamR using ELISA

assays, their adherence was then modelled using blood microvascular endothelial

cells (BMECs) from mice, rats and humans.

The mutagenesis approach was used to identify the meningococcal pilus secretin

protein PilQ and the class 1 porin PorA; the pneumococcal choline-binding

protein A (CbpA), and the outer membrane protein OmpP2 of H. influenzae as the

corresponding bacterial LamR-binding adhesins (Orihuela et al., 2009, Abouseada

et al., 2012). Also, by raising a polyclonal monospecific antiserum against

residues 263-282 of LamR, Orihuela and co-workers showed that binding of

LamR to the ligands of N. meningitidis, S. pneumoniae and H. influenzae

apparently differs from its binding with E. coli K1 CNF1, most viruses and prions,

in that those bacteria appear to target the C-terminus of LamR. The study
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suggested that C-terminus of LamR is likely to be a common targeting site for

multiple pathogens (Kim et al., 2005, Orihuela et al., 2009). These findings

confirmed for the first time the important roles of LamR in the pathogenesis of

bacterial meningitis caused by N. meningitidis, S. pneumoniae and H. influenzae

and prompted the current study to further investigate LamR in terms of its

interaction with the bacteria.

In the present study, we aimed to identify the LamR-binding domain(s)

corresponding to the LamR-binding surface proteins of N. meningitidis, S.

pneumoniae and H. influenzae. In this context, we hypothesised that both the

NTD and CTD may responsible for binding of LamR to PilQ and PorA of N.

meningitidis, CbpA of S. pneumoniae and OmpP2 of H. influenzae.

Initially, the crystal structure of human LamR (LamR220)(Jamieson et al., 2011)

was studied in detail to identify possible interaction sites for the bacteria; we took

into consideration all identified binding sites for laminin, viruses, prion proteins

and bacterial toxins which act as LamR ligands. Taking this information into

consideration, three regions and five single amino acid residues of LamR were

selected for deletion and point mutation, respectively.

In the current study, although the wild type and mutant versions of LamR could

be expressed and purified under denaturing conditions successfully, we expressed

recombinant human LamR in mammalian cells and purified under non-denaturing

conditions. We hypothesised that the resulting LamR would be more

representative biologically since it was likely to include all of the normal human

cell post translation modifications, thus the protein was more likely to fold

properly and behave as the native protein. After extensive attempts, successful

protocols were optimized to express both full-length wild type human LamR
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protein and mutant forms in HEK293T cells; these were utilized as they share

many similarities and features with neuronal cells.

Due to its roles in various physiological and pathological processes, and the wide

range of ligands to which it binds, human LamR has attracted considerable

attention from researchers in the fields of cell and cancer biology, as well as those

interested in the pathogenesis of prion and viral diseases. In the majority of these

studies, full-length or truncated human LamR was produced in bacteria or

mammalian cells and purified under denaturing conditions (Fatehullah et al.,

2010, Jamieson et al., 2011). To the best of our knowledge, this is the first study

utilising the full-length wild type and mutated human LamR protein expressed in

mammalian cells and purified in a large scale under native conditions. Thus, this

work will potentially contribute not only to studies on the role of LamR in

meningitis, but also to studies of its other pathological roles in viral infection,

prion disease and cancer. In the present study, DIG-based ELISA assays

confirmed the affinity of rLamR for the three examined bacteria and showed that

the binding ability of human-produced rLamR and bacteria-produced rLamR with

the bacterial ligands was similar; this finding suggests that post-translation

modifications (PTMs) such as acetylation, which are lacking in the bacterial

system, are not essential for binding of LamR to the three defined bacteria in vivo.

Whether or not binding of LamR with the other ligands such as laminin, viruses

and prions requires particular PTMs is not clear yet and needs further

investigation.

Furthermore, examining the ability of LamR to bind with mutant bacterial strains

confirmed the roles of meningococcal PorA and PilQ, OmpP2 of H. influenzae

and CbpA of S. pneumoniae, in LamR binding, as well as the fourth and second
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extracellular loops of meningococcal PorA and OmpP2 of H. influenzae,

respectively. These results are in agreement with previous studies (Orihuela et al.,

2009, Abouseada et al., 2012). In addition, the synergistic nature of

meningococcal PorA and PilQ in LamR binding was demonstrated for the first

time.

It has been suggested by Orihuela et al., that N. meningitidis targets the C-terminal

domain of LamR protein since blocking of the C-terminal domain by anti-LamR

antibody, which binds amino acids 263-282 of LamR, caused a remarkably

decrease in the binding of the bacteria to LamR (Orihuela et al., 2009, Abouseada

et al., 2012). To identify which region(s) of LamR are responsible on binding with

N. meningitidis, the interaction of the wild type with several mutant forms of

LamR protein was investigated.  The binding of ΔPilQ strain of N. meningitidis to

LamR mutants resulted in the identification of a region including amino acids

263-229 as a novel PilQ-binding region. Further investigation using ΔPorA and 

PorAΔL4 strains resulted in the identification of three regions: amino acids 206-

229 and 263-282 for meningococcal PorA, and more specifically for L4 of PorA;

these sites were located on CTD of LamR. Conversely, Tyrosine 156 was

identified as playing a role in the binding of PorA; this residue is located in the

NTD, supporting our hypothesis that PorA targets both NTD and CTD.

In S. pneumoniae, CbpA has been reported to interact with a region comprising

amino acids within the CTD of LamR. The LamR-binding region in CbpA was

found to correspond to a highly conserved surface-exposed loop (residues

391EPRNEEK397) linking the second and third anti-parallel α-helices of the R2 

domain (Orihuela et al., 2009). Here, using wild type and a CbpA mutant S.

pneumoniae in ELISA assays deletion of amino acids 263-282 of LamR resulted
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in a large reduction in the binding to S. pneumoniae confirming previous results.

In addition, regions containing amino acids 206-229 and 263-282 as well as

Tyrosine were shown to be important for binding of CbpA. The same regions

were also shown to be important for the binding of OmpP2 of H. influenzae via its

second extracellular loop (amino acids ASENGSDNF).

This study demonstrates that three neuroinvasive bacteria: N. meningitidis, S.

pneumoniae and H. influenzae, target similar domains on LamR. These results

have implications for the design of preventive and therapeutic interventions which

might target the interaction of the three bacteria with LamR. For example,

synthetic peptide mimietics might be designed to interfere with the binding of the

identified bacterial ligands. Administration of polypeptides corresponding the

identified meningococcal ligands for LamR have been investigated as a strategy to

develop meningococcus vaccines (St. Jude Children's Research Hospital, 2008;

University of Nottingham, 2009) by inhibiting the interaction of the bacteria with

LamR. It is well established that CNF1 of E coli K1 strains is significantly

involved in bacterial internalization into HBMECs, an essential step required for

development of E. coli meningitis by interacting with LamR. Recently, Zhu and

co-workers showed a novel approach to prevent the bacterial meningitis caused by

E coli through treatment with etoposide, which subsequently lead to a remarkable

reduction in expression of 67LR on HBMECs and inhibited E. coli invasion of

HBMECs (Zhu et al., 2010).

Like 37LRP, 67LR has attracted considerable interest due to its involvement in a

wide range of pathological and physiological process in the cell. Indeed, 67LR

was discovered firstly as laminin-binding protein in 1983 (Lesot et al., 1983,

Malinoff and Wicha, 1983, Rao et al., 1983). However, the isolation of the full-
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length cDNA of 67LR in 1989 by Rao and co-workers showed that this cDNA

encoded a protein with an apparent molecular mass of only 37-kDa (Rao et al.,

1989). This anomaly was explained in 1991 by Castronovo and colleagues as a

precursor-product relationship (Castronovo et al., 1991a), although the

mechanism by which the 37LRP polypeptide gives rise to its mature form is still

unknown. Several hypotheses have been proposed to account for the maturation of

LamR including dimerisation of 37LRP to form 67LR (Nelson et al., 2008) or

post translation modification such as acylation (Landowski et al., 1995a, Buto et

al., 1998). Extensive attempts were undertaken to understand the molecular nature

of 67LR. There is evidence that the 67LR heterodimer is formed by dimerisation

between 37 LRP and the β-galactoside binding lectin known as Galectin-3 (Gal-3) 

(Castronovo et al., 1991a, Castronovo, 1993, Buto et al., 1998) or self-association

of 37LRP (Landowski et al., 1995a, Gauczynski et al., 2001, Nelson et al., 2008).

Most of these studies used methods including detergent cell lysis which may

affect native receptor-receptor interactions. The first direct evidence for the

existence of both homo and heterodimers of LamR was published recently by our

group (Alqahtani, 2012). This evidence points to a 3-way interaction between

LamR, Gal-3 and meningococci that is likely to be important for the pathogenesis

of this organism. Another aim of the current study was to investigate the

involvement of several amino acid residues located on the NTD of LamR for their

possible role in dimerisation of LamR and Gal-3. These residues were predicted

by computer modelling of the crystal structure of human LamR (LamR220) and

human Gal-3 to be potential sites of interaction. Three lines of evidence were

obtained including ELISA, flow cytometry and confocal imaging of live-cells to

demonstrate the role of several amino acid residues in both homodimerisation and
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heterodimerisation of 67LR. Initially, ELISA assays confirmed the interaction of

the two wild type recombinant proteins: human LamR and human Gal-3.

Evidence was provided for a possible role for Lysine 166, Tyrosine 156 and

Arginine155 in the interaction of LamR with Gal-3. The BifC complementation

assay proved to be a powerful approach for directly visualizing the interaction of

LamR and Gal-3 and this approach suggested a role for Lysine 166 and Tyrosine

156 and, to a lesser extent, Arginine 155, in heterodimerisation, supporting the

validity of our model of heterodimerisation (Alqahtani, 2014). In a study

conducted by Jamieson and colleagues to identify laminin-binding domains on

LamR, it was observed that substitution of Lysine166 to Alanine in truncated

LamR (LamR220) did not affect laminin binding. By contrast, the same study

revealed a significant contribution of Arginine 155 of LamR in binding to laminin

(Jamieson et al., 2011). Whether Lysine 166 and Arginine 155 are involved in

hetero of LamR cooperatively or separately has not yet been assessed and it will

be interesting in future studies to investigate the ability of a

Lysine166/Tyrosine155 double mutant LamR to form heterodimers. Using the

same approach we also investigated the influence of cysteine 173 of Gal-3 on

homo- and heterodimerisation. Substitution of this residue resulted in a significant

reduction in both Gal-3 homodimerisation and heterodimerisation of Gal-3 with

LamR (Alqahtani et al., 2014). However, these interactions were not abolished,

indicating the presence of other residues contributing to the binding of these

molecules. The roles of both 37LRP and Gal-3 in meningococcal infection have

been reported in several previous studies. Using animal models, upregulation of

the both Gal-3 and 37 LRP has been observed in the brains of CD46-expressing

mice and also in rats in response pneumococcal infection (Bellac et al., 2007) and
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meningococcal infection (Quattroni et al., 2012), respectively. Similarly, a

remarkable increase in the level of LamR expression was observed in the lungs

and brains of infected mice in a pneumococcal meningitis model, which lead to

significant enhancement of bacterial adhesion in in vitro (Orihuela et al., 2009).

LamR and Gal-3 are both localized to the nucleus, cytoplasm and the cell surface

and are found as in which found as monomers and dimers. On the cell surface,

both proteins participate in adhesion to extracellular matrix components including

such as laminin and fibronectin and both are associated with many types of

cancers (Krzeslak and Lippinska, 2004, Nelson et al., 2008, Newlaczyl and Yu,

2011, DiGiacomo and Meruelo, 2015). It will be of interest to investigate the

impact of mutations affecting homo- and heterodimerisation of LamR and Gal-3

on downstream signalling events resulting from bacterial infection of model cells

expressing LamR and Gal-3.

Substitution of alanine for either Lysine 166, Tyrosine 156 or, to a lesser extent,

Arginine 155 in LamR significantly reduced homodimerisation. The role of

Tyrosine 139 was also investigated as a role in homodimerisation was predicted

by Jamieson et al., in 2012 (Jamieson et al., 2011Jamieson et al., 2011). It is worth

noting that the dimerisation of either endogenous LamR and Gal-3 or self-

association of endogenous LamR as well as recombinants LamR and Gal-3 or

self-association of two recombinants LamR were tested in three different

mammalian cells: HEK203T; COS7; and HBMECs. These data revealed that

homodimerisation and heterodimerisation of LamR is a consistent property in a

variety of cells.

In conclusion, this study has established reproducible and efficient protocols for

expression of full-length and truncated LamR in a human cell system on a large-
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scale as well as its purification under native conditions. Furthermore, several

novel sites have been identified on LamR that are responsible on binding with

ligands of N. meningitidis, S. pneumoniae and H. influenzae. It has been

demonstrated that the three meningeal pathogens target the same domains on

LamR for their initial attachment to human cells. Thus, blocking these sites could

be a promising strategy to prevent bacterial adhesion/invasion and subsequently

meningitis infection.

6.2 Future directions

The findings of the current study regarding the interaction between LamR, Gal-3

and meningeal pathogens have been obtained in in vitro systems. In vivo

confirmation using peptides, peptide mimetics or transgenic animals is required to

demonstrate the role of the identified regions in reduction of adhesion and/or

invasion of bacteria that cause meningitis. This could be applied by raising

antibodies that block the identified regions. Although this study has confirmed the

central role of PorA and PilQ of the meningococcus, CbpA of the pneumococcus

and OmpP2 of H. influenzae in LamR-binding, knocking out these proteins from

the corresponding bacteria did not completely inhibit the LamR binding activity.

This may suggest there is another binding surface molecules with LamR-binding

activity. Such molecules could be identified using methods such as cross-linking

or immunoprecipitation. Future work should also aim to further examine whether

the disruption of dimerisation of LamR to form homodimer and heterodimer using

the LamRL166A and LamRY156F will decrease the adhesion/invasion of bacteria

to HBMECs.
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Appendix

Formula of Commonly Used Buffers and Solutions
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APPENDIX

Formula of Commonly Used Buffers and Solutions

Sodium dodecyl sulfate (SDS)-resolving buffer; (36.34 g Tris base, 8 ml 10%

SDS add deionised waster (dH2O) up to 200 ml, pH at 8.8).

SDS-staking buffer; (12.114 g Tris base, 8 ml 10% SDS) add dH2O up to 200 ml,

pH at 6.8.

SDS running buffer (10 ×); dissolve 30.3 g (0.25 M) Tris base, 187.7 g (2.5 M)

Glycine, in 950 ml dH2O, add 10 g SDS (1%), made up to 1000 ml with dH2O,

mix well.

SDS-sample buffer (5 x); 0.62 M Tris-Cl (pH 6.8), 5% SDS, 25% glycerol,

12.5% meracaptoethanol, 0.002% Bromophenol blue, or 7.8125 ml (2 M) Tris-Cl,

1.25 g SDS, 6.25 ml glycerol, 3.125 ml β-meracaptoethanol, tip of pipette 

Bromophenol blue, made up to 25 ml with dH2O.

SDS-sample buffer (1 x); 2.72 g Tris, 25 ml of 20% SDS, 50% glycerol, 12.5%

meracaptoethanol, 0.002% Bromophenol blue and add dH2O up to 100 ml, pH at

6.8.

SDS-sample buffer (5 ×); 0.62 M Tris-Cl (pH 6.8), 5% SDS, 25% glycerol,

12.5% β-meracaptoethanol, 0.002% Bromophenol blue, or 7.8125 ml (2 M) Tris-

Cl, 1.25 g SDS, 6.25 ml glycerol, 3.125 ml β-meracaptoethanol, tip of pipette 

Bromophenol blue, made up to 25 ml with dH2O.

Resolving (separating) gel; 1.7 ml SDS-resolving buffer, 2.33 ml

Acrylamide/Bis-Acrylamide (30%), 2.88 ml dH2O, 30 μl 10% Ammonium 

persulfate (APS) and 30 μl Tetramethyl ethylenediamine (TEMED). 

Staking gel; 1 ml SDS-stacking buffer, 0.8 ml Acrylamide/Bis-Acrylamide

(30%), 2.18 ml dH2O, 30 μl 10% APS and 30 μl TEMED. 

Semi-dry blotting buffer; 5.82 g Tris base, 2.93 g Glycine, 3.75ml 10% SDS,

200 ml methanol and make up to 1000 ml with dH2O.

Phosphate buffered saline solution (PBS); prepared by dissolving 1 tablet of

Phosphate buffered saline (Dulbaco A, Oxoid) in 100 ml dH2O and autoclave, this

gives sodium chloride 0.16 mol, potassium chloride 0.003 mol, disodium

hydrogen phosphate 0.008 mol and potassium dihydrogen phosphate 0.001 mol

with a pH value of 7.3.

BSA; (Albumin from bovine serum, Sigma A3912) as lyophilized powder (M W

c. 66 kDa) was prepared in sterile PBS according to the concentration needed.
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Blocking buffer; 2.52 g skimmed milk powder, 50 ml PBS/0.05% Tween-20

(400 ml PBS with 200 μl Tween-20); or add 1 g BSA to 100 ml of PBS (1% BSA 

in PBS).

PBS-Tween washing buffer; 400 ml PBS/200 μl Tween-20. 

LB (Luria-Bertani) broth; Tryptone 10 g, Yeast extract 5 g and Sodium chloride

10 g for 1000 ml dH2O.

LB (Luria-Bertani) agar; Tryptone 10 g, Yeast extract 5 g, Sodium chloride

10g, Microbial tested agar 15 g for 1000 ml of dH2O, pH 7.0 ± 0.2 at 25°C.

IPTG (Isopropyl-β-D thiogalactopyranoside); 1 M solution stock solution was

prepared by dissolving 0.23 g of IPTG in 1 ml dH2O, sterilize by filtration and

store at -20°C.

DNA loading dye (6 ×); 10 mM Tris-HCl (pH 7.6), 0.03% Bromophenol blue,

0.03% xylene cyanol FF, 60% glycerol, 60 mM Ethylenediamine tetraacetic acid

(EDTA).

TAE buffer (50 × stock); 2 M Tris base (242 g) (life technologies), 2 M Acetic

acid (57.1 ml glacial acetic acid [Fisher chemicals]) 50 mM EDTA (18.6 g) (pH

8.0) made up to 1000 ml with dH2O.

Agarose gel; 0.8-1.0 % agarose was prepared by dissolving 0.8-1 g of agarose

powder (sigma), 2 ml 50 × TAE buffer and made up to 100 ml with dH2O; melt

and add 5 μl ethidium bromide (10 mg ml-1).

ELISA coating (carbonate) buffer; 0.1M Sodium Carbonate (Na2CO3) and

0.1M Sodium Bicarbonate (NaH2CO3); pH 9.37.

Alkaline phosphatase buffer; 7.879g Tris-HCl, 2.92g NaCl, 0.1016g

MgCl2.6H2O in 500 ml of H2O, pH: 9.5.

RIPA buffer; 85% v/v 1M TE, 3.8% v/v 4M NaCl, 10% v/v 10% NP4O, 1% v/v

10% SDS, 5 mg ml-1 deoxycolate

Antibiotics; Antibiotics were purchased from Sigma-Aldrich UK, prepared

according to the manufacturer’s recommendations, sterilized by filtration and

store at 4°C.


