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Abstract

Neisseria meningitidis resides normally harmlessly in the human nasopharynx,

but can cause fatal sepsis and meningitis worldwide.

Moonlighting proteins are a group of proteins which can perform several
autonomous, unrelated functions when localised at different sites. They have
been increasingly reported on the surface of both prokaryotic and eukaryotic
organisms and shown to interact with a variety of host ligands and perform

virulence-related functions.

Three enzymes of Embden-Meyerhof-Parnas (EMP) glycolytic pathway (an
inactive pathway in N. meningitidis) namely enolase, glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), and fructose 1, 6 bisphosphate aldolase
(FBA) have been shown to be localised to the meningococcal cell surface and
to have non-glycolytic (moonlighting) functions related to interactions with
host proteins or adhesion to host cells. This study further explores the

moonlighting functions of FBA in the pathogenesis of meningococcal disease.

Recombinant wild-type FBA and FBA with mutations in the active cation-
binding site (D83A and H81A/H84A) were cloned, overexpressed and purified
under non-denaturing condition. A coupled enzyme assay confirmed the
aldolase activity of wild-type rFBA. In contrast, rFBA with mutation(s) in the
active (cation-binding) site (D83A and H81A/H84A) had no detectable

enzymatic activity.

Employing flow cytometry, FBA could be detected on the surface of wild type
N. meningitidis MC58 cells but not on MC58AcbbA (FBA-deficient mutant).

Complementation of MC58AcbbA with an ectopic copy of cbbA (either wild

xXXiii



type or D83A and H81A/H84A variants) restored the ability to express FBA on
the surface suggesting the lack of involvement of the active site in the
transportation of FBA to the cell surface. Moreover, N. meningitidis
MC58AchbA showed impaired adherence to human brain endothelial (HBME)
cells compared with its wild type parent. Complementation of MC58AcbbA
with an ectopic copy of cbbA (either wild type, or D83A and H81A/H84A

variants) restored the ability to adhere to HBME cells.

Furthermore, rFBA was shown to bind human plasminogen. No significant
difference was observed between the plasminogen binding by wild type rFBA
and rFBA lacking aldolase activity. Plasminogen binding was inhibited by the
lysine analogue, e-aminocaproic acid, indicating the involvement of lysine
residue(s) in this interaction. A truncated rFBA comprising the C-terminal 134
amino acids and containing several lysine-rich motifs was shown to bind
plasminogen as well as the wild type rFBA. Substitution of the terminal lysine
residue of rFBA with alanine dramatically reduced the binding of plasminogen.
Moreover, both pathogenic and non-pathogenic neisserial species were shown

to bind human plasminogen.

Taken together, our data suggest that the moonlighting functions of
meningococcal FBA on the bacterial surface include the binding of human
plasminogen and the facilitation of optimal adhesion to host cells, and that both

of these phenotypes are independent of its aldolase activity.
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Chapter One: General Introduction



1.1The genus Neisseria
The Genus Neisseria belongs to Kingdom Bacteria, Phylum Proteobacterium,

Class pB-Proteobacterium, Order Neisseriales, Family Neisseriaceae. Based on
16S rRNA gene sequence information the genus comprises of at least 25
species (Hung and Christodoulides, 2013). The two clinically relevant and
most studied species are Neisseria meningitidis (the meningococcus), which is
the causative agent of meningitis and sepsis and Neisseria gonorrhoeae (the
gonococcus), the sole causative agent of gonorrhoea, a sexually transmitted
infection (Rotman and Seifert, 2014). The other strains are either commensal
organisms in humans and mammalian species. Neisseria lactamica, Neisseria
polysaccharea, Neisseria cinerea, Neisseria subflava, Neisseria flavescens,
Neisseria perflava, Neisseria mucosa, Neisseria elongata, and Neisseria sicca
are commensal species of human (Hung and Christodoulides, 2013; Rotman
and Seifert, 2014).

1.2 N. meningitidis

In 1887, Austrian pathologist and bacteriologist Anton Weichselbaum first
isolated meningococci from the cerebrospinal fluid (CSF) of patients with
“epidemic cerebrospinal meningitis” and designated the organism as
Diplococcus intracellularis meningitidis (Weichselbaum, 1887). After the
name of German physician Albert Neisser who discovered the diplococcus N.
gonorrhoeae , the bacterium was later reclassified as a member of the genus

Neisseria (Hung and Christodoulides, 2013).

N. meningitidis, (the meningococcus) is a Gram-negative, non-spore forming,
non-motile non-acid-fast, diplococcus which appears a “kidney” or “coffee-

bean” shape under the microscope. The bacterium may be encapsulated or



unencapsulated (Ala'Aldeen and Turner, 2006; Stephens et al., 2007; Rouphael
and Stephens, 2012). N. meningitidis is fastidious in nature regarding its
growth requirements. Smooth, convex, transparent, non-pigmented, non-
haemolytic, moist, medium sized colonies with a clearly defined edge are
produced on blood agar after overnight incubation. Meningococci optimally
grow at 35-37°C, pH 7.0-7.4, aerobic humid environment with 5-10% CO,
(Ala'Aldeen and Turner, 2006). Colonies are oxidase and catalase positive and
able to oxidize glucose and usually maltose, but not sucrose or lactose

(Rouphael and Stephens, 2012).

1.3 Classification of N. meningitidis
Three surface structures of the bacteria, capsule, outer membrane proteins

(OMP) and lipooligosaccharide (LOS) serve as basis for serological
classification. Based on capsular polysaccharides, 12 meningococcal
serogroups (A, B, C, E, H, I, K, L, W, X, Y and Z) have been described so far
(Harrison et al., 2013b). The outer membrane of meningococci contains a
number of outer membrane proteins (OMPs). The OMPs PorB and PorA,
which act as porins, are used to classify the meningococcal strains into
serotypes and serosubtypes, respectively (Frasch and Chapman, 1972;
Ala'Aldeen and Turner, 2006). An example of serological typing can be
written as B:4:P1.15:L.10 which denotes serogroup B serotype 4, serosubtype

15 and immunotype 10 (Ala'Aldeen and Turner, 2006).

N. meningitidis LOS can be divided into 12 immunotypes (L1-12).
Immunotypes L1-L8 are primarily associated with N. meningitidis serogroups
B and C while immunotypes L9-L12 are mainly associated with serogroup A

(Zhu et al., 2002). Previous studies showed that strains isolated from carriers



are mostly L1, L8 and L10 immunotypes while two-thirds of invasive strains
isolated from CSF and blood belong to immunotypes L3, L7 and L9 (Scholten

et al., 1994; Yazdankhah and Caugant, 2004).

Amino acid substitutions in different isoforms of a selection of constitutive
metabolic enzymes cause variation of electrophoretic mobilities and serve as
the basis of multilocus enzyme electropherotyping (MLEE). A number score is
assigned to each electrophoretic variant and each unique combination of scores
is designated an electrophoretic type (ET) (Yakubu et al., 1999; Ala'Aldeen
and Turner, 2006). MLEE guided the discovery of clonal complexes, the
identification of the disease associated hyperinvasive lineages and analysis of

the global spread of hyperinvasive meningococci (Brehony et al., 2007).

Multilocus sequence typing (MLST) is a generic typing scheme (Maiden et al.,
1998) where small fragments (433-501bp) from seven housekeeping genes
(abcz, adk, aroE, fumC, gdh, pdhC, pgm) are amplified and sequenced (Jolley
et al., 2007; Stephens, 2009). Each sequence is assigned an allele number, and
the combination of alleles at each of the seven housekeeping loci is used to
define each isolate’s sequence type (ST) (Ala'Aldeen and Turner, 2006).
MLST data are accessible via the Internet (http://pubmlst. org/neisseria)
(Maiden et al., 1998; Jolley et al., 2004). MLST is a very useful tool for
epidemiological studies and population diversity studies (Jolley et al., 2007;

Stephens, 2009).

1.4 Epidemiology
N. meningitidis colonises the human nasopharynx in 10-35% of healthy adults

(Orr et al., 2003; Cartwright et al., 1987). In a small number of cases the

bacterium crosses the nasopharyngeal epithelium and enters the bloodstream
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(Jamet et al., 2012). The incidence of meningococcal disease is highest in
young children between 6 to 24 months old (Rosenstein et al., 1999; Campagne
et al., 1999). Rates of meningococcal disease increase again for adolescents
and young adults although people of all ages can be affected (Goldschneider et
al., 1969a; Peltola et al., 1982). A number of factors have been implicated in
the transmission of N. meningitidis, for example, close contact with an infected
resident in military camps or university halls of residence, or during Hajj
pilgrimage (Cartwright et al., 1987; Cartwright, 1994; Yazdankhah and
Caugant, 2004). Smoking, prior upper respiratory tract infection (e.g.,
mycoplasma, influenza, and other respiratory viral infections) causing damage
to mucosal surfaces, and impairment of mucosal immunity, very low humidity,
drying of mucosal surface, and trauma induced by dust, are predisposing
factors for carriage and meningococcal disease. Meningococcal carriage has
also been linked to secretion status of water soluble glycoprotein ABO blood
group antigens and to ethnic background. (Moore et al., 1990; Stephens et al.,
2007). Deficiencies in terminal complement components, asplenia, travel to
epidemic areas (Zughaier et al., 2004) and deficiencies in mannose binding
lectin (Hibberd et al., 1999) are also risk factors for invasive meningococcal

disease.

N. meningitidis serogroups A, B, C, Y and W cause the majority of disease.
(Ramsay et al., 1997). Historically, in the first part of the 20" century,
serogroup A strains (MenA) caused most meningococcal disease. MenA strains
still cause epidemics in developing countries, particularly in the meningitis belt
in sub-Saharan Africa. In these regions, case fatality rates reach up to 75% in

children and adolescents (Hedari et al., 2014). Serogroup B strains (MenB)



causes endemic disease in much of the developed world; 30%-40% of
meningococcal disease in the USA and Canada and 80% in the European
countries are caused by MenB. Over the past decade cases of MenB infections
were reported in New Zealand, Taiwan, and Thailand(Hedari et al., 2014).
Serogroup C strains (MenC) are common in the developed world. They cause
endemic disease (currently around 30% of disease in the USA and Europe),
and localised epidemics. Introduction of vaccine against MenC fortunately has

reduced its incidence (Hedari et al., 2014).

In the past 20 years, serogroup W has emerged as a cause of epidemic disease
during Hajj pilgrimage requiring the Hajj pilgrims to be immunised with the
tetravalent meningococcal vaccines (A, C, W and Y). Infections caused by
serogroup W have also been reported in Turkey, South Africa (with an
outbreak from 2003-2007), Nigeria, Argentina, and, more recently, in Chile
and Brazil (Lingappa et al., 2000; Memish et al., 2003; Borrow, 2009; Efron
et al., 2009) and in Burkina Faso (Koumaré et al., 2007). Certain African
countries such as Kenya (Materu et al., 2007), Niger (Boisier et al., 2007), and
Ghana (Gagneux et al., 2002) have recently seen small outbreaks caused by
serogroup X strains. Serogroup Y strains (MenY) are emerging as an important
cause of meningococcal disease in the USA, Canada and the UK over the past
decade (Harrison et al., 2009a). Older adults are mostly affected with MenY,
causing meningococcal pneumonia, but infants less than 6 months of age can
experience meningococcaemia and meningitis. Incidence of MenY disease has
also risen recently in South Africa, South America, and Israel (Cohn et al.,

2010).



1.5 Clinical manifestations of invasive meningococcal disease
Meningococcal diseases include bacteraemia with or without sepsis, sepsis

with or without meningitis, meningoencephalitis, conjunctivitis, pneumonia,
septic arthritis, pericarditis, myocarditis and endocarditis. Meningitis and
sepsis are the most common clinical manifestations (Ala'Aldeen and Turner,

2006).

1.5.1 Sepsis
Acute sepsis is less common than meningitis but can become fatal. Young

children are mostly affected. Clinical presentations include rapid onset of
raised temperature, photophobia, convulsion, skin rash, irritability, drowsiness,
diarrhoea, vomiting etc. Headache, restlessness, muscular pain and arthralgia
have been noted in older children and adults. A classical sign of meningococcal
sepsis is the appearance of a petechial or purpuric rash (Granier et al., 1998;
Thompson et al., 2006). A maculopapular blanching rash is commonly present
at the early stage of the disease (Marzouk et al., 1991). Late signs of sepsis
include confusion, delirium, hypotension and cerebral hypo-perfusion

(Thompson et al., 2006).

1.5.2 Meningitis
Meningitis is the most common presentation of invasive meningococcal

disease which affects 30-60% of infected individuals (Nassif, 1999; Pace and
Pollard, 2012). Typical symptoms of meningitis in children >5 years of age
include fever, vomiting, headache, photophobia, irritability, agitation,
drowsiness and neck stiffness (Wong et al., 1989; Ragunathan et al., 2000;
Aponso and Bullen, 2001). Many cases are accompanied by a rash. Although
irritability/lethargy is predominant (Ragunathan et al., 2000), important clinical

signs in infants and young children include neck stiffness, bulging fontanelle,
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irritability and photophobia. Seizures occur in less than one third of affected
children (Molyneux et al., 2006). Meningococcal meningitis has a mortality of

5-18% (Pace and Pollard, 2012).

1.6 Diagnosis and treatment of meningococcal disease
Recognition of meningitis symptoms and diagnosis of meningococcal diseases

are important for prompt management of invasive meningococcal infections
and for prevention of secondary cases in close contacts (Cartwright, 1999).
Petechial lesions are the most common characteristic of meningococcemia.
Other than that fever, meningeal signs, and altered mental status form the basis
of clinical diagnosis of meningococcal meningitis. In children and adolescents,
less specific early signs of sepsis such as leg pain, cold hands and feet and
abnormal skin colour may be present but classical features of meningococcal
disease develop 13-22 hours after the onset of symptoms (Thompson et al.,

2006).

Diagnosis by conventional techniques is based on Gram stain and culture of
CSF, blood cultures or joint aspirates (Rosenstein et al.,, 2001). Latex
agglutination or chromatographic immunodetection have been used for rapid
detection of N. meningitidis (Tunkel et al., 2004). Molecular methods are
advantageous over conventional techniques for decreasing the time in
confirming meningococcal infection and to allow the detection of the organism
in culture negative clinical samples. Polymerase chain-based methods are now
widely used in the detection of bacterial DNA from CSF and whole blood
samples and for genogrouping to identify serogroups of A, B, C, Y and W of

N. meningitidis (Taha et al., 2005).



Initial treatment with antibiotics must be started as soon as meningococcal
disease is first suspected. Infected individuals can be treated with a third-
generation cephalosporin, penicillin, or meropenem in early stages to stop
proliferation of N. meningitidis (Tunkel et al., 2004). Broad spectrum
bactericidal antibiotics (such as cefotaxime or ceftriaxone) are administered
empirically until the diagnosis is established (Peltola et al., 1989). For
individuals who come in close contact with patients, chemoprophylaxis with
rifampicin, ciprofloxacin, ceftriaxone or azithromycin is recommended for
eradication of nasopharyngeal carriage of the meningococcus and the

prevention of further transmission (Bilukha and Rosenstein, 2005).

1.7 Prevention of meningococcal diseases: vaccines against N.
meningitidis
Vaccines against meningococci fall into three groups: polysaccharide vaccines,

polysaccharide-protein conjugated vaccines and vaccines targeted against

serogroup B strains using outer membrane proteins (Hedari et al., 2014).

1.7.1 Polysaccharide vaccines
Emil C. Gotschlich and colleagues discovered and developed capsular

polysaccharide as a vaccine antigen in the late 1960s (Goldschneider et al.,
1969b; Gotschlich et al., 1969). This resulted in vaccines against serogroup A
and C disease. Emergence of the W serogroup, as a potential epidemic strain in
countries of the meningitis belt (Mayer et al., 2002), necessitated the
development of trivalent A/C/W and the increased use of tetravalent A/C/W/Y
polysaccharide vaccines. In older children and adults, polysaccharide vaccines
are safe and elicit bactericidal antibodies (Shao et al.,, 2009). Plain
polysaccharide vaccines have some disadvantages such as induction of low-

affinity IgM and IgG2 which are poor activators of the complement system,
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failure of subsequent immunisation to elicit secondary response, and hypo-
responsiveness due to exhaustion of primary B cells with affinity to the
polysaccharide. The lack of T-cell involvement in the immune response makes
the polysaccharide a poor candidate for vaccines for young children. These
vaccines were also shown to have a negligible effect on nasopharyngeal
carriage and hence do not prevent transmission of the organism and do not

confer herd immunity (Poolman and Borrow, 2011; Dbaibo et al., 2013).

1.7.2 Conjugate vaccines
Meningococcal conjugate vaccines offer a number of advantages over the

polysaccharide vaccines including strong B- and T-cell responses in children
less than 2 years of age and the generation of immunologic memory in all ages
(Harrison, 2006). They provide long-lasting protection and reduce
nasopharyngeal colonization leading to herd immunity. Furthermore, hypo-
responsiveness is not induced after repeated doses in contrast to polysaccharide
vaccines (Baltimore, 2006; Nadel, 2012). Conjugate vaccines are currently
available as either monovalent serogroup A or C vaccines, or tetravalent

conjugate vaccines (serogroups A, C, W, and Y).

The monovalent MenA conjugate vaccine has been developed for mass
vaccination of the population aged between 1 and 29 years, particularly in
African countries (Hedari et al., 2014). A quadrivalent conjugate vaccine
MenACWY-DT containing meningococcal serogroups A, C, W and Y
conjugated with diphtheria toxoid was used to vaccinate people aged 11 to 55
years (Croxtall and Dhillon, 2012). This vaccine was also shown to be safe and
immunogenic in infants and toddlers (Pina et al., 2012). US Food and Drug

Administration (FDA) approved another quadrivalent conjugate vaccine
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MenACWY-CRM197 (Menveo, Novartis Vaccine, Siena, Italy) containing a
nontoxic mutant variant of Corynebacterium diphtheriae toxin (cross-reactive
material 197; CRM197), as a carrier protein, to vaccinate people from 2 to 55
years of age. Later it was approved for use for infants and young toddlers (from
the age of 2-23 months). (Stamboulian et al., 2010; Cooper et al., 2011). A
third quadrivalent meningococcal vaccine (MenACWY-TT) with tetanus
toxoid as a carrier protein, is licensed as Nimenrix (GlaxoSmithKline). This is

generally well tolerated in all age groups (Croxtall and Dhillon, 2012).

1.7.3 Meningococcal serogroup B vaccines
N. meningitidis serogroup B causes about 50% of meningococcal disease cases

worldwide (Granoff et al., 2009). The capsular polysaccharide of
meningococci serogroup B mimics a cell surface glycoprotein of human
neurological tissue, which makes vaccine development against this organism a
formidable challenge (Finne et al., 1983; Griffiss et al., 1991; Nair, 2012).
Therefore outer membrane surface structures became the focus of vaccine
research. Outer membrane vesicles (OMV) are proteoliposomes composed of
outer membrane phospholipids, lipopolysaccharides and outer membrane and
periplasmic proteins. (Kuehn and Kesty, 2005). Three different OMV vaccine
formulations were developed to control regional outbreaks (Arnold et al.,
2011). OMV vaccines did not, however, provide broad protection, and because
of this, other surface-exposed proteins have been explored as possible vaccine

candidates (Caesar et al., 2013).

The whole genome of a serogroup B strain (MC58) (Tettelin et al., 2000)
allowed the researchers to look for potential vaccine candidates using a

technique called reverse vaccinology. This strategy identified factor H binding
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protein (fHbp), an inhibitor of the alternative complement pathway (Madico et
al., 2006; Schneider et al., 2006); neisserial heparin binding antigen (NHBA),
involved in serum resistance (Serruto et al., 2010); and the neisserial adhesin A
(NadA), which is important for bacterial-host cell interactions (Comanducci et

al., 2002; Capecchi et al., 2005).

A four-component MenB (4CMenB) vaccine consisting of NHBA (GNA2132)
fused with GNA1030, fHbp (GNA 1870) fused with GNA2091, along with
NadA (GNA1994) and outer membrane vesicles from the strain used for the
New Zealand OMV vaccine (containing PorA 1.4) was formulated (Giuliani et
al., 2006). A robust immune response was induced against reference MenB
strains containing the vaccine antigens by 4CMenB (commercial name
Bexsero; Novartis Vaccines and Diagnostics, Siena, Italy) (Seib et al., 2012).
Bexsero is highly immunogenic in infants (from 2 months of age), toddlers,
adolescents and adults. It is safe and well tolerated and can be co-administered

with other routine vaccines (Vernikos and Medini, 2014).

1.8 Virulence factors of N. meningitidis
N. meningitidis expresses a range of virulence factors including capsular

polysaccharide, lipopolysaccharide and a number of adhesive proteins located
on the cell surface (Fig.1.1). To escape the host immune mechanisms, many of
these structures undergo phase or antigenic variation. This can occur via a
number of mechanisms including intragenomic recombination (Segal et al.,
1986; Stern et al., 1986), slipped strand mispairing (SSM) and the reversible
insertion of mobile elements (Segal et al., 1986; Stern et al., 1986; Frosch and
Vogel, 2006; van der Woude and Baumler, 2004). Genetic islands present in

the N. meningitidis genome contain genes that diverge in GC content and
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codon usage from other surrounding sequences, suggesting they have been
acquired from other mucosal bacteria by horizontal exchange (Tettelin et al.,

2000; Perrin et al., 2002).

1.8.1 Capsule
N. meningitidis has a polysaccharide capsule which is the main virulence

determinant of this bacterium. The hydrated nature of capsule protects
meningococci during airborne transmission. Capsulated meningococci may
lose the capsule by various genetic mechanisms while inside the respiratory
tract (Hammerschmidt et al., 1996; Deghmane et al., 2002) but become
encapsulated again during dissemination to new hosts. One of these
mechanisms is the induction of crgA, which upon contact with target cells, is
upregulated and produces CrgA, to transcriptionaliy  regulate
several genes, including genes involved in capsule biosynthesis (Deghmane et

al., 2002).
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Figure 1.1: Prominent outer-membrane components of N. meningitidis that
influence bacterial interactions with host cells. a) Pili traverse the capsule and
are the most prominent adhesins of encapsulated N. meningitidis. In addition,
the integral outer membrane (OM) adhesins, Opa and Opc, are known to
mediate interactions with specific host-cell receptors in appropriate
phenotypes. Lipooligosaccharide may interfere with the adhesion functions of
OM proteins, but can also contribute to cellular interactions by interacting with
various cellular receptors. b) A cross-section of a pilus fibre showing that
variable domains (V) and glycans (G) as well as other substitutions (not
shown) are located externally, whereas the constant domains are buried within
the fibre, protected from the host environment (Modified from Virji, 2009).
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The capsule of serogroup A is composed of (al—6)-linked
N-acetylmannosamine-1-phosphate, while serogroup X expresses (ol—4)
linked N-acetyl-d-glucosamine 1-phosphate. Capsules containing sialic acid are
expressed by serogroups B, C, W and Y. Serogroups B and C are
homopolymers of N-acetylneuraminic acid in (a2—8) or (a2—9) linkage,
respectively (Tzeng et al., 2005). Serogroups W and Y express capsules
composed of alternating disaccharide repeat units of sialic acid and D-galactose

(W) or D-glucose (Y), respectively (Stephens, 2009).

Capsular polysaccharide (CPS) plays a crucial role in invasive meningococcal
disease. Evasion of complement-mediated and phagocytic killing can be
attributed to the capsule. (Stephens, 2009). Sialic acids help the bacteria to
evade immune recognition by molecular mimicry. The most noted example is
the (a2—8) linked sialic acid homopolymer present in serogroup B capsule
which is structurally identical to glycosyl residues of a component of human
neural cell-adhesion molecule (NCAM), present in the central and peripheral

nervous systems (Diaz Romero and Outschoorn, 1994).

A number of genetic events including SSM resulting in premature termination
of translation of siaD can lead to on/off expression of capsule. Integration and
excision of an insertion sequence element (1IS1301) causes disruption of the
sialic acid biosynthesis gene siaA  (Frosch and Vogel, 2006). The genes
involved in sialic acid biosynthesis for serogroups B, C , W and Y are similar;
a fact which facilitates horizontal gene exchange and capsule switching

between these serogroups (Swartley et al., 1997).
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1.8.2 Lipooligosaccharide (LOS)
The lipooligosaccharide (LOS) or endotoxin in N. meningitidis consists of an

inner and outer core oligosaccharide attached to lipid A. The lack of a
repeating polysaccharide O-side chain, commonly found in lipopolysaccharide
(LPS) of most Gram-negative bacteria, distinguishes LOS from LPS (Kahler

and Stephens, 1998).

The presence of sialic acids on the LOS makes N. meningitidis more resistant
to phagocytosis and killing mediated by antibody and complement (Edwards
and Apicella, 2004; Schneider et al., 2007; van Putten and Robertson, 1995;
Parsons et al., 1988). LOS elicits inflammation during meningococcal sepsis
(Brandtzaeg et al., 2001). LOS also makes meningococci resistant to cationic
antimicrobial peptides (CAMPSs) produced by macrophages, neutrophils and

mucosal epithelial cells (Brandtzaeg et al., 2001; Stephens, 2009).

1.8.3 Pili
Neisserial pili are hair-like projections, flexible and helical, homopolymeric

fibres, 6 nm in diameter and several microns in length and belong to the type
IV pilus family (Tfp) (Hung and Christodoulides, 2013). Fifteen proteins
(including PilC1/C2, PilD, PilE, PilF, PilG, PilH, Pill, PilJ, PilK, PilM, PilN,
PilO, PilP, PilQ and PilW) are essential for Tfp biogenesis which consists of
four steps: assembly; functional maturation; counter-retraction; and emergence
onto the surface (Carbonnelle et al., 2006). Seven additional proteins (ComP,
PilT, PilT2, PilU, PilV, PilX and PilZ) are involved in Tfp function (Brown et

al., 2010).

The initial interaction between respiratory epithelial cells and N. meningitidis is

mediated by Tfp which make contact with non-ciliated cells but not with
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ciliated respiratory cells (Pinner et al., 1991; Hardy et al., 2000). Pili are
thought to be the primary determinants of specificity for human epithelial and
endothelial cells and are also known to mediate adhesion to the meninges (Virji
et al., 1993b; Hardy et al., 2000; Kirchner and Meyer, 2005). PilQ has been

shown to act as adhesin and targets laminin receptor (Orihuela et al., 2009).

Recently, ComP, was reported to contribute in DNA uptake during
transformation by binding to the DNA uptake sequence (DUS) (Cehovin et al.,
2013). Uptake of DNA from the environment facilitates natural competency of

meningococci and maintains genetic diversity (Fussenegger et al., 1997).

The rapid assembly and disassembly or retraction of Tfp, facilitated by PilC
and the ATPase, PilT, result in ‘twitching motility’ (Maier et al., 2002). PilG
and PilX proteins play a role in pilus retraction and bacterial aggregation,
respectively. (Helaine et al., 2005; Carbonnelle et al., 2006). Pilus retraction is
responsible for numerous signal transduction events, including the formation of
cortical plaque structures and the shedding of the complement regulatory factor

CD46 (Maier et al., 2002; Winther-Larsen et al., 2005).

Neisserial pilin proteins can undergo several distinct and unusual post-
translational modifications. Modifications to serine residues in PilE, including
glycosylation at position 63 and addition of a-glycerophosphate at position 93
and replacement at position 68 by phosphate, phosphoethanolamine (PEA) or
phosphorylcholine (ChoP) have been reported (Virji, 1997; Weiser et al., 1998;
Hegge et al., 2004). It has been suggested that glycosylation could be involved

in immune evasion and bacterial spread (Marceau and Nassif, 1999).
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Binding of the pili and host cells may involve CD46, a transmembrane
glycoprotein (Kallstrom et al., 2001). Recently, CD147 (also known as
extracellular matrix metalloproteases inducer or EMMPRIN), an
immunoglobulin superfamily member, has been reported as a host receptor of
major and minor pilins (PIlE and PilV). This interaction plays a vital role in
adhesion of meningococci to human endothelial cells and colonisation of blood

vessels (Bernard et al., 2014).

1.8.4 Opacity proteins
Opa and Opc are the most abundant outer membrane proteins of N.

meningitidis. The term opacity was coined because expression of these proteins

led to opaque colonies (Swanson, 1978; Virji et al., 1992b).

Structurally Opa proteins (24-35 kDa), are composed of eight-stranded
transmembrane beta-barrel structures with four surface-exposed loops. The
beta barrel structures are highly conserved, the first loop (proximal to the N-
terminus) is semi-variable, loops 2 and 3 are hypervariable (HV1 and HV2)
and the fourth loop has no variation (Malorny et al., 1998; Virji, 2009). A
single meningococcal strain can harbour 3-4 opa genes (opaA, opaB, opaD
and opaJ), which exhibit phase and antigenic variation. The Opa-encoding
genes undergo high frequency phase variation (Belland et al., 1989). Antigenic
variation between Opa proteins can result from the shift of expression from one
opa gene to the next, or by a variety of genetic events, for example point
mutation, deletion, translocation and gene transfer from other members of the

Neisseriaceae (Hill et al., 2010).

Opc protein (24-35 kDa), has a 10-stranded B-barrel structure with five surface

exposed loops (Prince et al., 2002; Virji, 2009). Opc protein is encoded by a
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single gene, opcA. Transcriptional regulation of a homopolymeric, variable-
length and polycytidine (poly-C) tract, located in the promoter region of the
opc gene, is responsible for phase variation in Opc protein (Sarkari et al.,

1994).

Heparan sulfate proteoglycans (HSPGs) and sialic acids are the common
targets for both Opa and Opc (Moore et al., 2005; Griffiths et al., 2007). The
human receptors of Opa proteins are members of the carcinoembryonic
antigen-related cell-adhesion molecule (CEACAM) family. For example,
CEACAM1, found on epithelial and endothelial cells, and cells of the immune
system, CEA (epithelial cells), CEACAMS3 (neutrophils), and CEACAM®6
(epithelial cells and granulocytes) (Virji et al., 1996b; Virji et al., 1996a; Virji
et al., 1999; Hammarstrom, 1999). Opa—CEACAM interactions result in

cellular invasion (Virji et al., 1999; Griffiths et al., 2007).

Opc is also able to mediate adhesion to and invasion of epithelial cells in the
absence of serum proteins by binding to HSPGs (de Vries et al., 1998).
Meningococcal binding to endothelial aV3-integrin (the vitronectin receptor)
and a5B1- integrin (the fibronectin receptor) is the result of interactions of Opc
with vitronectin and fibronectin (Virji et al., 1994; Virji et al., 1995; Unkmeir
et al., 2002). While inside cells, N. meningitidis could escape the phagocytic
vacuole leading to the possibility of Opc binding to the intracellular protein,

alpha-actinin (Cunha et al., 2009).

1.8.5 Factor H binding Protein (fHbp)
Factor H-binding protein (fHbp), previously referred to as genome-derived

neisserial antigen 1870 (GNA1870) or lipoprotein 2086 (Pizza et al., 2000;

Masignani et al., 2003; Fletcher et al., 2004), is a 27-kDa lipoprotein present
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on the surface of all strains of N. meningitidis (Masignani et al., 2003; Fletcher
et al., 2004; Beernink et al., 2007). Due to sequence variability, fHbp can be
divided into two subfamilies (A and B) or three variant groups (1, 2 and 3).
Subfamily B corresponds to variant group 1 (v1) whilst variant groups 2 and 3
(v2 and v3) are included in subfamily A (Masignani et al., 2003; Fletcher et al.,

2004).

Factor H binding protein binds human factor H, which leads to down-
regulation of the complement pathway. Also, bactericidal antibodies elicited by
fHbp activate the classical complement pathway (Welsch et al., 2008).
Therefore, binding of factor H (fH) to the bacterial surface may help the
bacteria to escape innate immune responses by inhibiting complement-
mediated lysis in human plasma (Madico et al., 2006). According to a recent
report fHbp is able to bind siderophores, which have strong affinity for ferric
iron. This suggests another important role of fHbp in iron uptake, which plays
an important role in survival of bacteria in the human body (Veggi et al.,

2012).

1.8.6 Iron acquisition system
Pathogenic Neisseria species express surface receptors to extract and import

iron from human iron binding proteins including haemoglobin, lactoferrin and

transferrin (Cornelissen and Hollander, 2011).

The haemoglobin receptor HmbR specifically binds haemoglobin whilst
haptoglobin—haemoglobin receptors (HpuAB) can bind both haemoglobin and
haptoglobin—haemoglobin complexes (Stojiljkovic et al., 1995; Lewis et al.,
1999). Meningococcal disease isolates overexpress HmbR and both receptors

are present in high numbers in invasive isolates (Harrison et al., 2009b;
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Tauseef et al., 2011) suggesting the possible involvement of haemoglobin
receptors in invasion and dissemination of meningococci in the vascular system

(Harrison et al., 2013a).

Transferrin can be found in serum and on inflamed mucosal surfaces (Noinaj et
al., 2012). The transferrin—iron import system consists of two transferrin
binding proteins: a TonB-dependent transporter (TbpA), and a lipoprotein co-
receptor (TbpB). Both proteins work in concert to bind transferrin and then
extract and import the iron across the outer membrane (Ronpirin et al., 2001).
ThpA is highly conserved among strains (Cornelissen et al., 2000) whereas
extensive variation in sequence and antigenic properties have been reported for
ThpB (Cornelissen et al., 1997) but neither protein undergoes phase or
antigenic variation. Anti-Tbp antibody with opsonic activity can be detected in

sera from carriers and in convalescent sera (Ala'Aldeen et al., 1994).

Lactoferrin is found in secretions and in polymorphonuclear leucocytes (Noinaj
et al., 2012). The lactoferrin receptor is composed of two proteins, lactoferrin-
binding protein A (LbpA) and lactoferrin-binding protein B (LbpB) (Prinz et
al., 1999). LbpA is an outer membrane iron transporter protein whereas LbpB
is a lipoprotein exposed on the cell surface. In a recent study, LbpB has been
shown to be released into the culture medium in a process mediated by the
autotransporter protein, NalP. Released LbpB was responsible for the reduction
in complement-mediated killing of bacteria in the presence of LbpB-specific

bactericidal antiserum (Roussel-Jazédé et al., 2010).
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1.8.7 Secretion systems in N. meningitidis and autotransporter
proteins

To allow the secretion of proteins in Gram-negative bacteria, proteins must
transverse through three compartments: the inner membrane, the periplasm and
the outer membrane (Lory, 1992). Secretion machineries in Gram-negative
bacteria can be classified into two categories: those spanning both the inner and
outer membrane and those that span the outer membrane only. Included in the
first category are type 1, 2, 3, 4 and 6 secretion systems (T1SS, T2SS, T3SS,
T4SS and T6SS). The type 5a and 5b secretion systems (T5aSS and T5bSS) are
included in the second category (Gerlach and Hensel, 2007). Using a one-step
mechanism, substrates from the bacterial cytoplasm are transported directly
into the extracellular space or into a target cell in T1SS, T3SS, T4SS and
T6SS. A two-step secretion mechanism is utilised by the T2SS and T5SS. In
this mechanism substrates are first translocated into the periplasmic space by
the SecYEG or twin-arginine translocation (Tat) system and are subsequently
either transferred to the outer membrane or secreted into the extracellular space

(Gerlach and Hensel, 2007).

Three secretion pathways have been described in N. meningitidis. These are the
T1SS and the T5SS (comprising the autotransporter pathway and the two-

partner secretion pathways) (Van Ulsen and Tommassen, 2006).

1.8.7.1 Type | secretion system
The T1SS is composed of three proteins: a channel-forming outer membrane

protein, an inner membrane-embedded ABC transporter, and a large
periplasmic domain-containing membrane-fusion protein (MFP) protein

anchored in the inner membrane. Proteins synthesised in the cytoplasm are
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secreted directly into the extracellular environment in a single step (Young and

Holland, 1999; Delepelaire, 2004).

Many proteins, secreted by T1SS, are members of the repeat-in-toxin (RTX)
family. The presence of 9 to 41 repeats of a glycine-rich motif (GGXGXD) and
a secretion signal within the C-terminal domain that is essential for protein
secretion are characteristic features of RTX family proteins. (Van Ulsen and
Tommassen, 2006). In E. coli, the T1SS components are HIyB (ATP binding),
HlyD (membrane fusion), and TolC (outer membrane channel) proteins.
Meningococcal homologs are organised unusually because the hlyD and tolC
genes are unlinked to hlyB and are expressed independently. Nevertheless,
these genes encode components of a functional T1SS required for secretion of
FrpC (Wooldridge et al., 2005): a member of a family of iron-regulated
secreted proteins with homology to the RTX family of toxins (Thompson et al.,

1993a; Thompson et al., 1993b; Thompson et al., 1993c).

1.8.7.2 Two-partner secretion system (T5bSS)
The two-partner secretion (TPS) system employs a two-step mechanism to

secrete a family of very large proteins (Jacob-Dubuisson et al., 2001; Jacob-
Dubuisson et al., 2004). Genes, generically designated as tpsA, encode TpsA,
secreted proteins with an N-terminal signal sequence for transportation across
the inner membrane via the Sec machinery (Chevalier et al., 2004) and tpsB
encodes an outer membrane protein required to transport those proteins across
the outer membrane (Jacob-Dubuisson et al., 2001; Jacob-Dubuisson et al.,

2004).

At least five TpsA- and two TpsB-encoding genes (van Ulsen et al., 2008)

have been detected in the genome of N. meningitidis. (Schmitt et al., 2007).
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Due to homology with filamentous haemagglutinin (FHA) of Bordetella
pertussis, TpsA and TpsB homologues in meningococci are designated as
haemagglutinin/haemolysin-related proteins HrpA and HrpB, respectively
(Schmitt et al., 2007). Meningococci possess a functional HrpB-HrpA TPS
system, which contributes to adhesion of un-encapsulated bacteria to epithelial
cells (Schmitt et al., 2007) and is essential for intracellular survival of
meningococci (Tala et al., 2008). This system also helps the bacteria to escape
from infected cells possibly because the secreted HrpA proteins directly act as
lysins or facilitate the action of bacterial phospholipases on the phagosomal

membrane (Tala et al., 2008).

1.8.7.3 Autotransporter proteins (T5aSS)
Autotransporter (or T5SS) proteins constitute an important class of virulence

factors in N. meningitidis. Eight autotransporter proteins have been identified
in N.meningitidis: 1gA1 protease; NhhA; AutA; AutB; NadA; App; NalP (also
known as AspA); and MspA (Turner et al., 2009). Some structural features are
shared by all autotransporter proteins such as N-terminal signal sequence to
direct the transport of the protein across the inner membrane, a passenger
domain, and a C terminal translocator domain assisting the secretion of the

passenger domain across the outer membrane (Grijpstra et al., 2013).

Six autotransporters , i.e. MspA, App, IgA protease, NalP, NhhA and NadA are
expressed in N. meningitidis strain MC58 (Serruto et al., 2003; Van Ulsen et
al., 2003; van Ulsen et al., 2006; Capecchi et al., 2005; Vidarsson et al., 2005;
Scarselli et al., 2006; Van Ulsen and Tommassen, 2006).The former four

proteins, which have proteolytic activities, constitute classical monomeric
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autotransporters that are released into the extracellular environment, while
trimeric autotransporters NhhA and NadA remain attached to the cell surface

(Linke et al., 2006).

Adhesion and penetration protein (App)
Adhesion and penetration protein (App) is a 160-kDa protein and is highly

homologous to Haemophilus adhesion and penetration protein (Hap) in
Haemophilus influenzae (Hadi et al., 2001). App stimulates B-cells and T-cells
and induces a bactericidal antibody response (Hadi et al., 2001; van Ulsen et
al., 2001). Serruto et al. reported that App is able to mediate bacterial adhesion
to human epithelial cells. It may have a role in detachment and dispersal of

meningococci (Serruto et al., 2003).

Meningococcal serine protease A (MspA)
Meningococcal Serine Protease A (MspA), also known as Ausl

(autotransporter serine protease 1) (Turner et al., 2006), is encoded by a phase-
variable gene with high prevalence in invasive strains (van Ulsen et al., 2006;
Oldfield et al., 2013). MspA can induce a bactericidal antibody response to a
limited number of meningococcal strains (Turner et al.,, 2006). E.coli
expressing recombinant MspA were shown to have increased adherence to both
human bronchial epithelial cells and human brain microvascular endothelial
cells (HBMECSs) suggesting a possible role in adherence and colonisation
(Turner et al., 2006). MspA expression increased significantly in an ex-vivo
model of human whole blood infection indicating an important role for MspA
during invasive disease (Oldfield et al., 2013). Using a human CD46 transgenic
mouse model, a recent report proved both App and MspA are virulence factors

for meningococci (Khairalla et al., 2015)._Also, the recombinant passenger
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domains of these two proteins were shown to be internalised and partially
localised in nuclei of human monocyte-derived dendritic cells and HBMECs.
Moreover, both App and MspA bound histone proteins, cleaved histone H3 and

induced cell death by caspase-dependent apoptosis (Khairalla et al., 2015).

Autotransported serine protease A (AspA)/Neisseria
autotransporter lipoprotein (NalP)

AspA has significant N-terminal homology to the autotransported serine
proteases (Ssp-H1 and Ssp-H2) in Serratia marcescens. ASpA contains a serine
protease catalytic triad exhibiting autoctalytic activity. Although aspA is a
phase-variable gene, the amino acid sequence of AspA is well-conserved in
serogroup A, B, and C meningococci (Turner et al., 2002). Van Ulssen et al.
later re-designated AspA as NalP because of the presence of a lipidated
cysteine residue at the N-terminal of the mature protein and a lipobox at the C-
terminal end of the signal sequence (Van Ulsen et al., 2003). Lipobox,
[LVIJ[ASTVI][GAS]C, is a conserved sequence at the C terminal region of the
signal peptides of lipoproteins in both Gram-negative and Gram-positive
bacteria (Babu et al., 2006). The presence of a lipobox at the C-terminal end of
the signal sequence delays the autocatalytic release of the protein from the cell
surface (Van Ulsen et al., 2003). Proteolytic processing of autotransporters
such as App, IgAlprotease (Turner et al., 2002; Van Ulsen et al., 2003) and
other surface proteins including LbpB (Roussel-Jazedé et al., 2010) and NhbA
(Serruto et al., 2010) are mediated by NalP. Human whole blood mediated
killing of a nalP knockout mutant suggested that NalP might be directly or
indirectly involved in the survival of the meningococcus in blood (Echenique-
Rivera et al., 2011). DNA-dependent biofilm formation by meningococci has
been reported to be affected by NalP activity. NalP-mediated proteolytic

26



cleavage releases DNA-binding fragments of NhbA and IgA1 protease, leading

to a reduction in biofilm formation (Arenas et al., 2013).

Auto-transporter A (AutA and Aut B)
AUtA and AutB were first described by Peak and colleagues (Peak et al., 1999)

and Ait-Tahar and colleagues (Ait-Tahar et al., 2000). According to a recent
report, an auto-chaperone domain is present in the passenger domain (Arenas et
al., 2015). AutA was reported to be a potent CD4+ T-cell and B-cell
stimulating antigen (Ait-Tahar et al., 2000). AutA is expressed by a limited
number of invasive meningococcal strains and also by commensal species, and
it has been implicated in nasopharyngeal colonisation. AutA remains at the
bacterial cell surface where it mediates autoaggregation which enhances
microcolony formation and significantly reduces biofilm biomass (Arenas et

al., 2015).

IgA protease
IgA protease of N. gonorrhoeae was the first autotransporter protein to be

described (Pohlner et al., 1987). A T-cell response is elicitated by the o-
peptide of IgA protease which activates the immune system (Jose et al., 2000).
The DNA binding ability of both NhbA and the a-peptide of IgA protease
contribute to biofilm formation by N. meningitidis. (Arenas et al., 2013).
Binding of heparin has recently been reported as a novel function of the a-
peptide. Heparin, an immunomodulatory molecule found in the extracellular
matrix, binds vitronectin and allows uptake of the bacteria into host cells

expressing vitronectin receptors (Roussel-Jazede et al., 2014).
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Neisseria Adhesin A (NadA)
NadA, a surface-exposed protein, is structurally similar to the ubiquitous

surface protein A2 (UspA2) from Moraxella catarrhalis and of YadA from
Yersinia enterocolitica (van Ulsen et al.,, 2001). NadA is a trimeric
autotransporter (Linke et al., 2006). NadA is one of the antigenic proteins
included in the formulation of 4CMenB, a multicomponent vaccine against N.
meningitidis serogroup B (Su and Snape, 2011). Three variants, named NadA-
1, NadA-2, and NadA-3, were originally identified in pathogenic strains
(Comanducci et al., 2002). NadA is expressed during invasive meningococcal
disease and convalescent sera from children contain antibodies against this
antigen (Litt et al., 2004). According to recent studies, NadA interacts with and
stimulates immune cells during infection, binds human chaperone Hsp90 and

directly interacts with human -1 integrin (N&gele et al., 2011).

NhhA (Neisseria hia/hsf homologue)/ Msf (Meningococcal surface
fibril)

Initially, in N. meningitidis strain MC58, NhhA (Neisseria hia homologue) was
identified as a homologue of the adhesin AIDA-I of E. coli (Peak et al., 2000).
To describe the predicted fibrillar structure of this protein and to distinguish
between the meningococcal protein from its homologue in H. Influenzae (H.
influenzae surface fibril, Hsf and H. influenzae adhesin, Hia), Griffithis and
colleagues used the term meningococcal surface fibril or Msf (Griffiths et al.,
2011). Msf belongs to the trimeric autotransporter family of proteins, and is
encoded by nhhA (St Geme et al., 1996). Reverse vaccinology also identified
this protein (also called GNAQ0992) as a surface-exposed antigen able to induce

a bactericidal antibody response (Pizza et al., 2000). Also, the presence of anti-

Msf antibodies in convalescent sera suggests its potential as a vaccine antigen
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(Peak et al., 2000; Litt et al., 2004; Weynants et al., 2007). NhhA mediates
bacterial attachment to cells in vitro, which is cell type dependent (Scarselli et
al., 2006). Purified NhhA bound to the extracellular matrix components like
laminin and heparan sulfate (Scarselli et al., 2006). It inhibits membrane attack
complex or MAC deposition on meningococci (Sjolinder et al., 2008). This is

mediated by binding vitronectin (Griffiths et al., 2011).

1.9 Pathogenesis of N. meningitidis
From initial nasopharyngeal colonisation, N. meningitidis progresses through

several stages to cause sepsis or meningitis (Fig. 1.2). Although researchers
have been able to reveal many secrets behind the pathogenesis of this
organism, a whole range of virulence factors with roles in pathogenesis are still

being discovered.

1.9.1 Interaction of N. meningitidis with nasopharyngeal epithelial
cells

Initial adhesion is a crucial step in order for the bacteria to colonise the
nasopharyngeal epithelial cells and also to survive the flushing action of
mucus. Type IV pili are the primary mediators of binding to non-ciliated
epithelial cells (Virji et al., 1992a; Proft and Baker, 2009) using CD46
(Kallstrom et al., 1997), although CD46-independent pilus-dependant adhesion
has been reported (Kirchner et al., 2005). Non-encapsulated phenotypes arising
at this stage can engage more intimately with cells by means of LOS (Albiger
et al., 2003), and the outer membrane opacity proteins Opa and Opc (Virji et
al., 1993a; Virji et al., 1994; Moore et al., 2005). Opa interacts with
carcinoembryonic antigen cell adhesion molecules CEACAM, high expression
of which may be induced under certain circumstances (for example,

inflammation provoked by preceding viral infection). This interaction may help
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the meningococci to invade the epithelial barrier and enter the blood (Griffiths
et al., 2007; Rowe et al., 2007). Through up regulation of endoglin (CD105)
and with the help of g1 integrins, Opa—CEACAM1 interactions open a way to
overcome infected epithelial cell shedding mechanisms thus supporting
epithelial cell attachment (Muenzner et al., 2005). Neisseria Hia/Hsf
homologue (NhhA) is also involved in colonisation and survival of
meningococci in the bloodstream (Sjolinder et al., 2008), the meningococcal
HrpA-HrpB two-partner secretion system (TPS) aids in the adhesion of

unencapsulated bacteria (Schmitt et al., 2007).
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Figure 1.2: Stages in the pathogenesis of N. meningitidis. N. meningitidis may
be acquired through the inhalation of respiratory droplets. The organism
establishes intimate contact with non-ciliated mucosal epithelial cells of the
upper respiratory tract, where it may enter the cells briefly before migrating
back to the apical surfaces of the cells for transmission to a new host.
Asymptomatic carriage is common in healthy adults in which bacteria that
enter the body by crossing the epithelial barrier are eliminated. Besides
transcytosis, N. meningitidis can cross the epithelium either directly following
damage to the monolayer integrity or through phagocytes in a Trojan horse'
manner. In susceptible individuals, once inside the blood, N. meningitidis may
survive, multiply rapidly and disseminate throughout the body. Meningococcal
passage across the brain vascular endothelium (or the epithelium of the choroid
plexus) may then occur, resulting in infection of the meninges and the CSF
(Virji, 2009).
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N. meningitidis interacts with epithelial cells in a two-step process (Pujol et al.,
1997; Pujol et al., 1999). After initial adhesion with the host cells, the bacteria
form microcolonies on the surface of host cells via auto-agglutination caused
by type IV pili (Trivedi et al., 2011). This step has been referred to as
‘localised adhesion’. The next step is diffuse adhesion where the bacteria down
regulate expression of pili and spread on the apical surface to cover the cells as
a monolayer (Eugene et al., 2002). Pilus mediated adhesion also results in the
formation of cellular protrusions within and surrounding these microcolonies
(Eugene et al., 2002; Nassif et al., 2002). The minor pilin protein, PilV, is
important for formation of this microvilli-like structure (Mikaty et al., 2009).
The actin-rich cell protrusions formed by epithelial cells are unable to protect
the microcolonies from shear stresses. As a result, bacteria adhered to epithelial
cells can spread in vivo to a new niche in the same host or between individuals
(Lécuyer et al., 2012). Chamot-Rooke et al. (Chamot-Rooke et al., 2011)
described that PptB (pilin phosphotransferase B) which was previously referred
as one of the 16 genes regulated by CREN (contact regulatory element of
Neisseria) (Morelle et al., 2003; Deghmane et al., 2000; Jamet et al., 2009) and
whose transcription increases after adhesion to epithelial cells (Morelle et al.,
2003), is responsible for addition of phosphoglycerol to the major pilin subunit
PilE at Ser93 (Chamot-Rooke et al., 2011). This unusual modification
interferes with the formation of bundles of pili and aggregation of bacteria
leading to detachment of some bacterial cells from the microcolonies.

(Chamot-Rooke et al., 2011).

Besides formation of cellular projections, PilV recruits cholesterol and thus is

involved in the formation of the cortical plaque, a structure that resembles a
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honeycomb. This cortical plaque, formed underneath the microcolonies,
contains host proteins like actin, ezrin, ICAM 1, CD44, CD46 and Erb2
(Mikaty et al., 2009; Merz et al., 1999; Kallstrom et al., 1997; Eugene et al.,
2002; Hoffmann et al., 2001). After adhesion, N. meningitidis can be
internalised (Pujol et al., 1997) and is able to survive and multiply within
epithelial cells (Spinosa et al., 2007). Meningococci can also cross via
transcellular passage through the epithelium, but for that transport route an
intact microtubule network is needed and intercellular junctions are not

disrupted (Sutherland et al., 2010).

Biofilm formation by N. meningitidis has recently been studied in regards to
pathogenesis. Encapsulated strains commonly found in carriage (Maiden et al.,
2008) form efficient biofilm on bronchial epithelium monolayers (Neil et al.,
2009), and the involvement of PilX, HrpA and HrpB in this process has been
reported (Lappann et al., 2006; Neil and Apicella, 2009). However the
relevance of biofilm formation in the colonisation and pathogenesis of
meningococcal infection needs further confirmation (Trivedi et al., 2011). In
addition nasopharyngeal colonisation has been strongly correlated with the
generation of propionic acid by Porphyromonas inhabiting the same niche
(human adult upper respiratory tract) by the fact that N. meningitidis has the
ability to metabolise propionic acid due to presence of the prp gene cluster that

encodes enzymes of methylcitrate cycle (Catenazzi et al., 2014).

1.9.2 Interaction of N. meningitidis with endothelial cells and
invasion of brain endothelium

Occasionally, hyper virulent strains of N. meningitidis translocate from the
nasopharynx and reach the blood stream. Within the blood stream, the LOS,

especially the lipid A moiety, induces the release of TNF-a, IL-6, chemokines,
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reactive oxygen species (ROS) and nitric oxide (NO) (Chow et al., 1999;
Brandtzaeg et al., 2001). As a result, the complement and the coagulation
cascades are activated, leading to damage of endothelium (Brandtzaeg et al.,
1992). To promote survival, the meningococcus recruits negative regulators of
complement onto the bacterial surface, for example, Factor H is recruited by
factor H-binding protein (fHbp) and PorA binds C4-binding protein (Jarva et
al., 2005). Neisserial surface protein A (NspA), is able to bind human factor H
(fH) (Lewis et al., 2010). Also Neisserial heparin binding antigen (NHBA) can
help meningococci to escape complement-mediated lysis (Serruto et al., 2010).
Opc can bind directly to vitronectin and makes the bacteria resistant to serum-
mediated Killing (Virji and Griffiths, 2008). Further, N. meningitidis secretes
blebs containing outer membrane components and lipopolysaccharide, which
assist in escaping the host defensive mechanisms, including the complement

system (Schneider et al., 2007).

Type 1V pili enable the bacteria to preferentially adhere to vascular capillaries
during a transient period of low shear stress (Mairey et al., 2006) and start to
proliferate in a way similar to that on epithelial cells. Cellular protrusions
induced by pili help the bacteria to withstand the high shear stress present in
the blood stream (Trivedi et al., 2011). These structures are also involved in the
internalisation of bacteria adhered to the apical surface of the cells. During this
engulfment of bacteria, ezrin and meosin are first recruited beneath bacterial
colonies followed by actin polymerisation. The first step is independent of Rho
and GTPases, in contrast to the second step which requires Rho, Rho kinase,
and Cdc42 (Eugene et al., 2002). Cortical plaques formed at the site of

interaction between bacteria and endothelial cells, may assist the bacteria to
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invade the vascular endothelium by disrupting Cdc42-based signalling
pathways and employing proteins from adherens junctions (Coureuil et al.,
2009). The laminin receptor was also described as a potential receptor for
meningococcal PilQ and PorA to initiate contact with the vascular endothelium

of blood brain barrier (BBB) (Orihuela et al., 2009).

As a consequence of interaction between Opc and endothelial integrins, a
number of signalling events occur. The outcome of these events are the release
of the IL-6 and IL-8 (Sokolova et al., 2004) and internalisation of N.
meningitidis (Virji et al., 1994; Virji et al., 1995). A small number of piliated
bacteria attached to endothelial cells are internalised which may reach the
meninges by transcytosis or lead to disruption of tight intercellular junctions
(Carbonnelle et al., 2009). Indeed it has been documented that adherence via
type IV pili induces a signalling cascade which recruits the polarity complex
Par3/Par6/PKCz and several proteins like V-cadherin, ZO- 1 and claudin-5,
which comprise the tight junctions between endothelial cells. This leads to the
formation of ectopic early junction-like domains (Coureuil et al., 2009), thus
compromising the tight cellular junctions and possibly opening a way to
transverse the endothelial barrier for meningococci. Moreover, the requisition
of [P2-adrenergic/B-arrestin signalling pathway has been found to be
responsible for the establishment of a stable host-bacteria interaction and
subsequent penetration of host endothelia with involvement of activated Src
tyrosine kinase and B-arrestin dependent delocalisation of junctional proteins,
respectively. Thus, N. meningitidis is likely to hijack endothelial signalling

pathways and open the paracellular pathway (Coureuil et al., 2010).
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In addition to all these mechanisms, matrix metalloprotease-8 (MMP-8)
mediated proteolytic cleavage of the junction protein occludin has been
reported (Schubert-Unkmeir et al., 2010). Once they cross the blood-brain
barrier, the bacteria have access to the CSF, an immunocomponent-depleted,
but nutrient-rich medium, allowing the bacteria to proliferate in an unrestricted
way and cause extensive inflammation of the meninges, leading to meningitis

(Exley et al., 2005).

1.10 Moonlighting proteins: Characteristics and distribution in
nature

The first examples of moonlighting proteins, as described by Piatigorsky and
Wistow (Piatigorsky and Wistow, 1989), were crystallins - structural proteins
of the vertebrate eye lens. For example, duck e-crystallin was found to be
lactate dehydrogenase (Hendriks et al., 1988), whereas turtle t-crystallin acted
as a-enolase (Wistow et al., 1988). Though Piatigorsky proposed the term
‘gene sharing’ (Piatigorsky et al., 1988), ‘moonlighting’ is now generally used

to describe this phenomenon (Jeffery, 1999).

Moonlighting proteins are a group of fascinating proteins which can perform
several autonomous, often dissimilar functions using a single polypeptide
chain, rather than distinct protein domains (Jeffery, 1999; Huberts and van der
Klei, 2010). This class of proteins excludes bifunctional proteins arising due to
gene fusions or gene splicing, homologous protein families and different
proteins performing the same function at different locations (Jeffery, 2009).
Homologous proteins may not have moonlighting functions or even if they
have, the functions may be different (Gancedo and Flores, 2008). Another
characteristic of this group of proteins is that the different functions that a

single protein can perform are independent of each other. Inactivation of one
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function should not have any inhibitory effect on the other function. Thus
moonlighting is not synonymous with pleiotropism which is the result of
inactivation of single function of a protein interacting with multiple partners or
an enzyme involved in several pathways (Huberts and van der Klei, 2010).
Proteins can employ a combination of mechanisms to deliver moonlighting
functions in eukaryotic and prokaryotic organisms (Fig. 1.3). For example, the
presence of the same protein in different cellular organelles or inside and
outside of the same cell, in different cells forming complexes with other
proteins or binding with different substrates. Moonlighting proteins are of
obvious benefits for the cells. Combining different functions or switching
between functions can be considered as a cell’s response towards the changing

environment (Jeffery, 2004).
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Figure 1.3: Examples of mechanisms for switching between usual and
moonlighting functions: (a) Performing different functions at different
locations within the same cell. (b) Having one function inside the cell but
having a different one when secreted. (c) Same protein may have different
functions in different cell types. (d) Altering activity when bound to substrate,
product or a cofactor. (€) Forming multimeric structure or (f) complex with
other proteins to switch between function performed by the monomeric one. (g)
Binding with different substrates using different binding sites can also alter the
functions (Jeffery, 1999).

38



Many of these proteins are conserved in both prokaryotic and eukaryotic

organisms and are considered primarily as enzymes of metabolic pathways and

molecular chaperones, but can be involved in other intracellular biochemical

functions. There are examples of moonlighting proteins in yeast (Gancedo and

Flores, 2008), plants (Moore, 2004), mammalian cells (Kim and Dang, 2005)

and bacteria (Henderson and Martin, 2011); a few examples are listed in Tables

1.1and 1.2.

Table 1.1: Moonlighting proteins in eukaryotic organisms (Huberts
and van der Klei, 2010).

Organism Protein Regular Moonlighting Reference
function Function
Homo sapiens ERK?2 MAP Transcriptional | (Huetal.,
Kinase repressor 2009)
Homo sapiens Aconitase | TCA cycle | Iron (Philpott et
enzyme homeostasis al., 1994)
Arabidopsis Hexokinase | Glucose Glucose (Moore et al.,
thaliana metabolism | signalling 2003)
Physcomitrella | Presenilin | y-secretase | Cytoskeletal (Khandelwal
patens function et al., 2007)
Hansenula Pyruvate Anaplerotic | Assembly of (Ozimek et
polymorpha carboxylase | enzyme alcohol oxidase | al., 2003)
Saccharomyces | Aldolase Glycolytic | V-ATPase (Luetal.,
cerevisiae enzyme assembly 2007)
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Tablel.2: Moonlighting proteins of bacteria (Adapted from Henderson

and Martin, 2011)

Bacteria Protein Normal Moonlighting Reference
function function
N. meningitidis Enolase Glycolytic Plasminogen (Knaust et
enzyme binding protein al., 2007)
DnaK Chaperone Plasminogen (Knaust et
binding protein al., 2007)
Peroxired- | Antioxidant Plasminogen (Knaust et
oxin binding protein al., 2007)
Aldolase | Glycolytic Putative adhesin | (Tunio et al.,
enzyme 2010a)
GAPDH Glycolytic Putative adhesin | (Tunio et al.,
enzyme 2010Db)
Streptococcus Aldolase | Glycolytic Adhesion for (Blau et al.,
pneumoniae enzyme Flamingo 2007)
cadherin
GAPDH Glycolytic Plasminogen (Bergmann
enzyme binding protein et al., 2004)
Streptococcus GAPDH Glycolytic Fibronectin (Pancholi
pyogenes enzyme binding protein, | and
plasminogen Fischetti,
binding protein, | 1992;
cell signalling | Lottenberg
kinase/ADP et al.,, 1992;
ribosylase Pancholi and
Fischetti,
1993;
Pancholi and
Fischetti,
1997)
Staphylococcus GAPDH Glycolytic Transferrin (Modun et
aureus enzyme receptor al., 2000)
Enolase Glycolytic Laminin binding | (Carneiro et
enzyme protein al., 2004)
Enterohemorrhagic | GAPDH Glycolytic Binding (Egea et al.,
E.coli enzyme plasminogen and | 2007;
fibrinogen, NAD- | Aguilera et
(EHEC) . :
Enteropathogenic nt;ps_;:latmg al., 2009)
E.coli (EPEC) activity
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Listeria Alcohol Metabolic Binds to human | (Kim et al.,
monocytogenes acetaldehy | enzyme Hsp60 2006)
de
dehydroge
nase
Mycobacterium Glutamate | Cell wall | DNA gyrase | (Sengupta et
tuberculosis racemase | biosynthesis inhibition al., 2008)
Cpn60.2 Chaperone Activates (Friedland et
monocyte al.,  1993;
cytokine Hickey et
synthesis, al., 2009)
macrophage
binding
Cpn60.1 Chaperone Stimulates (Hu et al.,
formation of 2008)
granulomas
DnaK Chaperone Plasminogen (Xolalpa et
binding protein al., 2007)
Helicobacter Cpn60 Chaperone Surface location | (Yamaguchi
pylori controls bacterial | et al., 1997,
growth, Takenaka et
stimulates al.,  2004;
monocyte Kamiya et
cytokine synthesis | al., 1998)
by TLR2, adhesin
for human
epithelial cells
PPI Induces apoptosis | (Basak et al.,
of gastric 2005; Pathak
epithelial cells, et al., 2006)
activates
monocyte IL-6
synthesis
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The first report of surface exposed GAPDH protein came from Pancholi and
Fischetti. They observed GAPDH tightly bound on the surface of S. pyogenes
M6 strain which could bind with lysozyme, cytoskeletal proteins (actin and
myosin) and the extracellular matrix protein fibronectin (Pancholi and
Fischetti, 1992). Surface exposed GAPDH of S. pneumoniae, and
Streptococcus agalactiae binds to plasminogen to allow the bacteria to cross
the epithelial and endothelial barrier, (Bergmann et al., 2004; Atanassov et al.,
2002) and also has a B lymphocyte-modulatory activity (Madureira et al.,
2007). GAPDH (and enolase) of Lactobacillus crispatus can be found on the
cell surface (in addition to the cytoplasm), where they can activate human
plasminogen (Hurmalainen et al.,, 2007). GAPDH proteins from both
enterohemorrhagic (EHEC) and enteropathogenic (EPEC) strains of
Escherichia coli, bind plasminogen and fibrinogen (Egea et al., 2007) and have
NAD-ribosylation activity (Allignet et al., 2002). A number of bacteria possess
enolase on their surface for various purposes. For example Bacillus anthracis,
Bifidobacterium spp. and S. pneumoniae utilise enolase for plasminogen
binding (Agarwal et al., 2008; Candela et al., 2010; Kolberg et al., 2006). S.
aureus use enolase as a laminin-binding protein (Carneiro et al., 2004) and
Streptococcus gordonii for salivary mucin (MUC7) binding (Kesimer et al.,

2009).

Enzymes from other metabolic pathways can also act as moonlighting proteins.
For example, alcohol acetaldehyde dehydrogenase of L. monocytogenes acts as
a main adhesin termed Listeria adhesion protein (LAP). On the surface of
human cells, LAP interacts with chaperonin 60 (Cpn60) which in turn is a heat

shock protein (Hsp60). This provides an example of interaction between
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bacterial and human moonlighting proteins (Santiago et al., 1999; Wampler et

al., 2004).

A number of protein folding catalysts or chaperones are well established
moonlighting proteins (Henderson et al., 2006). Cpn60 protein of Francisella
tularensis can activate monocytes and macrophages alone or synergistically
with LPS respectively (Noah et al., 2010). M. tuberculosis has several genes
coding for chaperonin 60 proteins or heat shock protein 60 (Hsp60) (Kong et
al., 1993). One of the chaperonin 60 proteins is Cpn60.1; another is Cpn60.2 or
Hsp65 protein. Both of them have been suggested as virulence factors,
interacting with monocytes and resulting in cytokine release (Friedland et al.,
1993; Lewthwaite et al., 2001). Hsp65/Cpn60.2 is involved in the uptake of M.
tuberculosis into macrophages (Hickey et al., 2009) and Cpn60.1 can induce
granuloma formation (Hu et al., 2008). Cpn60 of H. pylori has been implicated
in cytokine synthesis by monocytes (Takenaka et al., 2004), epithelial cells
(Zhao et al., 2007), macrophages (Gobert et al., 2004) and
adhesion to human epithelial cells (Kamiya et al., 1998). Peptidyl prolyl
isomerise (PPI) of H. pylori induces apoptosis of gastric epithelial cells and IL-

6 synthesis by monocytes (Basak et al., 2005).

How these moonlighting proteins reach the bacterial cell surface is still unclear.
Bacterial moonlighting proteins do not contain any recognised secretion signals
or any anchoring motifs and thus are known as “anchorless proteins” (Pancholi
and Chhatwal, 2003). One possibility may be that these proteins are released
from the cytoplasm by cell lysis and nearby bacterial cells recruit them to their

surfaces. Oliveira et al have recently showed that GAPDH, released after lysis
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of group B streptococci, binds non-specifically to the surfaces of other Gram-
positive and Gram-negative bacteria (Oliveira et al., 2012). During the
stationary growth phase of L. plantarum, cell-surface-associated GAPDH
activity was shown to increase, possibly due to increased permeability of
plasma membrane (Saad et al., 2009). Another possibility might be the
presence of yet unknown secretion mechanisms (Henderson and Martin, 2011).
In support of this, genetically modified GAPDH and enolase were shown to be
unable to translocate to the cell surface of S. pyogenes (Boel et al., 2005) and
B. subtilis (Yang et al., 2011), respectively. Moreover an auxiliary secretion
system, SecA2, has been reported to be present in L. monocytogenes.
Seventeen proteins were dependent on this system for secretion. Among these
secreted proteins, ten proteins were without any secretion signal and are
regarded as moonlighting proteins including DnaK, GroEL, EF-Tu, enolase
and others (Lenz et al., 2003). One recent report identified a type 111 secretion
system (T3SS) in enteropathogenic E. coli (EPEC) responsible for secretion of
GAPDH. This was observed when the cells were grown in Delbecco’s
modified Eagle’s medium (DMEM) medium, but not in LB medium (Aguilera
et al., 2012). All together it can be said that the transport mechanism(s) of the
moonlighting proteins are largely unknown, especially in Gram-negative
bacteria where there are two membrane barriers to negotiate, and may differ
depending on the specific protein and bacterial species involved. Whether one
or several mechanisms exist in bacteria for moonlighting protein export is a

current focal point of research.
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1.11 Moonlighting proteins in N. meningitidis
In N.meningitidis, glucose is mainly catabolized by the Entner-Douderoff (ED)

pathway (Fig. 1.4) and to a lesser extent by the Pentose Phosphate (PP)
pathway. The absence of phosphofructokinase, one of the key enzymes of the
Embden-Meyerhof-Parnas (EMP) glycolytic pathway (Fig. 1.4) renders this
pathway inactive in N. meningitidis (Baart et al., 2007). Nevertheless the
meningococcal genome carries functional genes for the remaining glycolytic
enzymes of this pathway and some of the enzymes are essential for
meningococci. For example enolase which has been reported to be essential as
an enolase knock out mutant was unable to survive (Knaust et al., 2007). Three
enzymes of this pathway have already been described as moonlighting proteins
with additional non-glycolytic functions. One of them is enolase, present on the
N. meningitidis surface which acts as plasminogen receptor (Knaust et al.,
2007). The second enzyme of the Neisserial glycolytic pathway to be assigned
a moonlighting function was glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Tunio et al., 2010b). Two predicted genes namely gapA-1 and
gapA-2 are present in the genome of N. meningitidis MC58 which encode
GAPDH enzymes. Only gapA-1 expression is upregulated when the
meningococci come into contact with human epithelial cells (Tettelin et al.,
2000; Grifantini et al., 2002). Tunio et al. (Tunio et al., 2010b) showed that
GAPDH could be found on the surface of meningococci and contributes to
adherence since mutation of gapA-1 caused a significant reduction in the
adherence capability of N. meningitidis to both epithelial and endothelial cells

(Tunio et al., 2010b).
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Figure 1.4: EMP and ED pathways of glucose metabolism. The red box
indicates PFK of EMP pathway, which is missing in meningococci. Enzymes
of EMP pathway with known moonlighting functions are highlighted in red
while those having moonlighting functions in meningococci are highlighted in
blue. Abbreviations: hk, hexokinase; pgi, phosphoglucose isomerase; pfk, 6-
phosphofructokinase;fba, fructose bisphosphate aldolase; tpi,triosephosphate
isomerase; gapdh, glyceraldehyde 3-phosphate  dehydrogenase;pgk,
phosphoglycerate kinase; pgm, phosphoglycerate mutase; eno, enolase; pk,
pyruvate kinase; zwf, glucose 6-phosphate dehydrogenase. pgl,
phosphogluconolactonase; edd, phosphogluconate dehydratase; eda, 2-keto-3-
deoxy-6-phosphogluconate(kdpg) aldolase (Modified from Flamholz et al.,
2013).

The third enzyme is fructose-1, 6- bisphosphate aldolase (FBA) (Tunio et al.,
2010a). FBA is a highly conserved protein in Neisseria spp. and although it is a
cytoplasmic protein, it has also been reported to be localised to the outer
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membrane of N. meningitidis and is accessible to anti-FBA antibody in flow
cytometry experiments, thus confirming surface-exposure (Tunio et al., 2010a).
Loss of FBA made the FBA-deficient mutant strain less adherent to both
human epithelial and endothelial cells (Tunio et al., 2010a). The in vivo
importance of FBA in N. meningitidis was underlined in an infant rat model
study which identified 73 genes, including the gene encoding for FBA (cbbA)
as being essential to cause sepsis (Sun et al., 2000). This could lead to an
assumption that FBA might have virulence-associated moonlighting
function(s) although effects of a metabolic defect which is only apparent under

in vivo conditions cannot be excluded.

Other than these glycolytic enzymes, DnaK, a chaperone and peroxiredoxin
have been reported as plasminogen binding proteins present on the

meningococcal surface (Knaust et al., 2007).

1.12 Overview of Fructose-1, 6-bisphosphate aldolase (FBA)

FBA (EC 4.1.2.13) catalyses the reversible cleavage of fructose-1, 6-
bisphosphate  (FBP) into  glyceraldehyde-3-phosphate  (G3P) and
dihydroxyacetone-phosphate (DHAP) or the reversible aldol condensation
reaction. This is an indispensable enzyme for glycolysis, gluconeogenesis and
the Calvin cycle (Rutter, 1964). According to the reaction mechanism
employed, there are two classes of FBA. Class | FBAs act by forming a Schiff-
base intermediate between the amino group of a lysine residue in the active site
and the C-2 carbonyl group of the substrate (DHAP or FBP). The class |
enzymes are mainly found in animals, plants, green algae and a few
prokaryotes (Rutter, 1964; Sauve and Sygusch, 2001; Morse and Horecker,

1968). Class Il FBAs require a divalent metal ion at the active site (Zgiby et
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al., 2000; Zgiby et al., 2002; Hall et al., 1999). Bacteria, yeast, fungi and some
green algae possess class Il FBA (Rutter, 1964; Plaumann et al., 1997). M.
tuberculosis and E. coli are among the few organisms containing both classes
of FBP aldolases (Bai et al., 1974; Stribling and Perham, 1973). In such
organisms one enzyme is constitutively expressed, whereas a change in growth
conditions (aerobic/anaerobic, or autotrophic growth/heterotrophic growth) can
induce the expression of the other (Willard and Gibbs, 1968; Stribling and
Perham, 1973; Marsh and Lebherz, 1992; van den Bergh et al., 1996). Based
on the amino acid sequence, class Il aldolases can be further divided into type
A and type B (Plaumann et al., 1997). Type A enzymes are dimeric in contrast
to the dimeric, tetrameric or octameric structure of type B enzymes (Sauve and
Sygusch, 2001; Nakahara et al., 2003). It has been reported that group A
enzymes are mostly involved in glycolysis and gluconeogenesis; while diverse
metabolic roles and substrate specificities have been noted for group B

aldolases (Sauve and Sygusch, 2001).

Although both classes of aldolase have the same overall (a/B)s barrel fold (also
known as TIM barrel), subunit molecular masses (around 40-kDa), and
catalyze the same enzymatic reactions, there is no significant homology in their
primary structures (Marsh and Lebherz, 1992; Imanaka et al., 2002) or
catalytic residues (Blom et al., 1996). Moreover their active sites are located in
different parts in the TIM barrel (Nagano et al., 2002; Sanchez et al., 2002).
Archaeal aldolases belong to class | based on their reaction mechanism, but
lack significant amino acid sequence homology with either class | or class 1l
aldolases. The gene lineages of archaeal type class I aldolase and classical class

I and class Il aldolases presumably had common predecessor (Siebers et al.,

48



2001). Bifunctional fructose 1,6-bisphosphate aldolase/phosphatase enzymes,
which are a unique class of proteins with both FBP aldolase and FBP
phosphatase activity have also been found in archaea and some rare
thermophilic and autotrophic bacteria (Say and Fuchs, 2010). Due to the
absence of class Il aldolases in animals, it has been suggested that
antimicrobial drugs could be targeted to against these enzymes (Blom et al.,

1996).

1.13 Unusual location and non-glycolytic functions of FBA

Using cell fractionation, gel electrophoresis and the subsequent identification
of proteins by mass spectrometry or amino-terminal amino acid sequencing,
FBA (often with other cytosolic proteins) was initially identified as a surface-
associated or secreted protein in several species of streptococci, including S.
pyogenes (Lei et al 2000), Streptococcus oralis (Wilkins et al 2003), S.
pneumoniae (Ling et al 2004), S. agalactiae (Fluegge et al 2004) and, more
recently, Streptococcus suis (Wu et al 2008). Several proteins, including FBA,
were present in mid-log-phase culture supernatants of S. pyogenes, suggesting
specific and active secretion rather than just passive release (Lei et al 2000).
Supernatants from stationary and logarithmic cultures of S. agalactiae
contained FBA amongst the secreted proteins, many of which were
immunogenic as they were recognised in immunoblots by sera from infected
neonates or healthy adults (Fluegge et al., 2004). Similarly in S. suis serotype
9, immunoblotting of extracted cell wall proteins with immune sera identified
FBA as one of eight cell wall-associated immunogenic proteins (Wu et al
2008). In S. pneumoniae, FBA was identified in the cell wall enriched fraction

and was found to be immunogenic when probed against paediatric and adult
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sera. Moreover rFBA was immunogenic in mice and able to provide partial
protection against a genetically different virulent S. pneumoniae strain (Ling et
al., 2004). Using the human lung carcinoma cell line (A549) it was shown that
FBA functions as an adhesin for S. pneumoniae. The host molecule that S.
pneumoniae FBA binds to was identified as Flamingo cadherin receptor (FCR)

(Blau et al., 2007).

Monroy and colleagues first reported the interaction between M. tuberculosis
and plasminogen. g-amino caproic acid (EACA), a lysine analogue, abolished
the binding plasminogen binding (Monroy et al.,, 2000). Xolalpa and
colleagues studied the abundance of plasminogen receptors in M. tuberculosis
H37Rv and some of them included the classical housekeeping enzymes
including FBA (Xolalpa et al., 2007). Santangelo and colleagues reported that
apart from its usual location in the cytosol, FBA was also present in the culture
filtrate, cell wall and cell membrane fractions and on the cell surface. They also
reported that FBA-tb was a plasminogen binding protein. Plasminogen binding
was inhibited by EACA but not TD3, a competitive inhibitor of aldolase
activity, demonstrating that plasminogen binding was independent of aldolase

enzyme activity (de la Paz Santangelo et al., 2011).

FBA has recently been detected in the cell wall fraction of Coxiella burnetii,
however, so far a definite role for FBA in pathogenesis C. burnetii has not

been determined (Flores-Ramirez et al., 2014).

Examples of non-glycolytic functions of FBA are not exclusive to bacteria.
FBA is shared by yeast, fungi, and parasites as a moonlighting protein. Crowe

et al reported that FBA was present in the cell wall fraction in Candida
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albicans and was able to bind plasminogen which in turn is strongly dependent
on lysine residues (Crowe et al., 2003). Vacuolar proton-translocating ATPases
(V-ATPases) are highly conserved proton pumps (Kane, 2006). In addition to
its metabolic role in glycolysis in S. cerevisiae, aldolase is involved in the the
regulation of the activity and assembly of the V-ATPase. Deficiency in
aldolase causes disruption of physical association between aldolase and V-
ATPase resulting in malfunction of V-ATPase in yeast cells. Complementation
of the aldolase-encoding gene in the mutant cells restored the ATP hydrolysis
and proton transport activities of V-ATPase (Lu et al., 2007). In addition to
that, Fbal of S. cerevisiae is involved in the control of RNA polymerase IlI
(Pol I11) transcription and physically interacts with the Pol 111 complex (Ciesla
et al., 2014). In Aspergillus nidulans FBA is essential for growth and at the
same time is required for plasma membrane localisation of the AgtA acidic
amino acid (L-glutamate/L-aspartate) transporter. Low expression of aldolase
leads to impaired trafficking of AgtA (Roumelioti et al., 2010). Plasminogen
binding by Cryptococcus neoformans is mediated by cell wall localised
glycolytic enzymes of cytosolic origin including FBA (Stie et al., 2009). More
recently FBA was reported as a plasminogen binding protein present in the
secretome of the dimorphic pathogenic fungus Paracoccidioides Pb01 (Chaves

etal., 2015).

FBA is a plasminogen binding protein in a number of parasites and helminths,
for example Schistosoma bovis (Ramajo-Hernandez et al., 2007) and
Dirofilaria immitis (Gonzalez-Miguel et al., 2013). Nandan and colleagues
identified FBA of Leishmania donovani, as tyrosine phosphatase-1 binding and
activating protein. (Nandan et al., 2007). Leishmania infection attenuates
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nitric-oxide production (Nandan et al., 1999) which can be attributed to

aldolase (Nandan et al., 2007).

1.14 Aims of the study
The main objective of the current study was to determine the role of FBA in

meningococcal pathogenesis. The initial aim was to express an enzymatically
inactive variant of recombinant FBA by introducing mutations in its active site
(Chapter Two). Having found such a mutation, a further aim was to test
whether the enzymatic activity of FBA is required for its moonlighting
function(s) or not. Also another objective of this project was to explore any
additional moonlighting function of FBA. Having established that recombinant
FBA is a human plasminogen binding protein (Chapter Three), a further aim
was to characterise plasminogen-FBA interaction (Chapter Four). A further
aim of the study was to explore the effect of inactivation of enzymatic activity
of FBA on its surface localisation and involvement in adhesion to human cells

(Chapter Five).
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Chapter Two: Cloning, expression, purification and

biochemical characterisation of recombinant FBA (rFBA)
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2.1 Introduction

A growing number of proteins have been found in different cellular locations,
performing two or more autonomous functions using a single polypeptide
chain; these are referred to as moonlighting proteins (Jeffery, 1999).
Moonlighting proteins have neither secretion signals nor anchoring motifs, and
are therefore designated as anchorless proteins (Pancholi and Chhatwal, 2003).
Moonlighting proteins are most commonly glycolytic enzymes, metabolic

enzymes or molecular chaperones (Henderson and Martin, 2011).

Glycolytic enzymes are often considered to be housekeeping enzymes and are
constitutively expressed in cells. These are highly conserved proteins which
perform ‘regular’ metabolic functions (Pancholi and Chhatwal, 2003). The first
report of a glycolytic enzyme being found on the surface of pathogenic bacteria
was that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) on the
surface of group A streptococci (Lottenberg et al.,, 1992; Pancholi and
Fischetti, 1992). Since then a growing number of reports have described the
presence of these common cytoplasmic, metabolic proteins on the surface of

bacteria (Henderson and Martin, 2011).

Due to the absence of the enzyme phosphofructokinase, N. meningitidis does
not employ the EMP pathway for glycolysis. However, the organism does still
encode for the remaining enzymes of this glycolytic pathway (Tettelin et al.,
2000; Baart et al., 2007). Three enzymes of this pathway have already been
described as moonlighting proteins with non-glycolytic functions. The first,
enolase, was reported by Knaust et al. and was found to act as a plasminogen
receptor (Knaust et al., 2007). Glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) is the second enzyme of the EMP pathway that has been assigned a
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moonlighting function (Tunio et al., 2010b). Tunio et al., showed that GAPDH
was found on the surface of meningococci and contributes to adherence since
mutation of gapA-1 caused a significant reduction in the capacity of N.
meningitidis to bind both epithelial and endothelial cells (Tunio et al., 2010b).
The third enzyme of the EMP glycolytic pathway to be assigned a
moonlighting function was fructose bisphosphate aldolase (FBA). FBA is a
highly conserved protein in Neisseria spp. and has been reported to be
localised to the cytoplasm and outer membrane of N. meningitidis (Tunio et al.,
2010a)). An FBA-deficient mutant showed significantly reduced adhesion to
both human epithelial and endothelial cells suggesting that FBA may act as an

adhesin. (Tunio et al., 2010a).

Fructose-1,6-bisphosphate aldolase (FBA / FBP aldolase) catalyses the
reversible cleavage of Fructose-1,6-bisphosphate (FBP) into glyceraldehyde-3-
phosphate (G3P) and dihydroxyacetone-phosphate (DHAP) in glycolysis or the
reversible aldol condensation reaction in gluconeogenesis (Rutter, 1964).
Besides performing its usual function in the EMP pathway, FBA has also been
reported as a surface-exposed moonlighting protein in S. pneumoniae (Blau et
al., 2007), M. tuberculosis (de la Paz Santangelo et al., 2011) and N.
meningitidis (Tunio et al., 2010a). In addition to this FBA has been reported to
be surface exposed in S. suis SS9 (Wu et al., 2008), S. oralis (Wilkins et al.,

2003) and C. burnettii (Flores-Ramirez et al., 2014)

To further investigate the role of the active FBA enzyme in the pathogenesis of
meningococci, site-directed mutagenesis was used to generate two constructs
allowing the expression of recombinant FBA (rFBA) with mutations in the
active (cation-binding) site (D83A and H81A/H84A, respectively). Purified
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rFBA and its mutant derivatives were then used in enzyme activity assays and
in further characterisation experiments. This chapter describes the cloning,
expression, purification and enzymatic characterisation of rFBA (WT and

mutants).
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2.2 Materials and Methods
2.2.1 Bacterial strains and growth conditions
E. coli JIM109 harbouring plasmids pSAT-9, pFS-1, pFS-2 or pFS-3 (Table

2.1) was routinely grown in Lysogeny Broth (LB, Oxoid Ltd) and on LB agar
plates containing ampicillin (100 pug ml™) at 37°C.
2.2.2 DNA techniques

2.2.2.1 Extraction of plasmid DNA
Plasmid DNA was purified using the QIAGEN miniprep kit according to the

manufacturer’s instructions. The quality and concentration of extracted plasmid
DNA was determined using a Nanodrop (ND-1000) spectrophotometer

(Agilent Technologies).

2.2.2.2 Primer design
Three pairs of primers were designed to facilitate small deletions and

introduction of mutations at specific sites (Table 2.2). These primers were

supplied by Eurofins MWG.

2.2.2.3 Site directed mutagenesis and transformation of E. coli
XL10-Gold ultracompetent cells

The QuikChange Lightning site-directed mutagenesis kit (Agilent
Technologies) was used to introduce DNA mutation(s) into plasmids by
following the manufacturer’s instructions. XL10-Gold ultracompetent cells
(Agilent Technologies) were transformed using the manufacturer’s protocol
with only one modification; instead of NZY+ broth, the ultracompetent cells

were allowed to grow in LB broth for 1 h at 37°C.
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Table 2.1: Bacterial strains and plasmids used in work described

in this chapter

Bacterial strain

Use/Genotype

Source or reference

E. coli XL10-
Gold
ultracompetent
cells

Cloning strain

TetrA (mcrA)183 A(mcrCB-
hsdSMR-mrr)173 endAl supE44 thi-
1 recAl gyrA96 relAl lac Hte[F’
proAB laclqgZAM15 Tn10 (Tetr)
Amy Camr]

Agilent
Technologies

E. coli IM109 Cloning strain Promega
endAl, recAl, gyrA96, thi, hsdR17
(rk—, mk+), relAl,
SupE44, A(lac-proAB), [F', traD36,
proAB, laqlqZAM15]
Plasmids Characteristics Source or reference
pSAT-9 MC58 chbA gene cloned in pQE70 | (Tunio et al., 2010)
pFS-1 pSAT- FBA with a 4bp (GCAT) | This study
deletion at position 161-164

pFS-2 pFS-1 with a single mutation at FBA |  This study
codon 83 (GAC to GCC)

pFS-3 pFS-1 with double mutations at| This study
codons 81/84 (CAC to GCC/
CACto GCC)

pSC2 The passenger domain from the N. J. Oldfield

Campylobacter jejuni NCTC 11168
capA autotransporter cloned in
pCold-TF plasmid, used as control
for 6x His-tagged protein expression

(University of
Nottingham)
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Table 2.2: Primers used in work described in this chapter

Use of Primer Sequence (5 — 37)
Primer
GCAT 4bp | FBA repairF AGGAGAAATTAAGCATGGCACTCGTATCCATGCG
deletion i
FBA_repairR CGCATGGATACGAGTGCCATGCTTAATTTCTCCT
Introduction | FBA_D83AF CGTCATGCACCAAGCCACGGCGCATCAC
of
FBA_D83AR GTGATGCGCCGTGGGCTTGGTGCATGACG

mutation(s)
at the active
site of FBA

FBA_H8184AF

CCCCGTCGTCATGGCCCAAGACGCCGGCGCATCACCC

FBA_H8184AR

GGGTGATGCGCCGGCGTCTTGGGCCATGACGACGGGG

2.2.2.4 Sequencing of plasmid DNA and nucleic acid and amino
acid sequence analysis

Sequencing of purified plasmids was done using the Sanger sequencing method

by Source Biosciences, UK. DNAMAN software package version 4.13

(Lynnon Biosoft) was used for the analysis of DNA and protein sequence.

2.2.3 Protein techniques

2.2.3.1 Expression of rFBA using E. coli JIM109 competent cells

E. coli JM109 competent cells were transformed according to the

manufacturer’s instructions. The transformants were allowed to grow overnight

at 37°C in 20 ml LB medium containing ampicillin (100 ug ml™).

1L fresh LB with ampicillin was inoculated with 20 ml overnight culture of E.

coli. The culture was incubated at 37°C. When the optical density (ODgg) of the

culture reached ca. 0.6, isopropyl B-D-1-thiogalactopyranoside (IPTG) was

added to a final concentration of 1mM and the incubation was continued for 5 h.
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Cells were then harvested by centrifugation (4,200 x g for 10 min) and stored at -

80 °C to be used for purification of rFBA.

2.2.3.2 Purification of rFBA by immobilised metal affinity
chromatography (IMAC)

For the purification of rFBA (wild type and mutated), cell pellets harvested
from E. coli cultures were resuspended in 20 ml lysis buffer (50mM NaH,PO,,
300mM NacCl, 10mM imidazole, pH 7.4) followed by a 10 min cycle of 30 sec
sonication (SoniPrep sonicater MSE 150)) and 30 sec of cooling, on ice. The
cell lysate was centrifuged (4,000 x g for 10 min) and using a 50 ml super loop
(GE Healthcare Biosciences, Sweden) the clarified lysate was loaded onto the
His Trap 7" (GE Healthcare Biosciences) column prepacked with Ni Sepharose
6 Fast Flow (GE Healthcare Biosciences) connected to a AKTAprime plus
liquid chromatography system (GE Healthcare Biosciences) and pre-
equilibrated with 10 column volumes of wash buffer (50mM NaH;POy,
300mM NaCl, 15mM imidazole, pH 7.4). Step elution was done with elution
buffer (50mM NaH,PO,4, 300mM NaCl, 300mM imidazole, pH 7.4). Each of
ten eluted fractions (1 ml each) was collected in tubes already containing 3ml
elution buffer. The whole chromatography process was graphically displayed,

viewed and analysed using Prime view 5.0 software (Amersham Biosciences).

2.2.3.3 Buffer exchange
5.0 ml HiTrap column prepacked with Sephadex™ G-25 Superfine (GE

HealthCare) connected to a AKTAprime plus liquid chromatography system
(GE Healthcare Biosciences, Sweden) and equilibrated with 5 column volumes
of phosphate buffered saline (PBS,Oxoid) was used for buffer exchange. A
mixture of diluted eluted fractions was loaded onto the column using a 50 ml

super loop. Fractions, each of 1 ml, were collected in tubes containing PBS-
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50% (vol/vol) glycerol. As before, the whole chromatography process was
graphically displayed, viewed and analysed using Prime view 5.0 software

(Amersham Biosciences).

2.2.3.4 Concentration of purified protein samples
Purified eluates, collected using the buffer exchange procedure, were

concentrated into 1 ml using centrifugal force (4,200 x g) and Vivaspin™
sample concentrators (Sartorius Stedim Biotech, Germany) with a 30,000

molecular weight cut-off (MWCO).

2.2.3.5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

Protein samples collected from the chromatographic purification process, were
mixed with SDS-PAGE sample buffer (0.62 M Tris-Cl (pH 6.8), 5% (wt/vol)
SDS, 25% (vol/vol) glycerol, 12.5% (vol/vol) - meracaptoethanol,0.002%
(wt/vol) Bromophenol blue) and heated at 100° C for 5 minutes. The proteins
in the samples were separated on 10% (wt/vol) polyacrylamide gels stained by
Simply Blue Safe Stain (Invitrogen), destained with dH,O and scanned using a
GS-800 calibrated densitometer (BIO-RAD). A Prestained protein marker
(New England Biolabs) was run alongside the samples for determination of

molecular weight of the purified protein.

2.2.3.6 Immunoblotting
The proteins, separated by SDS-PAGE, were transferred to a nitrocellulose

membrane (BIO-RAD) using a Trans-Blot semidry transfer cell (BIO-RAD) at
constant voltage of 15 V for 15 min. The membrane was incubated overnight at
4°C in blocking buffer [5% (wt/vol) nonfat dry milk, 0.1% (vol/vol) Tween 20
in 1 x phosphate-buffered saline (PBS)]. Mouse anti-pentahistidine antibody

(Qiagen, 1:10,000 diluted) or rabbit anti-FBA antiserum ((Tunio et al., 2010a)
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1:1000 diluted) was added to the membrane and incubated for 2 h at room
temperature (RT). After that the membrane was washed three times (5 min
each) with PBS-T (PBS containing 0.05% (vol/vol) Tween-20 , and incubated
for 2 h at RT with secondary antibody (1:10,000 diluted goat anti-mouse 1gG
or 1:1000 diluted goat anti-rabbit 1gG) conjugated to alkaline phosphatase
(Sigma-Aldrich). After washing with PBST, the membrane was developed
using BCIP (5-bromo- 4- chloro-3-indolylphosphate)-Nitro Blue Tetrazolium
liquid substrate (PerkinElmer). The membrane was washed with dH,O and a

scanned using a GS-800 calibrated densitometer (BIO-RAD).

2.2.3.7 Protein assay
Protein concentrations of purified rFBA samples were assayed using the Pierce

BCA Protein Assay Reagent Kit (Thermo Scientific) following the
manufacturer’s instructions for the microplate procedure using Bovine serum

albumin (BSA) as standard.

2.2.3.8 Enzyme assay
A coupled assay (Berry and Marshall, 1993) was carried out to determine the

enzymatic activity and kinetic parameters of the purified rFBA. Briefly, a 5 pl
aliquot of rFBA (0.29 mg/ml) was added to a final volume of 1 ml containing
the following reagents: 50 mM Tris-HCI buffer with 0.1 M potassium acetate
buffer (pH 8.0), coupling enzyme (2 ul of a 10 mg ml™ mixture of glycerol
phosphate dehydrogenase/ triose phosphate isomerase, Fig.1.4), fructose 1, 6
bisphosphate (concentrations ranging from 0 to 0.5mM), NADH (20mM). The
assay was performed at 30°C. Using a Jasco V-560 UV/Vis spectrophotometer
and built-in Spectra Manager software, a decrease in absorbance at 340 nm was

detected. One unit of aldolase activity was defined as the amount of purified
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fructose 1, 6 bisphosphate aldolase enzyme which catalysed the oxidation of 2
mmol NADH min™ considering the molar extinction coefficient for NADH as
6220 M™* cm™. Kinetic parameters were determined using Origin Pro 7.5

software.
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2.3 Results
2.3.1 Site directed mutagenesis in the active site of FBA
In a previous study, the FBA-encoding gene of N. meningitidis MC58 (known

as cbbA; locus tag NMB1869) was cloned into the plasmid vector pQE-70 to
form pSAT-9 to facilitate the expression and subsequent purification of 6 x

histidine tagged rFBA (Tunio et al., 2010a).

A His-X-X-His motif, a highly conserved zinc cofactor binding site, is present
in class Il aldolases. In E.coli this motif is present as His-Thr-Asp-His (H-T-D-
H). It has already been published that these two histidine residues are directly
responsible for zinc binding (Berry and Marshall, 1993) and the aspartic acid
residue plays a critical role in the catalytic mechanism of FBA (Plater et al.,
1999). An alignment of primary sequences of the class Il FBA from E. coli and
N. meningitdis MC58 (Fig. 2.1) showed that in meningococcal FBA, this
highly conserved motif is present as His-GIn-Asp-His (**H-¥Q-D-%H).
Therefore in order to generate recombinant FBA lacking aldolase activity,
these highly-conserved aspartate (¥*D) or histidine (**H and ®H) residues were
targeted for site directed mutagenesis and replaced (Fig.2.1) with alanine.
These two different mutant derivatives were generated by site directed

mutagenesis using pSAT-9 as template.
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Upper line: E_goli FBR ITRA protein sequence, from 24 to 355
Lower line: N. mesningitidis MCE58 FBR IIE, from 13 to 352

E_coli FBA ITR protein sequence: N. meningitidis MCS58 FER ITE

identity= m (83/304) gap=17.359%(&4/368)

24 AEFNNFALBAVHNCVETDS INAVLET ALE WE AR TWOF SHEEA SFILGESVE SOWVEBOGEAR T
13 AAENETGLEARNVNNLEQMEE IMERADGVRAY VO SAEARETE fios
24 LEAT SR HHVHOMAEH Y EVEV ILETDEC REELL B IDGLLOACGEEHF AR TEERFLEFS SHMT
€2 IRELIIEA. .. VEEFDETIMEODMGASIOVCQRSIQLG. . LRy LA
144 OLSEE . _ .. ... SLOENTIEICSEYLERHM SETEITLETELGCT GEEEDETIN S DR SAT. Y
105 DESILMEDGHTESSTEYNIET RTINSO STECELS VL AN LT CEACFED G ST e
157 ToOPENVDYAYTELSET SPRFT TR LS FENVHETT ERENVVLTETI LED SOEY VSEEHNLEH
1&5 'El.SHéﬁ&ILIS’J’.&ZﬂR‘FF&EII['”:F&:ii.iIAJlTSHSEYKETRII'PTSD'JIRIDRI!:’EIH_;P.L
257 HSLHF S . o e e e e e e e e - GETROEIEDSVSYSWWVEMN IDTDT OWAT
225 DNTHIVMEGSSSVDOEWLEYINE YEaNT GE TYCTE TR ETVES TRECRETN IO DLATA S
23& WEGVLNY YEANEAY LOGOLENPEGED . . . JPFNEEY YD PEVWLERAGOT SMTIARTIEE. - . . .
285 TAVEENTARNEADEDPRIYLSKTTEEME ICL IR YL ARSCE COAGK TREV SIERESRY
348 AFOETHNAT

345 .!!LKGI‘!!IIJETQI:Z

Figure 2.1: Optimal alignment of protein sequences of E.coli IIA FBA and N.
meningitidis MC58 1B FBA sequences. The amino acid residues highlighted
in red are the conserved amino acid residues in zinc cofactor binding site.

DNA sequencing data (Fig. 2.2) revealed that in one mutant (pSAT-9_ D83A)

the codon encoding for aspartic acid was correctly replaced by one encoding

alanine at position 83 (D83A mutation) and in the other mutant plasmid

(pSAT-9_H81/84A) two codons encoding for histidine residues were correctly

replaced by codons for alanine at positions 81 and 84 (H81/H84A mutation).
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NMB1869 DNA Ca

pSAT-9 DNA y:)

pSAT-9(D8324) DNA Ca

pSAT-9 (H81/H844a) DNA Ca

Consensus cacacatccccgtcgtcatg ccaag © cggcgcatcacccgac
FBA Protein HLILAAVEEFPHIPVVMS

pSAT-9 Protein HLILAAVEEFPHIPVVME()

pSAT-9 (D83A) Protein HLILAAVEEFPHIPVVMEOMsGASEDVCQRSIQLGESS
pSAT-9 (H81/H84A)Protein HLILAAVEEFPHIPVVMEONEGASPOVCQRSIQLGESS
Consensus hlilaaveefphipvvm q gaspdvcqgrsiqlgfss

Figure 2.2: Multiple sequence alignment of cbbA and its translated product:
multiple sequence alignments of (A) cbbA sequences including NMB1869 and
those cloned into pSAT-9 and (B) the translated products of the wild-type and
cloned chbA genes showing changes due to the site directed mutations.

2.3.2 Correction of reading frame in the transcripts
pSAT-9 plasmid was used for expression of wild type rFBA in E.coli JM 109

cells. However, contrary to expectations, no difference was observed between
bacterial culture samples collected before and after induction with IPTG.
Furthermore, no protein band specific for rFBA was observed by
immunoblotting using rabbit anti-FBA or mouse anti-pentahistidine antibodies

(Fig. 2.3).
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Figure 2.3: SDS-PAGE analysis of E. coli JM109 cells for expression of
rFBA.Whole cell lysates look identical for uninduced and induced samples and
no clear band corresponding to rFBA of ca. 38 kDa was observed in A) SDS-
PAGE or B) Immunoblot with anti-FBA antibody or C) Immunoblot with anti-
His-tag antibody. Lane 1: Prestained Protein marker; Lane 2: Uninduced E.
coli JM 109 cells containing pSAT-9; Lane 3: induced E. coli JM 109 cells
containing pSAT-9; Lane 4: E. coli JIM109 cells containing plasmid pSC2 as a
positive control for expression of a 6 x His-tagged protein.

Additional DNA sequencing data revealed the presence of two ATG start
codons upstream of cbbA (Fig. 2.4). The first was the optimal, pQE70-encoded,
ATG start codon, whilst the second ATG start codon (located 4bp downstream
of the first) was derived from the cloned meningococcal cbbA sequence (Fig.
2.4). The lack of rFBA expression may have resulted from the sub-optimal
distance of the second start codon from the vector-encoded ribosome-binding

site.
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pE-T0: e TR e CC AT A EATCOREA TCTCATCACCATE

p3aT-3 consensus DHA: FEERELETTAE CCATECATE R CTCETAT CCATECECCRR

FER HMB1S&3 (DMR SEQ) I o i e i o ATEECRCTCETATCCATECECCRR

Figure 2.4: Multiple sequence alignment of plasmid vector pQE-70, plasmid
pSAT-9 and cbbA from N. meningitidis MC58. pSAT-9 has two start codons,
the first highlighted in yellow, is from derived from pQE-70 and the other one
highlighted in blue, comes from the cloned chbA.

In order to optimise the distance between the RBS and the start codon, a 4 bp
deletion mutation was introduced into pSAT-9 (Fig.2.5). The plasmid pSAT-9
with the 4 bp deletion was named pFS-1. Using this pFS-1 plasmid as template,
two mutated plasmids were created which had specific mutation(s) in the active
site of the FBA protein product: pFS-2 (containing the D83A mutation) and

pFS-3 (containing the H81/H84A mutation).

A pPSAT-9 consensus DNA SCATGGCACTCGTATIC
pFS-1 consensus DNA sCATGGCACTCGTATC
pFS-2 consensus DNA sAGGAG NN CCATGGCACTCGTATC
pFS-3 consensus DNA ATTER SAGGAG NN CCATGGCACTCGTATC
Consensus cattaaagaggagaaattaa gcatggcactcgtatc

B pSAT-9 protein MALVSMRQLLDHAAENSYGLPAFNVNNLEQMRA
pFS-1 protein MALVSMRQLLDHAAENSYGLPAFNVNNLEQMRA
pFS-2 protein MALVSMRQLLDHAAENSYGLPAFNVNNLEQMRA
pFS-3 protein MALVSMRGLLDHAAENSYGLPAFNVNNLEQMRA
Consensus malvsnrglldhaaensyglpafnvnnleqgnra

Figure 2.5: Multiple sequence alignment of the (A) DNA sequences and (B)
the translated protein products derived from pSAT-9, pFS-1, pFS-2 and pFS-3.
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2.3.3 Expression of rFBA by E. coli JM109 cells
E. coli JM109 cells, transformed with pFS-1, pFS-2 or pFS-3, were grown in

order to express rFBA (WT and mutants). Bands corresponding to rFBA were
clearly observed from the IPTG induced culture samples in polyacrylamide

gels and immunoblots probed with anti-pentahistidine antibody (Fig. 2.6).

ca. 38 kDa

Figure 2.6: Expression of rFBA by E. coli JIM109 cells. A) SDS-PAGE gel
and B) Immunoblot with anti-His-tag antibody showing presence of bands
corresponding to rFBA protein (ca. 38-kDa) in IPTG induced E. coli JIM109
culture samples. Lane 1: Prestained Protein marker; Lane 2-9: uninduced
culture and culture induced to produce rFBA (wild type) from pSAT-9,rFBA
(WT) from pFS-1, rFBA (D83A) from pFS-2, rFBA (H81A/H84A) from
pFS-3 respectively. The blue arrow indicates presumed rFBA bands of ca.
38-kDa.

2.3.4 Purification of rFBA (WT) by step elution and buffer exchange

In order to purify rFBA, E.coli IM109 (pFS-1) cells were harvested after IPTG
induction. The harvested cells were sonicated and centrifuged to obtain a
soluble lysate. This was loaded onto a HisTrap crude column and recombinant
rFBA (WT) recovered in elution buffer containing imidazole from the column

by immobolised metal affinity chromatography (IMAC).
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Figure 2.7: Purification of rFBA (WT) by step elution. (A) Representative
chromatogram displaying the typical purification profile for rFBA (WT). The
Y-axis shows absorbance at 280nm and X-axis displays elution volume. rFBA
bound inside the column, was displaced by imidazole concentration (green
line) and conductivity (red line) gradually increased with elution of protein
(blue line). (B) SDS-PAGE and (C) immunoblot probed with anti-His-tag
antibody, showing fractions containing purified rFBA (WT). Lane 1:
Prestained protein ladder; Lane 2: whole cell lysate; Lane 3: soluble lysate;
Lane 4: insoluble pellet; Lane 5: flow through; Lane 6: washing from column;
Lane 7: Prestained protein ladder; Lane 8-17: eluted fractions 1-10 in panel A;
Lane 18: after elution wash; Lane 19: E. coli JM109 cells induced to produce
rFBA (WT) was used as positive control. The blue arrow indicates purified
rFBA.

The purity of the fractions were analysed by SDS-PAGE and immunoblotting
with anti-His-tag antibody (Fig. 2.7B and 2.7C). The fractions containing
rFBA(WT) (lanes 11-17, Fig.2.7 B and C) were pooled together, subjected to
buffer exchange to remove the imidazole from the purified protein preparation

and collected in PBS-50% glycerol (vol/vol) (Fig. 2.8A-C).
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Figure 2.8: Purification of rFBA (WT) by buffer exchange. (A) Representative
chromatogram displaying the typical purification profile for rFBA(WT). The
Y-axis shows absorbance at 280nm and X-axis displays elution volume.. UV
absorbacnce, concentration and conductivity are indicated by blue, green and
red lines respectively- Purified rFBA (WT) samples collected from buffer
exchange were separated by (B) SDS-PAGE and rFBA was identified by (C)
immunoblot with anti-His-tag antibody. Lane 1: Prestained Protein marker;
Lane 2-11: eluted fractions 1-10 in panel A; Lane 12: rFBA purified from
IMAC was used as positive control. The blue arrow indicates purified rFBA.

2.3.5 Expression and purification of rFBA (D83A and H81/H84A)
E. coli IM109 (pFS-2) and E. coli JIM109 (pFS-3) were induced to express

rFBA (D83A) and rFBA (H81/84A) respectively. Whole cell lysates from
uninduced and induced cultures were run out on SDS-PAGE gels. The level of
expression of rFBA (D83A) was found to be similar to rFBA (WT) (Fig. 2.9).
However, it was observed that the level of expression of rFBA (H81/H84A)

was lower than rFBA (D83A) or WT rFBA (Fig. 2.9). As expected, this
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resulted in a lower yield of protein upon subsequent purification (Fig. 2.12-

2.13).

kDa

58 —

Figure 2.9: Expression of rFBA (D83A) and rFBA (H81A/ H84A). A) SDS-
PAGE gel and B) immunoblot with anti-His-tag antibody showed that
expression of rFBA (H81A/ H84A) was lower than rFBA (D83A) or rFBA
(WT). Lane 1: Prestained protein ladder; Lane 2: uninduced E. coli JM109
(pFS-3); Lane 3: E. coli JIM109 (pFS-3) induced to produce rFBA (H81A/
H84A); Lane 4: E. coli IM109 (pFS-1) culture induced to produce rFBA (WT);
Lane 5: induced E. coli IM109 (pFS-2) culture producing rFBA (D83A); Lane
6: uninduced JM109 (pFS-2) culture. The red and blue arrows highlight the
bands corresponding to rFBA (H81A/ H84A) and rFBA (D83A) respectively.

rFBA (D83A and H81/84A) were purified by IMAC followed by buffer
exchange, as described for the purification of rFBA (WT). rFBA (D83A) was
present in the soluble lysate and the purification pattern was similar to rFBA
(WT) (Fig. 2.10). In several trials, it was found that the concentration of
purified rFBA H81/H84A (Fig. 2.12-2.13) obtained after purification was
much lower compared to that of rFBA WT (Fig. 2.7-2.8) and rFBA D83A (Fig.
2.10-2.11). From SDS-PAGE gel and immunoblot analysis, it was evident that
the majority of rFBA (H81/H84A) was present in the insoluble pellet, rather
than the soluble lysate (Fig. 2.12B), suggesting that rFBA H81/H84A was
being localised to inclusion bodies in the expression strain. This observation

also correlates with low expression level of rFBA H81/H84A (Fig. 2.9).
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Figure 2.10: Purification of rFBA (D83A) by step elution. (A) Representative
chromatogram displaying the typical purification profile for rFBA (D83A). The
Y-axis shows absorbance at 280nm and X-axis displays elution volume. rFBA
bound inside the column, was displaced by imidazole concentration (green
line) and conductivity (red line) gradually increased with elution of protein
(blue line). (B) SDS-PAGE and (C) immunoblot probed with anti-His-tag
antibody, showing fractions containing purified rFBA (D83A). Lane 1:
Prestained protein ladder; Lane 2: whole cell lysate; Lane 3: soluble lysate;
Lane 4: insoluble pellet; Lane 5: flow through; Lane 6: washing from column;
Lane 7: Prestained protein ladder; Lane 8-17: eluted fractions 1-10 in panel A,
Lane 18: after elution wash; Lane 19: purified rFBA (WT) was used as positive
control. The blue arrow indicates purified rFBA.
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Figure 2.11: Purification of rFBA (D83A) by buffer exchange. (A)
Representative chromatogram displaying the typical purification profile for
rFBA(D83A). The Y-axis shows absorbance at 280nm and X-axis displays
elution volume. UV absorbacnce, concentration and conductivity are indicated
by blue, green and red lines respectively: Purified rFBA (D83A) samples
collected from buffer exchange were separated by (B) SDS-PAGE and rFBA
was identified by (C) immunoblot with anti-His-tag antibody. Lane 1:
Prestained Protein marker; Lane 2-11: eluted fractions 1-10 in panel A; Lane
12: Purified rFBA was used as positive control. The blue arrow indicates
purified rFBA.
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Figure 2.12: Purification of rFBA (H81/84A) by step elution. (A)
Representative chromatogram displaying the typical purification profile for
rFBA (H81/84A). The Y-axis shows absorbance at 280nm and X-axis displays
elution volume. . rFBA bound inside the column, was displaced by imidazole
concentration (green line) and conductivity (red line) gradually increased with
elution of protein (blue line). (B) SDS-PAGE and (C) immunoblot probed with
anti-His-tag antibody, showing fractions containing purified rFBA (H81/84A).
Lane 1: Prestained protein ladder; Lane 2: whole cell lysate; Lane 3: soluble
lysate; Lane 4: insoluble pellet; Lane 5: flow through; Lane 6: washing from
column; Lane 7: Prestained protein ladder; Lane 8-17: eluted fractions 1-10 in
panel A; Lane 18: after elution wash; Lane 19: purified rFBA (WT) was used
as positive control. The blue arrow indicates purified rFBA.
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Figure 2.13: Purification of rFBA (H81/84A) by buffer exchange. (A)
Representative chromatogram displaying the typical purification profile for
rFBA(H81/84A). The Y-axis shows absorbance at 280nm and X-axis displays
elution volume. UV absorbacnce, concentration and conductivity are indicated
by blue, green and red lines respectively- Purified rFBA (H81/84A) samples
collected from buffer exchange were separated by (B) SDS-PAGE and rFBA
was identified by (C) immunoblot with anti-His-tag antibody. Lane 1:
Prestained Protein marker; Lane 2-11: eluted fractions 1-10 in panel A; Lane
12: Purified rFBA was used as positive control. The blue arrow indicates
purified rFBA.
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2.3.6 Purified rFBA (WT) is an active aldolase enzyme
A coupled assay showed that the purified rFBA (WT) had aldolase enzymic

activity (Fig. 2.14). The kinetic parameters of rFBA (WT) for the cleavage of

FBP were calculated as Km=0.027 mM and kcat=420 min™.
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Figure 2.14: Kinetic analysis of rFBA (WT).The reaction was carried out for
one min with a range of FBP concentrations (0-0.5 mM). Enzyme activity was
measured by the decreasing absorbance at 340 nm and using 6220 M™* cm™ as
the molar extinction coefficient for NADH. Kinetic parameters were estimated
using the Origin Pro 7.5 software.

In contrast, the two mutated rFBA’s were virtually inactive. Addition of excess
enzyme (0.5 mg/ml) did not result in a measurable activity (data not shown).
This loss of aldolase activity suggested that mutation of either D83A or
H81/H84A was sufficient to abolish enzymic activity, possibly due to the

absence of zinc co-factor binding.
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2.4 Discussion

The N. meningitidis MC58 genome contains only one cbbA gene (NMB1869)
to encode FBA (Tettelin et al., 2000). Tunio et al reported that, although found
in the cytoplasm, FBA could also be found localised to the outer membrane of
N. meningitidis and was surface accessible to anti-FBA antibody. Furthermore,
an FBA-deficient mutant was less adherent to human epithelial and endothelial
cells (Tunio et al., 2010) and the FBA deletion mutant was unable to produce
sustained bacteraemia in a transgenic mouse model of infection (D. Turner,
personal communication) confirming the in vivo significance of this protein in

meningococcal pathogenesis.

For the biochemical and functional analysis of a protein, it is common practise
to express, in E. coli, a recombinant version and then to purify that protein
(Lebendiker and Danieli, 2014). In a previous study, Tunio et al., successfully
cloned cbbA into pQE-70 to yield pSAT-9. Based on this plasmid, in this study,
several other plasmids were generated to express rFBA having mutation(s) in
the co-factor binding site of FBA. This chapter detailed the expression,

purification of rFBA (WT and mutants) and their biochemical characterisation.

Site directed mutagenesis was used to introduce mutations into the cofactor
binding site of FBA - namely D83A and H81A/H84A. In a pilot expression
experiment, no expression of rFBA was observed. One reason for this was
thought to be the distance between ribosome binding site (RBS) and start
codon. Therefore another 4bp deletion mutation was carried out to bring the
RBS and start codon together. After that had been achieved, the new construct

(pFS-1), was used as template to introduce the mutation(s) in the same cofactor
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binding site as described above. After confirmation of correct mutation(s) by
sequencing, a pilot expression experiment was carried out. E. coli JM 109 cells
transformed with these vectors, produced rFBA after induction with IPTG.
Therefore E.coli JIM109 was used to over express rFBA WT, D83A and

H81A/HB4A.

The next step was the purification process. Use of His-tag at the C-terminal end
facilitated the purification of rFBA using His Trap™ column prepacked with Ni
Sepharose 6 Fast Flow connected to a AKTAprime plus liquid chromatography
system. All the steps in the purification process were monitored by collecting
fractions and running SDS-PAGE gel and immunoblot probed with anti-His-

tag antibody.

One observation from this study was that following whole cell lysis, rFBA
(H81A/HB84A) was found to be associated with cellular material rather than in

the soluble fraction.

Human copper/zinc superoxide dismutase (SOD1) does not form intracellular
aggregates but a mutant variant of SOD1 containing alanine to valine mutation
at position 4 (SOD1A4V) greatly increases the aggregation-propensity.
(Gregoire et al., 2014). In another study, mutations in either two (H46R/H48Q)
or four copper binding sites (H46R/H48Q/H63G/H120G or QUAD) cause
formation of aggregates of SOD1 (Wang et al., 2002; Wang et al., 2003).
According to a recent report, another human protein a-synuclein (a-Syn)
aggregates faster than the wild-type when it carries a single mutation of H50Q,
(Porcari et al., 2015). A number of variants of human aldolase B (A174D,
L256P, and N334K) were difficult to recover when recombinantly expressed in

E. coli at 37 °C. The authors suggested possible proteolysis of the recombinant
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proteins during expression resulted in denaturation in situ, and precluded the
formation of stable tetramers (Rellos et al., 2000).GST tagged wild type N-
terminal domain of E.coli hydrogenase maturation factor (HypF-N) remains
soluble after recombinant expression. In contrast some mutant variants (F22A,
L29A, L33A, L58A, and F88A) appear to aggregate completely after

expression in vivo (Calloni et al., 2005).

In zinc metalloenzymes, the zinc ion can perform catalytic, cocatalytic or
structural functions. Apart from involvement in the catalytic process, zinc can
confer structural stability, therefore abolishing zinc binding can be considered
as a cause of protein misfolding or aggregation (McCall et al., 2000). The
possible involvement of the double mutation introduced into the zinc binding

site, in the formation of inclusion bodies, cannot be excluded.

Expression of recombinant proteins often causes the formation of insoluble
aggregates or inclusion bodies in host E. coli cells (Kane and Hartley, 1988).
There are numerous methods available for the purification of proteins from
inclusion bodies in a denatured state which can be refolded again (Singh and
Panda, 2005). Variation in expression conditions like changing host E.coli,
growing the bacterial cells at lower temperature, longer induction period, using
lower concentration of IPTG could have been followed for soluble expression
of recombinant protein (Rosano and Ceccarelli, 2014). However, the whole
process needed to be optimised according to the protein, which would be time
consuming, so it was decided to purify the small amount of soluble rFBA
(H81A/HB84A), rather than try to trouble-shoot alternative methodologies to

purify the protein from the insoluble material.
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If the conditions for expression, purification, storage of proteins are not
maintained at optimal level, proteins tend to aggregate with a loss of activity
(Kerwin et al., 1998; Lu et al., 2001; Wilson et al., 1996; Kreilgaard et al.,
1998). A problem with precipitation of purified rFBA was encountered in this
study when ice cold buffers were used or the purified fractions were stored at
-20°C or -80°C. Occasionally the purified rFBA started to precipitate
immediately after purification even before storage at -20°C. Several approaches
were taken to prevent precipitation of the purified protein, for example using
storage at ambient temperatures, collecting the eluted proteins into elution
buffer in order to dilute down the protein, and after buffer exchange collecting
purified protein in PBS - glycerol. Co-solvents such as, amino acids, salts and
polyols (Timasheff, 1998; Collins, 2004) improve stability of proteins.
Glycerol is one of the most extensively used polyols (Gekko and Timasheff,
1981) in experiments involving protein refolding and crystallization (Sedgwick
et al., 2007; Mishra et al., 2005). Glycerol induces a compact conformation of
proteins (Priev et al., 1996), stabilizes partially unfolded intermediates, and
thus inhibits progression to an aggregated state (Mishra et al., 2007). Use of

glycerol in this study successfully prevented the aggregation of purified rFBA.

In a previous study, Tunio et al., successfully cloned cbbA in the pQE-70
vector to produce C-terminally His-tagged rFBA which was purified and
enzymatic activity was determined (Tunio et al., 2010a) but failed to purify
rFBA with N-His-tag under native conditions. A similar situation arose during
purification of rFBA of M. tuberculosis by Ramsaywak et al. This was possibly
due to interference by the N-His-tag in the oligomerisation of aldolase,
resulting in an inactive enzyme (Ramsaywak et al., 2004). Rukseree et al.,
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purified rFBA with a C-terminal His-tag and determined its enzymatic activity
and compared this to the biochemical characteristics of a non-His-tagged FBA.
Both of them were found to be similar (Rukseree et al., 2008). Therefore it can
be assumed that addition of His-tag to the C-terminal end would not have any
adverse effect on the enzymatic activity of FBA purified in this study.
Moreover FBA purified from M. tuberculosis had lower specific activity than
the same FBA recombinantly expressed in E.coli (Bai et al., 1975). Therefore it
is not unlikely that meningococcal FBA expressed recombinantly in E.coli and
FBA purified from N. meningitidis might have different activity. But this could
only be checked if FBA could be purified in its native form from N.
meningitidis which in turn might impose technical difficulty, therefore was not

attempted in this study.

All the purified rFBA (WT and MT) proteins were subjected to enzymatic
activity measurements in order to see the effect of the site-directed mutations
on aldolase activity. The WT rFBA was confirmed to be a highly active
aldolase with the kinetic parameters Km=0.027 mM and kcat=420 min™. These
values are similar to that of the corresponding class 11B protein of E. coli kcat=
490 min® and Km =0.19 mM (Plater et al., 1999) and was broadly in
agreement with the previously determined values for the N. meningitidis FBA
protein, Km=0.05 mM and kcat=126 min™, which was purified using a
different methodology (Tunio et al., 2010a). Neither of the two mutant rFBA
exhibited detectable aldolase enzyme activity meaning that the mutations in the
predicted cation binding site abolished the aldolase activity of rFBA. These
results were also in agreement with those found in E. coli. In E. coli, mutation

at zinc binding histidine residues His-108 and His-111 resulted aldolase
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enzyme with no detectable catalytic activity (Berry and Marshall, 1993). In
contrast mutations at aspartic acid residue (Asp-109) caused a dramatic
decrease in key but not in K, whereas aspartic acid residues at other positions
changed the steady state kinetic parameters to a lesser extent (Plater et al.,

1999).

As previously stated, FBA is involved in the pathogenesis of meningococcal
infection; the question arises whether or not it is the aldolase activity of the
protein which is required for optimal pathogenesis. To address this,
recombinant wild type and mutant derivatives of FBA were expressed and
purified under non-denaturing conditions and their respective aldolase
activities determined. As specific amino acids which could be altered to abolish
aldolase activity, were identified, the same point mutation(s) could be
introduced into the meningococcus to assess the effects of this mutation on

pathogenesis.
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Chapter Three: FBA is a plasminogen binding protein of

N. meningitidis

84



3.1 Introduction
Moonlighting proteins are a group of proteins which can perform several

autonomous, unrelated functions when localised at different sites within a cell.
These proteins do not employ multiple protein domains to perform different
functions (Jeffery, 1999; Huberts and van der Klei, 2010). Several reports have
been published demonstrating the presence of housekeeping enzymes or
molecular chaperones on the surface of prokaryotic and eukaryotic cells,
despite lacking anchoring motifs or secretion signals, and imparting virulence
properties to pathogenic bacteria (Pancholi and Chhatwal, 2003; Henderson
and Martin, 2011). A number of glycolytic enzymes have been reported to act
as moonlighting proteins in bacteria, for example, triose phosphate isomerase
(TPI), aldolase, enolase and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Henderson and Martin, 2011). Research has established that
bacterial moonlighting proteins impart virulence properties to many pathogens
such as M. tuberculosis, S. pyogenes, S. pneumoniae, S. aureus and H. pylori.
Adhesion to host epithelia and extracellular matrices (ECMs), recruitment and
activation of plasminogen (Plg) and the modulation of host immune responses
are some of the non-glycolytic moonlighting functions which have been

reported (Henderson and Martin, 2011).

Fructose 1, 6-bisphosphate aldolases (FBA) are glycolytic enzymes of the EMP
pathway and are commonly reported as moonlighting proteins (Henderson and
Martin, 2011). The different cellular localisation of FBA and its possible
alternate functions have already been addressed. There are reports regarding

the subcellular localisation of FBA in mammalian cells (Mamczur and Dzugaj,
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2004; Mamczur and Dzugaj, 2008; Saez and Slebe, 2000) and its various roles,
such as modulation of signal transduction pathways (Kim et al., 2002) and
interaction with the cytoskeleton by binding with actin (Benziane et al., 2007).
In human and yeast cells, membrane assembly of vascular H*-ATPase has been
induced by fructose 1,6-biphosphate aldolase (Lu et al., 2007). Roumelioti et
al., reported the possible involvement of FBA from A. nidulans in the turnover
of the L-glutamate/L-aspartate transporter (AgtA) by acting as a link between
the vesicle containing amino acid transporters with actin and the cytoskeleton
(Roumelioti et al., 2010). In Toxoplasma and Plasmodium, a bridge is formed
between F-actin and extracellular adhesion molecules by aldolase to facilitate
motility and invasion of host cells (Jewett and Sibley, 2003). Much less work
has been done with bacterial FBA. It has been shown that FBA functions as an
adhesin for S. pneumoniae to bind epithelial cells and the host molecule that
binds FBA was putatively identified as Flamingo cadherin receptor (FCR)
(Blau et al., 2007). In addition, Class 1l FBA was also found to be localised to
the surface of M. tuberculosis where it binds human plasminogen and protects
FBA-tb bound plasmin from the regulatory effect of a2-antiplasmin (de la Paz

Santangelo et al., 2011).

Plasminogen is a 92-kDa glycoprotein proenzyme which can be proteolytically
activated to plasmin. Bacteria can interfere with the plasminogen system by
two general mechanisms: firstly by producing activators of plasminogen and
secondly by producing receptors to immobilise plasminogen on the cell surface
which can then be activated to plasmin by host activators such as tissue-type
plasminogen (tPA) activators and urokinase plasminogen activator (UPA)

(Bergmann and Hammerschmidt, 2007). Streptokinase, staphylokinase and Pla
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produced by Group A, C and G streptococci, S. aureus and Yersinia pestis,
respectively, are some well-established examples of plasminogen activators of
bacterial origin (Lahteenmaki et al., 2001b). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, SDH, PIr) produced by Group A and C streptococci
(Broder et al., 1991; Lottenberg et al., 1992; Winram and Lottenberg, 1996;
Winram and Lottenberg, 1998; Gase et al., 1996; Pancholi and Fischetti, 1992),
enolase of Group A streptococci (Pancholi and Fischetti, 1998), flagella of E.
coli (Lahteenmaki et al., 1993), aspartase and protein E (PE) of H. influenzae
(Sjostrom et al., 1997; Barthel et al., 2012), ErpA / ErpC / ErpP, OspA, OspC,
and enolase of Borrelia burgdorferi (Brissette et al., 2009; Fuchs et al., 1994;
Lagal et al., 2006; Floden et al., 2011) are a few examples of plasminogen
receptors on the bacterial cell surface. Once activated, plasminogen can be
converted to the serine protease, plasmin, which can degrade extracellular
matrix and basal membrane (BM) proteins such as fibronectin, vitronectin and
laminin (Plow et al., 1995) and activate other proteolytic enzymes including
matrix metalloproteinases (MMPs) and latent macrophage elastase, resulting in
the cleavage of elastin, collagen, and proteoglycans (Murphy et al., 1999). The
destruction of matrix proteins facilitates dissemination of bacteria, and thus
contributes to the pathogenicity and invasive nature of disease-causing bacteria
(Lahteenmaki et al., 2005; Lahteenmaki et al., 2001b). Binding and activation
of plasminogen in order to degrade ECM or BM during bacterial infection is
similar to that observed in tumour cell metastasis (Liotta et al., 1986), thus the
phenomenon of degradation of basal membrane for bacterial translocation has
been termed ‘bacterial metastasis’ (Korhonen et al.,, 1992). Enhanced

fibrinolytic activity associated with meningococcal meningitis has raised
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suggestions that plasminogen activation might be involved in systemic
infections (Brandtzaeg et al., 1990). Since many pathogenic bacteria produce
activators or receptors for plasminogen, the formation and retention of plasmin
on the bacterial surface may play an important role in invasive infections
(Korhonen et al., 1992; Lottenberg et al., 1994; Boyle and Lottenberg, 1997;
Coleman and Benach, 1999). Examples include: Borrelia burgdorferi
(Coleman et al., 1997; Coleman et al., 1995); Y. pestis (Lahteenmaki et al.,
2001a; Sodeinde et al., 1992); S. pyogenes (Sun et al., 2004); H. influenzae
(Ullberg et al., 1990; Virkola et al., 1996) and S. pneumoniae (Bergmann et
al., 2005; Eberhard et al., 1999). Moreover, according to recent reports,
activation of surface bound plasminogen to plasmin imparts anti-phagocytic
and anti-opsonisation properties to B. anthracis (Chung et al., 2011) and B.

burgdorferi (Grosskinsky et al., 2009).

Ulberg et al., first reported that N. meningitidis and N. gonorrhoeae could bind
plasminogen which could then be activated to plasmin by uPA or tPA,
although no receptors were identified (Ullberg et al., 1992). In a later study,
enolase, DnaK and peroxiredoxin were identified as putative plasminogen-
binding proteins on the surface of N. meningitidis (Knaust et al., 2007).
However, they failed to identify three additional plasminogen-binding proteins
that were found during the same study. One of these unidentified proteins had a
molecular weight of approximately 35-kDa, which is close to that predicted for
FBA (38-kDa), indicating the possibility that FBA may be an additional
plasminogen binding protein in the meningococcus. Furthermore, FBA has a
lysine-rich region at the C-terminal end of the protein, which is often found in

plasminogen binding proteins. Moreover, in preliminary studies in our
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laboratory, rFBA was shown to bind human plasminogen in a dose dependent
manner, but rFBA did not bind laminin, collagen or fibronectin. FBA-
plasminogen interaction was inhibited by EACA. This study aimed to confirm
these initial observations and determine whether meningococcal FBA can bind
plasminogen. For this purpose, EIA assays using rFBA and flow cytometric

analysis using whole meningococcal cells were employed.
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3.2 Materials and Methods

3.2.1 Bacterial techniques

3.2.1.1 Bacterial strains, growth conditions and media

Neisserial strains (Table 3.1) were grown on chocolated horse blood agar

(Oxoid), Brain Heart Infusion (BHI) agar (Oxoid), or in Brain Heart Infusion
broth (Oxoid), containing kanamycin (50 pg ml™; Sigma-Aldrich) or
erythromycin (5 pg ml™; Sigma-Aldrich) as appropriate, and incubated at 37°C

(with or without shaking) in 5% CO,.

3.2.1.2 Flow cytometry analysis
The ability of whole cells of Neisseria spp. to bind plasminogen was

determined by flow cytometry. Samples were prepared for analysis by flow
cytometry as described previously (Tunio et al., 2010a; Barthel et al., 2012).
Briefly, bacteria were grown to mid-log phase (OD 0.7 at 600nm). Aliquots
containing ca. 1 x 10" cfu were washed by re-suspending in sterile filtered PBS
followed by centrifugation at 5000 x g for 5 min. Human glu-plasminogen (3
ng ml™: Calbiochem) was added to the resuspended cells and incubated for 1 h
at 37°C. After incubation the cells were washed twice with sterile filtered PBS
to remove any unbound plasminogen. Goat anti-plasminogen antibody (1:100;
Rockland Immunochemicals) and donkey anti-goat IgG-Alexa Fluor 488
conjugate (1:50; Invitrogen), both diluted in PBS, 0.1% (wt/vol) BSA, 0.1%
(wt/vol) sodium azide and 2% (vol/vol) foetal calf serum were used as primary
and secondary antibodies, respectively. After addition of antibodies, cells were
incubated for 2 h in ice followed by washing three times with PBS. Samples
treated with secondary antibody were kept in the dark. After final washing, the

cells were fixed by resuspending in 1 ml PBS containing 0.5% (wt/vol)
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formaldehyde. For each strain, four samples were prepared: untreated, treated
with primary antibody only, treated with secondary antibody only or treated
with both primary and secondary antibodies. Analysis of all samples was
performed using BD FACSAria™ flow cytometer and BD FACS Diva
software (BD Biosciences). The cells were detected using forward and side
scatter dot plot and bacterial aggregates and cell debris were excluded by
defining a gating region. For each sample, a total of 20,000 events were
analysed for fluorescence signals. Subsequent analysis of data was performed

using Weasel software.
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Table 3.1: Bacterial strains used in work described in this chapter

Bacterial strain

Characteristics

Source or
reference

N. meningitidis

MC58 Wild type serogroup B isolate (Tettelin et al.,
2000)

74181 Serogroup C clinical isolate | Mali, 1989
(carrier)

74667 Serogroup B clinical isolate | Netherlands, 1963
(invasive)

74673 Serogroup B clinical isolate Netherlands, 1986
(invasive)

8013 Serogroup C clinical isolate (Rusniok et al.,
(invasive) 2009)

MC58AchbbA cbbA deleted and replaced with | (Tunio et al.,
kanamycin cassette 2010a)

Z4181AchbA cbbA deleted and replaced with | S. Tunio
kanamycin cassette

Z4667AcbbA cbbA deleted and replaced with | S. Tunio
kanamycin cassette

Z4673AcbbA cbbA deleted and replaced with | S. Tunio
kanamycin cassette

8013AcbbA cbbA deleted and replaced with | S. Tunio
kanamycin cassette

Other Neisseria spp.
Neisseria gonorrhoeae | ATCC 700825 (FA1090) NCTC
Neisseria lactamica ATCC strain 23970 (Minogue et al.,

2014)

Neisseria
polysacchareae

Clinical isolate

(Oldfield et al.,
2007)
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3.2.2 Protein techniques
3.2.2.1 Enzyme-linked immunosorbant assay (EIA)
The binding of rFBA (WT) to glu-plasminogen (Calbiochem), laminin (human

laminin, Merck Millipore), fibronectin (fibronectin from human plasma,
Sigma-Aldrich) and collagen (human collagen I, BDBioscience) was done by
Enzyme-linked immunosorbant assay (EIA). Microplate wells were coated
with 100 pl aliquots of 0.5-5 ug ml™ protein in sodium carbonate buffer (0.1M
sodium carbonate- sodium bicarbonate buffer pH 9.6) and incubated at room
temperature (RT) for an hour. The plate was washed five times with PBS-T
and blocked with 100 pl of 1% (wt/vol) BSA in PBS for 1 h at RT. After
washing, 100 pl of 5 ug mI™ rFBA in 1% (wt/vol)BSA in PBS was added and
incubated at RT for 1h or at 4°C overnight. As a positive control, 100 ul of 5
ug ml™ recombinant His-tagged human laminin receptor in 1% (wt/vol) BSA
in PBS was added and incubated at 4°C overnight. Following vigorous
washing with PBST, 100 ul of anti-penta His antibody (Qiagen; diluted 1:2000
in 1% (wt/vol) BSA in PBS) was added for incubation for 1 h at RT. Plates
were again washed, before the addition of 100 pl goat anti-mouse 1gG-HRP
conjugate (Sigma-Aldrich; diluted 1:10,000 in 1% (wt/vol) BSA in PBS) was
added and incubated for 1 h. After washing 100 pl ABTS substrate (Roche)

was added Absorbance at 405 nm was measured (Biotek EL800).

rFBA (10 pug ml™) (WT, D83A, H81A/84A), diluted in coating buffer (0.1M
sodium carbonate- sodium bicarbonate buffer pH 9.6), was immobilised onto a
microtitre plate (Nunc 96-well plates, PolySorp) for 1 h at RT . The plate was
washed five times with PBS-T and blocked with 100 pul 1% (wt/vol) BSA in

PBS for 1 h at RT. 100 pl glu-plasminogen in 1% (wt/vol) BSA in PBS (10 pg
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ml™) was added and incubated for 1 h. Goat anti-human plasminogen antibody
(1:10,000; Rockland Immunochemicals) was incubated for 1 h at RT followed
by donkey anti-goat 1gG-alkaline phosphatase (1:5,000; Promega). 200 ul of
phosphatase substrate (Sigma-Aldrich), dissolved in buffer containing 0.1M
glycine, ImM ZnCl; and 1mM MgCl,, pH 10.4, was added into each well and

readings were taken at 405 nm using an EIA plate reader (BioTek).

The same EIA procedure was used in the presence of either NaCl (0-500mM),
rabbit anti-FBA antiserum (0, 1:100, 1:250, 1:500 or 1:1000 dilutions) and e-
aminocaproic acid (EACA; 5mM; Sigma-Aldrich) to evaluate their effect on

plasminogen binding by rFBA.

Absorbance values shown in the graphs are minus the values obtained from
control wells coated with 1% (wt/vol) BSA in PBS. All experiments were
repeated at least three times unless otherwise stated. Statistical analysis was
performed using GraphPad Prism6. Student’s t-test was performed to calculate

significant differences. p value of <0.05 was considered significant.

3.2.2.2 Plasminogen activation assay
A microtiter plate coated with 10 pg ml™ rFBA (WT, D83A or H81A/84A)

was incubated with plasminogen and washed as described in section 3.2.2.1.
Four ng well™ uPA (derived from human kidney cells; Sigma-Aldrich) and 50
nug well*  chromogenic substrate (D-Valyl-leucyl-lysine p-nitroanilide
dihydrochloride, Sigma-Aldrich) diluted in PBS, were added. The cleavage of
the substrate was followed by measuring the absorbance at 405 nm for 24 h at

37°C.
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3.3 Results

3.3.1 FBA is a plasminogen binding protein of N. meningitidis
In this preliminary study, a number of human proteins were examined for their

ability to bind rFBA. As shown in Figure 3.1, rFBA was able to bind
plasminogen but not fibronectin, laminin or collagen. Binding of plasminogen
was increased in the presence of a higher concentration of rFBA (5 pug ml™
compared to 0.5 pg ml™). Binding of rFBA to 1% BSA was used as the

negative control to determine non-specific binding/absorbance

0.8

= 0.5 pgmi™’
Bl 5gml’

Figure 3.1: Meningococcal FBA is a plasminogen-binding protein. Glu-
plasminogen, laminin, fibronectin and collagen were coated to EIA wells and
then incubated with purified rFBA (5 pg ml™). Binding was detected by anti-
penta-histidine antibody and anti-mouse IgG conjugate. The data represents the
means of three independent experiments carried out in triplicate wells. Error
bars indicate SE.
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3.3.2 Cofactor binding site residues of rFBA are not involved in
plasminogen binding

In Chapter Two, it was described that whereas the wild type rFBA had aldolase
enzyme activity, the two mutated rFBA proteins (with mutation(s) in the
cofactor binding site of FBA, D83A and HB81/84A, respectively) were
enzymatically inactive. Therefore all purified rFBA (WT, D83A and H81/84A)
were tested for their ability to bind glu-plasminogen by EIA. No significant
difference was observed in the plasminogen binding ability of rFBA WT,
D83A and H81A/HB84A, which indicates that mutation(s) in the cofactor
binding site of FBA has no significant effect on plasminogen binding (Figure

3.2).
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Figure 3.2: Mutations in the cofactor binding site of N. meningitidis FBA has
no significant effect on plasminogen binding. rFBA (WT, D83A and
H81/84A), immobilised on microtiter plate wells, was incubated with human
glu-plasminogen. Bound plasminogen was detected by addition of goat anti-
plasminogen antibody and donkey anti-goat 1gG-AP conjugate. rFBA (D83A)
and rFBA (H81/84A), which are enzymatically inactive, were also able to bind
plasminogen similar to enzymatically active rFBA(WT) indicating an
important characteristic of FBA as a moonlighting protein. Six separate
experiments were performed in triplicate wells. Error bars indicate SE.
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3.3.3 Inhibition of FBA-plasminogen binding by the lysine
analogue € —amino caproic acid (EACA)

To determine whether lysine residues in FBA were important for plasminogen
binding, EIA assays were performed in presence of EACA - a lysine analogue
known to inhibit the lysine-mediated binding of partners to plasminogen. It was
found that in presence of 5 mM EACA, plasminogen binding was reduced
significantly (Figure 3.3). This indicates that lysine residue(s) play a critical
role in plasminogen binding. As expected, EACA inhibited plasminogen

binding by the wild type rFBA and also the two mutant rFBAs (D83A and

H81/84A).
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Figure 3.3: Binding of human plasminogen to rFBA was inhibited by the lysine
analogue EACA Human Plg with (black bars) or without EACA (dark grey
bars) was added to rFBA immobilised on microtiter plate wells. Bound
plasminogen was detected by addition of anti-plasminogen antibody and
donkey anti-goat 1gG-AP conjugate. EACA inhibited plasminogen binding by
rFBA irrespective of its enzymatic activity indicating the involvement of lysine
residues in this interaction. n=6. * denotes p value <0.05.
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3.3.4 Effect of anti-FBA antiserum and NaCl on plasminogen
binding

To determine whether the interaction between plasminogen and FBA is ionic
or hydrophobic in nature, the plasminogen binding assay was performed in the
presence of an increasing concentration of NaCl (0-500mM). The binding of
rFBA to plasminogen was found to be decrease in the presence of an increasing
concentration of NaCl, with a statistically significant reduction in binding

occurring at 500mM NaCl (Figure 3.4). As expected, this effect was not altered

by mutation of the rFBA active site.
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Figure 3.4: Effect of NaCl on FBA-plasminogen interactions. Binding of
human plasminogen to rFBA was inhibited by an increasing concentration of
NaCl. Statistically significant inhibition was observed at 500mM NaCl (black
bars) compared to OmM NaCl (dark grey bars). n=4. * denotes p value <0.05.

Similarly, the effect of anti-FBA antibody on the ability of FBA to bind
plasminogen was examined by EIA. Four different dilutions of anti-FBA
antibody were used in this experiment. At a dilution of <1:250 of rabbit anti-
FBA antiserum, the binding of plasminogen by rFBA was significantly

inhibited (Figure 3.5). This suggests competition between rabbit anti-FBA
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antiserum and plasminogen to bind to FBA. As expected, this effect was not

altered by mutation of the rFBA active site.

06- * * *
i 0.4 - Dilution of Anti-FBA antiserum
=
§ 1 No Antiserum
8 E= 1:1000
021 B3 1:500
Ea 1:250
Il 1:100
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Figure 3.5: Effect of anti-FBA antiserum on rFBA-plasminogen interactions.
Binding of human plasminogen to rFBA was inhibited by an increasing
concentration of anti-FBA antiserum. 1:250 and higher dilutions of anti-FBA
antiserum were able to significantly inhibit the binding of plasminogen to
rFBA. n=3. * denotes p value <0.05.

3.3.5 Plasminogen activation assay
In order to determine whether rFBA-bound plasminogen was able to become

activated to plasmin by uPA, a plasminogen activation assay was performed.
rFBA was incubated with plasminogen and uPA. Time dependent cleavage of a
chromogenic substrate by the generated plasmin was used to detect the
activation of plasminogen to plasmin. In absence of rFBA, cleavage of
chromogenic substrate by plasmin generated from plasminogen was observed
but no cleavage of the substrate was observed in presence of rFBA even after
24 h (result not shown). Therefore, it can be concluded that although rFBA

may sequester plasminogen, it prevents its activation to plasmin.
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3.3.6 Plasminogen binding is a common property of Neisseria spp.
MC58 WT and MC58AchbbA were incubated with plasminogen, then goat anti-

plasminogen antibody followed by anti-goat 1gG-Alexa Fluor 488 conjugate.
Both the strains (94.6% for MC58; 92.5% for MC58AcbbA, respectively), were
able to bind plasminogen suggesting that plasminogen binding is not affected
by the absence of FBA on the meningococcal cell surface (Figure 3.6, rows A
and B). It was also observed that >90% cells of the wild type N. meningitidis
strains Z4667 and Z4673 (Figure 3.6A) and their corresponding cbbA null
mutant derivatives (Figure 3.6B) were able to recruit plasminogen to their
surface. Therefore the strains, irrespective of FBA expression status, were able
to bind plasminogen, presumably reflecting redundancy due to other
plasminogen binding proteins on the cell surface. Interestingly the binding
pattern of two serogroup C strains, Z4181 and 8013, appeared consistently
different than that observed with the serogroup B strains MC58, Z4667 and
Z4673 (Figure 3.6, rows A and B). In case of wild type N. meningitidis strains
Z4181 and 8013 and their corresponding cbbA null mutant strains, >70%
population were able to bind plasminogen (Figure 3.6, rows A and B,
respectively). Flow cytometric analysis was also performed to investigate the
ability of other Neisseria spp. to bind human plasminogen. Similar results were
observed with representative N. gonorrhoeae, N. polysacchareae and N.

lactamica strains (Figure 3.6, row C).
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Figure 3.6: Flow cytometric analysis of plasminogen binding. Binding of
plasminogen to the surface of neisserial strains was detected by anti-
plasminogen antibody and anti-goat 1gG-Alexa Fluor488. Plasminogen binds
equally to the surface of wild type meningococcal strains (row A) and their
corresponding cbbA mutant strains (row B). Other Neisseria spp. N.
gonorrhoeae FA1090, a clinical isolate of N. polysaccharea and N. lactamica
ATCC 23970 can also bind plasminogen (row C). Fluorescence is displayed as
a histogram: area enclosed by the dashed line indicates bacteria treated with
primary antibody only; area shaded in grey indicates bacteria treated with
secondary only; area enclosed by the solid line indicates bacteria treated with

both antibodies.
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3.4 Discussion
FBA is a glycolytic enzyme in the EMP pathway — a pathway that is not

functional in N. meningitidis. For the first time, Tunio et al reported that
although found in the cytoplasm, FBA is also localised to the outer membrane
of N. meningitidis and was surface accessible to anti-FBA antibodies (Tunio et
al., 2010a). Furthermore, an FBA-deficient mutant was less adherent to human
epithelial and endothelial cells suggesting a moonlighting role for FBA. It is
not surprising that a protein might have more than one moonlighting function

on the bacterial surface.

Interaction with a variety of extracellular matrix (ECM) proteins contributes to
colonisation, dissemination and virulence of microorganisms within their host
organisms. Numerous examples of moonlighting proteins interacting with
components of ECM and serum proteins such as fibronectin, laminin, collagen
and plasminogen, have already been reported (Henderson and Martin, 2011,
Kainulainen and Korhonen, 2014). Therefore an initial screening assay was
carried out to identify human protein ligands for FBA. From that screening
EIA assay, it was found that rFBA was able to bind plasminogen but not
laminin, collagen or fibronectin. Further characterisation of the rFBA-
plasminogen interaction was carried out using a series of additional EIA assays

described in this chapter.

To confirm the status of FBA as a moonlighting protein, it was necessary to
examine whether aldolase activity was required for FBA to be able to bind
plasminogen. To address this, recombinant wild type and mutant derivatives of
FBA were expressed and purified under non-denaturing conditions and their

respective aldolase activities determined. In this study, the wild-type rFBA was
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confirmed to be an active aldolase. Neither of the two mutant rFBA exhibited
detectable aldolase enzyme activity. These experiments are discussed in

chapter 2.

Binding of plasminogen to rFBA was examined by EIA assays. It was found
that WT rFBA was able to bind plasminogen as well as the two mutated rFBA
proteins (rFBA D83A and rFBA H81/H84A). These data indicate that amino
acid residues in the active site are not required for plasminogen binding.
Therefore, it may be concluded that FBA, irrespective of its enzymatic activity,

is able to bind human glu-plasminogen.

The interaction between plasminogen and its receptors is mediated by kringle
domains which are triple-disulfide-bonded regions of plasminogen. These
kringle domains have lysine binding sites. Inhibition of plasminogen binding
by rFBA by EACA confirms the involvement of lysine residue(s) in this
interaction. Previously, Ullberg et al., reported for the first time that N.
meningitidis and N. gonorrhoeae could bind plasminogen, which was inhibited
by EACA (Ullberg et al., 1992). Binding of plasminogen to other proteins has
been reported to involve C-terminal lysine residues or internal lysine rich
motifs (Plow et al., 1995; Wistedt et al., 1998; Bergmann et al., 2003; Ehinger
et al., 2004). It was also observed in this study that anti-FBA inhibited
plasminogen binding by rFBA. Song et al., reported that enolase is a major
plasminogen binding protein of Mycoplasma bovis; plasminogen binding by
recombinant enolase (rMbEno) was decreased in a dose-dependent manner by

anti-rMbEno antiserum (Song et al., 2012).

NaCl was able to reduce plasminogen binding by rFBA in a dose-dependent

manner. High concentrations of NaCl (350 mM) affected plasminogen binding
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by the LipL32 and rLICi2238 proteins of Leptospira interrogans (Vieira et al.,
2010). Additionally, plasminogen binding by Protein E (PE) of H. influenzae
was reported to be ionic strength dependent - 25% and 75% inhibition of
plasminogen binding by PE was observed at physiological level of 150 mM
and 1 M NaCl, respectively (Barthel et al., 2012). Similarly 800 mM NaCl
caused a 40% reduction in plasminogen binding by S. pneumoniae
endopeptidase O (PepO) compared to that of 150 mM (Agarwal et al., 2013).
NaBr, but not NaCl, reduced plasminogen binding by BBA70 of B. burgdorferi
(Koenigs et al., 2013). A possible explanation for this observation was also
provided. As plasminogen binds chloride ions and the concentration of NaCl
used in the experiment (0.15 mM — 1 M) was not rigorous enough, NaCl did
not exert any effect on plasminogen binding by BBA70. In contrast, NaBr,
even at 0.25 M, significantly inhibited plasminogen binding. Considering all
these, it was suggested that the BBA70-plasminogen interaction depends on

ionic strength (Koenigs et al., 2013).

Binding of plasminogen could contribute to bacterial virulence. Once activated
into plasmin, bacteria become capable of degrading fibrin clots and
extracellular matrix proteins (Lahteenmaki et al., 2001b). In this study, rFBA-
bound plasminogen was not activated to plasmin. Sijbrandi et al. stated that
Pbp, a protein exposed on the surface of Bacteroides fragilis, can bind
plasminogen which is not activated, suggesting that sequestering plasminogen
is the principal function of Pbp (Sijbrandi et al., 2008). Also triose phosphate
isomerase (TPI) on the S. aureus cell surface decreases activation of

plasminogen bound by enolase (Furuya and Ikeda, 2011).
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Flow cytometry was performed with purified human plasminogen. Whole cells
of N. meningitidis MC58 were able to bind plasminogen irrespective of the
presence or absence of FBA on their surface. Greater than 90% of the
population of wild type MC58 and other wild type strains and their
corresponding cbbA mutant strains were able to bind plasminogen, indicating
that, as expected, there is a significant degree of redundancy in surface binding
of plasminogen. Knaust et al. similarly reported that deletion of peroxiredoxin
did not have a detectable effect on plasminogen binding and its activation to
plasmin by MC58 cells. In the same study, despite several attempts, they failed
to generate enolase or DnaK knock out strains, suggesting that these proteins
are essential for cell viability, in addition to their putative role on the cell
surface as plasminogen receptors. Therefore, FBA might be an additional
receptor for plasminogen, indicating considerable redundancy in the process.
Moreover, due to high concentration of plasminogen in human serum, all the
plasminogen receptors on meningococcal cells are likely to be saturated with
plasminogen. Consequently, the number of surface-exposed receptors, and
their available binding epitope(s), are important for this interaction, whilst the
binding affinity is less important (Knaust et al., 2007). Ulberg et al., estimated
that the total number of plasminogen receptors per meningococcal cell was
between 13,000-26,000 (Ullberg et al., 1992). Knaust et al., estimated that the
three putative receptors they identified could only account for approximately
10,000 receptors (Knaust et al., 2007), further suggesting the presence of other
plasminogen binding proteins on the bacterial surface. The presence of such
high number of plasminogen receptors indicates that plasminogen binding has

a very significant role in neisserial biology.
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Flow cytometry data also show that N. gonorrhoeae can bind plasminogen as
previously reported (Ullberg et al., 1990). In addition to the pathogenic
Neisseria spp., the commensal species, N. lactamica and N. polysacchareae
were also found able to bind plasminogen in this study. It is worth mentioning
that only one isolate from each of N. gonorrhoeae, N. lactamica and N.
polysacchareae and a few meningococcal isolates were tested in this study. It
is possible that there might be strains that do not bind plasminogen or the
ability to bind plasminogen might not be similar for all strains. Therefore
screening a large number of strains is required. Occurrence of anchorless
glycolytic enzymes on the surface of pathogenic bacteria and their interaction
with plasminogen and other human proteins are now well established, but only
recently it has become evident that similar processes are adopted by
commensal bacteria. For example, Candela et al., demonstrated that enolase
serves as a surface receptor for human plasminogen for four Bifidobacterium
species, Bifidobacterium longum, Bifidobacterium bifidum, Bifidobacterium
breve and Bifidobacterium lactis (Candela et al., 2009). In addition, a-enolase
on the surface of Lactobacillus platarum binds fibronectin and plasminogen
(Vastano et al., 2013; Castaldo et al., 2009). Ramiah et al., also reported that
Lactobacillus plantarum 423 expressing surface bound GAPDH, TPI and EF-
Tu, could compete strongly with Clostridium sporogenes and Enterococcus
faecalis for binding sites on Caco-2 cells and prevent their adhesion (Ramiah et

al., 2008).

In conclusion, the results described in this chapter strongly suggest that FBA
contributes to plasminogen binding on the cell-surface of N. meningitidis, and

characterise the FBA-plasminogen interaction.
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Chapter Four: The interaction between rFBA and

plasminogen is mediated by lysine residue(s)
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4.1 Introduction

Human plasminogen (Plg) is a glycoprotein synthesised as a 90-kDa zymogen,
consisting of 810 amino acids. During secretion from the liver, a leader peptide
of 19 amino acids is cleaved off to generate the mature form of this protein
comprising of 791 amino acids (Forsgren et al., 1987; Raum et al., 1980). This
native form of Plg contains a glutamic acid residue at the amino terminal end,
and is therefore called glu-plasminogen (glu-Plg) (Lahteenmaki et al., 2001b).
A pre-activation peptide (PAP) in the N-terminal region of the plasminogen
molecule is followed by five triple-disulfide-linked peptide regions of
approximately 80 amino acids in length (the kringle domains K1-K5) and a
catalytic C-terminal serine proteinase domain. (Sottrup-Jensen et al., 1975;
Castellino and McCance, 1997). Cleavage of the peptide bond between Arg67-
Met68, Lys76-Lys77, or Lys77-Val78, releases an 8-kDa activation peptide
leading to lys-plasminogen, which is more readily activated to plasmin than the

glu-form (Claeys and Vermylen, 1974).

The human plasminogen activators urokinase-type (UPA) and tissue-type
plasminogen activator (tPA) or bacterial activators, such as staphylokinase and
streptokinase (Lahteenmaki et al., 2005) cleave the peptide bond between
Arg561-Val562 in Plg leading to the formation of plasmin. Plasmin contains a
65-kDa heavy chain of 561 amino acid residues comprising PAP, the five
kringle domains (K1-K5) and a 25-kDa light chain of 230 amino acid residues
harbouring the catalytic triad consisting of His602, Asp645 and Ser740

(Castellino and Powell, 1981; Parry et al., 2000).
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Plasmin is a broad spectrum serine protease and its functions include regulation
of fibrinolysis and homeostasis, degradation of fibrin clots and components of
the extracellular matrix and the basal membrane, including laminin, fibrin, and
fibrinogen (Lahteenmaki et al., 2000), and activation of matrix

metalloproteases and elastase (Myohanen and Vaheri, 2004).

While in circulation, plasminogen has a ‘closed’ conformation which upon
binding to a surface, adopts an extended, ‘open’ conformation that is more
rapidly activated to plasmin (Parry et al., 2000). In its closed conformation
plasminogen is known to contain high-affinity lysine binding sites in the
kringle domains, which interact with C-terminal lysine residues in fibrin clots
or cell-surface plasminogen receptors (Ponting et al., 1992). All the kringle
domains are able to bind lysine except KR3 (Christen et al., 2010). Among
these, the lysine binding sites of KR1, KR4 and KR5 have highest affinity for a
C-terminal lysine moiety while KR2 has the lowest affinity (Menhart et al.,

1991; Menhart et al., 1993; Menhart and Castellino, 1995; Nilsen et al., 1999).

Plasminogen receptors on mammalian cells include proteins with C-terminal
lysine residues, such as enolase, as well as proteins rich in internal lysines,
such as amphoterin, and also non-protein receptors, such as gangliosides and
glycosaminoglycans (Plow et al., 1995). Lysine residues are also involved in
the interaction of plasminogen with its receptors on bacterial surfaces.
Examples include enolase in S. pneumoniae (Bergmann et al., 2003; Ehinger et
al., 2004) and S. pyogenes (Derbise et al., 2004), enolase, DnaK and
peroxiredoxin in N. meningitidis (Knaust et al., 2007) and FBA in M.
tuberculosis (de la Paz Santangelo et al., 2011). However there are exceptions,
such as the plasminogen-binding group A streptococcal M-like protein
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(Sanderson-Smith et al., 2006) and M protein (PAM)-related protein (Prp)
from S. pyogenes which use arginine and histidine residues to bind

plasminogen (Sanderson-Smith et al., 2007).

In Chapter Three, FBA was determined to be a plasminogen binding protein. It
was also demonstrated that the binding of plasminogen was inhibited by the
lysine analogue EACA, indicating the involvement of lysine residues in this
interaction. In this chapter further investigations were carried out to determine

which lysine residue(s) of meningococcal FBA are involved in this interaction.
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4.2 Materials and Methods

4.2.1 Bacterial techniques

4.2.1.1 Bacterial strains and culture medium

E. coli JIM109 harbouring plasmids, pFS-7, pFS-71, pFS-72, pFS-73 or pFS-8

was routinely grown in Lysogeny Broth (LB) and on LB agar plates containing
ampicillin (100 pg ml™) at 37°C.
4.2.2 DNA techniques

4.2.2.1 Extraction of DNA
Procedures were followed as described in Chapter Two, section 2.2.2.1.

4.2.2.2 Polymerase Chain Reaction (PCR) amplification of cbbA
PCR was performed to amplify the 400 bp C-terminal fragment of cbbA from

meningococcal DNA using the primers shown in Table 4.1 and Phusion High-
Fidelity DNA polymerase (New England Biolabs). Amplification conditions
were as follows: initial denaturation at 98°C for 30s, denaturation at 98°C for
10s, annealing at 65°C for 30 s, extension at 72°C for 30 s, and final extension

at 72°C for 5 min.

4.2.2.3 Agarose gel electrophoresis
PCR products were analysed in 1% agarose gels containing ethidium bromide

(0.5 pg/ml; Sigma-Aldrich). Electrophoresis was conducted at 100 V for 60
min in 1x Tris Acetate EDTA buffer (TAE buffer, Sigma-Aldrich) buffer and
visualised using an ultraviolet trans-illuminator. PCR product size was
estimated by comparison with molecular mass standards (New England

Biolabs or Promega).
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Table 4.1:

List of primers used in work described in this chapter

Primer Sequence? Restrict-
ion site
Amplification of C-terminal fragment of cbhbA
CterFBA | CGCGGATCCCACGGCTCCAGCTCCGTTCCG BamHI
F1 (30bp)
Cter FBA | CGCGGATCCTTATTTGACGATTTGGTTCAATTC | BamHI
R1 G (34bp)
CterFBA | CGCGGATCCTTTGACGATTTGGTTCAATTCG BamHI
R2 (31bp)
Site directed mutagenesis

FBA K331 | CTGCGAAGGTCAGGCAGGCGCAATCAAACCTGTTTCGTT
F G (40bp)
FBA K331 | CAACGAAACAGGTTTGATTGCGCCTGCCTGACCTTCGCA
R G (40bp)
FBA K333 | GAAGGTCAGGCAGGCAAAATCGCACCTGTTTCGTTGGAA
F AAAA (43bp)
FBA K333 | TTTTTTCCAACGAAACAGGTGCGATTTTGCCTGCCTGACC
R TTC (43bp)
FBA K339 | CAAACCTGTTTCGTTGGAAGCAATGGCAAGCCGTTATGC
F C (40bp)
FBA K339 | GGCATAACGGCTTGCCATTGCTTCCAACGAAACAGGTTT
R G (40bp)
FBA K346 | AATGGCAAGCCGTTATGCCGCGGGCGAATTGAACCAAAT
F C (40bp)
FBA K346 | GATTTGGTTCAATTCGCCCGCGGCATAACGGCTTGCCAT
R T (40bp)
FBA K354 | CGAATTGAACCAAATCGTCGCATAAGGATCCGCATGCGA
F G (40bp)
FBA K354 | CTCGCATGCGGATCCTTATGCGACGATTTGGTTCAATTCG
R (40bp)

% Restriction sites are highlighted in bold
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4.2.2.4 Purification of PCR products
PCR products or digested vectors were purified using the QIlAquick PCR

purification kit (Qiagen) following the manufacturer’s protocol.

4.2.2.5 Digestion of vectors and inserts
DNA was digested by BamHI (New England Biolabs) according to the

manufacturer’s instruction.

4.2.2.6 Dephosphorylation of digested vectors
After digestion, vectors were dephosphorylated with Antarctic Phosphatase

(New England Biolabs) according to the manufacturer’s protocol. After
purification, the digested product was quantified using a NanoDrop 1000

Spectrophotometer (NanoDrop Technologies).

4.2.2.7 Ligation
A Rapid DNA Ligation kit (Fermentas Life Sciences) was used to ligate DNA

fragments following the manufacturer’s instructions.

4.2.2.8 Site directed mutagenesis and transformation of E.coli
XL10-gold ultracompetent cells and E. coli IM109 cells

Mutation(s) at specific site(s) of cbbA were introduced; primers used for
mutagenesis are shown in the Table 4.1. Procedures described in Chapter Two,
section 2.2.2.3 were followed for these mutagenesis reactions. The resulting
plasmids were renamed pFS-71, pFS-72 and pFS-73, respectively. E. coli
JM109 competent cells were transformed following the procedures described

in Chapter Two, section 2.2.3.1.
4.2.2.9 Sequencing of plasmid DNA and nucleic acid and amino

acid sequence analysis
Procedures were followed as described in Chapter Two, section 2.2.2.4.
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4.2.3 Protein techniques
4.2.3.1 Expression and purification of tr-rFBA

E. coli IM109 competent cells were transformed according to the manufacturer’s
instructions. Expression of truncated rFBA was confirmed by procedures
described in Chapter Two, section 2.2.3.1. All the truncated rFBA proteins were
purified according to the procedures described in Chapter Two, sections 2.2.3.2,
2.2.3.3 and 2.2.3.4 respectively. The only exception was that after purification of
the recombinant proteins by IMAC and desalting, fractions containing tr-FBA
were concentrated using Vivaspin™ sample concentrators (Sartorius Stedim

Biotech, Germany) with a 10,000 molecular weight cut-off.

4.2.3.2 SDS-PAGE and immunoblotting
Purified truncated rFBA proteins were identified by SDS-PAGE

electrophoresis followed by immunoblot using mouse anti-His-tag antibody
and goat anti-mouse-lgG-AP secondary antibody. These procedures are

described in Chapter Two, sections 2.2.3.5 and 2.2.3.6.

4.2.3.3 Plasminogen binding assay
Plasminogen binding by the purified proteins, and effects of EACA, NaCl and

anti-FBA antiserum on plasminogen-FBA interactions were determined by
enzyme immune assay (EIA). The protocol was as described in Chapter Three,
section 3.2.2.1. Negative controls were prepared following the same procedure
with the exception that BSA was used in place of plasminogen. The data are
presented as the meant S.E. All experiments were repeated at least three times
unless otherwise stated. Statistical analysis was performed using GraphPad
Prism6. Student’s t-test was performed to calculate significant differences. A p

value of <0.05 was considered significant.
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4.3 Results

4.3.1 Cloning of a 400bp fragment of cbbA into pQE-30 and pQE-70
vectors

In Chapter Three, it was shown that rFBA binds human glu-plasminogen and
the interaction could be inhibited by the lysine analogue EACA. The amino
acid sequence of FBA contains 17 lysine residues of which 11 are present

towards the C-terminal end of FBA (Fig.4.1).
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Translation of ghlAEQ02098.2]_1974134-1975198 Neissena_menmgitidis MC58 comp {RF+1}(1-1063)
Universal code

Total amuino acid number- 354, MW=38275

Max ORF: 1-1062, 354 AA. MW=38273

1 AT EECACTC G T AT CCA TG O AR C TR TTEATCATGCTGCCGAARACAGCTACGEOCTE
1 ¥ A L ¥ 3 M R Q L L D H A A EWN 3 ¥ & L
61 T TC AR G TCAAC AR TOGAAC ACA TGO GO GO CATCATGGAGECTECAGRACTAR
Z1 P A F KN VY W N L E @Q M R A I M E A A D @Q

121 GICEACECCCCCETCATCGTACAGGCGAGTEOCE
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L TICTTACGAATAC
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Hotif 2

Figure 4.1: Nucleotide sequence of MC58 cbbA and the corresponding amino
acid sequence of its encoded protein FBA. A 400 bp region of cbbA, encoding
the C-terminal region of FBA (highlighted in red), was cloned into pQE-30 and
pQE-70 vectors. The underlined lysine residues were targeted for site directed
mutagenesis.
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To further investigate the involvement of lysine residues, the 400 bp fragment
of cbbA (Fig. 4.1), coding for the C-terminal region of FBA, was amplified,
digested and ligated with digested pQE-30 and pQE-70 vectors (Fig. 4.2A) for
the expression of truncated rFBA with N and C terminal His-tag, respectively.
Two different reverse primers (Table 4) were designed to facilitate the cloning
of the 400 bp fragment of cbbA into two different vectors. The ligated products
were used to transform E. coli JM109 cells. Restriction digestion using BamH1
was used to confirm the presence of the desired insert in those ligated products

(Fig. 4.2B and C).

bp 1 2 3

500

400 400bp
300

ca. 400 bp ca. 400 bp

Figure 4.2: Agarose gel showing amplification of cbbA and truncated cbbA.
Upper panel: A) Agarose gel showing amplification of cbbA. Lane 1: 100 bp
DNA ladder; Lane 2-3: amplified truncated cbbA (400 bp). Lower panel:
Agarose gel showing presence of C-terminal fragment of cbbA after BamHI
digestion of ligated products. Lane 1: 1Kb DNA ladder; Lane 2-9: In alternate
order, undigested and BamHI-digested pQE-30- (B) or pQE-70-based (C)
plasmids showing the presence of a 400 bp fragment of cbbA.
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Clones containing the correctly sized insert were sent for DNA sequencing.
One clone from each set, containing the correct fragment of cbbA in-frame
with the His-tag at the desired position, were subsequently re-named pFS-7
(pQE-30 based vector for N-His-tagged tr-FBA1) and pFS-8 (pQE-70 based
vector for C-His-tagged tr-FBA2), respectively (Fig. 4.3).

FBL PROTEIN HGS5

tr-rFBAL HGS555

tr-rFBAZ =AG55

rFBA (WT) HGSS5S5VEQENLEVINEYGGHIGETYGVEVEEIVEGIEHGVREVNILDTLLR
Consensus hg=s=ssvpgewlkvineyggnigetygvpveeivegikhgvrkvnidodlr
FBAR PROTEIN ] VERYLAENPSOFODFREYLSETIEAMEQICLORYLAFGCEGQAGEIKEVS
tr-rFBL1 ] VERYLAENPSOFOFREYLSETIEAMEQICLORYLAFGCEGHAGEIKFEVS
tr-rFBALZ ] VERYLAENPSODFOFREYLSRTIEAMEQICLORYLAFGCEGQAGRIKEVS

rFBA (WT) LASTGAVRRYLAENEFSOFOFREYLSETIEZMEQICLORYLAFGCEGAGEIEEVS

Consensus

FBA PROTEIN

tr-rFEAL LEEMASREYREGELHN( I'VE N
tr-rFELZ LEEMASRYREGELNQ IVE ekkisisiisisizt
rFBL (WT) LEEMASRYREGELNG IVEEKEEisisiiz i
Consensus lekmasryakgelngivk

Figure 4.3: Multiple sequence alignment of translated products of truncated
cbbA cloned into pQE-30 and pQE-70 showing the presence of the His-tag at
desired position.

4.3.2 Expression of truncated rFBA (tr-rFBA) by E. coli JIM109 and
purification of tr-rFBA

E. coli JM109 cells, transformed with either pFS-7, or pFS-8, were grown to
obtain tr-rFBA1 (tr-rFBA with N-His-tag) or tr-rEBA2 (tr-rFBA with C-His-
tag) respectively. Immunoblotitng using anti His-tag antibody followed by
rabbit anti-mouse 1gG-Alkaline phosphatase, was used to detect the tr-FBA in

both uninduced and induced culture samples (Fig. 4.4).
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Figure 4.4: Immunoblot showing the expression of A) tr-rFBAL and tr-rFBA2
in E. coli IM109 culture samples. Lanel: Protein marker; Lane 2-5: in alternate
order, uninduced and induced culture sample of E. coli JM109 containing pFS-
7 and pFS-8, respectively; Lane 6: purified rFBA (WT) as positive control.

All the tr-rFBA proteins were purified by IMAC followed by desalting as
described in Chapter Two. Purity of the tr-rFBA samples was checked by
SDS-PAGE followed by staining (not shown) and immunoblotting using anti-

His-tag antibody (Fig.4.5).
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Figure 4.5: Immunoblots, probed with anti-His-tag antibody, showing tr-rFBA
proteins purified under non-denaturing conditions. Lane 1: Prestained protein
ladder; lane 2: tr-rFBAL; lane 3: tr-rFBAZ2; lane 4: rFBA (WT) used as positive
control.
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4.3.3 Interaction of lysine rich C-terminal fragment of FBA with
human plasminogen

Full length rFBA (WT) was used as a control. Although both tr-FBAL and tr-
FBA2 were able to bind plasminogen, binding was significantly higher with tr-
FBAL compared to tr-FBA2 and rFBA (WT). This interaction was inhibited by

EACA confirming the involvement of lysine residues (Fig. 4.6).
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Figure 4.6: A) tr-rFBA binds human plasminogen. Binding of tr-rFBAL1 was
significantly higher than tr-rFBA2 and rFBA (WT) indicating possible
involvement of terminal lysine residue(s) which might be partially masked by
the His-tag present at the C-terminal end of tr-rFBA2 and rFBA (WT). EACA
(5mM, black bars) inhibited this interaction. n=3. * denotes p value <0.05.

4.3.4 Effects of salt and anti-FBA antibody on tr-FBA-plasminogen
interaction

As tr-FBA1 showed higher binding to plasminogen than tr-FBA2, the
interaction between tr-FBA1 and plasminogen was further characterised. To
verify whether plasminogen binding by tr-FBA1 is affected by NaCl and anti-
FBA antibody, EIA was performed in the presence of different concentrations

of NaCl and rabbit anti-FBA antiserum.
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As shown in Fig. 4.7 NaCl at physiological concentrations did not affect
binding and interference was only observed at higher salt concentration. In the
presence of 500mM NacCl, the binding of plasminogen by tr-FBA1 (Fig.4.7)

was significantly reduced compared to that without NaCl.
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Figure 4.7: Effect of NaCl on tr-rFBA-plasminogen interaction. Binding of
human plasminogen to tr-rrfFBA1 was inhibited by increasing concentration of
NaCl. Significant inhibition was observed at 500mM NaCl (black bars)
compared to OmM NaCl (dark grey bars). n=4. * denotes p value <0.05.

Similarly, the effect of anti-FBA antibody on the ability of FBA to bind
plasminogen was examined by EIA. Four different dilutions of anti-FBA
antiserum were used in these experiments. At a dilution of <1:250 of anti-FBA
antiserum the binding of plasminogen by tr-rFBA1 (Fig 4.8) was significantly
inhibited in a dose-dependent manner. This suggests competition between

rabbit anti-FBA antiserum and plasminogen to bind to FBA.
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Figure 4.8: Effect of anti-FBA antiserum on tr-rFBA1-plasminogen interaction.
Binding of human plasminogen to tr-rFBA1 was inhibited by increasing
concentration of rabbit anti-FBA antiserum. 1:250 and lower dilutions of anti-
FBA antibody were able to significantly inhibit the binding of plasminogen to
rFBA. n=3. * denotes p value <0.05.

4.3.5 Site directed mutagenesis
As described in section 4.3.3, binding of human plasminogen was higher with

tr-FBAL which has a His-tag at the N-terminal end. This observation prompted
the investigation of lysine residue(s) that might be involved in plasminogen

binding.

pFS-7 was used as template in order to replace lysine residues at positions 331,
333, 339, 346 and 354 (numbers refer to MC58 FBA amino acid sequence)
individually with alanine in tr-FBA1 (Fig 4.9). Sequencing data revealed that
lysine residues at positions 339, 346 and 354 were correctly replaced by
alanine. Attempts to replace lysine residue at positions 331 and 333 were
unsuccessful despite several attempts. After confirmation, the newly
constructed plasmids were renamed pFS-71, pFS-72, and FS-73 to encode tr-
rFBAl (K339A), tr-rFBAl1 (K346A) and tr-rFBA1 (K354A), respectively
(Fig.4.9).
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FEL Protein I Ier AR H IR HG S S SVEQENLEVINEYGCNIGETYGVEVEEIVEGIEHGVREVNILTILE]
tr-rFBAl iikteltslslsls Hislel HG S S SVEQENLEVINEYGCHIGETYGVEVEEIVEGIEHGVREVNILTLLE|
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tr-rFBAI (K3544) LASTGAVERYLAENPSIFOPREYLSETIEAMEQICLIRYLAFGCEGGAGETEPVSLEGMAS
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Figure 4.9: Multiple sequence alignment of amino acid sequences of tr-rFBA1
derivatives resulting from site-directed mutagenesis.

4.3.3 Expression and purification of mutated truncated rFBA1
E. coli IM109 cells, transformed with either pFS-71, pFS-72 or pFS-73 were

grown to obtain tr-rFBA1 (K339A), tr-rFBA1 (K346A) or tr-rFBA1 (K354A)
respectively. Anti His-tag antibody followed by rabbit anti-mouse IgG-
Alkaline phosphatase were used to detect the tr-FBA in both uninduced and

induced culture samples (Fig. 4.10).
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Figure 4.10: Immunoblot showing the expression of mutated N-His-tagged tr-
rFBAL in E. coli JIM109 culture samples. Lanel: Protein marker; Lane 2-7: in
alternate order, uninduced and induced culture sample of E. coli JM109
containing pFS-71, pFS-72 and pFS-73, respectively.

All the tr-rFBA proteins were purified by IMAC followed by desalting as
described in Chapter Two. The mutant derivatives of tr-rFBA1 were confirmed

by immunoblotting using anti-His-tag antibody (Fig.4.11).
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Figure 4.11: Immunoblots, probed with anti-His-tag antibody, showing
mutated tr-rFBA1 proteins purified under non-denaturing conditions. Lane 1:
Prestained protein ladder; lane 2: tr-rFBA1(K339A); lane 3: tr-rFBA1(K346A);
lane 4: tr-rFBA1(K354A); lane 5: tr-rFBAL; lane 6: rFBA(WT) as positive
control.
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4.3.4 Interaction of lysine rich C-terminal fragment of FBA with
human plasminogen

All mutant derivatives of tr-rFBA1 proteins were tested for their ability to bind
glu-plasminogen using EIA. Replacement of lysine at positions 339 or 346 did
not have any statistically significant effect on plasminogen binding by tr-
rFBA1 (Fig.4.12). However, replacement of the terminal lysine at position 354
by alanine significantly reduced plasminogen binding. These results indicated
that the lysine residue at position 354 is mainly responsible for plasminogen

binding (Fig.4.12).
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Figure 4.12: plasminogen binding by mutant variants of tr-rFBAL containing
lysine to alanine mutations. Replacement of the terminal lysine at position 354
in tr-rFBA1 (K354A) caused a significant reduction in plasminogen binding
while lysine replacements at positions 339 or 346 had no effect on plasminogen
binding. EACA (5mM, black bars) inhibited this interaction. n=3. * denotes p
value <0.05.
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4.3.5 Effects of salt and anti-FBA antiserum on tr-FBA-
plasminogen interaction

The interaction between mutant derivatives of tr-FBA1 and plasminogen was
further characterised. To verify whether plasminogen binding is affected by
NaCl and anti-FBA antiserum, EIA was performed in presence of different

concentrations of NaCl and anti-FBA antiserum.

As shown in Fig. 4.13 NaCl at physiological concentrations did not affect
binding and interference was only observed at higher salt concentration. In the
presence of 500mM NaCl, the binding of plasminogen by mutant variants of tr-

rFBA1L (Fig.4.13) was significantly reduced compared to that of without NaCl.
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Figure 4.13: Effect of NaCl on tr-rFBA-plasminogen interaction. Binding of
human plasminogen mutant variants of tr-rFBAL, was inhibited by increasing
concentration of NaCl. Significant inhibition was observed at 500mM NacCl
(black bars) compared to OmM NaCl (dark grey bars). n=4. * denotes p value
<0.05.

Similarly, the effect of anti-FBA antiserum on the ability of FBA to bind
plasminogen was examined by EIA. Four different dilutions of anti-FBA

antiserum were used in these experiments. At a dilution of <1:250 of anti-FBA
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antiserum the binding of plasminogen by mutant variants of tr-rFBA1l
(Fig.4.14) was significantly inhibited in a dose-dependent manner. This

suggests competition between anti-FBA antiserum and plasminogen to bind to

FBA.
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Figure 4.14: Effect of anti-FBA antiserum on tr-rEBAl-plasminogen
interaction. Binding of human plasminogen to mutant variants of tr-rFBA1 was
inhibited by increasing concentration of anti-FBA antiserum. 1:250 and lower
dilutions of anti-FBA antibody were able to significantly inhibit the binding of
plasminogen to rFBA. n=3. * denotes p value <0.05.
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4.5 Discussion

Bacteria can interfere with the plasminogen system by two general
mechanisms: firstly by producing activators of plasminogen and secondly by
producing receptors to immobilise plasminogen on the cell surface which can
then be activated to plasmin by host activators such as tissue-type plasminogen
(tPA) activators and urokinase plasminogen activator (uPA) (Bergmann and
Hammerschmidt, 2007). The fact that many pathogenic bacteria produce
activators or receptors for plasminogen suggests that plasmin formation has an
important role in invasive infections (Korhonen et al., 1992; Lottenberg et al.,
1994; Boyle and Lottenberg, 1997; Coleman and Benach, 1999). Examples
include: B. burgdorferi (Coleman et al., 1997; Coleman et al., 1995), Y. pestis
(Lahteenmaki et al., 2001a; Sodeinde et al., 1992), S. pyogenes (Sun et al.,
2004), H. influenzae (Ullberg et al., 1990; Virkola et al., 1996) and S.
pneumoniae  (Bergmann et al., 2005; Eberhard et al., 1999). Moreover
according to recent reports, activation of surface bound plasminogen to
plasmin imparts anti-phagocytic and anti-opsonisation properties to B.

anthracis (Chung et al., 2011) and B. burgdorferi (Grosskinsky et al., 2009).

Enhanced fibrinolytic activity associated with meningococcal meningitis
initially suggested that plasminogen activation might be involved in systemic
infections caused by bacteria (Brandtzaeg et al., 1990). Ullberg et al. reported
for the first time that N. meningitidis and N. gonorrhoeae could bind
plasminogen and this was inhibited by EACA (Ullberg et al., 1992). The
presence of plasminogen-binding proteins, identified as enolase, DnaK and

peroxiredoxin on the surface of N. meningitidis has been reported by Knaust et
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al. (Knaust et al., 2007). Until now plasminogen binding by N. meningitidis
and its physiological significance have not been studied in detail.

Tunio et al. reported that FBA was dispensable for meningococcal growth but
required for optimal adhesion to human cells (Tunio et al., 2010a). This study
was undertaken to further investigate non-glycolytic functions of
meningococcal FBA. In Chapter Three, FBA was shown to be a novel
plasminogen binding protein of N. meningitidis. The possible involvement of
lysine residues was also shown by the inhibition of plasminogen binding by the
lysine analogue EACA. Therefore further experiments were carried out to

determine which lysine residues were involved in this interaction.

A 400 bp fragment of cbbA encoding a lysine-rich C-terminal region of 123
amino acids in length, was cloned into two different vectors namely pQE-30
and pQE-70 to express two different truncated versions of rFBA: tr-rFBA1
with N-His-tag and tr-rFBA2 with C-His-tag, respectively. These truncated
proteins were expressed and purified under non-denaturing conditions, and
confirmed by anti-His-tag antibody. The full-length and truncated rFBA

molecules were then examined for their ability to bind plasminogen.

N-His-tagged tr-FBA1 (amino acids 232-354) was able to bind plasminogen
better than its C-His-tagged counterpart and also full length rFBA (WT).
EACA inhibited this interaction indicating that lysine residues in this region,
probably in the terminal or sub-terminal positions might be involved in
plasminogen binding. Lysine residues at the terminal or sub-terminal regions of
FBA may be partially masked by the His-tag in full length rFBA and tr-rFBA2
both of which have the His-tag at their C-terminal ends. Based on this result,
further experiments were focused on tr-rFBAL.
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To further identify the lysine residue(s) involved in plasminogen binding,
several lysine residues at the C-terminal end of FBA were replaced with

alanine using site directed mutagenesis.

Substitution of lysines at position 331 and 333 was unsuccessful. The failure of
site directed mutagenesis has been attributed to a number of factors such as
poor primer design, length of final extension step in mutagenesis PCR, low
PCR amplification efficiency, additional template leading to formation of
hemimethylated DNA molecules resistant to Dpnl digestion, incomplete Dpnl
digestion leading to recovery of non-mutant DNA (Zheng et al., 2004; Liu and

Naismith, 2008).

In contrast, three lysine residues at positions at position 339, 346 and 354 were
successfully replaced individually by alanine. These three mutant variants of tr-
rFBAL, all with an N-His-tag, were expressed and purified. When subjected to
EIA, two of the mutated proteins rFBAL (K339A) and rFBAL (K346A) were
able to bind plasminogen to a level similar to tr-rFBA1. For the other protein,
tr-FBA1 (K354A), a significant decrease in plasminogen binding was

observed.

One important characteristic of the interaction between plasminogen and its
receptor(s) is the involvement of lysine residues in the ligand which bind to
binding sites in the kringle domains of plasminogen (Redlitz and Plow, 1995).
Examples of receptors with lysine residue(s) at the C-terminal end include
enolase of S. pneumoniae (Bergmann et al., 2001), streptococcal surface
enolase (SEN) (Derbise et al., 2004) and FBA of M. tuberculosis (de la Paz

Santangelo et al., 2011).
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Previously, the plasmin-binding protein, Plr, initially isolated from S.pyogenes
strain 64/14 (Broder et al., 1991) was found to be a functional GAPDH
(Winram and Lottenberg, 1996). Later Winram and Lottenberg undertook
another study to identify unique amino acid residues that are not required for
GAPDH activity but are important for plasmin binding (Winram and
Lottenberg, 1998). PIr was able to bind Lys-plasmin but failed to bind
significant amounts of Glu-plasminogen. Streptococcal PlIr has a lysine residue
at the C-terminus (position 334) (Lottenberg et al., 1992). To assess the
contribution of this residue to the binding of plasmin, a mutant protein (PIr-45)
containing leucine at 334 position instead of lysine, was created. Another Plr
molecule, PIr-63, which possessed the C-terminus of the Bacillus
stearothermophilus GAPDH (Branlant et al., 1983) was also examined. This
protein had glycine and leucine downstream of the terminal the lysine. Both
these proteins had reduced ability to bind plasmin compared to the wild type
Plr protein. In contrast to the terminal lysine at position 334, substitution of the
penultimate lysine residue at amino acid position 330 of Plr had no effect on
plasmin binding. Winram and Lottenberg suggested that the penultimate lysine
of Plr may not interact with the low-affinity lysine binding site of Glu-
plasminogen (Winram and Lottenberg, 1998). Interestingly, equivalent
amounts of plasmin was bound by wild type and isogenic streptococcal strains
expressing Plr containing the terminal lysine mutation, suggesting Plr was not

a unique plasmin receptor (Winram and Lottenberg, 1998).

Streptococcal surface enolase (SEN) is a ubiquitously expressed surface
protein and major plasminogen-binding protein of S. pyogenes. Derbise et al.

reported that the two terminal lysine residues located at the C-terminal end of
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SEN are the major contributors to the plasminogen-binding activity (Derbise et
al., 2004). In this study SEN variants with mutations in the C-terminal region
were created by either deleting one or more terminal lysine residues or
substituting with leucine. All these proteins were enzymatically active.
Interestingly the study reported that wild type SEN molecules had three times
the affinity towards Lys-plasminogen than to Glu-plasminogen. When the
mutated recombinant SEN molecules were tested for their ability to bind
plasminogen, it was found that the recombinant mutant SEN proteins with
deletion of two terminal lysine residues (Lys434-435) or with a single mutation
replacing the terminal lysine with leucine (K435L) or double mutations
replacing two lysines to leucine (K434-435L) showed significantly reduced

binding of both Glu- and Lys-plasminogen (Derbise et al., 2004).

Knaust et al. reported enolase, DnaK and peroxiredoxin as plasminogen
binding proteins on the meningococcal surface (Knaust et al., 2007). The study
also investigated the possible role of the C-terminal lysine residues of these
proteins in plasminogen binding. Mutant variants of recombinant enolase with
the C-terminal lysine residue replaced by alanine, DnaK with the two C-
terminal lysine residues replaced by two alanines, and peroxiredoxin with the
C-terminal Lys-Asn dipeptide replaced by two alanines were expressed. Using
plasminogen overlay assay and denatured proteins, mutant DnaK and
peroxiredoxin but not enolase, showed a decreased capacity to bind
plasminogen compared to the wild type variants. In contrast to the overlay
assay, dot blot assay using non-denatured wild type and mutant proteins

showed similar levels of plasminogen binding. These results suggested that
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internal lysine rich motifs, rather than the C-terminal lysine residues might be

responsible for plasminogen binding (Knaust et al., 2007).

Agarwal et al. reported alpha-enolase as a plasminogen binding protein on the
surface of B. anthracis. Alpha-enolase has two lysine residues at its C-terminal
end (Agarwal et al., 2008). In a later study Matta et al., reported GAPDH
(GapA isoform) as another plasminogen binding protein (Matta et al., 2010).
Whereas pneumococcal GAPDH has two terminal lysine residues (Bergmann
et al., 2004), GAPDH of B. anthracis has one sub-terminal lysine at position
332. The authors reported similar Kp values for both pneumococcal and B.
anthracis GAPDH. The authors also suggested a single surface exposed C-
terminal lysine could be important for plasminogen binding although the
possibility of a second plasminogen binding site within GAPDH molecules
could not be excluded (Matta et al., 2010). Moreover the GapB isoform of
GAPDH differed from the GapA isoform with aspartate at position 332 instead
of lysine, leading to poor affinity of GapB for plasminogen (Matta et al.,

2010).

In an earlier report Boone et al. demonstrated phosphoglycerate kinase (PGK),
present on the surface of group B streptococcus (GBS), as a plasminogen and
actin binding protein (Boone et al., 2011). Later, Boone and Tyrrell identified
two actin and plasminogen binding sites (amino acids 126-134 and 204-208) of
GBS-PGK using a number of truncated GBS-PGK variants and peptide
mapping (Boone and Tyrrell, 2012). They also identified lysine residues at
positions 126, 127, 130, 204, and 208, and the glutamic acid residue at position

133, were necessary for plasminogen binding (Boone and Tyrrell, 2012).
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BBA 70 is a member of pFam54 family of proteins and is a plasminogen
binding protein of B. burgdorferi (Koenigs et al., 2013). Lysine residues have
been demonstrated to be involved in the interaction with plasminogen. The
predicted secondary structure has seven putative a-helices. A number of C-
terminally truncated proteins lacking putative a-helices were constructed and
tested for their ability to bind plasminogen. Deletion of one putative a-helix,
containing 9 lysine residues (BBA701-166), eliminated plasminogen binding
indicating this predicted a-helix of BBA70 is crucial for the interaction with

plasminogen (Koenigs et al., 2013).

L. plantarum enolase (EnoAl) exhibits binding activity for human
plasminogen with two plasminogen binding domains. Binding site 1 was
characterised by a C-terminal lysine at position 422, and binding site 2
consisting of 12 amino acids of which lysine 259 was shown to be the most
important residue with a minor contribution from lysine 255 in plasminogen
binding. A predicted structure of EnoAl shows surface exposure of these

residues (Vastano et al., 2013).

Oliveira et al. identified the regions of leptospiral adhesin Lsa66 that are
responsible for binding extracellular matrix components (Oliveira et al., 2014).
They generated three recombinant fragments of Lsa66 proteins: N-terminal
(amino acids 30-219), central (amino acids 170-483) and C-terminal fragments
(amino acids 420-590). Along with full length Lsa66 (containing amino acids
30-590), these fragments were evaluated for their ability to bind to immobilised
laminin, fibronectin and plasminogen. The intermediate region of leptospiral

adhesin Lsa66 was involved in binding fibronectin and plasminogen while
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laminin bound to both intermediate and C-terminal region of the protein

(Oliveira et al., 2014).

Apart from lysine, arginine and histidine have been reported in plasminogen
binding M-like protein (PAM) plasminogen-binding and Prp from S. pyogenes
(Sanderson-Smith et al., 2006; Sanderson-Smith et al., 2007) . The residues
arginine 107 and histidine 108 were shown to be indispensable for
plasminogen binding by Prp (Sanderson-Smith et al., 2007). High affinity
plasminogen binding by the PAM protein was shown to be mediated by
arginine 101 and 114 together with histidine residues at positions 102 and 115

(Sanderson-Smith et al., 2006).

Protein E (PE) of H. influenzae has been reported to be a multifunctional
protein capable of interacting with vitronectin, laminin and plasminogen.
Previously lysine 85 and arginine 86 has been reported to be involved in
vitronectin binding (Singh et al., 2011). By peptide mapping, the region of PE
consisting of amino acids 41-68 was later shown to be the region responsible
for binding to laminin and plasminogen (Barthel et al., 2012). In a more recent
report, the crystal structure of PE revealed that the vitronectin binding residues
(lysine 85 and arginine 86) are clearly exposed on the surface of PE and the
laminin/plasminogen binding region is partially exposed at the surface (Singh
et al., 2013). Further mutagenesis experiments with full length rFBA replacing
terminal or sub-terminal lysine residues will be necessary to fully characterise

the plasminogen binding region of FBA.
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Chapter Five: Surface localisation of FBA on

N. meningitidis is not affected by mutation(s) in the

active site
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5.1 Introduction
N. meningitidis colonises the nasopharynx of 10% to 30% of the human

population (Stephens et al., 2007). Therefore the intimate relationship between
N. meningitidis and the human host begins with the attachment to the
nasopharyngeal mucosa. On rare occasions, an invasive strain of N.
meningitidis crosses the nasopharyngeal epithelium and enters the bloodstream
to cause bacteraemia and sepsis (Stephens and Farley, 1991). During
bacteremia, N. meningitidis may adhere to the endothelial cells of brain
microvessels, cross the blood-brain barrier to cause meningitis (Taha et al.,
2002). Therefore, adhesion to epithelial and endothelial cells are two central
stages of infection, even though these complex interactions are not fully
understood. Type IV pili are the primary mediators of binding to non-ciliated
epithelial cells (Stephens and Farley, 1991; Proft and Baker, 2009; Virji et al.,
1992a). The receptor CD46 has been implicated in Type IV pilus-mediated
adhesion (Kallstrom et al., 1997), although CD46-independent pilus-dependant
adhesion has also been reported (Kirchner et al., 2005). After initial adhesion
to host cells, the bacteria form microcolonies on the surface of host cells via
auto agglutination caused by type IV pili (Trivedi et al., 2011). Pilus mediated
adhesion also results in the formation of cellular protrusions within and
surrounding these microcolonies (Eugene et al., 2002; Nassif et al., 2002). The
initial type IV pili-mediated contact is followed by contact-dependent down
regulation of pili and capsule regulated by the CrgA protein resulting in
spreading of bacteria on the cell surface as monolayers (Pujol et al., 1999;

Deghmane et al., 2002).
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Non-encapsulated phenotypes arising at this stage can engage more intimately
with cells by means of lipopolysaccharide (LPS) (Albiger et al., 2003), and the
outer membrane opacity proteins Opa and Opc (Virji et al., 1993a; Virji et al.,
1994; Moore et al., 2005), which subsequently lead to uptake of the bacterial

cells (Virji, 2009).

Proteins performing functions in addition to their recognised functions are
termed as moonlighting proteins (Jeffery, 1999). These proteins perform their
functions in separate cellular locations e.g. cytoplasm and cell surface; thus a
dual cellular localization of a protein suggests moonlighting activities
(Kainulainen and Korhonen, 2014). Moonlighting proteins are often termed as
anchorless surface proteins, referring to the absence of known secretion signal
or anchoring motifs in their amino acid sequences (Pancholi and Chhatwal,
2003). The mechanism(s) of translocation of moonlighting proteins are yet to

be determined (Kainulainen and Korhonen, 2014).

Bacterial moonlighting proteins impart virulence properties to many pathogens
including M. tuberculosis, S. pyogenes, S. pneumoniae, S. aureus and H. pylori.
Adhesion to host epithelia and extracellular matrices (ECMs), recruitment and
activation of plasminogen (Plg), and the modulation of host immune responses
are some of the non-cytoplasmic moonlighting functions which have been
reported (Henderson and Martin, 2011). The mounting list of proteins with
moonlighting activities includes metabolic enzymes, chaperones and

translational elongatation factors (Kainulainen and Korhonen, 2014).

Almost all enzymes in the Embden-Meyerhof-Parnas (EMP) glycolytic

pathway of bacteria have been assigned adhesive moonlighting functions. The
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two best-characterized bacterial moonlighting enzymes are GAPDH and

enolase (Henderson and Martin, 2011).

Fructose-1,6-bisphosphate aldolase (FBA) is another enzyme in the EMP
glycolytic pathway. Increasingly, it is also recognised that FBA has additional
functions beyond its housekeeping role in central metabolism. Blau et al in
2007 showed that FBA functions as an adhesin for S. pneumoniae strain WU2 .
Flamingo cadherin receptor (FCR), a human membrane protein of the cell
adhesion molecules (CAM) family, was found to be the putative host receptor
of pneumococcal FBA (Blau et al., 2007). Santangelo and colleagues reported
that FBA from M. tuberculosis is also a plasminogen-binding protein (de la Paz
Santangelo et al., 2011). In S. suis SS9, immunproteomic analysis revealed the
presence of FBA on the bacterial cell surface and found it to be immunogenic
(Wu et al., 2008). Twenty seven surface-associated proteins from S. oralis,
including FBA, were identified by Wilkins and colleagues (Wilkins et al.,
2003). Meningococcal FBA (FBA-nm) has been reported to be localised to the
outer membrane of N. meningitidis, in addition to its usual location in
cytoplasm. An FBA-deficient mutant strain was less adherent to both human
epithelial and endothelial cells, but its ability to invade these cells was
unaffected. Complementation with an ectopic copy of the gene encoding FBA-
nm restored the adherent phenotype (Tunio et al., 2010a). Recently, Flores-
Ramirez and colleagues reported the presence of FBA in the cell wall fraction
of C. burnetii, suggesting the possibility that translocation of FBA to the Gram-
negative cell envelope might be a more generalised phenomenon (Flores-

Ramirez et al., 2014).
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The aim of the work described in this chapter was to explore the effect of
aldolase enzymatic activity of FBA on surface localisation and its involvement

in adhesion of meningococci to human cells.
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5.2 Materials and Methods

5.2.1 Bacterial techniques

5.2.1.1 Bacterial strains, growth conditions and media

All the plasmids and bacterial strains used are listed in Table 5.1 and Table 5.2

respectively. E. coli JIM109 harbouring plasmids pCOMP-1, pFS-4, pFS-5 or
pFS-6 was routinely grown in Lysogeny Broth (LB) and on LB agar plates
containing ampicillin (100 pg/ml) and erythromycin (2 pg/ml) at 37°C.
Meningococcal strains (Table 5.2) were grown on chocolate agar, Brain Heart
Infusion (BHI) agar or in Brain Heart Infusion Broth containing kanamycin (50

pug/ml) and/or erythromycin (2 pg/ml) and incubated at 37°C with or without

shaking and/or 5% CO..

Table 5.1: Plasmids used in work described in this chapter

Plasmid Characteristics Source or reference

pCOMP-1 | pGEM-T Easy with a complementation | H. Albasri
cassette consisting of a BamHI site, (University of
cbbA promoter, Bglll site, erythromycin | Nottingham)
resistance cassette flanked by two modified from
meningococcal genes (NMB0102 and (Tunio et al., 2010a)
NMB0103)

pFS-4 MC58 chbA gene cloned in pPCOMP-1 This study

pFS-5 pFS-4 with single nucleotide mutation at | This study
codon 83 (GAC to GCC) of chbA

pFS-6 pFS-4 with nucleotide mutations at This study
codons 81/84 (CACto GCC/CAC to
GCC) of cbbA
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Table 5.2: Bacterial strains used in work described in this chapter

Bacterial strain Characteristics Source or
reference
E.coli
JM109 endAl recAl gyrA96 thi Promega

hsdR17 (rx rk’) relAl supE44
A(lac-proAB) [F’traD36
proAB laglfZAM15]

N. meningitidis
MC58 Wild type serogroup B isolate | (Tettelin et al.,
2000)
MC58AchbA cbbA deleted and replaced with | (Tunio et al.,
kanamycin cassette 2010a)
MC58AchbA chbAF MC58AcbbA complemented This study

with an ectopic copy of cbbA

MC58AcbbA chbA-m15 | MC58AcbbA complemented This study
with an ectopic copy of
cbbA(mutation at codon 83

(GAC to GCC))

MC58AcbbA chbA-m25 | MC58AcbbA complemented This study
with an ectopic copy of
cbbA(mutations at codons
81/84 CAC to GCC/CAC to
GCC)

5.2.1.2 Natural transformation of N. meningitidis MC58AcbbA
N. meningitidis MC58AcbbA was grown overnight on chocolate blood agar

plates. A single colony was inoculated into brain heart infusion broth (BHIB)
and grown at 37°C with shaking to an ODgyo of 0.2. After that 200 ul of the
culture was transferred to a 15 ml tube containing 1.5 ml of brain heart infusion

agar (BHI) (Oxoid) and incubated for 2-4 h at 37°C in 5% CO, without
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shaking. After incubation, 1ug of plasmid pFS-4, pFS-5 or pFS-6, was added
to the culture and incubation was continued overnight. The following day, the
culture was inoculated onto BHI agar plates containing kanamycin (50 pg/ml),
and erythromycin (2 pg/ml). Putative transformant colonies were selected after
overnight incubation at 37°C with 5% CO,. The clones were checked for
presence of cbbA and complementation cassette by PCR using primers in Table

5.3.

5.2.1.3 Flow cytometry
The presence of FBA on the surface of N. meningitidis strains was determined

by flow cytometry. Samples were prepared for flow cytometry analysis as
described previously (Tunio et al., 2010a). Briefly, bacteria were grown to
mid-log phase (OD 0.7 at 600nm). Aliquots containing 1 x 10" cfu were
washed by resuspending in sterile filtered PBS followed by centrifugation at
5000 x g for 5 min. For each strain, four samples were prepared: untreated,
treated with primary antibody only, treated with secondary antibody only or
treated with both primary and secondary antibodies. Anti-rFBA antiserum
(1:500) and goat anti-rabbit 1gG-Alexa Flour 488 conjugate (Invitrogen; 1:50),
both diluted in PBS containing 0.1% (wt/vol), BSA 0.1% (wt/vol sodium
azide) and 2% (vol/vol foetal calf serum), were used as primary and secondary
antibodies, respectively. After addition of antibodies, cells were incubated for 2
h in ice followed by washing three times with PBS. Samples treated with
secondary antibody were kept in the dark. After final washing, the cells were
fixed by resuspending in 1 ml PBS containing 0.5% (wt/vol formaldehyde).
Analysis of all samples was performed using BD FACSAria™ flow cytometer

and BD FACS Diva software (BD Biosciences). The cells were detected using
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forward and side scatter dot plot and bacterial aggregates and cell debris were
excluded by defining a gating region. For each sample, a total of 20,000 events
were analysed for fluorescence signals. Subsequent analysis of data was done

using Weasel software.

5.2.1.4 Preparation of meningococci for cell culture
N. meningitidis MC58, MC58AcbbA and MC58AchbA chbAF® strains were

streaked onto chocolate agar plates and incubated at 37°C. The following day a
single colony was inoculated into 10 ml Endothelial Cell Medium (ECM,
ScienCell) or Minimum Essential Medium Eagle (MEM, Sigma-Aldrich)
containing 10% (vol/vol) heat inactivated foetal calf serum (FCS) and
incubated overnight at 37°C with shaking. The following day 1 ml of overnight
culture was inoculated in 10 ml ECM or MEM containing 10% FCS (vol/vol)

and grown for further 2 hours at 37°C with shaking.

5.2.2 DNA techniques
5.2.2.1 Extraction of chromosomal and plasmid DNA
DNA from N. meningitidis MC58 and plasmids pCOMP-1, pFS-4, pFS-5 or

pFS-6 from E. coli JIM109 were extracted using DNeasy Blood and Tissue
extraction kit (Qiagen) and QIAGEN miniprep kit respectively, according to

the manufacturer’s instructions.

5.2.2.2 Polymerase Chain Reaction (PCR) amplification of cbbA
PCR was performed to amplify the cbbA from the meningococcal DNA using

the primers listed in the Table 5.3 and Phusion High-Fidelity DNA polymerase
(New England Biolabs). Amplification conditions were as follows: initial
denaturation at 98°C for 30s, denaturation at 98°C for 10s, annealing at 65°C

for 30 sec, extension at 72°C for 30 sec, final extension at 72°C for 5 mins.
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Table 5.3: List of primers used in work described in this chapter

Primer Sequence? Restriction
site
Amplification of cbbA
FBA comp | GGAAGATCTCAAATAAGCGTCCAAGTA | Bglll
F1 TGCCGC (33-bp)
FBA comp | CGCGGATCCTTACAGGCAACCTGTTAT | BamHI
R1 TTGACG (33-bp)
Site directed mutagenesis
FBA_D83AF | CGTCATGCACCAAGCCACGGCGCATCAC (29-bp)
FBA _D83AR | GTGATGCGCCGTGGGCTTGGTGCATGACG (29-bp)
FBA_H8184 | CCCCGTCGTCATGGCCCAAGACGCCGGCGCATCAC
AF CC (37-bp)
FBA_H8184 | GGGTGATGCGCCGGCGTCTTGGGCCATGACGACGG
AR GG (37-bp)
Amplification of complementation cassette
NMB102F GTTCGGCGGCTTGCGTGGTCG (21-bp)
NMB103F TACGGAGTTGGAAAGCACGGC (21-bp)

& Sequences in bold identify restriction enzyme sites

5.2.2.3 Agarose gel electrophoresis

Procedures were followed as described in Chapter Four, section 4.2.2.3.

5.2.2.4 Purification of PCR product
Procedures were followed as described in Chapter Four, section 4.2.2.4.

5.2.2.5 Digestion of vectors and inserts
Amplified cbbA and pCOMP-1vector were digested by Bglll and/or BamHI

(New England Biolabs) according to the manufacturer’s instruction.
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5.2.2.6 Dephosphorylation of digested vector
Procedures were followed as described in Chapter Four, section 4.2.2.6.

5.2.2.7 Ligation
A Rapid DNA Ligation kit (Fermentas Life Sciences) was used to ligate

digested pCOMP-1 and cbbA following the manufacturer’s instructions. After

ligation with the insert, the plasmid was renamed as pFS-4.

5.2.2.8 Site directed mutagenesis and transformation of XL10-gold
ultracompetent cells and E. coli JM109 cells

Mutation(s) at specific site(s) of cbbA in pFS-4 plasmid were introduced using
the primers listed in the Table 5.3 and procedures described in Chapter Two,
section 2.2.2.3. Resulting plasmids were renamed pFS-5 and pFS-6,
respectively. E. coli JIM109 competent cells were transformed following the

procedures described in Chapter Two, section 2.2.3.1.

5.2.2.9 Nucleic acid and amino acid sequence analysis
Procedures were followed as described in Chapter Two, section 2.2.2.4.

5.2.3 Cell culture techniques
5.2.3.1 Preparation of human cells
Human brain microvascular endothelial (HBME) cells and human pharyngeal

carcinoma cells (Detroit-562) were grown to confluence in 24-well tissue
culture plates (Nunc) at 37°C in presence of 5% CO,. Prior to use, 24-well
plates were coated with 0.3% bovine fibronectin (from bovine plasma; Sigma-
Aldrich) in PBS. To grow HBME cells, Endothelial Cell Medium (ECM,
ScienceCell) supplemented with 5% (vol/vol) foetal bovine serum (FBS,
ScienCell), 1% (vol/vol) endothelial cell growth supplement (ECGS,
ScienCell) and 1% (vol/vol) penicillin/streptomycin solution (10,000 units/mL
of penicillin and 10 mg/mL of streptomycin, P/S, ScienCell) were used. For

Detroit-562 epithelial cells, Minimum Essential Medium Eagle (MEM, Sigma-
147



Aldrich) supplemented with 10% (vol/vol) foetal bovine serum (FBS, Sigma-
Aldrich), 1% (vol/vol) non-essential amino acids (NEAA, Sigma-Aldrich) and
1%_(vol/vol) penicillin/streptomycin solution (10,000 units/mL of penicillin
and 10 mg/mL of streptomycin, P/S, Sigma-Aldrich) were used. Prior to all
association and invasion experiments, the cell monolayers were washed with

ECM or MEM without any antibiotics.

5.2.3.2 Association and invasion assay
HBME cells or Detroit-562 monolayers were infected with 1 x10" cfu/ml

meningococci. The size of inoculum was confirmed retrospectively by plating
out serial dilutions of the inoculum. The monolayers were left in the incubator
for 2 h. After that the monolayers were washed three times with 1 ml PBS per
well. The monolayers were disrupted with 0.1% (wt/vol) saponin in PBS. The
homogenised suspension was serially diluted and 10 pl aliquots of the dilutions

were plated on chocolate agar.

For invasion assay the duration of infection was extended to 4 h. After three
washes with PBS, 1ml ECM or MEM containing gentamicin (150 pg/ml) was
added to each well. After 1 h, cell monolayers were washed three times with
PBS (1ml per well). Prior to washing, aliquots from the wells were plated out
to confirm the killing of meningococci. 0.1% (wt/vol) saponin in PBS was used
to disrupt the monolayers. One hundred microlitres of the homogenised
suspension was spread on chocolate agar. The chocolate agar plates were
incubated overnight at 37°C with 5% CO, and colony forming unit (cfu) per ml

was recorded.
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5.2.3.3 Statistical analysis
Statistical analysis was performed using GraphPadPrism 6 (GraphPad

Software, Inc.). All the association and invasion assay experiments were done
in quadruplet and repeated at least three times unless otherwise stated.
Statistical significance was measured using two-tailed t test. A p value of <0.05

was considered significant.
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5.3 Results
5.3.1 Complementation of N. meningitidis 4 cbbA
In order to complement the FBA knock out N.meningitidis strain MC58AchbA,

the meningococcal FBA-encoding gene (cbbA) was first amplified by PCR
(Figure 5.1A). Following restriction digestion, the resulting amplicon and

complementation plasmid vector pPCOMP-1 were ligated.

A kb 1 :
3.0
25

1.5
ca. 1.2 kb

1.0

B kb I 2::3 45 &8 9

ca. 1.2kb
1.0

Figure 5.1: Amplification and ligation of cbbA with pCOMP-1 vector. Agarose
gel electrophoresis showing A) amplification of cbbA. Lane 1: 1 kb DNA
ladder; Lane 2: amplified cbbA of 1.2 kb length. B) Successful ligation of cbbA
in pPCOMP-1 in one transformant (Lane 8). Lane 1. 1 kb DNA ladder; Lane 2-
8: plasmid DNA extracted from different transformant colonies of E. coli
JM109 cells; Lane 9: N. meningitidis MC58 chromosomal DNA (positive

control).
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Colonies of E. coli JIM109 cells, transformed with pCOMP-1 ligated to cbbA
were selected and plasmid DNA was purified from these clones. PCR
amplification using the primer pair FBA comp F1 and FBA comp R1 and
subsequent agarose gel electrophoresis showed one clone contained the ligated
product (Figure 5.1 B). The presence of cbbA was confirmed by sequencing
(Figure 5.2). The new construct, pPCOMP-1 containing cbbA, was renamed
pFS-4 and was used for site-directed mutagenesis as described in the section

5.3.2.

5.3.2 Construction of plasmid vector containing cbbA with various
mutations

The aldolase active site (divalent cation-binding site) in FBA contains highly-
conserved histidine (H81 and H84) and aspartic acid (D83) residues. In order
to generate enzymatically inactive FBA, primers were designed for site-
directed mutagenesis reactions to replace both H81 and H84 with alanine and,
separately, D83 with alanine. Sequencing confirmed that GAC to GCC (D83A)
and CAC to GCC / CAC to GCC (H81A/H84A) mutations were successfully
introduced into cbbA in pFS-4. Newly generated plasmids harbouring the
mutation(s) D83A and H81A/H84A were renamed pFS-5 and pFS-6,

respectively (Fig. 5.2).
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chibA of MCSSH

Pl pF5-4 (pCOMP-1 + chbbh)
pF5-5 (pF5-4 DB3R)
pF5-6 (pF5-4 HB1ALR/HB4L)
Consensus tcgtcatg ccaag o cggcgcat

FBA protein
pF5—-4 (pCZOMP-1+ chbbi)

13 pFS-5 (pFS5—4 DS3R)
pFS5-¢6 (pF5-4 HE1A/HE4RL)
Consensus

Figure 5.2: Multiple sequence alignment of the A) DNA sequence and B)
translated product of cbbA cloned in pFS-4 and pFS-5 and pFS-6 resulting
from the desired site-directed mutagenesis.

5.3.3 Complementation of N. meningitidis MC58AcbbA with wild
type or mutated cbbA

The plasmids pFS-4, pFS-5 and pFS-6 were used for natural transformation of
MC58AchbbA, thereby introducing a single chromosomal copy of the
complementing gene in the intergenic region between the genes NMB0102 and
NMBO0103 (which are orientated in a tail-to-tail fashion and have been
previously used to complement mutations in N. meningitidis). Chromosomal
DNA was extracted from putative transformant colonies for further
confirmation of complementation. Using the primer pair NMB 102F and NMB
103F, PCR was performed to amplify the complementation cassette from the
chromosomal DNA of the complemented strains. An expected ca. 3.2-kb band
indicated correct insertion of the complementation cassette (Figure 5.3)
whereas wild type N. meningitidis MC58 and N. meningitidis MC58AcbbA
were expected to produce a band of ca. 1.3 kb, representing the amplified
NMBO0102F and NMO0103F. Presence of nonspecific bands in the agarose gel

indicated non-optimal primer design or reaction conditions.
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ca. 1.2kb

Figure 5.3: Confirmation of insertion of complementation cassette into the
chromosomal DNA of MC58AchbA. The presence of complementation cassette
of ca. 3.2 kb in the MCS58AcbbA strains complemented with either WT or
mutated copy of cbbA was confirmed by agarose gel electrophoresis. Some
non-specific bands were also present. Lane 1: 1kb DNA ladder; lane 2-7:
complemented MCS58ACbDbA strains; lane 8: MC58 WT; lane 9: MC58AcbbA,
lane 10: Previously constructed MC58 AcbbA cbbAF®.

Using the primer pair FBA compF1 and FBA compR1 (Table 5.2), an expected
band of ca. 1.2 kb consistent with the expected size of cbbA was amplified
from the chromosomal DNA from MC58 WT and all the complemented
mutants, but not from MC58AcbbA (Figure 5.4), which confirmed the

successful complementation of the cbbA mutation.

g 1 2 8 4 3 6 7 8 9 W
3.0 ’

2.0

1.5

ca. 1.2 kb
1.0

Figure 5.4: Confirmation of presence of cbbA in the chromosomal DNA of
complemented MCS58AchbA strains. Agarose gel showing the presence of cbhbA
(ca. 1.2-kb) in the MC58AchbA strains complemented with either a WT or
mutated copy of cbbA.. Lane 1: 1-kb DNA ladder; lane 2: MC58 WT; lane 3:
MC58AchbA; lane 4: previously constructed MC58 AcbbA cbbA™ strain; lane
5-10: newly constructed MC58 AcbbA cbbA= strains.
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5.3.4 Expression of FBA by N. meningitidis MC58 AcbbA cbbAF®
strains

Proteins from the whole cell lysates of wild type MC58, MC58AcbbA and
MC58AcbbA strains complemented with pFS-4, pFS-5 or pFS-6 were
separated by SDS-PAGE and probed with anti-FBA serum followed by anti-
rabbit conjugated with alkaline phosphatase. The blot confirmed the production
of FBA by the N. meningitidisAcbbA strains complemented with pFS-4 or pFS-
5 but little expression was observed from the strain complemented with pFS-6
(Figure 5.5). The newly constructed MC58AchbA strains complemented with
pFS-4, pFS-5 and pFS-6 plasmids were designated as MC58AcbbA cbbA™

MC58AchbA cbbA-m15'and MC58AcbbA-m2chbA™ respectively.

kDa
80 —
d . *
58 — .
46 — S
— - -<—ca.38kDa
30 —

Figure 5.5: Immunoblot probed with anti-FBA antibody shows the production
of FBA by the complemented N. meningitidiSAcbbA strains. Lane 1: Prestained
protein marker; lane 2: MC58 WT; lane 3: MC58AcbbA; lane 4: MC58AchbA
cbbA"; lane 5: MC58AcbbA cbbA-m1%%; lane 6: MC58AcbbA chbA-m25;
lane 7: purified rFBA (WT) used as positive control.
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5.3.5 Mutation(s) in the cofactor binding site of FBA do not prevent
its surface localisation

N.meningitidis MC58, MC58AcbbA, or MC58AcbbA complemented with
either wild type or a mutated copy of cbbA, were subjected to flow cytometry
analysis. Wild type MC58 cells, treated with both primary and secondary
antibody, demonstrated a significant shift in fluorescence signal. 84% of cells
were found to be fluorescently labelled (Fig. 5.6). No corresponding shift
signal was observed for MC584cbbA indicating an absence of FBA on the
surface of the cells (Fig. 5.6). MC58AchbA cbbA™, MC58AcbbA cbbA-m1=
and MC58AcbbA-m2chbA™ strains all showed clear evidence of surface-
localised FBA with more than 70% cells (Fig. 5.6) found to have FBA on their

surface.

MC58 WT MC58AcbbhA MC58AchbA chbAEt  MC58AchbA chbA-m1Et MC58AcbbA chbA-m25et

Events

Fluorescence intensity

Figure 5.6: Flow cytometry analysis for surface localisation of FBA. Cells
were treated with rabbit anti-FBA antiserum followed by anti-rabbit 1gG-
AlexaFluor 488 conjugate. Fluorescence is displayed as a histogram: area
enclosed by the dashed line indicates bacteria treated with primary antibody
only; area shaded in grey indicates bacteria treated with secondary only; area
enclosed by the solid line indicates bacteria treated with both antibodies.
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5.3.6 The Role of FBA in association and invasion of human
epithelial and endothelial cells

Association assays were performed to investigate a possible role for FBA as an
adhesin for epithelial and endothelial cells by viable counting of bacteria
associated with the infected monolayers. In HBME cells, significantly lower
levels of adherence were observed in MC58AcbbA compared to the MC58 wild
type (Fig. 5.7A). In complemented strains, levels of adhesion were restored to

levels that were not significantly different to the wild type strain.

For Detroit-562 epithelial cells, the difference(s) in the level of adherence did
not reach the level of significance between the MC58 wild type and
MC58AchbA, indicating that the effect of FBA might be cell type-specific (Fig.
5.7B). Itis also possible that a significant difference between these two strains
could have been observed with more repeats. The level of adherence of
MC58AchbA cbbA™ | MC58AchbA cbbA-m15 strains was similar to the
MC58 wild type strain (Fig. 5.7B). Although MC58AchbA-m2cbbA™ adhered
slightly less than the wild type, it was not statistically significant (Fig. 5.7B).
Taken together, these results suggest that the mutation(s) in the cofactor
binding site of FBA has no effect on the association of N. meningitidis MC58
with at least HBME cells. This strongly suggests that the aldolase enzymatic
activity of FBA is not involved in the association related phenotype of FBA to

HBME cells
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Figure 5.7: A reduction in association of MC58AchbA was observed with A)
HBME cells but not with B) Detroit-562 epithelial cells compared to MC58
wild type strain. Complementation of MC58AcbbA strains with either a wild
type or a cofactor binding site mutant copy of cbbA restored the ability to
adhere with HBME cells. Data represent mean values (£SE) based on five
independent assays carried out in triplicates.cfu denotes colony forming units;
ns denotes non significant; * denotes p <0.05.
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Figure 5.8: MC58AchbA has a reduced ability to invade A) HBME cells but
not B) Detroit-562 epithelial cells compared to MC58 wild type strain,
although the difference between the MC58 wild type and MC58AcbbA strains
is not statistically significant. The level of cellular invasion of MC58AchbA
strains complemented with either a wild type or a cofactor binding site mutant
copy of cbbA was similar to the wild type strain. cfu denotes colony forming
units; ns denotes non significant.
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To evaluate the role of FBA in the internalisation process of N. meningitidis
into epithelial and endothelial cells, D562 and HBME cell monolayers were
infected with wild type MC58, MC58AcbbA and MC58AcbbA chbAF® cells.
After 4 h co-incubation of human cell lines with meningococcal cells,
gentamicin was used to kill unattached or surface attached bacterial cells. Cell
monolayers were disrupted with saponin to release internalised bacteria which
were enumerated by spreading the lysate onto chocolate agar. In four
experiments with HBME cells, a small difference was observed between MC58
wild type and MC58AcbbA but this did not reach statistically significance (Fig.

5.8A). No difference was observed for Detroit-562 epithelial cells (Fig. 5.8B).
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5.4 Discussion
This chapter describes the effect of mutation(s) in the co-factor binding site of

FBA on surface localisation and its role in the adhesion to and invasion of

human cells.

The enzymatic assay described in Chapter Two confirmed that mutation(s) in
the zinc cofactor binding site abolished the aldolase activity of FBA. Based on
these findings, the same mutations (D83A and H81/84A) were introduced into
cbbA of meningococcal strain MC58. In order to do that, three different
constructs were generated with plasmid pCOMP-1 containing cbbA (WT,
D83A or H81/84A). These constructs were introduced into MC58AcbbA by
natural transformation. These complemented mutant cells were subsequently
utilised to characterise the surface localisation of FBA and the involvement of

FBA in adhesion to and invasion into human cells.

The presence of cbbA in the complemented mutant strains was confirmed by
PCR. Immunoblots, probed with anti-FBA antiserum, also confirmed that FBA
was produced by the complemented mutant strains. One interesting observation
was that introduction of the double mutations (H81A/84A) caused low level
expression of FBA in meningococcal cells. This was also apparent in E. coli
during the expression of rFBA with the same mutations (described in chapter
two). It is possible that the introduction of the double substitution in the mutant
protein resulted in protein instability and thus either degradation or the

formation of inclusion bodies but this was not examined further.

To check the effect of mutation(s) in the cofactor binding site, on the surface
localisation of FBA, flow cytometry analysis was performed. The presence of
FBA could be detected on the surface of more than 80% of the population of
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wild type MC58 cells. In contrast, as expected, and previously described by
Tunio et al (Tunio et al., 2010a), FBA was absent on the surface of
MC58AcbbA. Complementation of the mutant strain with an ectopic copy of
either wild-type or mutated cbbA restored the ability of the strains to express
FBA on their surface (>70% of the cell population was found to have FBA on
the surface). Introduction of double mutations in the active site (H81A/84A)
resulted in expression of reduced levels of the doubly-substituted FBA.
Neverthless, expression of this protein on the surface was indistinguishable
from that of the wild type protein. Therefore, it can be concluded that
mutations in the cofactor binding site, leading to the abolition of aldolase
activity, have no effect on the transportation of FBA to the surface of

meningococcal cells

Bacterial moonlighting proteins are termed as “anchorless proteins” as they do
not contain any recognised secretion signal or any anchoring motifs (Pancholi
and Chhatwal, 2003). The mechanism of translocation of moonlighting
proteins to the cell surface remains an enigma. One hypothesis that has been
mooted is that these proteins are released from the cytoplasm by cell lysis and
neighbouring bacterial cells recruit them to their surfaces. This has been
observed for GAPDH of group B streptococci (Oliveira et al., 2012). In
L. plantarum, levels of surface-associated GAPDH are related to increased
permeability of the plasma membrane during the stationary phase of growth
(Saad et al., 2009), whereas iron starvation increases release of GAPDH from
S. pyogenes (Eichenbaum et al., 1996). Moreover an auxiliary secretion
system, SecA2, was reported to be present in L. monocytogenes. Seventeen

proteins were dependent on this system for secretion, of which ten proteins
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contained no apparent secretion signals and were regarded as moonlighting
proteins; these included DnaK, GroEL, EF-Tu and enolase (Lenz et al., 2003).
However, the SecA2 system is only found in certain pathogenic Gram-positive
bacteria, including S aureus, virulent strains of S. pneumoniae M. tuberculosis,
Bacillus anthracis, and, Clostridium difficile (Lenz et al., 2003; Feltcher and
Braunstein, 2012). One recent report identified a type Il secretion system
(T3SS) in enteropathogenic E. coli (EPEC) which was responsible for the
secretion of some, but not all, GAPDH (Aguilera et al., 2012). As no T3SSs
are encoded by the N. meningitidis genome (Van Ulsen and Tommassen,
2006), this cannot be the route for meningococcal FBA to reach the surface of
the cell. Finding the export machinery for meningococcal FBA would be an

interesting area for investigation.

There might be some yet unknown secretion mechanisms for the moonlighting
proteins (Henderson and Martin, 2011). The addition of a 12 amino acid
hydrophobic tail at the C-terminus of GAPDH and deletion of 19 amino acids
from a central hydrophobic a-helical domain of enolase, prevented their export
to the cell surface of S. pyogenes (Boel et al., 2005) and B. subtilis (Yang et al.,
2011), respectively. Taking these observations into consideration, future
experiments could be designed to look for the regions of meningococcal FBA
which are required for secretion. Tunio et al previously noted that FBA was
predicted to be a non-secreted protein by the SignalP-HMM algorithm.
Analysis with the SignalP-NN algorithm, by contrast predicted a 13-amino acid
signal peptide with a predicted cleavage site between 11DHA-AE15 (Tunio et
al., 2010a). This could be investigated by targeted substitution of residues

within this region, specifically the alanines at positions 13 and 14.
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Tunio et al reported that FBA is involved in the adhesion process to epithelial
and endothelial cells (Tunio et al., 2010a). This study was undertaken to
further confirm whether or not FBA needs to be enzymatically active to exert
this moonlighting function. Therefore the complemented mutant strains were
employed in adhesion and invasion assays. The association assay performed in
this study further confirmed that MC58AchbbA strain had reduced ability to
adhere to HBME cells. The MC58 derived strains expressing enzymatically
inactive FBA were able to associate with HBME cells as well as the wild type
MC58 strain. Complementation of the mutant strain with either wild type or
aldolase-inactive cbbA, restored the capability to adhere with HBME cells.
Although MC58AcbbA chbA-m15® appeared to associate less than the other
two complemented mutant strains but this was not statistically significant.
From this part of the study, it can be concluded that FBA does not have to be
enzymatically active to exert its activity in the adhesion process to HBME

cells.

Moonlighting functions may involve any part or parts of a protein, including
the region responsible for the canonical function. An example of this is the
ribosomal protein S10 in E. coli. This protein is a structural component of
ribosomal RNA and can also form the NusB-S10 transcription antitermination
complex (Luo et al., 2008). Both interactions involve overlapping regions of
S10. More commonly, however, moonlighting proteins employ separate
regions or motifs for moonlighting functions than that used for their canonical
functions. For example, in Hansenula polymorpha, pyruvate carboxylase,
alongside its established role to catalyse carboxylation of pyruvate into

oxaloacetate, is also essential for the assembly of the peroxisomal protein
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alcohol oxidase (AQO). Amino acid substitutions inactivating the enzyme
activity of pyruvate carboxylase, has no effect on its function in AO assembly
and import. Likewise, mutations that inhibit the function of pyruvate
carboxylase in import and assembly of AO, have no effect on its enzyme

activity (Ozimek et al., 2007).

Antlions are larvae of the Myrmeleontidae family of insects. They paralyse
their insect prey by injecting a paralysing toxin produced by the salivary
bacteria Enterobacter aerogenes. This paralysing toxin is a homologue of
GroEL which is a molecular chaperone (Braig et al., 1994; Yoshida et al.,
2001). Only four amino acids Val 100, Asn 101, Asp 338 and Ala 471 are
critical for toxicity, as shown by mutational analysis. These residues are not
involved in the chaperone function of GroEL. Interestingly, when these
residues are introduced in place of their corresponding residues in the GroEL
homologue in E.coli, which differs from E. aerogenes GroEL by only 11

amino acid residues, it too becomes toxic. (Yoshida et al., 2001).

In Kluyveromyces lactis, galactokinase is involved in galactose utilization and
acts as a transcriptional activator for itself and the other proteins of the
galactose pathway (Meyer et al., 1991; Hittinger and Carroll, 2007).
Mutational analysis reveals that its function as a transcriptional activator is

independent of its enzymatic function and vice versa.

Dihydrolipoamide dehydrogenase (DLD) is a mitochondrial enzyme (Babady
et al., 2007) predominantly present as active homodimers. Under certain
conditions, such as acidification of the mitochondrial matrix, the protein is
mostly found in the monomeric form which is inactive as a dehydrogenase but

gains proteolytic activity due to exposure of a catalytic dyad at the dimer
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interface. Replacement of a single amino acid in the catalytic dyad, S456A,

impairs proteolytic activity only (Babady et al., 2007).

M. tuberculosis glutamate racemase (Murl) is essential for cell wall
biosynthesis. It can also reduce binding of gyrase to DNA thus acting as a
DNA gyrase inhibitor. Both functions are independent of each other (Sengupta
et al., 2008). Moreover, overproduction of either enzymatically active or
inactive Murl, makes M. tuberculosis resistant to ciprofloxacin (Sengupta et
al., 2008), an antibiotic that binds DNA gyrase to stimulate introduction of

double-strand DNA breaks (Drlica and Zhao, 1997).

In addition to HBME cells, Detroit-562 epithelial cells were also employed to
examine involvement of FBA in the adhesion process of meningococci to
epithelial cells. Detroit-562 epithelial cells presented a different picture in
contrast to what was observed with HBME cells. The level of adherence of
MC58 wild type and MCS8AchbA strains to Detroit-562 epithelial cells was
similar. This result appears to be in contrast to the previous report by Tunio et
al (Tunio et al., 2010a). However, in the previous study Hep-2 epithelial cells
were used. This might indicate that the involvement of FBA in the adhesion
process might be cell type specific. Further study should be undertaken to
understand the exact nature of interaction of FBA and HBME cells. To identify
the cell receptor on HBME cells, it would be necessary to design future
experiments using, for example, immunoprecipitation, re-tagging or the two-

hybrid system.
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Chapter Six: General Discussion
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6.1 General Discussion
Moonlighting proteins have been reported in all three domains of life. To date

more than 300 moonlighting proteins have been reported (Hernandez et al.,
2014; Mani et al., 2015). Pathogenic Gram positive bacteria were the first
reported to have moonlighting proteins as putative virulence factors (Pancholi
and Fischetti, 1992). Now it is well established that moonlighting proteins are
also displayed by the Gram-negative bacteria and also by weakly pathogenic or
commensal bacteria. The bacterial moonlighting proteins (90 referenced so far)
are predominantly conserved metabolic enzymes of glycolysis and the
tricarboxylic acid cycle, molecular chaperones, or transcription and translation

factors (Henderson, 2014).

FBA is the enzyme responsible the cleavage of fructose 1,6-bisphosphate
(FBP) into glyceraldehyde 3-phosphate and dihydroxyacetone phosphate
(DHAP) or the reverse aldol condensation reaction in glycolysis and
gluconeogenesis, the two vital metabolic pathways vital for cellular function
(Rutter, 1964). FBA is a highly conserved enzyme found in all forms of life.
Based on catalytic mechanisms and structural characteristics, there are class |
and class Il FBAs (Rutter, 1964). In addition to the usual metabolic role in
cytoplasm, the unexpected presence of FBA on the surface of various microbial
species performing non-glycolytic functions, have been demonstrated by an
increasing number of reports. The most common moonlighting function of FBA
is plasminogen binding, as observed in various organisms: M. tuberculosis (de
la Paz Santangelo et al., 2011) , Candida albicans (Crowe et al., 2003),
Cryptococcus neoformans (Stie et al., 2009), Paracoccidioides Pb01 (Chaves

et al., 2015), Streptococcus bovis (Ramajo-Hernandez et al., 2007) and
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Dirofilaria immitis (Gonzalez-Miguel et al., 2013). Other moonlighting
functions include adhesion to human epithelial cells (Blau et al., 2007; Tunio et
al., 2010a) and control of RNA polymerase 111 mediated transcription (Ciesla

etal., 2014).

N. meningitidis is a major cause of bacteraemia and meningitis worldwide (Tan
et al., 2010). Understanding meningococcal pathogenesis may facilitate the
discovery of novel treatments or preventative vaccines. There have been an
increasing number of reports about moonlighting proteins acting as virulence
factors (Henderson and Martin, 2011). Tunio et al conducted studies to
characterise two glycolytic enzymes, GAPDH and FBA in N. meningitidis. It is
worth mentioning that N. meningitidis does not employ the EMP pathway due
to absence of phosphofructokinase but retains cbbA, the gene that encodes
FBA. It has been reported that FBA is constitutively expressed by the
bacterium, which is exported to the surface where it performs function(s)
unrelated to enzymatic activity. Specifically, FBA was shown to be required
for optimal adhesion to epithelial and endothelial cells (ref). However, several
fundamental questions remained unanswered. How is FBA translocated to the
cell surface? What is the ligand(s) that FBA interacts with? What is the exact
role played by FBA in the pathogenesis of meningococci (and other Neisseria
species)? The studies undertaken in this work aimed to investigate possible
host ligand(s) that FBA might interact with, and whether the enzymatic activity

of FBA is required for its non-glycolytic functions.

The first experiment undertaken was the cloning and purification of
recombinant FBA. The FBA-encoding gene (cbbA) in N. meningitidis, was
cloned into pQE-70 to express C-terminally His-tagged rFBA (WT).
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Mutation(s) in the predicted cofactor binding site of FBA were then introduced
by site-directed mutagenesis in order to express rFBA lacking aldolase activity.
Two mutagenesis reactions were carried out to introduce mutations D83A or
H81A/84A in cbbA cloned in pQE-70. All the proteins were purified by IMAC
under non-denaturing conditions. All rFBA reacted similarly with monoclonal

anti-His-tag antibody.

A coupled enzymic assay confirmed that the aldolase activity of FBA was
abolished by mutation(s) in the zinc cofactor binding site (either D83A or
H81/84A). As rFBA (WT) was enzymatically active thus it can be suggested
that the protein folding needed for enzymatic reactions was not disturbed by

the presence of the His-tag.

The extracellular matrix (ECM) is the non-cellular component present within
all tissues and organs. ECM provides physical scaffolding for the cellular
constituents and plays crucial roles in the initiation of tissue morphogenesis,
differentiation and homeostasis. The ECM is composed of two proteoglycans
(PGs) and fibrous proteins (Jarvelainen et al., 2009; Schaefer and Schaefer,
2010). Collagens, elastins, fibronectins and laminins are the main fibrous ECM
proteins (Frantz et al., 2010). Binding human ECM proteins is one of the most
common functions of moonlighting proteins (Henderson and Martin, 2011,

Wang et al., 2013).

Plasminogen is a key component of the host fibrinolytic system. This is
produced as a zymogen which upon activation by host activators (like uPA or
tPA) forms plasmin. Plasmin is a serine protease that has the ability to degrade
a broad spectrum of substrates, including fibrin clots, connective tissue, and

components of extracellular matrices (Plow et al., 1995; Bergmann and
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Hammerschmidt, 2007). Ulberg et al., first reported that N. meningitidis and N.
gonorrhoeae could bind plasminogen, which could then be activated to
plasmin by uPA or tPA, although no receptors were identified (Ullberg et al.,
1992). Subsequently, three plasminogen-binding proteins, identified as enolase,
DnaK and peroxiredoxin, have been identified on the surface of N. meningitidis
(Knaust et al., 2007). Three additional proteins were unidentified in that study.
One of the unidentified plasminogen-binding proteins had an apparent
molecular weight of ca. 35-kDa, consistent with the predicted molecular
weight of 38-kDa for FBA (Knaust et al., 2007). In addition to that, FBAs from
a number of pathogenic organisms including C. albicans (Crowe et al., 2003),
C. neoformans (Stie et al., 2009), M. tuberculosis (de la Paz Santangelo et al.,
2011) and Paracoccidiodes (Chaves et al., 2015) have been shown to bind
plasminogen. Taken together it was hypothesized that meningococcal FBA
would also bind human plasminogen. Therefore experiments were carried out

to find out to find out if FBA binds plasminogen and any ECM proteins.

rFBA was found to be a plasminogen binding protein. rFBA (WT) was able to
bind plasminogen as well as rFBA (D83A) and rFBA (H81A/84A) confirming
that the co-factor binding site is not involved in plasminogen binding activity.
Next plasminogen binding was further characterised; increasing concentration
of NaCl inhibited plasminogen binding confirming the ionic nature of the
interaction, which could also be inhibited using polyclonal anti-FBA

antiserum.

Furthermore, inhibition by EACA suggested that lysine residues are important
for this interaction. Similar interactions exist between plasminogen with other
pathogen proteins such as pneumococcal enolase (Bergmann et al., 2005) and
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PepO (Agarwal et al., 2013), H. influenzae Protein E (Barthel et al., 2012),
Pseudomonas aeruginosa Tuf (Kunert et al., 2007), C. albicans Pral and
Gmpl (Poltermann et al., 2007; Luo et al., 2009) and B. burgdorferi CRASP
(Hallstrom et al., 2010). Binding of plasminogen to other proteins has been
reported to involve C-terminal lysine residues or internal lysine rich motifs
(Plow et al., 1995; Wistedt et al., 1998; Bergmann et al., 2003; Ehinger et al.,
2004). To gain additional information on the region of FBA involved in
binding human plasminogen, two truncated rFBA proteins containing the
lysine-rich C-terminal region of 123 amino acids, were expressed and purified.
These two proteins, tr-rFBA1 with N-His-tag and tr-rFBA2 with C-His-tag,
were tested for their capacity to interact with plasminogen. Plasminogen
binding was higher with N-His-tagged tr-FBA1 compared to its C-His-tagged
counterpart and also full length rFBA (WT). Inhibition of plasminogen binding
by EACA indicated that probably lysine residues in the terminal or sub-
terminal positions might be involved in plasminogen binding which might be
otherwise partially masked by the His-tag in full length rFBA and tr-rFBAZ2,;

both of which have the His-tag at their C-terminal ends.

To identify the amino acid residues responsible for the specific interaction of
FBA with human plasminogen, further studies were necessary. Although
bioinformatic approaches might help to identify some residues as possible
binding sites, the construction of mutant proteins is essential for confirmation.
Based on EIA results, three lysine residues of tr-rFBAl were successfully
replaced individually by alanine. Of these three, a significant decrease in
plasminogen binding was observed with tr-FBA1 (K354A), whereas the other

two proteins, tr-rFBAL1 (K339A) and tr-rFBAL1 (K346A) were able to bind
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plasminogen to a level similar to tr-rFBA1. Notably, plasminogen binding by
tr-FBAL (K354A) was not completely abolished indicating the involvement of

other internal lysine residue(s).

C-terminal lysine residues have been pointed out as a major binding site for
plasminogen in numerous proteins. Examples include enolase of S.
pneumoniae (Bergmann et al., 2001), streptococcal surface enolase (SEN)
(Derbise et al., 2004) and FBA of M. tuberculosis (de la Paz Santangelo et al.,
2011). Similarly FBA in N.meningitidis also utilises its C-terminal lysine
residue to serve the purpose. This is in contrast with other meningococcal
proteins reported as plasminogen receptors, such as enolase, DnaK and

peroxiredoxin (Knaust et al., 2007).

Only very low levels of binding to fibronectin, laminin or collagen were
observed in this study. Further work would be required to determine whether

meningococcal FBA binds to additional host molecules.

Several pathogenic bacteria have been described to bind plasminogen and
plasmin on their cell surface (Lahteenmaki et al., 2001b; Lahteenmaki et al.,
2005; Bergmann and Hammerschmidt, 2007). Activation of surface bound
plasminogen to plasmin by host activators turn the bacteria into proteolytic
organisms (Lahteenmaki et al., 2005). Enhanced fibrinolytic activity associated
with meningococcal meningitis has raised suggestions that plasminogen
activation might be involved in systemic infections (Brandtzaeg et al., 1990).
Plasminogen binding by whole cells of N.meningitidis and its activation to

plasmin has previously been reported (Knaust et al., 2007).
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FACS analysis confirmed the ability of N.meningitidis to bind plasminogen.
Deletion of FBA did not affect the plasminogen binding ability of N.
meningitidis presumably due to the presence of other receptors on the cell
surface (Knaust et al., 2007). Due to the high concentration of plasminogen in
human plasma, the number of plasminogen receptors on bacterial cell surface
and their affinity towards plasminogen can be considered as negligible (Knaust

et al., 2007).

To analyse whether interactions with the host plasminogen system are
restricted to N.meningitidis only, flow cytometry experiments were performed
with other neisserial species. This is the first report to state that plasminogen
binding is a property shared by pathogenic species N.meningitidis and N.
gonorrhoeae and commensal species like N.lactamica and N. polysacchareae.
This finding complements other studies showing surface localisation and
additional functions of moonlighting proteins in other commensal bacteria. For
example enolase of several commensal bacterial species are known to bind to
extracellular matrix proteins such as collagen, fibronectin, and laminin
(Antikainen et al., 2007; Castaldo et al., 2009; Candela et al., 2009; Sanchez et
al., 2009; Glenting et al., 2013). The presence of moonlighting proteins on the
surface of resident microbiota and pathogenic species which compete for
binding to the same ECM proteins may contribute to host protection (Spurbeck

et al., 2015).

Since many pathogenic bacteria produce activators or receptors for
plasminogen, the formation and retention of plasmin on the bacterial surface
may play an important role in invasive infections. Examples include: B.
burgdorferi (Coleman et al., 1997; Coleman et al.,, 1995); Y. pestis
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(Lahteenmaki et al., 2001a; Sodeinde et al., 1992); S. pyogenes (Sun et al.,
2004); H. influenzae (Ullberg et al., 1990; Virkola et al., 1996) and S.
pneumoniae  (Bergmann et al., 2005; Eberhard et al., 1999). Moreover,
according to recent reports, activation of surface bound plasminogen to
plasmin imparts anti-phagocytic and anti-opsonisation properties to B.

anthracis (Chung et al., 2011) and B. burgdorferi (Grosskinsky et al., 2009).

Apart from that plasminogen may act as molecular bridge between bacteria and
human cells as observed in the case of S. pyogenes whereby adherence of
bacteria increased in the presence of plasminogen either bound to bacteria or
epithelial cells (Pancholi et al.,, 2003). Plasminogen-mediated increased
adherence to enterocytes has also observed in Bifidobacterium animalis

subsp.lactis BI07 (Centanni et al., 2012).

The interaction of the plasminogen system and meningococci may have a
significant impact on its colonisation and ability to produce invasive disease.
Depending on the surrounding host environment, the surface bound
plasminogen may be more or less activated to plasmin which in turn has
consequences on pathogenesis. Therefore, more intensive studies are required
for a deeper characterisation of the role of plasminogen in the N. meningitidis -

host interplay.

FBA is expressed under standard growth conditions. Deletion of cbbA did not
affect the growth of N.meningitidis meaning it is not essential for growth under
the in vitro conditions tested (Tunio et al., 2010a). Based on the results of
enzymatic assay described in chapter two of this thesis, the same mutations
(D83A and H81/84A) in the co-factor binding site, were introduced into the

FBA-encoding gene (cbbA) of meningococcal strain MC58. Plasmid vector
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pCOMP-1 containing cbbA (WT, D83A or H81/84A), were introduced into
MC58AchbA by natural transformation and the engineered FBA alleles inserted
into the genome via homologous recombination. To characterise the surface
localisation of FBA and the involvement of FBA in adhesion and invasion into
human cells, these complemented mutant cells were employed. Upon
confirmation of presence of cbbA and expression of FBA by these
complemented cells, flow cytometry experiments were performed which
clearly demonstrated the presence of FBA on the surface of all three
complemented mutant strains. This clearly demonstrated that despite mutation
in the cofactor binding site, FBA could be transported to the surface where it
could be detected by anti-FBA antibody, thus enzymatic activity does not

affect the surface localisation of FBA.

Human brain microvascular endothelial (HBME) cells are the major element of
the blood-brain barrier. These cells have been used to study the meningitis-
causing pathogens such as E. coli, S. agalactiae, S. pneumoniae and N.
meningitidis (Prasadarao et al., 1996; Nizet et al., 1997; Zysk et al., 2001,

Orihuela et al., 2009).

Tunio et al reported that FBA is involved in the optimal adhesion of
meningococci to human cells (Tunio et al., 2010a). This study confirmed that
FBA is indeed required for the optimal adhesion to HBME cells. Next,
adhesion and invasion assays were undertaken to examine whether or not
enzymatically-active FBA was required to exert this moonlighting function. In
comparison to wild type MC58 strain, MC58AchbA strain had reduced ability
to adhere with HBME cells however this could be restored by
complementation of the mutant strain with either wild type or aldolase-inactive
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FBA. Although MC58AchbA cbbA-m15 exhibited less association compared
to the other two complemented mutant strains, this was not statistically
significant. Thus this study concludes that to exert its activity in the adhesion

process to HBME cells, FBA does not have to be enzymatically active.

Flamingo cadherin receptor (FCR), a cadherin superfamily receptor present on
the surface of host epithelial cells, was reported to be the receptor of S.
pneumoniae FBA (Blau et al., 2007) but the exact nature of this interaction has
not been characterised. It cannot be clearly stated if meningococcal FBA binds
the same receptor as meningococcal FBA has only 40% identity to the
pneumococcal FBA at the amino acid level. The exact nature of interaction
between FBA and HBME cells is not clear. Hence, it remains to be determined
whether FBA directly binds to certain receptors on HBME cells or is indirectly

involved in the adhesion process.

Commercially available human pharyngeal epithelial cell lines include the
Detroit-562 and Fadu cell lines. Both have been used to characterise N.
meningitidis colonisation and invasion (Bradley et al., 2005; Griffiths et al.,
2007; Sa E Cunha et al., 2009; Sutherland et al., 2010). Here Detroit-526 cells
were used for meningococcal association and invasion assays. As opposed to
HBME cells, the absence of surface FBA did not have a significant effect on
adhesion of meningococci to Detroit-562 epithelial cells. This is in contrast to
previous report by Tunio et al (Tunio et al., 2010a), which utilized Hep-2
epithelial cells rather than Detroit-562 cells. Therefore the possibility that the
role of FBA in the adhesion process might be cell type-specific cannot be
excluded. Differential association of N. meningitidis with epithelial and
endothelial cells has been identified by Virji et al.(Virji et al., 1992a) and
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utilisation of different mechanisms of host cell signalling have been found

more recently (Lécuyer et al., 2012).

In summary, the results presented herein identify meningococcal FBA as a
plasminogen binding protein. This study also confirms that FBA is involved in
the adhesion of N. meningitidis to human endothelial cells. Both of these non-
glycolytic activities are independent of aldolase activity thus providing
confirmatory evidence that FBA is a moonlighting protein.

6.2 Conclusion

The ability of a protein to perform biological functions distinct to its canonical
function is common in nature. Originally considered as a virulence trait, it has
become evident that same protein with moonlighting functions can be present
in both pathogens and in members of the normal flora as part of their
communication with their environment and as a response to environmental
stress. The importance of moonlighting proteins in physiological and
pathological processes is becoming increasing clear. Extracellular export and

attachment to the cell surface remain areas to be investigated.

N. meningitidis possesses several plasminogen binding proteins on its surface;
detailed molecular and biochemical characterisation of neisserial surface
plasminogen receptors has not been carried out. In vitro binding experiments
with eukaryotic cell proteins, presented in this thesis identified FBA as a
human plasminogen binding protein and show that this interaction is mediated
mainly via the C-terminal lysine residue. FBA is a surface exposed protein in
N.meningitidis. Despite being a glycolytic enzyme, enzymatic activity is not
required for cell surface localization of FBA and its role in optimal adhesion to
human endothelial cells. The findings of this study reveal the impact of
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glycolytic moonlighting enzymes, such as FBA, in the biology of the

Neisseria—host interaction.

At present, N. meningitidis are the only Gram-negative bacteria in which
surface-localised FBA has been described. However, FBA homologues are
present in other pathogenic Gram-negative bacteria including Pseudomonas
aeruginosa and Acinetobacter baumanii. The presence of class Il FBAs in
many pathogens (and the absence of a structurally or antigenically similar
protein in humans) makes FBA a potential target for antimicrobial therapy
(Daher et al., 2010) or a possible vaccine candidate. Therefore further
characterising the role of meningococcal FBA in pathogenesis may shed light
into the possible involvement of surface-localised FBA in the pathogenesis of
other pathogens as well. Successfully identifying the host molecule(s) with
which meningococcal FBA interacts and determining the importance of such
interaction(s) in the pathogenesis of meningococcal disease, will be major
objectives for future research. Insights into the whole process may lead to
novel strategies for developing preventive and therapeutic approaches to
combat meningococcal disease.

6.3 Future Directions

A potentially useful approach may be to compare the gene expression profiles
of the cbbA mutant strains with the wild-type using microarray technology
(Chan et al., 2005; Liu et al., 2005). Alternatively, microarrays could be
utilised to compare the gene expression profile of human cells co-cultured with

wild type and cbbA mutant strains of N. meningitidis.

It has been shown that transcription of cbbA is dependent on oxygen (Oriente
et al., 2010) and iron availability (Sanders et al., 2012). The level of surface-
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exposed FBA under different conditions mimicking the host environment can

be examined, and its impact on adhesion to human cells tested.

Involvement of FBA in the adhesion was observed with HBME cells but not
with Detroit-562 cells. Differences between primary cells and cell lines have
previously been reported (Rydberg et al.,, 2009). Therefore different
nasopharyngeal epithelial cell line such as Fadu (Rangan, 1972; Sutherland et
al., 2010) can be used for association assay to investigate whether or not FBA

on the meningococcal surface is required for adhesion to epithelial cells.

To demonstrate the validity of the results from the association assay, different
independent approaches such as addition of microbeads coated with the
purified rFBA (WT and MT) to cultured human cells, immunofluorescence
microscopy, and environmental scanning electron microscopy can be used

(Oldfield et al., 2007).

Pull down assay using whole cell lysate could be was used to find out a
receptor of FBA. Different independent approaches such as the re-tagging,
cross linking and MALDI-TOF or immunoprecipitation could also be

employed.

Furthermore, an FBA-deficient mutant was unable to produce sustained
bacteraemia in a transgenic mouse model of infection (D. Turner, personal
communication) confirming the in vivo significance of this protein in
meningococcal pathogenesis. The question arises whether or not it is the
enzymatic activity of the protein or just the presence of the protein on the cell

surface which is required for optimal pathogenesis. To address this issue, the
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complemented mutant strains expressing enzymatically inactive FBA on their

surface could be tested in such a mouse model.

cbbA null mutants of N. gonorrhoeae and commensal neisseriae species can be
created. These strains could be used for association and invasion assays to
determine whether the involvement of FBA in adhesion is widespread in

neisseriae.

This study identified plasminogen as a ligand for meningococcal FBA, but
FBA may have multiple host ligands. Therefore future work should be aimed
to find out additional protein(s) that might interact with FBA. Proteomic
techniques like 2D gel electrophoresis and/or MS analysis can be employed to
uncover other possible plasminogen receptors, apart from those already

reported, in N. meningitidis.

Sequestration of human plasminogen is vital for pathogenesis of many
pathogenic organisms. Plasminogen binding may increase adhesion of
meningococcal cells or activation of plasminogen to plasmin may lead to
increased level of invasion. Binding of plasminogen binding by non pathogenic
Neisseria spp. reported here raise the possibility that interaction with the
plasminogen system might not be only a virulence characteristic of Neisseria
rather it is a common property utilised for competition for the available
ecological niches. Overall, the in vivo importance of plasminogen binding
function in neisseriae remains to be elucidated. Therefore the exploitation of
plasminogen system by pathogenic and non-pathogenic neisseriae, offers an

interesting field of research.
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Finding the export machinery for meningococcal FBA would be another
interesting area for investigation. There might be some yet unknown secretion
mechanisms for FBA or the moonlighting proteins in general. Experiments
could be designed to look for the regions of meningococcal FBA which are
required for surface transportation and anchorage. All this information will
provide more insights about the pathogenic mechanism(s) employed by

meningococci.
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Appendix A: Vectors and Plasmids

pQE-30 Vector
Positions of elements in bases pQE-30
Vector size (bp) 3461
Start of numbering at XhBl (CTCGAG) 1-6
T5 promoter/lac operator element 7-87
T5 transcription start 61
6xHis-tag coding sequence 127-144
Multiple cloning site 145-192
Lambda t, transcriptional termination region 208-302
rrnB T1 transcriptional termination region 1064-1162
ColE1 origin of replication 1638
B-lactamase coding sequence 3256-2396
= . =
EXZTES0=_72
358558335
PT5 ~lac O-lac O-RBS 6xHis gl ‘(@38 Stop Codons
| LIy ooti- gl S Codors |
*pQE30 ——
pQE31  AC
pQE32 -G
&
3
&  pQE30, pGE3I,
<
pGE32
3.4kb
ColE1
pQE-30
Smal
Eco RU/RES bxHis  BamHl Sphl Sacl Kpnl Xmal Sall Pstl  Hindll b
[ ATGAGAGGATCG M- -[GGATCCGCATGCGAGCTCGGTACCCCGGGICGACCTGCAGCCAAGCTT AATIAGCTGAG [
RGS His epitope
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PQE-70 Vector

Positions of elements in bases

Vector size (bp)

Start of numbering at Xh@l (CTCGAG)

T5 promoter/lac operator element

T5 transcription start

6xHis-tag coding sequence

Multiple cloning site

Lambda t, transcriptional termination region
rrB T1 transcriptional termination region
ColE1 origin of replication

B-lactamase coding sequence

3426

1-6

7-87

61
133-150
113-132
173-267
1029-1127
1603
3221-2361

£

S

pQE70
3.4kb

Col E1
pQE-70
Eco RI/RBS Sph! Bam HI Bglll 6xHis  Hind lll
1

fo

[GCATGCGAGGATCCAGATCT| I TAAGCTTAATIAGCTGAG ]
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pCOMP-1 vector

Inverse PCR Complementation cassette

\ PSAT13-invF primer

NMB_0342

/ pPSAT13-invR primer

pGEM-T Easy

BamHI
digestion &
Ligation
\ NMB_0342
pGEM-T Eas Complementation cassette

Schematic diagram representing inverse PCR of pSAT-13 using primers with a
BamHI restriction site to exclude NMBO0342. The resulting vector was
designated as pComp-1 (pCOMP-1 vector was constructed and kindly provided
by Hibah Albasri, University of Nottingham)
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Appendix B: Standard curve

Standard curve

0.9
08 - s
07 1

€ 06

& 05

n

= 04

(A |

303
02 1
01 1

y =0.0004x + 0.0031
R?=0.9943

0 500 1000 1500 2000 2500
BSA conc (pg/ml)

Standard curve used to calculate rFBA concentration in purified samples
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