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Summary

There is growing evidence that several glycolytic enzymes, so-called

housekeeping enzymes, including fructose bisphosphate aldolase (FBA) and

glyceraldehyde 3-phosphatedehydrogenase(GAPDH), despite being devoid of

any apparent secretion signal, may be localised to the cell surface of several

bacterial and fungal species,where they exhibit diversenon-glycolytic biological

functions. However, the mechanism(s)of secretionof suchsignal-lessproteins to

the cell surfaceor to external environment is not well understood.Whilst their

intracellular functions are well known, it is unclear whether they perform any

additional functions, unconnected to their central role in glycolysis, on the

bacterial surface.It is becoming apparentthat suchproteinsmay be immunogenic

and they may be capableof eliciting protective immunity in animal models. As

such, they representpotential vaccine candidates.In a searchfor novel surface-

exposed proteins as potential vaccine candidates against N. meningitidis

serogroupB, and in accordancewith the fact that glycolytic enzymesareputative

virulence factors in somebacterial species,it is hypothesisedthat meningococcal

FBA and GAPDH-l, may be presenton the cell surfaceand thus may contribute

to the pathogenesisof disease.

In N. meningitidis serogroupB, there is a single genecbbA (NMB 1869) and two

genesgapA-l and gapA-2, predicted to encode fructose bisphosphatealdolase

and glyceradehyde3-phosphatedehydrogenase(GAPDH) enzymes,respectively.

Sequenceanalysis shows that FBA and GAPDH-l are highly conservedat the

amino acid level. The amino acid sequencesof FBA from N. meningitidis and

those from Xanthobacter flavus and Synechocystissp. displayed high identities
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(67 and 65%, respectively), which suggeststhat the meningococcal FBA (like

those of X flavus and Synechocystissp.) belongs to bacterial Class-II FBP

aldolases.

The cbbA andgapA-l geneswere cloned andover-expressedin hostE. coli. FBA

was purified under non-denaturingand denaturing conditions, whilst GAPDH-l

waspurified under denaturingconditions. Recombinantnative FBA was usedin

a coupled enzymic assayconfirming that it has fructose bisphosphatealdolase

activity. The purified FBA and GAPDH-l proteins were then used to raise

polyclonal monospecific rabbit antiserum (RaFBA and RaGAPDH-l) for

subsequentcharacterisationof enzymes with the aim to determine their sub-

cellular localization as well as potential roles in pathogenesisof meningococcal

disease.RaFBA and RaGAPDH-l reactedwith ca. 38-kDa and 37-kDa proteins,

respectively, in immunoblot analysis against whole cell lysates from

meningococcal strain MCS8 but not the cbbA and gapA-l isogenic mutants,

respectively,confirming that cbbA andgapA-l arenaturally-expressedproteins in

N. meningitidis. Furthermore, expression of cbbA was detected in 26/26 and

GAPDH-l in 17/17 diversemeningococcalstrains.

Cell fractionation experimentsshowed that meningococcalFBA and GAPDH-l

are localized both to the cytoplasm and to the outer membrane.These results

were validated by flow cytometry. The data demonstratedthat outer membrane-

localized FBA was surface-accessibleto FBA-specific antibodiesin encapsulated

N. meningitidis, whereas flow cytometry analysis confirmed that GAPDH-I

could be detectedon the cell surface,but only in a siaD-deficient background,
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suggesting that GAPDH-I is inaccessible to antibody in encapsulated

meningococci. Mutational analysis and functional complementationwas usedto

identify additional functions of FBA and GAPDH-l. The cbbA and gapA-l

knock-out mutant strains were unaffected in their ability to grow in vitro, but

showeda significant reduction in adhesionto HBME and HEp-2 cells compared

to their isogenic parent and complementedderivatives. In a transgenic mouse

model, cbbA mutant strainswere shown to be less able to establishbacteraemia

comparedto their wild-type parentstrains.

In summary, in this study, expressionof FBA and GAPDH-l was shown to be

well conserved across diverse isolates of Neisseria species. This study also

demonstratesfor the first time that meningococcalglycolytic enzymes,FBA and

GAPDH-l. are surface localised proteins and required for optimal adhesionof

meningococci to host cells. Taken together, theseresults suggestthat FBA and

GAPDH-l may be involved in thepathogenesisof meningococcaldisease.
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CHAPTER 1: General Introduction
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1.1 Introduction

1.2 Historical background

Meningococcal disease(MCD), previously known as cerebrospinal fever, was

first described by Vieusseux in the area around Geneva, Switzerland, in the

springof 1805.Just two yearsafter this report, epidemicsof what appearedto be

the samediseasewere reported in New England and among the Prussianarmy.

Following theseoutbreaks,the diseasebecamewidely recognisedin Europe, in

partsof Asia and in America (DeVoe, 1982).However, it was not until 1887that

an equally novel discovery was made by the Austrian pathologist Anton

Weichselbaum,who identified the etiological agentof meningococcaldiseaseby

showing, for the first time, that there was a connection between Neisseria

meningitidis (then known as Diplococcus intracellularis meningitidis) and

'epidemic cerebrospinalmeningitidis' (de Souza& Seguro,2008).

1.3 Cultural and biochemical characteristics of N. meningltldis

N. meningitidis, (the meningococcus)is a Gram-negative,oxidase and catalase

positive, non-sporing, aflagellate, aerobic diplococcus of approximately 0.8 urn

in diameter. The bacterium may be encapsulatedor unencapsulated,and is a

member of the bacterial family Neisseriaceae (Ala'Aldeen & Turner, 2006;

Stephenset al., 2007). This family includes the generaNeisseria, Moraxella,

Kingel/a, andacinetobacter.The genusNeisseriaincludestwo humanpathogens,

N. meningitidis and N. gonorrhoeae. N. meningitidis is relatively fastidious in

growth requirementsand grows reasonablywell on blood, chocolate, Modified

New York City medium, and on Muller-Hinton Agar. Optimum growth
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conditions can be achieved at 35-37°C at pH 7.0-7.4 in a humid environment

with 5-10% CO2 (Ala'Aldeen & Turner, 2006).

1.4 Epidemiology of meningococcal disease

In spite of considerable successin the development of drugs and effective

vaccines, the problem of diseasedue to N meningitidis is far from solved

(Peltola, 1983) and still remains a serious threat to global health (Fig 1.1)

occurring sporadically throughout the world (Milonovich, 2007). Strains of N

meningitidis have been classified into 13 serogroups on the basis of the

immunological specificity of capsular polysaccharides but invasive

meningococcalinfection is limited to the serogroupsA, B, C, W-135, Y andmore

recently X (Stephens,2007; Tzanakaki& Mastrantonio,2007).
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Figure 1. 1 Worldwide distribution of major meningococcal serogroups and
outbreaks of serogroup B by serotype (shaded in purple). The meningitis belt
(dotted line) of Sub-SaharanAfrica and other areasof substantialmeningococcal
diseasein Africa areshown(adaptedfrom referenceStephenset al., 2007).
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The five common serogroups:A, B, C, Y and W-135 are responsiblefor more

than 90% of the total casesof invasive meningococcal diseasein the human

population (Serruto et al., 2004). However, serogroupsA, B, and C account for

most of the meningococcal disease throughout the world (Tzanakaki &

Mastrantonio,2007).

The bacterium is not only a common commensalof the humanupper respiratory

tract (nasopharynx)but also an important and devastatinghuman pathogen that

remainsa leading causeof bacterialmeningitis andsepticaemia(Schneideretal.,

2007; Tzanakaki & Mastrantonio, 2007), affecting all age groups but primarily

targeting children and young adults (Harrison, 2006; Soriano-Gabarroet al.,

2002). The only natural reservoirof N meningitidis is the humannasopharyngeal

mucosa. Depending on age, climate, country, socioeconomicstatus, and other

factors, it is carriedby approximately 10%of adult population in the nasopharynx

(Schoen et al., 2007; van Deuren et al., 2000), where it usually resides as a

harmless commensal (Girard et al., 2006), without causing any detectable

symptoms (Caugant et al., 2007). However, in a small number of colonized

persons, the organism can traverse the mucosal tissues to gain access into

bloodstream to cause septicaemia/meningococcemia and/or subsequently

progressesto the cerebrospinalfluid (CSF) by mechanismsthat are not clearly

understood,to causemeningitis (Nassif, 1999).The traversalof thesebarriers are

essentialstepsin the pathogenesisof meningococcalmeningitis (Sokolova et al.,

2004). The invasive diseaseis very rare and only occurs when the following

conditions are fulfilled: (i) contactwith a virulent strain, (ii) colonization by that

strain, (iii) penetrationof the bacteriumthrough the mucosa,and(iv) survival and
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eventually outgrowth of the meningococcusin the bloodstream(van Deuren et

al., 2000). The septicaemia / meningococcemiaand meningitis causedby the

meningococcusarecollectively known asmeningococcaldisease.

Serogroup A meningococcus has remained a major cause of meningococcal

diseasein the so called "African Meningitis Belt", which spans several sub-

saharancountries,andalso in partsof Asia (Schoenet al., 2007; Stephens,2007).

The African Meningitis Belt was first describedby Lapyeysonnie in 1963, and

initially comprised Burkina Faso, Ghana, Togo, Benin, Niger, Nigeria, Chad,

Cameroon,Central African Republic, and the Sudan. Later it was extended to

include Ethiopia, Mali, Guinea, Senegaland Gambia, which is now known as

"The ExpandedMeningitis Belt" (van Deurenet al., 2000). Outbreakswithin the

African Meningitis Belt have been reported to prevail in the dry seasonand

gradually reducein the rainy season(Stephens,2007).

Serogroup B diseaseaccounts for a substantial portion of casesin the United

States,with half of the invasive infections occurring in infants (Harrison, 2006),

and also remains the major cause of sporadic or endemic disease in many

industrialized countries,accountingfor 30-70% of casesof disease(Schoenet al.,

2007). Prolonged outbreaks have been described in Europe, Cuba, Chile, and

recently in New Zealand,where it hascausedsignificant morbidity and mortality

(Stephens,2007).

SerogroupC strainscausesmall scaleoutbreaksworldwide. However, it hasbeen

associatedwith an endemicpattern of diseasesince the 1990s,causing multiple
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outbreaks in schools and in the community in North America and Europe

(Harrison, 2006).

Serogroup Y cases have substantially increased in number in recent years,

accounting for 30% of the casesin United States(Schoen et al., 2007). This

serogroup has also classically been associatedwith cases of meningococcal

pneumonia(Harrison, 2006).

Another relatively uncommon meningococcal serogroup is W-135, which

currently accountsfor fewer than five percentof all casesworldwide (Rosenstein

et al., 2001). The first international outbreakof serogroupW-135 meningococcal

diseasewas reported among pilgrims to the Hajj in Saudi Arabia during 2000-

2001, and in Burkina Paso in 2002 (Chiou et al., 2006; Taha et al., 2003).

SerogroupW-135 causesa relatively small number of casesin the United States

(Harrison, 2006), and is similarly uncommonin Europe.
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1.5 Pathogenesis of meningococcal disease

There are a multitude of molecular/cellular receptors and mediators that are

involved in the outcomeof host-meningococcalinteractions(Emontset al., 2003;

van der Flier et al., 2003). These factors work in concert with various strongly

interacting pathways within the vascular tree and in the subarchnoidspace(Van

Amersfoort et al., 2003). A key factor in meningococcal pathogenesisis the

ability of bacteria to attach to host cell receptors, which is a complex

phenomenon and involves different adhesive factors depending upon the

environment that meningococci encounter with the host cell (Serruto et al.,

2003). The primary attachment is mediated by Type IV pili that act as

'meningococcal sensoryorgan' establishing the primary cellular communication

betweenthe organismandhost targetcells (Nassif, 2000).

1.5.1 Colonisation

N. meningitidis, an obligate human commensal,colonizes the nasopharynx(Fig.

1.2) and spreads from person to person by direct contact or via respiratory

droplets ( from a distanceup to approximately 1 metre) from infected (with a

potentially pathogenic strain) but asymptomatic carriers to other healthy

individuals (Caugantet al., 2007). The humannaso-oropharyngealmucosaserves

as the reservoir for the spreadof meningococci in the population. A number of

moleculesarerequiredby thebacteriato enablethemto coloniseand/or infect the

host, including adhesins, which are key factors that are required for initial

colonisationof humanmucosalsites(Virji, 2009).
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Colonisation of the upper respiratory mucosal surfacesby N. meningitidis is the

first step in the establishment of a human carrier state and invasive

meningococcal disease (Stephens,2009). Colonisation by the meningococcus

occursboth at the exterior surfaceof the mucosal cell and intra- or subepithially

(van Deuren et al., 2000). Colonization of the oropharynx by meningococci

produces an antibody responsefrom the three major immunoglobulin classes

within a few weeks after acquisition of the bacterium and may act as an

immunizing event (Kremastinou et al., 1999). Most oropharyngealcarriers not

only develop homologousantibodiesbut also develop heterologousantibodiesto

other meningococcal strains (Goldschneider et al., 1969). Damage to

nasopharyngeal ciliated epithelium may be an important first step in

meningococcal colonization of the human nasopharynx (Rayner et aI., 1995;

Stephenset al., 1986).

Active or passive tobacco smoke exposure independently increasesthe risk of

carriageanddevelopingmeningococcaldisease(Fischeret al., 1997;Haneberget

al., 1983;Stuartet al., 1989).

1.5.2 Adhesion

Adhesion to human mucosal surfaces is essential for meningococcal survival.

Stephenset al., developed a human nasopharyngealorgan culture model and

found that meningococci specifically bind non-ciliated columnar epithelial cells

and induce pseudopodiathat ultimately result in internalization of meningococci

within thesecells (Stephenset al., 1983).
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The identified meningococcaladhesinsinclude Pili, PilC, PilQ, Opa, Opc, LOS,

Factor Hsbinding protein, PorA, HrpA, PorB and NadA and their proposedhost

receptors include platelet activating factor, CD46, CEACAMl, vitronectin and

u-actinin integrins, complement receptor 3, laminin and the CD scavenger

receptor (reviewed in Stephens,2009). Pili aremajor adhesinsthat contribute to

meningocoocal attachment to mucosal cells. Stephensand McGee found that

pilated meningococcal strains consistently attached to human nasopharyngeal

cells in greater numbers than meningococci without pili suggestingthat pili are

important mediators of meningococcalattachmentto host tissues.However, the

numberand distribution of receptorsites for pili or pili-associatedmeningococcal

ligands differ among human cells and may determine sites of meningococcal

colonization (Stephens & McGee, 1981). Pili have been shown to bind to

receptorson nasopharyngealcells, i.e. the membraneco-factor protein or CD46

(Kallstrom et al., 1997)and this binding inducessignal transductionpathways in

host cells (Kallstrom et al., 1998)

After attachment,meningococcicontinue to proliferate on the surfaceof human

non-ciliated epithelial cells, resulting in the formation of small microcolonies at

the site of initial attachment. Intimate adherenceof meningococci to the host

epithelial cells result in the formation of cortical plaques(Stephens,2009) and

leads to the recruitment of factors ultimately responsible for the formation and

extensionof epithelial cell pseudopodiathat engulf the meningococcus(Doulet et

al., 2006). After initial binding, intimate associationis mediatedvia class5 outer

membrane proteins (OMPs) such as opacity proteins, Opa and Ope with
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CD661CEACAMs and integrins, respectively, on the surface of the epithelial

cells (Virji et al., 1996).
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Figure 1.2 Stagesin the pathogenesisof N meningitidis. N meningitidis may be
acquiredthrough the inhalation of respiratory droplets.The organismestablishes
intimate contactwith non-ciliated mucosalepithelial cells of theupperrespiratory
tract, where it may enter the cells briefly before migrating back to the apical
surfacesof the cells for transmission to a new host. Asymptomatic carriage is
common in healthy adults in which bacteria that enter the body by crossingthe
epithelial barrier are eliminated. Besidestranscytosis,N meningitidis can cross
the epithelium either directly following damage to the monolayer integrity or
through phagocytesin a 'Trojan horse' manner. In susceptibleindividuals, once
inside the blood, N meningitidismay 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 meningesand the cerebrospinalfluid (adaptedfrom reference
Virji, 2009).

1.5.3 Invasion

Meningococci traversethe mucosal epithelium via phagocytic vacuoles(Fig 1.2)

as a result of endocytosis(McGee et al., 1983; Nassif & So, 1995; Stephenset

al., 1983; Stephens& Farley, 1991). During invasion several bacterial factors

have beendemonstratedto modulate the metabolism of the mucosal cells (Virji,

1996).Two virulence factors appearto be essentialfor meningeal invasion by N

10



meningitidis: the capsularpolysaccharide,and type IV pili (Nassif et al., 1994;

Virji et al., 1991).Type IV pili play a pivotal role in meningeal invasion, which

is associatedwith an increasein the expressionof PilC (Hardy et al., 2000; Pron

etal., 1997).Capsulatedpiliated bacteriaadhereto the apical surfaceof the cells

and only a small proportion of the bacteria are internalized. This adhesion is

associatedwith the formation of 'cortical plaques' beneathbacterial colonies on

the apical surface (Merz et al., 1999). The formation of the cortical

plaque-associatedcell membrane protrusions results from the organization of

specific molecular complexes involving the molecular linkers ezrin and moesin

(known as ERM [ezrin-radixin-moesin] proteins), along with the clustering of

several membrane-integral proteins, including CD44, intracellular adhesion

molecule (ICAM)I, and cortical actin polymerization (Eugene et al., 2002;

Hoffmann et al., 2001; Lambotin et al.• 2005; Merz et al., 1999). Some

lipooligosaccharide (LOS) mutant meningococcal strains, show structurally

altered actin polymerization and are defective in the recruitment and

phosphorylationof cortactin, thus arepoorly invasive (Hoffmann et al., 2001)~

1.5.4 Survival of meningococcus in bloodstream

Meningococci can survive and proliferate in the bloodstream through the

expression of particular bacterial virulence factors or becauseof naivety or

specific immune systemdefectsin the host (van Deurenet al., 2000). The steps

of meningococcal intracellular survival and transcytosisthrough the basolateral

tissuesand dissemination into the bloodstreamare less well studied. Following

the successfultraversalof nasopharyngealmucosa,N. meningitidis progressesto

sub-epithelial tissue and may gain access to the bloodstream. Once viable
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meningococci have reachedthe bloodstream,the bacterium, in order to protect

itself in sucha hostile environment,requires the expressionof the capsulewhich

is known to protect againstcomplement-mediatedbacteriolysis and phagocytosis

(Klein et al., 1996). In addition some class 1 OMPs hamper ingestion of

meningococcusby neutrophils via down-regulation of the Fey receptor and the

Cl and C3 receptor(Bjerknes et al., 1995).Meningococcal intracellular survival

is determined by factors including IgAl protease, which degradeslysosome-

associatedmembraneproteins (LAMPs), thuspreventingphagosomalmaturation,

and up-regulation of expressionof capsule (Hopper et aI., 2000). Furthermore,

IgAl proteaseappearsto break IgA1, releasingmonomeric Faba fragments,that

canblock the interaction of IgG and IgM (Mulks & Plaut, 1978).

Intracellular meningococci reside within a membranousvacuole and are capable

of translocating through the epithelial layers within 18-40 h (Stephenset al.,

1983; Stephens et al., 2007). Following internalization N. meningitidis are

capableof intracellular replication and this is due in part to the capacity of the

organism to acquire iron through specialized transport systems, such as the

hemoglobin-binding receptor(HmbR), transferring-binding protein (TbpAB) and

lactoferrin-binding protein (LbpAB) (Perkins-Baldinget al., 2004).

1.5.5 Nasopharayngeal carriage and mucosal immunity

The meningococcushas its natural habitat in the mucus membranes of the

oropharynx of the human host. Those harbouring the organism are usually

asymptomatic and are commonly referred to as 'carriers'. The frequency of

carriage in the normal population ranges from 10-30% during non-epidemic
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periods but may approach 100%during epidemics (DeVoe, 1982).The duration

of meningococcalcarriagecanvary from daysto months (Cartwright et al., 1987;

Stephens,1999). The probability of meningococcaldiseaseafter the acquisition

of N meningitidis declines very sharply, such that invasive diseasebecomes

unlikely 10-14daysafter acquisition (Stephens,2009). Meningococcalcarriageis

affected by age, intimate personalcontacts,crowding (eg, bars,dormitories) and

smoking (Tzeng & Stephens,2000; Yazdankhah& Caugant,2004). Damageto

upper respiratory tract by co-infections (e,g. mycoplasma, influenza, and other

respiratory viral infections), smoking, very low humidity, drying of mucosal

surfaces,and trauma inducedby dust, predisposesto carriageandmeningococcal

disease(Artenstein et al., 1967; Greenwood et al., 1985; Moore et al., 1990;

Young et al., 1972).

The first and most important line of defense against infection with N

meningitidis is the integrity of the mucosalmembrane.The increasedincidences

at the end of the dry seasonin Africa have been attributed to the drynessof the

air, which probably influences the integrity of the mucosal membranes of

nasopharynx (Verheul et al., 1993). Asymptomatic carriage by N. lactamica, a

non-pathogenic species of Neisseria, occurs especially during early childhood

and is associatedwith a rise in antibody titers to pathogenicmeningococci, and

these cross-reactive antibodies may be useful in the development of natural

immunity to N meningitidis (Gold et al., 1978;Goldschneideret al., 1969).Rates

of carriageof N lactamica increasefrom 3.8% in 3-month old infants to a peak

of 21.0% at 18monthsandthen decline to 1.8%by 14-17yearsof age.However,
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in the samepopulation, the prevalenceof N. meningitidis average0.71% during

the first four yearsoflife and increaseto 5.4% in teenagers(Gold et al., 1978).

1.5.6 Host susceptibility

The presenceof sufficient pre-existing immunity or ability to rapidly generatea

relevant immune responselimits new acquisition to the mucosalsurface,whereas

immunological naivety is permissive for invasion (Wall, 2001). The most well

known host factors that predispose invasive meningococcal disease include

deficiencies in the terminal complement pathway (C5-C9) and in properdin.

(Fijen et al., 1999;Sjoholm et al., 1982).Disappearanceof maternally transferred

antibodies increasesthe risk of invasive meningococcaldiseasein infants and

young children (Stephenset al., 2007).

A number of additional host factors have been recognisedto be associatedwith

increasedrisk of meningococcaldisease.Theseinclude polymorphisms in genes

encoding for Fey-receptorII (CD32), Fey-receptorIII (CDI6), mannose-binding

lectin, TLR4, and plasminogenactivator inhibitor (PAl-I) (Emonts et al., 2003;

Faber et al., 2006; Fijen et al., 2000; Hibberd et al., 1999; Read et aI., 2001;

Smimova et al., 2003; Tully et al., 2006). Furthermore, viral (influenza) and

mycoplasma respiratory infections can predispose to meningocoocal disease,

perhaps by damaging mucosal surfaces, altering dynamics of adherence,and

spreadand impairing mucosal immunity (Moore et al., 1990). Infectious agents

such as enteric bacteria may induce cross-reacting IgA antibodies, which

competitively inhibit the binding of bactericidal IgG and IgM antibodies to the

meningococcus(Wenzel et al., 1973).
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1.6 Clinical manifestations of invasive meningococcal disease

N. meningitidis causesa spectrum of diseaseranging from benign self-limited

meningococcemiato fulminant septic shock, multiple organ failure, and death

(can happenwithin 6 h after the symptoms).Among the wide range of clinical

manifestationsof meningococcal disease,the two most common are meningitis

andsepticaemia(Kirsch et al., 1996),which may co-exist.

1.6.1 Meningococcal septicaemia

Meningococcalsepticaemiais the most severeform of infection, characterizedby

wide spreadhaematogenousdissemination,but is less common than meningitis.

Meningococcal septicaemia may be: transient, chronic and fulminant. The

clinical courseof severemeningococcaemiais rapidly progressive,with the time

from onsetof fever until deathoften asshort as 12h (Kirsch et al., 1996).

Transientmeningococcaemiais characterizedby fever and non-specific rash,and

is usually detectedas an unexpectedresult from blood culture. Both fever and

rashcandisappearwithin 2-5 dayswithout treatment(Stephenset al., 2007).

Chronic meningococcaemiais rare infection that can lasts from weeksto months

without meningeal symptoms. The symptoms include intermittent fever,

arthralgia, signs of vasculitis, and a non-specific maculopapularrash. Symptoms

may disappearfor daysandthen re-appear(Harwood et 01.,2005; Stephenset al.,

2007).
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Fulminant meningococcalsepticaemiais characterisedby a rapid proliferation of

meningococci in the circulation, resulting in very high concentrationsof bacteria

(105-108 ml") and meningococcal endotoxin (101-103 EU ml") (Brandtzaeget

al., 1989;Brandtzaeget al., 200I; Stephenset al., 2007).

Patientssuffering from fulminant meningococcalsepticaemiamay presentwith

severe,persistent shock, lasting more than 24 h or until death, and no distinct

clinical signs of meningitis. Due to the presenceof few meningococci in the

cerebrospinal fluid (CSF), pleocytosis is negligible (Brandtzaeg et al., 1989;

Brandtzaeget al., 1992; Stephenset al., 2007). Other clinical presentingfeatures

include impaired renal, adrenal, and pulmonary function and disseminated

intravascular coagulation with thrombotic lesions in the skin, limbs, kidneys,

adrenals, choroids plexus, and occasionally the lungs (Hazelzet et al., 1996;

Stephenset al., 2007). The septemicinflammatory responseleadsto progressive

circulatory collapseand severecoagulopathy.Patientsmay suffer from vascular

complications that can lead to loss of digits or limbs, and survivors can be

severelyhandicapped(Brandtzaeget al., 1989;Hazelzetet al., 1996;Hazelzetet

al., 1998).

1.6.2 Meningococcal meningitis

Meningitis is the most common clinical presentationof invasive meningococcal

disease;more than 60% of patientsin industrialized countriesdevelopmeningitis

without shock.In developingcountries,the proportion of patientswith meningitis

is much higher than that in developed countries (Stephenset al., 2007). In

meningococcal meningitis bacteria are localized primarily to the meningeal
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compartment,resulting in a clinical picture indistinguishable from other forms of

bacterialmeningitis (Kirsch et al., 1996).

Patientswith meningitis usually havea low concentrationof meningococci«103

ml") and endotoxin «3 EU ml") in plasma but high concentrations in CSF

(Brandtzaeget al., 1989;Brandtzaeget al., 1992;Ovsteboet al., 2004), leading

to a compartmentalisedinflammatory responsein the subarchnoidspace,with a

pronounced increasein the concentrationsof tumor necrosis factor a (TNF-a),

interleukins (IL-I p, IL-6, IL-8, and IL-I0), different chemokines, and other

mediators(Stephenset al., 2007).

In adult patients with meningococcal meningitis the following symptoms and

signs predominate: headache, fever, vomiting, photophobia, neck stiffness,

positive Kernig's and Brudzinski's signs, and lethargy. In infants and younger

children, non-specific symptoms including poor feeding, irritability, a high

pitched cry and a bulging fontanelle are typical findings. Seizuresmay occur in

up to 20% of cases and meningitis is a cause of a first episode of status

epilepticus in 12%of cases(Nadel& Kroll, 2007).
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1.7 Diagnosis and chemotherapy of meningococcal disease

Clinical diagnosisof meningococcaldiseaselargely relies on the recognition of

symptomssuchas fever, rash andmeningealsignsand alteredmental status,and

is confirmed by pleocytosis,gram stain with andwithout culture of cerebrospinal

fluid, or blood or skin lesions (Stephens et al., 2007). In early stages of

meningococcaldiseasediagnosisis, however, extremelydifficult especiallywhen

there is no epidemic outbreak of the disease,and requires a high degree of

suspicion, as symptoms may be similar to other conditions (e.g. Influenza and

other viral infections), and specific signs may be absent. In a recent study on

clinical recognition of meningococcaldiseasein children and adolescentsit was

shown that classical featuresdevelopedlater on in diseaseprogression(median

time of onset 13-22 h after symptoms began), where as early less-specific

featuresof sepsissuchas leg pain, cold handsand feet and abnormalskin colour

first developed after a median period of 8 h in the majority of children

(Thompsonet al., 2006).

Cultures of blood, or CSF, (in the absenceof contraindications for lumber

puncture), and skin lesion aspiratesmay confirm the diagnosis (Nadel & Kroll,

2007). Latex agglutination assayson blood, eSF, or urine have been used as

adjunctive diagnostic testsbut have a poor sensitivity and specificity (Perkins et

al., 1995). Meningococcal peR is now widely used in developed countries for

diagnosis.

As soon as the diseaseis first suspectedbasedon suggestiveclinical features,

initial treatmentwith antimicrobials should not be delayedwhilst waiting for the
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results of laboratory investigations. Penicillin resistanceis rare amongstclinical

isolates of N. meningitidis in the UK. Benzylpenicillin or a third generation

cephalosporin such as ceftriaxone is usually used for specific treatment. The

recommendedduration of antibiotic therapy for meningococcaldisease is 7 days

for both meningococcalmeningitis and septicaemia(Nadel & Kroll, 2007). Until

the diagnosis is established,the patientsmust be treatedempirically with broad

spectrum bactericidal antibiotics (such as cefotaxime or ceftriaxone and

amoxicillin [for Listeria cover] dependingon age)(Peltola et al., 1989).

1.8 Classification of N. meningifidls

Several classification systems, to aid in epidemiological studies, have been

developedfor N. meningitidis. The most clinically relevant and well established

is a serological typing method that divides strains immunologically into

serogroups,serotypes,and serosubtypes,basedon antigenic differences in their

capsule, PorB protein, PorA protein, and LOS, respectively. For example, a

serogroup B serotype 4, serosubtype 15 and immunotype lOis written as

B:4:P1.IS:LIO (Ala'Aldeen & Turner, 2006).

Multi-locus enzyme electrophoresis (MLEE) uses the natural electrophoretic

mobility of various cytoplasmic enzymeswhosemolecular weights vary between

different strains of meningococci. Using MLEE it was possible to classify

meningococci with similar characteristics into clonal families, designated

electrophoretictype (ET) (Caugantet al., 1986a;Caugantet al., 1986b).
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A genotyping method based on sequenceanalysis called multi-locus sequence

typing (MLST) has also been developed for N. meningitidis (Maiden et al.,

1998). The method has been a valuable approach in revealing associations

between isolates, showing the existence of distinct clones over-representedin

certain communities (Chiou et al., 2006; Feaverset aI., 1999; Maiden et al.,

1998;Murphy et al., 2003; Nicolas et al., 2001).

MLST, an adaptationof multi-locus enzymeelectrophoresis,is fully portable and

data stored in a single expanding central multi-locus sequencedatabasecan be

interrogated electronically via the internet providing a powerful resource for

global epidemiology (Maiden et al., 1998).

MLST is based on DNA sequence variation in specific regions of seven

housekeepinggenes(abcZ, adk, aroE, fumC, gdh, pdhC, pgm) that range from

433 to 501 bp in length. For eachgenefragment,different sequencesareassigned

asdistinct alleles,andeachisolate is defined by the combinationof allelesat each

of the sevenhousekeepingloci. This is known asthe allelic profile or sequence

type (ST). The STs are assigned to lineages using the BURST software

(http://neisseria.mlst.net)(Baethgenet al., 2008).

20



1.9 Virulence factors of N. meningitidis

The meningococcus can avoid the host defense mechanisms through the

expressionof severalsurface componentsand secretionof various molecules as

well as sheddingcomplex vesicle structures(blebs) that may modulateor deflect

the immune system (Wall, 2001). It can also undergo phase and antigenic

variation (Berrington et al., 2002; Jenningset al., 1999), and is able to usehost

factors for its own protection and growth. Someof the bacterial factors that may

be employedby the meningococcusto evadeimmunekilling and in establishment

of infection arediscussedbelow.

1.9.1 Capsule

The polysaccharidecapsuleis a major virulence factor andplays a crucial role in

invasive meningococcaldisease.The capsuleconfers resistanceto a number of

arms of the immune system (Schneider et al., 2007). The capsule of the

pathogenic meningococcal serogroups differs in both chemical structure and

antigenenic properties (Morley & Pollard, 2001). Capsule is the basis for

immunological serogroupingand confersresistanceto the meningococcusagainst

phagocytosis, complement-mediated lysis and offers protection to the cells

against environmental insults (McNeil et al., 1994; Morley & Pollard, 20ot;

Schoen et al.) Thirteen structurally distinct capsular serogroups have been

described and six (A, H, C, W-135, Y, and X) of which cause the invasive

meningococcal disease(Stephenset al., 2007). Of six invasive meningoccoal

serogroups, the capsule of four serpgroups (S, C, Y, and W-135) , except

serogroupA, is composedof sialic acid derivatives,which bestowsthe organism

21



antiphagocytic properties enhancing its survival in the bloodstream or central

nervoussystem(Stephens,2009).

1.9.2 Lipooligosaccbaride

Meningococcal lipopolysaccharide (LPS, endotoxin). also referred to as

lipooligosaccharide(LOS), is composedof an oligosaccharide(OS) portion with

a phosphorylated diheptose (Hep) core attached to the toxic lipid A moiety

embedded in the outer membrane (Griffiss et al., 1988; Stephens, 2009).

Meningococcal lipid A is responsible for much of the biological activity and

toxicity of meningococcal endotoxin. Neisserial lipopolysaccharide lacks

repeating O-antigens and is thus often referred to as LOS. The core

oligosaccharideof meningococcalLOS and the two short chains are attachedto

the two inner core heptose residues. The oligosaccharide chains vary in

composition and are the basis for immuno-typing meningococcalstrains (Tzeng

& Stephens,2000). Meningococcal LOS is subject to phase variation of its

terminal structuresallowing switching betweenimmunotypes,which is proposed

to havefunctional significance in disease(Berrington et al., 2002).

1.9.3 Pili

Pili (bair-like projections; also known asfimbriae) (Fig 1.3) are thin filamentous

protein structureson the surfaceof N meningittdis andarecomposedof repeating

identical subunits(pilins) of approximately 17to 21 kDa. The meningococcalpili

belong to the type IV family of pilins. Recent systematic genetic analysis has

identified 15 proteins that are involved in the biogenesis, assembly and

disassemblyof pili (known aspi! proteins) (Virji, 2009). The meningococcalpili
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playa key role in mediating the interaction of the bacterial cell with host cellular

membranesleading to the bloodstreaminvasion from the nasopharynx,and the

traversal across the blood-brain barrier (BBB) (Nassif, 1999). In addition to

adhesion,pili are involved in severalother functions. For example,they facilitate

uptake of foreign DNA from the extracellular milieu, thereby increasing the

transformation frequency of bacteria, and are also responsible for twitching

motility (Frye et al., 2006; Fusseneggeret al., 1997). N meningitidis is

genetically capable of producing antigenically different pilins. There are two

typesof pilin designatedclassI and classII, producedby a singlemeningococcal

cell (Nassif, 1999).

Figure 1. 3 Prominent outer membrane components of N meningitidis that
influence bacterial interaction with host cells, (a) Pili traversethe capsuleand are
the most prominent adhesinsof encapsulatedN meningitidis. In addition, the
integral outer membrane (OM) adhesins, Opa and Ope, are also known to
mediate interactions with specific host-cell receptors. Lipopolysaccharide may
interfere with the adhesionfunctions of OM proteins, but can also contribute to
cellular interactions by interacting with various cellular receptors. (B) A cross-
sectionof a pilus fibre showing that variable domains(V) andglycans(0) aswell
as other substitutions (not shown) are located externally, whereasthe constant
domains are buried within the fibre, protected from the host environment
(adaptedfrom referenceVirji, 2009).
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1.9.4 Major outer membraneproteins

Meningococcal outer membrane proteins have been grouped into five major

classesbasedon their apparentmolecular weights on sodium dodecyl sulphate

(SDS) polyacrylamide gels and peptide analysis (Tsai et al., 1981). All five

classes of OMPs have been studied as potential vaccine candidates in N.

meningitidis (Chiou et al., 2006).

All meningococci express either a class 2 or class 3 outer membrane protein

named PorB and most strains also expressa class 1 outer membrane protein

named PorA (Hitchcock, 1989). A two-dimensional secondary structure

containing eight surfaceexposedloops (I-VIII) hasbeenpredicted for PorA and

most variability is thought to occur in variable regions 1 and 2 (VRI and VR2)

which correspondto loops I and IV, respectively (Feaverset al., 1992;Maiden et

al., 1991). In addition, a third variable region, designatedVR3 hasbeenreported

to be presenton the top ofloop V (van der Ley et al., 1991),however,the genetic

variability of this region appearsto be lower than that of VR 1 and VR2 (de

Filippis et al., 2007).

The outer membraneprotein PorB of N. meningitidis is a pore-forming protein

which has various effects on eukaryotic cells. It has been shown to (1) up-

regulate the surface expression of the co-stimulatory molecule CD86 and of

MHC class II (which are TLRZIMyD88 dependentand related to the porin's

immune-potentiating ability), (2) be involved in prevention of apoptosis by

modulating the mitochondrial membrane potential, and (3) form pores in

eukaryoticcells (Massariet al., 2005).
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The classl PorA and Class 2/3 PorB proteins have been studied most because

they are also used in the meningococcal typing schemefor the serosubtypeand

serotype,respectively. Both proteins contain variable and hyper variable regions

(Diggle & Clarke, 2006).

Reduction modifiable protein M was formally known as the class 4 outer

membraneprotein of N. meningitidis. The protein shows 94.2% homology with

protein III of N. gonorrhoeae, with both proteins having two potential disulfide

loops. The protein also shareslow-level homology with Escherichia coli OmpA

(Klugman et aI., 1989).

TheN. meningitidis opa (opacity) proteinsand Ope (opacity protein Sc),(Fig 3.1)

are highly immunogenic, trimeric or tetrameric basic outer membraneproteins

with a similar molecular massof ca. 30 kDa, which migrate aberrantlyslowly on

sodium dodeeyl sulphatepolyacrylamide gel electrophoresis(SOS-PAGE)unless

they have been fully denaturedby boiling (Achtman et al., 1988). Opa proteins

are distinguished from the Opc protein becausethey have very little sequence

similarity (Olyhoek et al., 1991)The opa and ope proteinsplay an important role

in adhesionand invasion of host epithelial, endothelial and phagocytic cells (de

Jongeet al., 2003; Nassif, 1999;Princeet al., 2001).

1.9.5 Non-capsularvirulent factorsof N. meningitidis

1.9.5.1Neisseria hia homologueA (NhhA)

NhhA is a well-conserved outer membrane,autotransporterprotein, which was

identified as a homologue of the adhesin AIDA-I of E. coli in N. meningitidis.
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This gene was designated nhhA (Neisseria hia homologue) due to its close

homology to the Hia andHsf adhesinof non-typeableH injluenzae (Peaket al.,

2000). Antibodies to NhhA can be detectedfrom the seraof healthy carriers as

well as patients suggesting that NhhA is expressed during colonization of

humans.

1.9.5.2Adhesion andpenetration protein (App)

App standsfor Adhesion andpenetrationprotein (App). The genewas so named

because of its homology to Hap (Haemophilus adherence and penetration

protein). App is a highly conserved, surface-localised, immunogenic protein,

which belongs to the autotransporterfamily of proteins (Hadi et al., 2001). App

was identified by genome analysis and by screening of a N. meningitidis

expression library using polyclonal antisera raised against the OMPs from N.

meningitidis (Hadi et al., 2001). App appearsto be expressedduring invasive

disease,as sera from convalescentpatients contain antibodies that recognize

recombinantApp. App hasalso beendemonstratedto function as adhesinin N.

meningitidis. It binds to epithelial cells, but not endothelial cells (Serruto et al.,

2003).

1.9.5.3Autotransporled serineProteaseA (AspA/Na/P)

AspA is a 112-kDa phasevariable classical autotransporterprotein containing a

subtilisin-type serine protease motif in the passenger domain. AspA was

bioinforrnatically identified from the genomeof N. meningitidis serogroupA. It

shares significant homology with autotransportedserine protease of Serratia

marcescens.Although the aspA geneis phasevariable, its amino acid sequence
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appearsto be well conservedin serogroupA, B, and C meningococci (Turner et

al.,2002).

As the signal peptide of AspA containsa lipoprotein motif, the protein was also

designatedNalP (Neisserial autotransporterlipoprotein) (van Ulsen et al., 2003).

The proteaseactivity is required for releaseof the passengerdomain of AspA

from the cell surface.The autocatalytic releasewas abolishedby substitution of

alaninefor active-site serine(8426 in AspA from strain MCS8 wasmutatedto an

alanine residue) (Turner et al., 2002; van Ulsen et al., 2003). The presenceof

anti-AspA antibodies in sera of convalescent patients suggest that AspA is

expressedduring invasive disease.

1.9.5.4Factor H binding Protein (jHbp)

The factor H-binding protein (fHbp), previously referred as genome-derived

neisserialantigen 1870(GNA1870) (Masignani et al., 2003) or lipoprotein 2086

(Fletcher et al., 2004), was identified by recent genomic studies carried out to

searchfor promising vaccine candidatesfor serogroupB disease(Masignani et

al., 2003; Pizza et al., 2000). The fHbp gene encodes a 27-kDa surface

lipoprotein, which is present on the surface of all strains of N. meningitidis

(Beemink et al., 2007; Fletcheret al., 2004; Masignani et al., 2003). The protein

appears to elicit protective bactericidal antibodies that both activate classical

complementpathway bacteriolysis and inhibit binding of the complement down-

regulatoryprotein factor H (fH) to the bacterial surface(Welsch et al., 2008). The

fHbp is the sole receptor for fH on the meningococcus,and recruitment of fH

contributesto the ability of the meningococcusto avoid innate immune responses

27



by inhibiting complement-mediatedlysis in humanplasma(Madico et al., 2006;

Schneideret al., 2006).

1.9.5.5 T-cell stimulating protein A (TspA)

TspA is an immunogenic,T-cell and B-cell-stimulating protein of N. meningitidis

(Robinsonet al., 2005). TspA was identified by screeningN. meningitidis using a

polyclonal antiseraraised against fractionatedproteins of N. meningitidis (Kizil

et al.. 1999). Homology searchesrevealedthat TspA is a member of the FimV

family of proteins. TspA is a highly conserved antigen that is universally

expressed by meningococci and shown to mediate optimal adhesion of N.

meningitidis to cultured epithelial and endothelialcells (Oldfield et al., 2007).

1.9.5.6HrpA-HrpB system

A functional two-partner secretion system (TPS), haemagglutininihaemolysin-

relatedprotein A (HrpA)-HrpB, composedof the secretedeffector protein HrpA

and its cognatetransporterHrpB, has recently been found in all N. meningitidis

strains and shown to contribute to adhesion of un-encapsulatedbacteria to

epithelial cell lines. It also appearsto be essentialfor intracellular survival of the

N. meningitidis (Schmitt et al., 2007; Tala et al., 2008).

1.9.5.7NeisseriaAdhesin A (NadA)

Neisserial adhesion A (NadA), a surface-exposedprotein, was identified as a

homologue of UspA2 from Moraxella catarrhalis and of YadA from Yersinia

enterocolitica (van Ulsen et al., 2001; van Ulsen & Tommassen,2006). NadA is

present in 50% of meningococcal isolates obtained from patients (and is more
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commonly associatedwith three hypervirulent clusters ET-37, ET-S and cluster

A4) than with carriage isolates(16%). The nadA geneencodesa protein of ca.

360 amino-acid residues, which forms high molecular weight oligomers and

appearsto mediatecellular adhesion(Capecchiet al., 2005). NadA hasalsobeen

shown to induce strong protective bactericidal antibodies suggesting that this

protein may representa novel vaccine antigen for meningococcaldiseasecaused

by threehypervirulent lineages(Comanducciet al., 2002).

1.9.5.8Meningococcal Serine ProteaseA (MspAJ

MspA, also described as AusI, is a phase-variableserine protease,which was

identified by in silico genome analysis of N meningitidis serogroup B strain

MC58 (Turner et al., 2006).

1.9.5.9Iron-acquiring proteins

Transferrin binding proteins (TbpA & B) and lactoferin binding proteins (LbpA

& LbpB) are outer membraneproteins that are expressedby meningococci in

iron-restricted environmentsduring infection for iron acquisition. Antibodies to

Tbps canbe detectedin serafrom carriersand in convalescentsera(Ala'Aldeen et

al., 1994; Gorringe et al., 1995) and these antibodies were shown to possess

opsonicactivity (Lehmann et al., 1999),In laboratory animals,antibodiesto Tbps

were shownto be bactericidal (Ala'Aldeen & Borriello, 1996;Danveet al., 1993)

and were able to block iron uptake by the organism (Pintor et al., 1996). The

vaccine potential of these proteins lies in their limited antigenic heterogeneity

(Ala'Aldeen, 1996; Rokbi et al., 1997). Preliminary data from adult studies

suggestthat they aresafeandimmunogenic (Pollard & Frasch,2001).
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Neisseria spp. may also expresslactoferrin binding proteins: LbpA (Petterssonet

al., 1993;Petterssonet al., 1994)and LbpB (Petterssonet al., 1998).Lactoferrin,

a major human iron carrier protein, is present on mucosal surfaces and is

presumablyan important sourceof iron for N. meningitidis during its colonisation

of the nasopharynx (Johnson et al., 1999). LbpA is highly conserved and

essentialfor iron uptake from lactoferrin (Biswas & Sparling, 1995; Bonnah &

Schryvers,1998).

1.10 Blebing and autolysis

Meningococci are characterizedby frequent vesiculation of the outer membrane

and/or sheddingof endotoxin (McAllister & Stephens,1993). The shedding of

endotoxin from N. meningitidis is a strain specific virulence factor and occursby

a specific process called blebing. These blebs contain outer membraneprotein

and LOS and the amount of blebing varies considerably between strains

(Andersenet al., 1981).Blebing appearsto contribute to the rapid initiation of the

inflammatory cascadesof sepsis. Blebing may also be related to the natural

autolysis of meningococci that occurs in stationary growth phase, resulting in

release of DNA and facilitating genetic transformation (Tzeng & Stephens,

2000).

1.11 Animal models for meningococcal infection

Animal modelsareoften required to understandthe mechanismsof pathogenesis,

and to develop novel therapiesand prevention regimes. Thus, relevant models

are key factors for deciphering microbial virulence (Bakaletz, 2004). Several

animal models have been developed and used for studying the pathogenesisof
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meningococcal disease.These include monkeys, guinea pigs, chicken embryos,

adult and infant mice, and infant rats (Arko, 1989). Of these, the mouse and

infant rat systems appearsto be the most suitable for laboratory experiments

(Nassif & So, 1995).None of the presentmodels,however, completely satisfy all

the criteria required for an ideal animal model. Harter and Petersdorf(Harter &

Petersdorf, 1960) have described the criteria for an ideal animal model as

follows:

(i) The portal of entry and route of disseminationof the organismmust be similar

to those in man, (ii) the bacterium must be pathogenic for man as well as

experimentalanimals, (iii) the courseof the diseasemust be relatively predictable

andof sufficient duration to permit evaluationof therapy,(iv) the diseasemust be

reproducible within the limits of biological variation, (v) the lesions in the

experimentalinfection must be morphologically similar to thosein man, and (vi)

the techniquemust be relatively simple. Unfortunately, it is unlikely that anyone

animal model can meet all of theserequirementsfor studieson meningococcal

disease.

Recently, two transgenicmice models, one expressinghuman CD46 (Johansson

et al., 2003) and anotherexpressinghumantransferrin (Zarantonelli et al., 2007),

havebeendeveloped.Thesearepotentially useful tools for studying pathogenesis

and evaluating vaccine candidates.The transgenicmice expressingCD46 were

shown to be susceptible to meningococcal disease after intranasal, but not

intraperitonealchallenge,suggestingthat human CD46 facilitatespilus-dependent

interactions at the epithelial mucosa (Johanssonet al., 2003). Since iron is
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essential for meningococcal growth, the transgenic mouse model expressing

human transferrin may represent an important advance for in vivo studies of

meningococcalvirulence and immunogenicity factors (Zarantonelli etal., 2007).

1.12 Meningococcal vaccines

Prevention of meningococcal disease can effectively be accomplished by

vaccination. The first major successtowards vaccination againstmeningococcal

disease was achieved in the 1960s by Gotschlich and co-workers, who

successfullydemonstratedthe importanceof anti-polysaccharideantibodiesin the

human immune responseagainstserogroupA and C disease(Morley & Pollard,

2001). Meningococcal serogroupA, C, W-135 andY infections canbe prevented

by vaccinesbasedon the respectivecapsularpolysaccharides.

1.12.1 Plain polysaccharide vaccines

Meningococcalpurified polysaccharidevaccineshavebeenusedwidely sincethe

developmentof a highly immunogenic vaccine for serogroupsA and C in 1969

by Gotshlich et al., (Gotschlich et al., 1969a).The vaccineshavebeenshown to

be safe and efficacious in preventing diseasein US military recruits, and have

also been used in an attempt to minimize the serogroupA epidemics in Africa.

The efficacy has been estimatedat 85 to 100 percentamong older children and

adults(Artensteinetal., 1970;Peltolaetal., 1977;Wahdanetal.,1977}.

There are, however, some important limitations associatedwith meningococcal

polysaccharide vaccines: (1) the serogroup C polysaccharide is poorly

immunogenic in young children (King et al., 1996;Maslanka et al., 1998),with
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little or no efficacy among children younger than 24 months of age(Gold et al.,

1977; MacLennan et al., 1999), (2) they are unable to induce long-acting T

cell-dependentimmunologic memory (Reingold et al., 1985) and, hence, offer

only a relatively short duration of protection, especially in young children, (3)

the repeated doses of polysaccharide vaccine may induce a degree of

hyporesponsiveness.However, the clinical relevance of this finding is unclear

(King et al., 1996; Maslanka et al., 1998), (4) some studies conducted among

military recruits suggestedthat the meningococcalpolysaccharidevaccinesmay

decreaseshort-term acquisition of carriage(Gotschlich et al., 1969b), however,

these vaccines failed to produce long-term protection against carriage and, are

thus unable to induce herd immunity (Hassan-King et al., 1988; Moore et al.,

1988). In addition to bivalent polysaccharide vaccines, an outbreak in the

meningitis belt during 2003 with serogroupW-135 promptedthe developmentof

a trivalent AlCfW-135 and tetravalent AlCfW-1351Y polysaccharide vaccines

(Girard et al., 2006).

1.12.2 Meningococcal conjugate vaccines

Efforts to overcome the poor immunogenicity of capsular polysaccharide

vaccines led to development of conjugate vaccines. The premise for the

development of new conjugated meningococcal vaccines was based on the

experiencegained with Hib (H. influaenzae type b) conjugatedvaccine, which

has succeededin virtually eliminating Hib diseasein young children in many

countries (Adams et al., 1993; Peltola et al., 1992). Conjugation of

polysaccharidesto protein carriers appearsto changethe nature of the antibody

response from a T-cell-independent to a T-cell-dependent response. The

33



conjugate vaccines are, therefore, typically T-cell dependantand confer major

immunologic improvements over plain polysaccharide vaccines (Lesinski &

Westerink, 2001a; Lesinski & Westerink, 2001b). Meningococcal serogroup C

conjugatevaccineshave beendevelopedusing a genetically detoxified diptheria

toxin (CMRI97) or tetanustoxoid as the protein-carrier (Anderson et al., 1994;

Safadi& Barros,2006). In November 1999,the United Kingdom becamethe first

country to introduce a conjugate vaccine against serogroup C meningococcal

diseaseinto the childhood immunization program (Miller et al., 2001). Later on,

in January2005, a quadrivalent meningococcalconjugatevaccine (MCV4) was

developed and licensed (Harrison, 2006). Meningococcal conjugate vaccines

have been demonstratedto be safe, and shown to elicit an improved immune

responsein infants (Anderson et al., 1994;Campagneet al., 2000; Fairley et al.,

1996; Lieberman et al., 1996; Richmond et al., 1999). They also possessprime

immunologic memory, and lead to a booster response to subsequentdoses

(Borrow et al., 2000; Twumasi et al., 1995).

1.12.3 Meningococcal serogroup B vaccine

The capsular polysaccharide of meningococcal serogroup B differs from the

others becauseof its structural homology with human embryonal neural tissue

(Wyle et al., 1972). This mimicry rules out the use of polysaccharide-protein

conjugate vaccines as an effective strategy to combat serogroup B disease

becauseof the theoretical dangerof induction of auto-antibodiesthat cross-react

with glycosylatedhost antigens(Jodar et al., 2002). Therefore, currently there is

no universal vaccine available against serogroup B disease. Instead vaccine

researchhas focused on protein-basedvaccines composedof outer membrane
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vesicles (OMVs) purified from the bacterium. Due to the high sequenceand

antigenic variability of the antigenspresentin the OMVs, thesevaccinesmostly

induce immunity against the highly variable PorA membrane protein, and

efficacy trials have shown serosubtype-specificprotection (Serruto et al., 2003).

However, the OMV -based vaccine produced by the Finlay Institute in Cuba

(commercially marketedat VA-MENGOC-BC), which containsouter membrane

proteins and capsularpolysaccharideof meningococcalserogroupC, is believed

to have contributed to the rapid decline of the epidemic in Cuba (Isabel et al.,

1999),andhasalsobeenshownto be efficacious in subjectsof more than 4 years

of age in Brazil where heterologousstrains were circulating (de Moraes et al.,

1992). In addition, a recently introduced bivalent meningococcalOMV vaccine

has offered a wide vaccine coverage particularly of the circulating strains in

Europeand is able to inducebactericidal antibodiesnot only againstthe vaccine-

homologouslPorA-relatedstrains but also againstheterologousstrains (Boutriau

et al., 2007). Although currently available vaccinesbasedon OMVs may induce

a functional immune responseagainst serogroupB, none of these vaccines are

universally protective due to the great heterogeneity of the surface-exposed

regions of many of the outer membrane proteins. An alternative approach to

OMV vaccineshasbeento theuseof 'reversevaccinology' to identify conserved,

immunogenic OMPs, which can be developed as protein subunit vaccines

(Rappuoli, 2000; Serrutoet al., 2004).

Two promising vaccinesare currently being assessedin phaseII and III clinical

trials. One of these vaccines (developed by Novartis) is a multi-component

vaccine, which includes a combination of five antigens and OMV s from the
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NZ98/254 strain of N. meningitidis serogroupB (Giuliani et al., 2006). The other

(producedby Wyeth) containstwo variantsof a single lipoprotein (rLP2086 also

known to as GNA1870/tHbp) (Richmond P, 2008). In addition, numerousother

outer membraneproteins suchasOpcA, NspA, andiron regulatedproteins (TbpA

and B, FbpA, FetA) are being evaluated and explored for use as potential

meningococcalvaccinecandidates.

1.13 Genome sequence of meningococci

The meningococci genome consists of about 2.1-2.2 million bases encoding

approximately 2000 genes (Parkhill et al., 2000; Tettelin et al., 2000). The

genomesequencesof N. meningitidis strain MeS8 (serogroupB) (Tettelin et al.,

2000), strain Z2491 (serogroup A) (Parkhill et al., 2000) and strain FAM18

(serogroup e) (Bentley et al., 2007) have been published. In addition, the

annotatedgenomesequenceof obligate commensalspeciesN. lactamica hasalso

been made publicly available. The three sequencedmeningococcal genomes

differ from each other by approximately 9-10% and from the N. gonorrhoeae

genomeby roughly the sameamount(Stephenset al., 2007).The chromosomeof

N. meningitidis strain MeS8 is almost 100kb larger than the other two sequenced

strains mainly due to large duplication of about 30 kb comprising 36 coding

sequences(NMBl124-NMBI1S9 duplicated in NMB1162-NMB1197) and the

acquisition of two additional islands of horizontally transferred DNA (IHT-B

17.1 kb and IHT-e 32.6kb). Both of theseislands are absentin the genomesof

strainsZ2491 andFAM18 (Schoenet al., 2007).
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1.14 Protein secretion pathways in N. meningitidis

Protein secretion in bacteria plays an essential role in nutrient acquisition,

survival in and adaptation to different environments, inter- and intraspecies

communication, and virulence. For example, in N. meningitids, secretedproteins

are involved in adherenceof the bacteriato host cells or required to suppressthe

host's defensemechanisms(Dautin & Bernstein,2007; vanUlsen & Tommassen,

2006). Gram-negativebacteriause severaldifferent pathwaysfor secretionof the

exoproteins.ThesepathwaysarecategorizedasType-I, II, III, IV, autotransporter

pathway and two-partner secretion (TSP) pathway (type-V) (Henderson et al.,

2004; van Ulsen & Tommassen,2006). N. meningitidis uses three of the six

known protein secretionpathways:the autotransporterpathway(AT) and the two

partnersecretionpathway (collectively known asType V secretionpathway) and

the type one secretion pathway (van Ulsen & Tommassen,2006). Like all

Gram-negativebacteria,meningococciareboundedby two hydrophobic barriers,

the inner membrane(1M) and the outer membrane(OM), which are separatedby

the periplasmic spacecontaining peptidoglycan (Morley & Pollard, 2001). Thus,

the pathwaysallowing the extracellular secretionof proteins from Gram-negative

bacteria must traverse three distinct compartments: the inner membrane, the

periplasm and the outer membrane,which separatethe cytoplasm (the site of

synthesis) from the exterior of the cell (Lory, 1992). However, an increasing

number of cytoplasmic proteins (including somethat are normally consideredto

be house-keepingenzymes with a primary biological role in the cytoplasmic

compartment)have beenreported to be secretedeither to the cell surfaceor into

the extracellular environment independentlyof any recognizedclassicalsecretion

pathway.

37



T1SS T455 T355 Chaperonel

usher

T5S5 T288

Sec-dependent pathways

extracellular
space

OM

1M

cytoplasm

N

E. coli A. tumefaciens S. enlerica
a-hemolysin VirSlO4 SPll

E. coli
Type 1 pili

N. gonorrhoeae

IgA 1 protease

K. oll}'toca

pullulanase

Figure 1. 4 Overview of secretion systemsin Gram-negativebacteria. Protein
transportacrossthe outer membraneof Gram-negativebacteriacanbe subdivided
into Sec-independentand Sec-dependentpathways. The three main terminal
branchesallowing further transport of Sec-transportedperiplasmic intermediates
are:the chaperone/usher(CU) pathway for the synthesisof fimbrial adhesins,the
autotransporter pathway and the complex type II secretion system. No stable
periplasmic intermediates are found in type I, type III and type IV secretion
systems. Each of the three export mechanisms features a protein-conducting
channelable to spanthe two bacterial membranesand, in the caseof type III and
type IV, one additional membrane of the host cell. Examples for pathogens
utilizing the various secretion systemsare indicated at the bottom of the figure
(adaptedfrom referenceGerlach& Hensel,2007).

1.14.1 Type 1 secretion system

The type one secretion system (or ATP-binding cassette[ABC] transporters)is

hetrotrimeric complex composed of three proteins: an cytoplasmic

membrane-embedded ABC transporter, a pore-forming outer

membrane-embeddedchannel protein, and an adapter or membrane-fusion

protein (Gerlach & Hensel, 2007; van Ulsen & Tommassen, 2006). These

proteins are representedin E. coli HlyB, ToIC, and HlyD, respectively (Binet et

al., 1997).A well-known protein secretedvia type 1 is the u-haemolysin (HlyA)
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of E. coli (Goebel & Hedgpeth, 1982). Secretion of HlyA, and similar effector

molecules occurs in a Sec-independent,continuous process across both the

cytoplasmic and outer membrane (Henderson et al., 2004). These proteins

completely bypass the periplasm and are directly secretedfrom the cytoplasm

(Binet et al., 1997). A wide range of substrates (proteinaceous and non-

proteinaceous)varying in size between 78 to 8682 residues are secreted in a

single step from the cytoplasm to the extracellular space, without a stable

periplasmic intermediate (Gerlach & Hensel, 2007; van Ulsen & Tommassen,

2006).

1.14.2 Autotransporter secretion system

The autotransporters,a family of secretedproteins from Gram-negativebacteria,

aresynthesizedasa singlepolypeptide containing all the information required for

their export andsecretion(Hendersonetal., 1998).The primary structureof these

proteins is basically modular and composed of three functional domains: the

amino-terminal leader sequence,the secretedmature protein (passengerdomain)

and translocation unit that forms a ~-barrel pore to allow secretion of the

passengerprotein (Desvaux et al., 2004). Autotransporter secretion was first

describedfor the 19A1 proteasesof N. gonorrhoeae (Pohlner et al., 1987). The

signal sequencepresentat the endofN-terminus directs the autotransporterto the

Secmachinery for the transportacrossthe cytoplasmic membraneand its further

export into the periplasm (Brandon et al., 2003; Hendersonet al., 1998). The

passengerdomain of the autotransportershas been shown to confer various

phenotypes and the last domain is the translocation unit that facilitates

translocationof the passengerdomain through the outer membrane(Hendersonet
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al., 2004). The term 'autotransporter'was coinedbecauseof the apparentabsence

of a dedicated secretion machine (van Ulsen & Tommassen,2006). However,

recent work has shown accessoryperiplasmic proteins are important (Ruiz-Perez

et al., 2009).

1.14.3 Two-Partner secretion system

Two-partner secretion (TPS) systems export large 'exoproteins' rich in beta-

helical structure (TpsA family members) acrossthe outer membranesof Gram-

negative bacteria using channel-forming ~-barrel proteins (TpsB family

members). Like autotransporterproteins, most of these proteins are associated

with virulence traits and their characterized diverse functions include

autoaggregation,biofilm formation, iron acquisition, adherenceto host tissues,

cytolysis, immunomodulation, binding of heme and/or hemopexin, and contact-

dependentinhibition (Aoki et al., 2005; Hendersonet al., 2004; Jacob-Dubuisson

et al., 2004). The first member of the TPS family to be characterizedwas the

ShlB (HlyB) protein of Serratia marcescens,which exports the ShlA hemolysin

from the periplasm of the Gram-negative bacterial envelope into the external

medium (Poole et al., 1988).

The hallmarks of TPS systems are the presence of (1) an N-proximal

250-residue-Iong'TPS' domain where specific secretionsignals in the substrate

protein are found and (2) a ~-barrel channel (TpsB) homologue (Clantin et al.,

2004; Jacob-Dubuissonet al., 2001). Usually, the genes encoding these two

proteins occur within an operon. The TPS domain is essentialfor secretion and

mediatesinteractions between the TpsA protein and its TpsB partner (Hodak et
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aI., 2006). The TpsA protein is exportedacrossthe cytoplasmicmembraneby the

Secmachinery (Chevalier et al., 2004; Grass& St Geme,2000). Its TPS domain

then interacts with the periplasmic domain of the TpsB partner, which triggers

channelopening and initiates the translocation of the TpsA protein, probably in

an extendedconformation through the TpsB pore (Clantin et al., 2007; Guedin et

al., 2000; Meli et al., 2006).

In silico analyseshaverevealedthat a largenumberof TspA proteinsareencoded

in various bacterial genomes,ranging from those of plant pathogenssuch as

Xylella fastidiosa andRalstonia solanacearumto thoseof humanpathogenssuch

asN. meningitidis and Y. pestis (Jacob-Dubuissonet al., 2004; Locht et al., 2001)

Takentogether,thesefindings demonstratethat TPS systemsarepresentin nearly

all groups of Gram-negative bacteria (hence, they probably participate in

processesother than virulence) andthat TpsB proteinsbelongto a large family of

outer membraneprotein-translocating porin type proteins with members in the

animal, plant and fungal kingdoms,making this generalsecretionmechanismthe

most widely distributed in nature(Yen et al., 2002).

1.15 Non·Classical secretion of proteins In bacteria

Most proteins destined to be released in the extracellular media contain an

N-terminal or C-terminal classical signal peptide, which mediatesthe export of

envelope-associatedas well as some secreted, proteins, across the inner

membrane via the Sec-dependantpathway (van Ulsen & Tommassen,2006).

However, almost two decadesago,a small numberof eukaryoticproteins lacking

N-terminal signal peptide or other identifiable targeting peptideswere shown to
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be secreted and thus localised extracellularly. This phenomenon, termed

leaderlesssecretion and later non-classical secretion was initially identified in

eukaryotes (Bendtsen & Wooldridge, 2009). For some years only eukaryotes

were known to secreteproteins via alternative or non-classicalsecretory routes.

Strikingly, a similar phenomenonwas later observedin the bacterial kingdom. It

is apparentthat non-classicalsecretiondoesnot follow a simple route of secretion

but that proteins can be secretedvia different rather undefined secretionsystems

in prokaryotic aswell aseukaryoticorganisms(Bendtsen& Wooldridge, 2009).

The GInA glutamine synthetaseof Mycobacterium tuberculosis was the first

published exampleof apparentbacterial non-classicalprotein secretion,whilst in

Mycobacterium smegmatis, GInA is localized solely to the cytoplasm of the

bacterium (Harth & Horwitz, 1997).The proteomic researchon Bacillus subtilus

has revealed that twenty four proteins with highly divergent functions are

secreted to the extracellular environment without having classical Sec-signal

peptides (Bendtsen& Wooldridge, 2009). Furthermore, an alternative secretion

system has also been identified in Listeria monocytogenes(Lenz et al., 2003).

Recently, proteins lacking known secretionsignals have also been shown to be

secretedby yeast cells via alternative/non-conventional secretion mechanisms

(Nombelaet al., 2006).

A growing number of diverse proteins have been identified which are

multifunctional. Such proteins have been named 'moon-lighting proteins'.

(Jeffery, 1999;Jeffery, 2003; Jeffery, 2009). Moonlighting proteins are a diverse

set of proteins that include glycolytic enzymes,chaperones,transcription factors,
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and proteins with many other types of functions (Nombela et al., 2006). An

interesting example is phosphoglucoseisomerise (PGI), a cytosolic glycolytic

enzyme that catalyses the second step of glycolysis. A secretedform of this

protein hasbeenshownto act as cytokine in eukaryotes(Amraei & Nabi, 2002).

Thus, some of the proteins found to be secretedvia non-classical system may

play a different role in the unexpected location than that of their role in the

cytoplasm(Schaumburget al., 2004).

A less well-defined method of protein secretion may be mediated by OMVs

released from the outer cellular membrane of Gram-negative bacteria. This

phenomenon,also called membraneblebbing ( or vesicle-mediatedsecretion)has

now been found in a range of Gram-negativebacteria (Kuehn & Kesty, 2005).

The OMVs from pathogenic bacteria appearsto contain adhesins,toxins, and

immunomodulatory compounds,and they have been shown to directly mediate

bacterialbinding and invasion, causecytotoxicity, andmodulatethe host immune

response(Bendtsen & Wooldridge, 2009; Kuehn & Kesty, 2005). Two of the

well characterisedexamplesof vesicle-mediatedsecretioninclude ClyA of E. coli

(Wai et al., 2003) and VacA of Helicobacter pylori (Keenan et al., 2000).

Furthermore, Actinobacillus actimycocetemcomitanshas also been shown to

secreteleukotoxin, a membranolytic cytotoxin, via membraneblebs and these

toxins are likely to be incorporated into host cell membranes(Demuth et al.,

2003; Kato et al., 2002).
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1.16 Multi-faceted (moon-lighting) roles of glycolytic enzymes

Several studieshave provided intriguing evidenceof the unexpectednature and

location of glycolytic enzymeson the surfaceof numerousmicrobial pathogens

(Bergmann et al., 2004; Ling et al., 2004; Lottenberg et al., 1992; Pancholi &

Fischetti, 1992;Pancholi & Fischetti, 1998;Pancholi V, 2003). However, little is

known about the molecular mechanismsof the multi-faceted roles of glycolytic

enzymes, specifically regarding the relationship between their glycolytic and

non-glycolytic functions (Kim & Dang, 2005). Glycolytic enzymes, such as

glyceraldehyde 3-phosphate dehydrogenase(GAPDH), enolase and fructose

bisphosphatealdolase(FBA) have beenreportedaspotential virulence factors in

a variety of organisms(Pancholi & Chhatwal, 2003). Although long recognized

for their cytosolic role in glycolysis and gluconeogenesis,dual (or 'moon-

lighting') functions have been increasingly recognized. In particular, glycolytic

enzymes have been found on the bacterial cell surface (despite lacking

identifiable secretion signals) where they interact directly with host soluble

proteins and surfaceligands. However, the mechanismsby which thesecytosolic

enzymesaretranslocatedandretainedon the cell surfaceof pathogensarenot yet

understood.

1.16.1 The glycolytic pathway is non-functional in N. meningitidis

Glycolysis is the main pathway for carbohydratedegradation(glucose) in nearly

all organisms. The end product of glycolysis is pyruvate. The conversion of

glucoseinto pyruvate requires a cascadeof nine enzymaticreactionsand most of

these reactions are reversible during the gluconeogenic cycle (Fourrat et al.,

2007). Glycolysis can be generally separatedinto two phases,the priming phase
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and the energy-yielding phase.The priming phaseuses two moles of ATP to

convert glucoseto fructose- 1, 6-bisphosphate.In the secondphase,fructose-l,6-

bisphosphateis further converted stepwiseinto pyruvate with the production of

four molesof ATP andtwo molesofNADH (Fig 1.6) (Kim & Dang,2005).

Genome-basedstudies on meningococcal strain MC58 revealed that glycolysis

(also known asthe EmbdenMeyerhof Parnas[EMP] pathway) is not involved in

pyruvate synthesis in N meningitidis. This is becauseof the absenceof one

essentialenzyme in the pathway: phosphofructokinase(EC 2.7.1.11) (Fig 1.5).

The generation of pyruvate from glucose has, instead, been shown to occur

through the Entner Douderoff (EO) and the PentosePhosphate(PP) pathways

(Fig 1.5), confirming that EMP (glycolysis) is non-functional in N meningitidis

(Baart et al., 2007).
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Figure 1. 5 Central metabolism of N meningitidis. The dashedarrow indicates
phosphofructokinase(PFK), which is not presentin N meningitidis. The red box
area indicates the site of enzymes(FBA and GAPDH-l) under study. (adapted
from referenceBaart et al., 2007).
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1.16.2 Fructose 1, 6-bisphosphate aldolase (FDA)

Fructose 1, 6-bisphosphatealdolase(E.CA.1.2.l3) is the best studied glycolytic

enzymein the aldolasesfamily. FBA catalysesthe reversiblecleavageof fructose

1,6 bisphosphate into two triose sugars: dihydroxyacetone phosphate

(glycerine-P) andglyceraldehyde3-phosphate(Fig 1.6) (Ramsaywaket al., 2004;

Wehmeier, 2001; Zgiby et al., 2000). Aldolasescanbe broadly divided into two

groups with different catalytic mechanisms, designated Class-I and Class-II

(Arakaki et al., 2004; Thomson et al., 1998). The Class-I enzymesutilize an

active site lysine to stabilize a reaction intermediate via schiff-base formation,

and are usually found in higher eukaryotic organisms. The Class-II enzymes,

however, have an absoluterequirement for a divalent ion, usually zinc (Zgiby et

al., 2000) and are usually found in prokaryotic organismsand lower eukaryotes

suchas fungi and somegreenalgaegrown under heterotrophicconditions (Plater

et al., 1999;Ramsaywaket al., 2004; Sauve& Sygusch,2001). Most organisms

contain only one classof FBA, although a few possessenzymesof both classes.

E. coli (Thomson et al., 1998)., Streptococcuspneumoniae(Isabel et al., 1999)

Corynebacteriumsynechocystissp. PCC 6803 (Nakaharaet al., 2003) and some

others are reported to express both types of enzymes. Among the Class-I

enzymesfound in mammals, there are three tissue-specific isozymesof aldolase

that have similar molecular masses and catalytic mechanisms: aldolase A

(expressedprimarily in muscles and red blood cells), aldolase B (expressed

primarily in liver, kidney and small intestine) and aldolaseC (expressedmainly

in brain, smoothmuscle,andneuronaltissues(Arakaki et al., 2004).
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The class-Il family hasbeensub-divided, in this caseinto two groupsdepending

on their sequences;they areknown asType A andType B (Nakaharaet al., 2003;

Sauve& Sygusch,2001). Sincethe Class-II aldolasesarenot found in animals, it

has been suggestedthat they could provide a possible therapeutic and vaccine

targets(Blom et al., 1996;Ramsaywaket al., 2004).

In addition to its metabolic function, studies have demonstratedthat FBA is

present on the surface of several microbial pathogensand may facilitate their

adhesion to host tissues by interacting directly with host surface ligands. For

example,in S.pneumoniae,surface-associatedFBA was shown to bind to a large

7-transpasstransmembranereceptorbelonging to the cadherinsuperfamily (Blau

et al., 2007) and also shown to be immunogenic in humans and capable of

inducing a protective immune responseagainstS.pneumoniae in mice (Ling et

al., 2004). In addition, FBA was found to be a surface-localizedimmunogenic

protein in S.suis (Zongfu et al., 2008) anda possiblerole for FBA in immunity to

a nematodeparasite Onchocerca volvulus has also been reported (McCarthy et

al.,2002).
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Figure 1.6 Schematicdiagram shwoing glycolytic pathway in a eukaryotic cell.
Glycolysis is an ancient metabolic pathway in which one mole of glucose is
catabolised to two moles of each pyruvate, NADH and ATP. Under aerobic
conditions, pyruvate is further oxidized by mitochondrial enzymes to carbon
dioxide andwater. (Abbreviations: ENOl, enolase1;FBA, Fructosebisphosphate
aldolase,GAPDH-1, glyceraldehyde-3-phosphatedehydrogenase;GPI, glucose-
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referenceKim & Dang, 2005) .
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1.16.3 Glyceraldehyde 3-phosphate dehydrogenase(GAPDH)

Glyceraldehyde 3-phosphatedehydrogenase(GAPDH) is a glycolytic enzyme

which catalyzes the conversion of glyceraldehyde 3-phosphate to 1, 3-

diphosphoglycerate.The most common form is the NAD+-dependent enzyme

(Ee 1.2.1.12) found in all organismsstudied so far and which is usually located

in the cytoplasm (Kim & Dang, 2005). In addition to its well-established

metabolic function, recent studieshavedemonstratedunexpected,non-glycolytic

functions of GAPDH in physiological and pathological processes(Kim & Dang,

2005; Sirover, 1999).

The localisation of GAPDH on the surfaceof a pathogenwas first describedin

the Gram-positive pathogen,S. pyogenes(Lottenberg et al., 1992; Pancholi V,

2003). In this organism, surface-exposedGAPDH binds several mammalian

proteins including the uPARlCD87 membraneprotein on pharyngealcells (Jin et

al., 2005; Lottenberg et al., 1992; Pancholi & Fischetti, 1992; Winram &

Lottenberg, 1996), regulatesintracellular host cell signaling events (Pancholi &

Fischetti, 1997) and contributes to host immune evasion (Terao et al., 2006).

GAPDH was subsequently identified on the surface of other Gram-positive

bacteriaincluding staphylococci(Modun & Williams, 1999;Modun et al., 2000),

S. agalactiae (Seifert et al., 2003) and Listeria monocytogenes(Schaumburget

al., 2004). In addition, surface localization of GAPDH has been reported in

enterohemorrhagic(EHEC) and enteropathogenic(EPEe) Escherichia coli; the

protein of thesepathogenshasbeenobservedto bind to human plasminogenand

fibrinogen, suggestinga role in pathogenesis(Egea et al., 2007). Similar to the

surface 10calized-GAPDHsfrom other species,the EHEe and EPEe GAPDH
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proteins possess NAD-ribosylating activity (Aguilera et al., 2009). In

Mycoplasma genitalium, surface-associatedGAPDH is important for adhesionto

human mucin (Alvarez et al., 2003), and in Lactobacillus plantarum, a normal

inhabitant of the humangastrointestinaltract, GAPDH was shown to be involved

in adherenceto gastricmucin andCaco-2cells (Kinoshita et al., 2008; Ramiah et

al., 2008). Interestingly, the major fimbriae of Porphyromonas gingivalis bind to

GAPDH on the surface of several oral streptococci, and this interaction is

important for colonization of the oral cavity (Nagata et al., 2009). Fungi also

express GAPDH on their cell surface, for example, the GAPDH of Candida

albicans was shownto be associatedwith the cell wall andinvolved in mediating

adhesion to fibronectin, laminin and plasminogen (Gil-Navarro et al., 1997;

Gozalbo et al., 1998;Jonathanet al., 2003). GAPDH hasalsobeenfound on the

surfaceofthe single-celledprotozoan, Trichomonasvaginalis, and shown to bind

extracellularmatrix components,including fibronectin (Lama et al., 2009). Thus,

GAPDH is a multi-functional protein displayed on the surfaceof several fungi

and Gram-positive pathogens,which contributes to their adhesionto host cells

andmay act asvirulence factor (Egeaet al., 2007).

1.17 Aims of the Project

The aim of this study was to investigate the molecular, immunological, and

functional attributesof two of the glycolytic pathway enzymes,namely FBA and

GAPDH of N. meningitidis.
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CHAPTER 2: Cloning and expression of cbbA and gapA-1
and purification of their products
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2.1 Introduction

Glycolytic enzymes, which along with other enzymes involved in central

metabolism, are sometimes called 'housekeeping enzymes' are classical

cytoplasmicproteins that arefound in all cell types.Theseenzymesareknown to

be constitutively expressedand localised mainly to the cytoplasm of the cell.

There is growing evidence that several so-called housekeeping enzymes,

including fructosebisphosphatealdolase(FBA) andglyceraldehydes-3-phosphate

dehydrogenase (GAPDH), are often localised to the surface of bacterial

pathogens. Whilst their intracellular functions are well known, it is unclear

whether they perform any additional functions on the bacterial surface.

Fructose 1, 6-bisphosphatealdolasecatalysesthe reversible cleavageof fructose

1,6-bisphosphateinto two triose sugars:dihydroxyacetonephosphate(glycerine-

P) and glyceraldehyde 3-phosphatein the glycolysis cycle (Ramsaywak et al.,

2004; Wehmeier, 2001; Zgiby et al., 2000). Besidesperforming a key role in

glycolytic cycle, aldolaseshavealso beenshown to be localised to the surfaceof

numerous bacterial and fungal pathogens. In S. pneumoniae surface-localized

FBA was shown to bind the host cell ligand Flamingo cadherin (Blau et al.,

2007), and was also found to be a surface-localizedimmunogenic protein in S.

suis (Zongfu et al., 2008).

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is a cytoplasmic

glycolytic enzyme that converts glyceraldehyde 3-phosphate to 1, 3-

bisphosphoglyceratecoupled with the reduction of NAD+ to NADH. Recent

studies have demonstratedunexpected,non-glycolytic, functions of GAPDH in
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physiological and pathological processes(Kim & Dang, 2005). Several reports

have shownthat in someGram-positivebacteriaand fungi extracellular GAPDH

interacts with various host components,including plasminogen,the cytoskeletal

proteins actin and myosin, and extracellularmatrix proteins including fibronectin

(Gozalbo et al., 1998; Pancholi & Fischetti, 1992; Schaumburget al., 2004;

Seifert et al., 2003; Winram & Lottenberg, 1996). The GAPDH of Mycoplasma

bovis has been shown to induce an immune responsein infected cattle (Perez-

Casal& Prysliak, 2007). Moreover, other cytosolic proteins: Enolase,DnaK, and

peroxiredoxin, of N. meningitidis serogroup B, have recently been reported

localised to the outer membrane,where they can act as plasminogen receptors

(Knaust et al., 2007). Thus, FBA andGAPDH-l may be multifunctional proteins

with a role in central metabolism and an additional role unconnectedto their

primary role which is associatedwith an alternative sub-cellular localisation.

Such proteins have been described as 'moonlighting proteins' (Jeffery, 1999;

Jeffery, 2003; Jeffery, 2009).

The aims of this chapter were to clone and over-expresscbbA and gapA-I, to

affinity purify full length recombinant FBA and GAPDH-l, and to raise

polyclonal antisera against the purified proteins to facilitate subsequent

characterisationstudies.
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2. 2 Materialsand Methods

2.2.1 Bacterial strains,growth conditions,andmedia

E. coli strains and plasmids used in this chapterare describedin Table 2.2. E.

coli strains were routinely grown at 37°C in Lysogeny Broth (LB) (Bertani,

2004) or on LB agar. Where appropriate,antibiotics were used at the following

concentrations: ampicillin (lOO ug ml'), kanamycin (30 ug mrl). Where

appropriate, blue/white selection of transformants in cloning experiments was

achievedusing IPTG (Roche) andX-gal at 0.5 mM and 80 J.1gml", respectively:

All liquid cultures were aeratedby agitation at 200 revolutions per minute (rpm)

in a shakingincubator.

2.2.2 Extraction of chromosomalDNA

Chromosomal DNA was prepared by using a DNeasy Blood & Tissue kit

(Qiagen)using the protocol for bacterial cells recommendedby the manufacturer.

Briefly, overnight culture of N. meningitidis grown on chocolateagarplates was

scrapedoff theplate with a sterile loop and re-suspendedin 180J.11of ATL buffer

(provided in kit) and 20 J.11of ProteinaseK to disrupt the cells. The samplewas

thenheatedat 56°C until the completelysis of cells was achieved.The lysatewas

applied to DNeasy spin column. The bound DNA was washed twice using the

buffers provided in the kit. The bound DNA was eluted in 200 J.11of elution

buffer.

2.2.3 Extraction of plasmidDNA

E. coli JMI09, harboring the desired plasmid, were streaked out from -80

glycerol stock on to LB agar plates containing appropriate antibiotic and
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incubated overnight at 37°C . The following day, a single colony was used to

inoculate a 10 ml of LB broth supplementedwith 100 ug ml" ampicillin. The

broth culture was incubated at 37°C overnight with shaking at 200 rpm. Small-

scale purification of high copy number plasmids was achieved using 5 ml

overnight cultures using a QIAprep spin kit (Qiagen) according to the

manufacturer's instructions. In caseof low copy number plasmids or large-scale

(70-100 ug) plasmid purification, GeneElutethe Midi Prepkit (Sigma) was used

accordingto manufacturer'srecommendation.

2.2.4 Quantification of DNA and protein

The concentrationof purified PCRproducts,plasmid, genomicDNA andpurified

proteins was quantified using a NanoDrop (ND-IOOO) spectrophotometer

(Agilent Technologies).

2.2.5 Polymerasechain reaction (peR)

All peR reactionswere performed in a 25 III final volume using sterile 0.2 ml

thin-walled peR tubes and cycled using a elOOO model Thermal Cycler

(BID-RAD). A master mix containing all of the peR components except

template DNA was prepared in a pre-chilled, sterile microcentrifuge tube and

thoroughly mixed by vortex. Following a brief centrifugation, a 24 J.LIaliquot of

mastermix was dispensedinto chilled peR tubesand 1 III appropriate template

DNA. The solution wasmixed by gently stirring with a pipette tip andkept on ice

prior to placement in the thermal cycler. Unless otherwise stated, all PCR

mixtures contained: 100 ng of chromosomalDNA or l-lO ng of Plasmid DNA;

each of the respectiveprimers to a final concentrationof 200 nM; 2.5 J.LIlOx
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Expand buffer (Roche); dNTPs (Roche or Promega)to a final concentrationof

200 IlM, ExpandHi Fidelity DNA polymerase0.2 III (3.5 U Ilrl) (Roche)andthe

reaction mixture was made up to a final volume of 25 III with dH20. The peR

conditions were: initial templatedenaturationstepof 3 min at 95°C, followed by

30 cycles of incubation, annealingat 48°C for 1 min, primer extension at 68°C

for 3.5 min, and 94°C for 45s, with final incubation at 48°e for I min and 68°C

for 10min.

2.2.6 Agarosegelelectrophoresis

An agarosegel (0.8-1%) was preparedaccording to the standardprotocol. DNA

ladders 2-Log (New England BioLabs) and 0.5 kb (Fermentas) were run

alongsidethe samplesto enableanalysis of DNA fragment size in the samples.

Gelswereviewed using an Uvitec gel documentationsystem.

2.2.7 Purification of peR andGel-extractedDNA products

DNA fragments generatedby PCR or restriction endonucleasedigestion were

purified using a QIAquick® peR purification kit (Qiagen) according to

manufacturer's recommendations. For gel extraction of DNA fragments

amplified by peR or generatedby restriction digestion, sampleswere separated

by agarosegel electrophoresisand the band of interest was excised with Gene

catcher Tips (Web Scientific) and purified using a Gel extraction Kit (Qiagen)

accordingto manufacturer'sinstructions.
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2.2.8 Cloning of cbbA in N-terminal Histidine-tag vector

A 1,06S-bp DNA fragment corresponding to the cbbA coding sequenceswas

amplified by peR using genomic DNA of N. meningitidis strain MeS8 and the

primer pair FBA_El and FBA_E2 incorporating BamH 1 and KpnI sites,

respectively (Table 2.1). The peR reaction was performed as described in

Section2.5. The DNA fragment was purified and ligated to the pEXPNT-TOPO

expression vector (Invitrogen) according to the manufacturer's instructions.

Screeningfor a successfulclone was performedby colony peR amplification of

the desired DNA fragment, restriction digestion with BamHI and KpnI and

subsequentDNA sequencing. A construct in which cbbA was correctly oriented

for translation was chosen and used to transform E. coli BL21 (DE3) pLysS

according to the manufacturer's instructions. The pEXPINT-TOPO-based

constructs drive expression of the recombinant protein with N-terminal 6-

histidine tagunder the control of phageT7 promoter.

2.2.9 Cloning of cbbA in C-terminal Histidine-tag vector

A DNA fragment correspondingto the cbbA coding sequencewas amplified by

peR using genomic DNA of N. meningitidis strain MC58 and the primers

FBA_pQE70 (F) and FBA_pQE70(R) incorporating SphI and BgnI sites,

respectively (Table 2.1). The peR reaction was performed as described in

Section2.5. The peR conditions usedto amplify this insert were: initial template

denaturation step of 3 min at 95°e, followed by 30 cycles of incubation,

annealing at Sloe for 1 min, primer extensionat 68°e for 2.5 min, and 94°C for

4Ss,with final incubation at si'c for 1 min and 68°e for 10 min. The pQE70

vector was linearized by digestion (section 2.10) with SphI and Bgm. The
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plasmid pSAT-FBA was constructed by ligating SphI and BglII-digested, gel-

purified cbbA peR product with pQE70 (Appendix B) according to the

manufacturer's instructions (Qiagen). Positive clones were screened for the

successful ligation of cbbA by colony peR, restriction digestion with SphI and

BglII and DNA sequencing to determine in frame ligation. A clone that contained

cbbA in the correct orientation for translation and in frame with the start codon of

the vector was selected and used to transform E. coli BL21 (DE3) pLysS

(Invitrogen) according to the manufacturer's instructions.

2.2.10 Restriction endonucleasedigestion

Restriction digestion reactions were routinely carried out in a 10 J.llfinal volume.

Unless otherwise stated, 100-200 ng of DNA (for screening purpose) and 1 ug of

DNA (for using in sub-cloning), was digested either as a single digest or double

digest with appropriate enzymes and compatible buffers. Restriction

endonuclease enzymes and buffers were purchased from New England Biolabs or

Roche and used according to the directions of the manufacturer.

Table 2. 1 List of primers usedin work describedin this chapter

~". (/ Restriction
Primer DNA sequence' it. , . SI e

Expressionof chbA

FBA_El(F) 5'-CGCGGATCCATGGCACTCGTATCCATGCG- 3'

FBA_E2(R) 5'-CGCGGTACCGTCGTCCGAACGGCGG- 3'

FBA_pQE70 (F) 5'-CGCGGATCCATGGCACTCGTATCCATGCG-3'

FBA_pQE70 (R) 5' -CGCGGTACCGTCGTCCGAACGGCGG-3'

BamHI

KpnI

SphI

Bgill

Expressionof gapA-l

NMB0207(F) 5' -CGCGGA TCCATGGGCATCAAAGTCGCCATC-3'

NMB0207(R) 5'-CGCGTCGACTTATTTGAGCGGGCGCACTIC-3'

BamHI

Sal!

"Sequences in bold identify restriction enzyme sites.
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Table 2. 2 Bacterial strains and plasmidsusedin work describedin this
chapter

SO/I id D 0 0 Sourceortrams p asnu s escrrption ..
rererence

E. coli strains

JMI09 endAl recAI gyrA96 thi hsdRl7 (rK- Promega

rK-)relAI supE44~(lac-proAB) [F'

traD36 proAB laqIqZ~MI5]

TOPIOF' F'lacIqTnlO(TetR) mcrA ~(mrr- Invitrogen

hsdRMS-mcrBC)<D801acZ~M15

MacX74 recAI araDl39 ~(ara-

leu)7697galU galK rpsL endAl

nupG

BL21(DE3)pLysS F- ompThsdSB(rB-mB-) gal dcm Invitrogen

(DE3) pLysS (CamR)

Plasmids

pQE70 Cloning vector encodingresistanceto Qiagen

ampicillin

pEXPINT-TOPO Expressionvector encoding Invitrogen

resistanceto ampicillin

pCRlNT-TOPO Expressionvector encoding Invitrogen

resistanceto ampicillin

pSAT-FBA MCS8 cbbA geneclonedin pQE70 This study

pDT-GapAl MC58 gapA-l geneclonedin This study

pCRlNT-TOPO

pSAT-l MC58 cbbA geneclonedin This study

pEXPINT-TOPO
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2.2.11 Ligation Reaction

Appropriate amountsof vector and insert DNA were combined in a 1:I or 1:3

ratios in a sterile microcentrifuge tube and the reaction was assembledin 10J.11

final volume. A typical ligation reaction contained; 100 ng insert, 50-100 ng

plasmid DNA, I J.11T4 DNA ligase (Rocheor Promega),1 J.11salt solution in case

of TOPO cloning, 1 J.1110 x ligation buffer (Roche), and where required dH20

was addedto make a final volume of 10 J.11.The ligation reaction was incubated

at 16°C for Ih and then overnight at 4°C. An aliquot of 1.5 J.11was used to

transformE. coli JM 109competentcells.

Where appropriate, Antarctic phosphatase([AP] New England BioLabs) was

used to catalyze the removal of the 5' phosphate groups from linear DNA

fragmentsto preventself-ligation. The procedurewas carriedout accordingto the

manufacturer's recommendations.Typical reactions contained 1 J.11[= 10 U] of

AP, approximately 1 J.1gof vector DNA, 5 J.11of lOx AP buffer andnuclease-free

deionized water to a final volume of 50 J.11.This was incubated at 37°C for 15

min followed by purification using the QIAquick PCRpurification kit (Qiagen)

2.2.12 Transformation

Briefly, an aliquot of 100 J.11of frozen competentE. coli cells JMI09 (Promega),

One shot Top 10 and BL21 (DE3) pLysS (Invitrogen) was thawed on ice 5 min

prior to transformation. 100 ng of plasmid DNA was addedto cells and mixed

gently by stirring with a pipette tip. The cells were incubatedon ice for 20 min

followed by heat shock at 42°C in water bath for 50 s without shaking.

Immediately after heat treatment, the cells were transferredon to ice for 2 min.
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To the cells was added a 450 ul of room temperature (RT) S.O.C medium

(Invitrogen) and the cell suspensionwas incubated at 37°C for 1.5 hr with

shakingat 250 rpm. The transformationreaction wasplated out as 1001l1,150 Ill,

and200 Ill, on LB agarcontaining appropriateantibiotic and incubatedovernight

at 37°C.

2.2.13 DNA sequencing

DNA constructswere sequencedin both directions using specific primers at the

School of Biomedical Sciences (University of Nottingham) on an ABI 377

automatedDNA sequencer.

2.2.14 Pilot expression of the recombinant rFBA and rGAPDH-l

E. coli strain BL21 (DE3) pLysS harboring appropriateexpressionplasmid were

grown overnight in LB broth containing 100 ug mrl ampicillin. The following

day, 500 III of the overnight culture was inoculated into fresh 10 ml

LB/ampicillin broth. The cultureswere allowed to grow to mid log phase(OD6oo

= 0.6). The culture tube was split into two 5 ml culture aliquots and IPTG was

addedto a final concentrationof 1 mM to one of the cultures.The culture tubes

were then incubatedat 37°C for 4 h with shakingand 500 III aliquot was removed

from each culture at times 0, 1, 2, 3, and 4 h, and cell were harvested by

centrifugation at 13,000 x g . The cell pellets were either stored at -20°C or

resuspendedin 100 III of 1x SDS-PAGE sample Buffer (Appendix A). The

samples were heated to 100°C for 5 min and subsequently resolved by

SDS-PAGEfollowed by immunoblot analysis.
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2.2.15 Sodium dodecyl sulfate polyacrylamide gel electrophoresis

The recombinant proteins were electrophretically separated by 10-12%

SDS-PAGE (Appendix A) using Mini- Protean III equipment (BID-RAD)

following the method of Laemmli (Laemmli, 1970). The protein sampleswere

prepared by mixing bacterial cell pellets with 1 x SDS-PAGE sample buffer

(Appendix A) and heatedat 100°C for 5 min. An aliquot of 10JlIof samplewas

loaded into each well of the gel and 10JlI of pre-stainedprotein markers (New

England Biolabs) were loaded into an adjacent lane. Proteins separatedby

SDS-PAGE were visualized by staining with SimplyBlue SafeStain(Invitrogen)

or PageBlue™ Protein Stain Solution (Fermentas) according to the

manufacturer's instructions. Gels were scanned using a GS-800 calibrated

densitometer(BIO-RAO).

2.2.16 Immunoblot analysis

For Immunoblot analysis, the protein mixtures separatedby 10% SOS-PAGE

were transferred onto a nitrocellulose membrane (Amersham Biosciences) in

semi-dry blotting buffer (Appendix A) using a Trans-Blot SD semidry transfer

cell (BIO-RAO) at a constantcurrant of 14 rnA for approximately 30 min. The

membraneswere incubated in blocking solution (Appendix A) or 1% Bovine

serum albumin (BSA) (Sigma) for 30 min at RT. The membraneswere then

probed with mouse anti-pentahistidine antibody (Qiagen) or rabbit primary

antibody diluted 1:10,000 and 1:1000, respectively, in blocking buffer and

incubatedovernight with shaking at 4°C. The following day, the membranewas

washed three times 15 min each with PBS containing 0.05% Tween-20

(PBS-Tween), and incubated into secondary antibody (anti-mouse IgG
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conjugated to alkaline-phosphtase or anti-rabbit conjugated to alkaline

phosphtase)(Sigma) at the concentrationof 1:30,000for 2 h at RT. After 2 h the

membrane was washed thrice with PBS-Tween for 15 min each time. The

membrane was then developed using the BCIP (5-bromo-4- chloro-3-

indolylphosphate)-Nitro Blue Tetrazolium liquid substrate(PerkinElmer™). The

membranewas finally washedwith dHzO and a digital image of the membrane

wastakenusing a OS-800calibrateddensitometer(BIO-RAD).

2.2.17Proteinpurification under denaturingconditions

The large-scaleexpressionof recombinant His-tagged proteins for purification

wasperformedusing the commonexpressionprotocol. Briefly, a single colony of

E. coli BL21 (DE3) pLysS harboring the expressionplasmid was inoculated into

10ml LB containing ampicillin (lOO J.1gml") and grown at 37°C overnight. One

litre of LB broth containing ampicillin was then inoculated with 10 ml of an

overnight starter culture and grown to mid log phase(OD600 = 0.6), and induced

by addition of IPTO to a final concentrationof 1 mM. After 3h of induction the

cells were harvestedby centrifugation (8,000 x g for 10 min at 4°C) using an

Allegra™ X-22R centrifuge (Beckman Coulter) and the cell pellet was then

either stored at -20°C or used for purification. Protein purification was achieved

by re-suspendingthe culture pellet from 20 ml culture in 1 ml lysis buffer (B)

(Appendix A) and sonicated(10 son, 20 s off pulses for 5 min on ice) using a

(SoniPrepsonicaterMSE 150)to disrupt the cells. The lysate from disruptedcells

was centrifugedat 8,000 x g for 30 min at 4°C. The supernatantwas collected in

a sterile Eppendorf tube for purification of the recombinantprotein. Purification

was carriedout using a Ni-NTA spin kit (Qiagen).Firstly, Ni-NTA spin columns
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were equilibratedwith 600 ul of buffer B, andcentrifugedat 700 x g for 2 min to

drain the buffer and then 600 J.lI of supernatantcollected from the lysate of

disruptedcells was loadedinto pre-equilibratedcolumnsandcentrifugedat 700 x

g for 2 min. The flow through was collected and savedin a separateEppendorf

tube for SDS-PAGE analysis. Secondly, the spin columns were washed twice

with approximately 600 J.lI of buffer C (Appendix A) to releasenon-specific

proteins. The third and last step was elution of pure proteins bound to spin

column with buffer E (Appendix A). The protein eluteswere storedat -20°C

2.2.18 Protein purification under native conditions

Briefly, the culture pellet from a l-litre culture of E. coli BL21 (DE3) pLysS cells

containing pSAT-FBA and induced with IPTG for 3 h, was resuspendedin the

lysis buffer (Appendix A) and the cells were then disrupted by sonication (lOs

on, 20soffpulses for 10min on ice) in ice water. Soluble andinsoluble fractions

were separatedby centrifugation (8,000 x g for 30 min at 4°C). Five hundred III

of Hispure™ cobalt resin (Thermo) was centrifuged at 2,000 x g for 1 min to

drain the storage buffer and then the resin was added to the soluble fraction

containing the recombinant FBA. The supernatant-resin mixture was then

incubatedovernight at 4°C to allow binding of the taggedprotein to the resin.

The following day, the mixture was passedthrough gravity purification columns

(Sigma). The flow through was collected and re-applied to the column to

maximize protein binding. The resin was then extensively washed with

approximately 10 column volumes of washbuffer (Appendix A) to minimize the

yield of contaminating proteins in the eluted fraction. The protein bound to the
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resin was then eluted in elution buffer (Appendix A). The purity of the protein

was examinedby SDS-PAGE.

2.2.19 Protein purification by gel electro-elution

The partially purified samplesof rGAPDH-l were resolved in a single lane on

10% SDS-PAGE. The gel was stained briefly with SimplyBlue SafeStain

(Invitrogen). The band correspondingto the recombinantprotein of interest was

identified accordingto its sizeestimatedby comparingwith the molecular weight

markers. The protein band with an apparent molecular mass of ca. 37-kDa

demonstratingrGAPDH-l was excised out from gel and further cut into small

slices. For electro-elution, the gel slices were transferred to aD-tube (D-Tube

Dialyzer midi, MWCO 6-8 kDa, Novagen) containing filter sterile 1x SOS-

running buffer (Appendix A) and electro-elution was performed at constant

voltage of 110 volts for 2 h in a agarosegel casting tank filled with 1 x SDS

running buffer. The eluted protein was aspiratedfrom the 0-Tubes and dialysed

in clean O-tubes against PBS for 48 h at 4°C and then concentratedusing

centrifugal filter device (Microcon, Amicon Bioseparation,5,000Da MWCO).

2.2.20 Raising polyclonaJ antiserum against FDA and GAPDH-l

Rabbit polyclonal antibodiesagainstthe denaturedpurified recombinantFBA and

GAPOH-I andnon-denaturedpurified FBA proteins were raised in New Zealand

white female rabbits. Typically, rabbits were immunized three times at 2-week

intervals with 30 J.1gof protein emulsified in Freud's Complete (first

immunization) or incomplete adjuvant. After two doses, the rabbits were test

bled, boostedoncemore, andsacrificed 10dayslater.
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2.2.21 Protein and nucleic acid sequenceanalysis

The genome database of N. meningitidis MCS8 was interrogated at

http://cmr.jcvi.org/cgi-binlCMRlGenomePage.cgi?org=gnm.Sequencehomology

data were obtained using the CLUSTALX software (http://www-igbmc.u-

strasbg.fr/BioInfo/ClustaIX). Protein secretion signals were analyzed using the

SignalP 3.0 server available at http://www.cbs.dtu.dklservices/SignaIP/

(Emanuelsson et al., 2007). The SoftBerry Bacterial Promoter Prediction

algorithm- (http://linuxl.softberry.comlberry.phtml?topic=bprom&group=progra

ms&subgroup=gfindb) was used to examine DNA segments for potential

promoter sequences.Other DNA and protein sequenceanalyses,and primers

designing, were carried out using the DNAman packageof programs (Lynnon

BioSoft).
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2.3 Results

2.3.1 Sequenceanalysis of the cbbA and flanking DNA and FBA protein

In N. meningitidis strain MeS8, the cbbA gene (NMBI869) is 1,065 bp long

encodinga predictedprotein of354 amino acids (Fig 2.1) andhasa G+C content

of 56.18%. The cbbA gene is downstream of xerC (NMB 1868) predicted to

encode the XerC integrase/recombinaseand upstream of NMB 1870, which

encodes factor H-binding protein, fHbp (Madico et al., 2006). This genetic

organization appearsto be conservedin published genomesof N. meningitidis

Z2491 (serogroupA), N. meningitidis FAM18 (serogroupe) andN. gonorrhoeae

FAI090 strains. However, the gene encoding for fHbp is annotatedas putative

lipoprotein and/orhypothetical open-readingframe. Sequences>94% identical to

the MC58 cbbA gene are found in the genomic sequencesof the serogroup e

meningococcalstrain FAM18 (GenBank accessionno. YP_974462; (Bentleyet

al., 2007», the ST-4821 strain 053442 (GenBank accessionno. YP_001598513;

(Peng et al., 2008» and the group A strain Z2491 (GenBank accessionno.

YP_002342063;(Parkhill et al., 2000). Additionally sequences>93% identical to

MCS8 cbbA are found in the gonococcalstrain FAI090 (94% identical; GenBank

accessionno. YP_207215), andN. lactamica strain ATCe 23970 (93% identical;

GenBankaccessionno. ZP_03723075)sequencesconfirming that cbbA is highly

conservedacrossNeisseria species.At the amino acid level, FBA sequencesfrom

meningococcal strains Z2491, MeS8, FAM18 and 053442, and the gonococcal

strain FA 1090, are > 99% identical. By alignment, the neisserial FBA

(NMBI869) was 67 and 65% identical to class-lIB FBA enzymes from

Xanthobacter flavus and Synechocystissp., respectively, but was only 21%

identical to the E. coli class-HA FBA, confirming that the neisserial FBA is a
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class-lIB enzyme. As expected for a class-II FBA, a conservedputative zinc-

binding site (Berry & Marshall, 1993)was also identified (HSI_XX_ H84). Using

the SignalP software, FBA was predicted to be a non-secretedprotein by the

SignaIP-HMM program

2.3.2 Cloning and expression of cbbA in pEXPINT-TOPO

The cbbA genecomprisesof 1,065bp, which encodesa protein of a 354 amino

acids (a.a). The entire ORF was successfully amplified by PCR (Fig 2.2). A

single band with the expected molecular weight of ca. l-kb was observedby

agarosegel electrophoresis.The peR product was ligated to thepEXP-NT/TOPO

expressionvector followed by transformation of E. coli JMI09 cells for plasmid

proliferation and subsequentscreeningfor the successfulclones.

The pExp-NTrrOPO expression vector, unlike pGEM-T Easy, lacks the

whitelblue phenotype based screening system; therefore, the screening for the

successfulclones was initially attemptedby colony PCR (Fig 2.3 A). Several

recombinant clones were identified to contain the cbbA insert by observing a

DNA fragment correspondingto cbbA alongsidea band amplified with the same

primers using MC58 DNA as a positive control. In order to confirm the colony

PCR results and to ascertainthe orientation of cbbA, recombinant clones were

selectedand usedto extract plasmid DNA for restriction analysisand.subsequent

partial sequencing.

Six cloneswere subjectedto further verification by restriction digestion analysis.

The restriction sites BamHI and KpnI (present in FBA_El and E2 primers

respectively)were usedto ascertainthe orientation of the desiredinsert. Insertion
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of cbbA in the sameorientation asthe T7 promoter of the vector was expectedto

produce single linear fragmentsof ea 3.7 kb in a double digest with BamHI and

KpnI. In contrast, insertion of cbbA in a reverseorientation to the vector yielded

the expected two DNA fragments of ca. 1 kb and 2.7 kb. Out of six clones

analysedby colony peR, three were identified to contain cbbA in the desired

orientation whilst the remaining three produced two DNA bandsconsistentwith

the reverseorientation (Fig 2.3 B).

One plasmid containing cbbA in correct orientation was designatedpSAT-1.

Finally, the sequenceand orientation of the clonedcbbA wasconfirmed by DNA

sequencing.The plasmid pSAT-l was partially sequencedusing the T7 forward

and reverseprimers. Sequencingdemonstratedthat pSAT-1 containedthe cbbA

in frame with the His-tag of the vector and in correctorientation underthe control

of phageT7 promoter for expressionof the recombinantprotein.
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Figure 2. 1 Agarose gel analysis showing (A) the PCR amplification of cbbA.
Chromosomal DNA was prepared from N meningitidis MCS8 and used to
amplify out cbbA by PCR. Lane 1, DNA ladder, lane 2, PCR product
corresponding to cbbA. (B) colony peR amplification of cbbA, putative
transformant colonies were used for peR amplification of cbbA, lane 1, DNA
markers,lane 2, peR product of cbbA from MC58 chromosomalDNA (Control),
lanes,3-9, putative transformantcolonies.The DNA product in lanes7 and9 was
of the expected size suggesting successful cloning of cbbA (C) restriction
digestion of pSAT-1, plasmid DNA was usedto verify the cloning of cbbA using
the BamHI andKpnI. Lane 1,DNA markers,lanes2-7, putative pSAT-l digested
with BamHI andKpnI.
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Expression of rFBA was successfully achieved in E. coli BL2l (DE3) pLysS

cells harboring the plasmid pSAT-l following induction with IPTG. Expression

was checkedby SOS-PAGE followed by either staining or immunoblot analysis.

A recombinant protein band with apparent molecular weight of ca. 38-kDa

correspondingto the rFBA wasobservedin inducedsampleson the SOSgel after

staining with SimplyBlue 8afeStain(Fig 2.4). Immunoblot analysisalso detected

the tagged recombinant protein correspondingto the full length rFBA. A faint

protein band was also observedin un-inducedsamples.This wasprobably due to

leaky expression of the gene without induction as it was absent in negative

control cells containing the samevector without the insert (Fig 3.5).

The solubility of the expressedrFBA was determinedby resuspendingthe cell

pellet in PBS. Following 30 min incubation at room RT, cells were disrupted by

sonication and centrifuged to separatesoluble and insoluble fractions. Both

fractions were collected separately and analysed by 80S-PAGE (Fig 2.6 A)

followed by immunoblot analysis using anti-pentahistidine antibodies (Fig 2.6

B). A strong protein band corresponding to FBA was detected in insoluble

fraction whereasa weak bandwaspresentin soluble fraction of expressedprotein

suggestingthat the rFBA protein wasexpressedmostly asinsoluble protein.
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Figure 2. 2 SDS-polyacrylamide gel showing pilot expressionof FBA. Whole
cell lysate of E. coli strain BL21(DE3) pLysS containing the plasmid pSAT-1,
non-induced and IPTG-induced samples were separatedby 10% SDS-PAGE.
Lane 1,proteinmarkers; lanes2-4, whole cell lysateof non-inducedcultures after
, 1, 2, and 3 h, respectively; lane 5, lysate from E. coli containing empty vector,
lanes 6-8 whole cell lysate of IPTG-induced cultures after I, 2, and 3 h,
respectively. The protein was expressed within 1 h after induction and the
expressionreachedmaximum level at 3 h.
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Figure 2. 3 Immunoblot analysis showing the pilot expressionof FBA. Whole
cell proteins were separatedby 10% SDS-PAGE and then transferred on to
nitrocellulose membrane followed by probing with anti-penta histidine
antibodies.Lane 1, protein markers; lane 2-4, un-inducedsampleslane 5, lysate
from E. coli containing empty vector, lanes6-8 inducedsamples.
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Figure 2.4 Solubility of the rFBA E. coli BL21(DE3) pLysS harboring pSAT-I
were induced with I mM IPTG and incubated at 37°C for 3 h. (A) Protein were
resolved by 10% SDS-PAGE Lane I, protein markers; lanes 2 pellet (insoluble
fraction; inclusion bodies); lane 3, supernatant fraction. (soluble fraction), (B)
Immunoblot analysis of protein resolved by SDS-PAGE. Lane 1, protein
markers; lane 2, pellet (insoluble fraction; inclusion bodies); lane 3, supernatant
fraction. This is showing that FBA was expressed as insoluble protein.
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2.3.3 Purification of rFBA under denaturing conditions

Due to the insoluble nature of recombinantprotein, purification was performed

under denaturing conditions. The 20 ml culture pellet of E. coli harbouring

pSAT-1 was induced with IPTG in a mid log phaseand further grown for 3h.

Following sonication of the harvested cells, purification of the recombinant

protein was successfully achieved under denaturing conditions using affinity

chromatography (Fig 2.7). The protein was eluted in elution buffer containing

urea. After purification ureawas removedby dialysis againstPBS using D-tube-

dialyzer. Purified protein was analysedby SDS-PAGEto confirm the purity and

integrity of thepurified protein.

kDa 1
175- .--",...-.....,.,..--- ......---......-

83-

62-

47-

2 3 4 5 6 7 8

32.5-

25-

ea. .1R-kDa

Figure 2. 5 SDS-polyacrylamidegel demonstratingaffinity purification ofrFBA.
E. coli strain BL21 containing plasmid pSAT-1 were grown until the exponential
phaseand inducedwith 1 mM IPTG. After 3 h of induction, cells were harvested
by centrifugation and purified using a QiagenNi-NT A spin kit under denaturing
conditions and the sampleswere separatedby 10% SDS-PAGE. Lane 1, protein
markers; lane 2, whole cell lysate of E. coli harboring pSAT-l; lane 3, flow
through; lane 4, first wash; lane 5 secondwash; lane 6, protein markers, lane 7
first eluate; and lane 8 secondeluate.The eluateshowedthe single protein band
representingthe full sizedrFBA
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2.3.4 peR amplification and cloning of chhA in pQE70

Although N-tenninally His-tagged rFBA was successfully expressed and

subsequently purified under denaturing conditions, in order to examine the

functional activity of the recombinant protein and to generate polyclonal

antibodies against conformational epitopes of the protein, cbbA was re-cloned

with C-tenninal 6 x His-tag in an endeavourto expressrecombinantproteins in

soluble form to facilitate subsequentpurification under native conditions. The

cbbA gene was amplified by PCR using primers incorporating SphI and BgflI

restriction sites to facilitate the ligation with pQE70. The purified, digestedcbbA

product was successfully ligated to pQE70 after both molecules were digested

with SphI andBglII followed by transformationof E. coli JM109 cells. A number

of recombinant clones were selectedand screenedfor the presenceof cbbA in

order to confirm successfulcloning. Screeningwas initially performedby colony

PCR of putative transformantscolonies. Severalrecombinantclonesproducedan

expectedband of ca. l-kb were then selectedand propagatedfor purification of

plasmid DNA. The plasmid DNA was subjected to further confirmation by

restriction digestion analysisusing SphI andBgm. As expectedtwo DNA bands

corresponding to cbbA and vector backbone were observed by agarose gel

analysisdemonstratingthe successfulligation. Finally, one of the positive clones

was sequenced.The sequencingresults confirmed that the ligation was in frame

with the start codon of the vector and the sequenceswere identical to that of the

cbbA. This clone was selected for expression of recombinant protein and

subsequentpurification undernon-denaturingconditions.
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Figure 2. 6 Agarose gel analysis demonstrating the (A) PCR amplification of
cbbA. Chromosomal DNA was prepared from N meningitidis MC58 and used to
amplify the entire open reading frame of cbbA for cloning into pQE70. Lane 1,
DNA markers, lane 2, PCR product of cbbA. (B) colony PCR amplification of
cbbA. Screening for cbbA cloning was performed by colony peR amplification of
cbbA from putative transformants colonies. Lane 1, DNA markers, lane 2-7, cbbA
amplified by colony PCR, (C) the restriction digestion of pSAT -9. Plasmid DNA
was isolated from E. coli harboring pSAT-9 and used to confirm the cloning of
cbbA in pQE70. Lane 1, DNA markers, Lane 2, Sph[ & BglII-digested pSA T-9.
Lane 2 shows the expected two bands confirming the successful ligation of cbbA
with pQE70
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2.3.5 Expression and purification of rFBA under native conditions

E. coli BL2I (DE3) pLysS cells harboring the plasmid pSAT-FBA were usedto

expressrFBA. Optimal expressionwas achievedafter 3 h induction with IPTG.

Expressionwas confirmed by SOS-polyacrylamidegel followed by immunoblot

analysis. Despite the high levels of expression,no formation of inclusion bodies

wasdetected(datanot shown).

The RecombinantFBA from a I-litre culture of E. coli harboringpSAT-FBA was

purified under native conditions. After sonication of the harvested cells,

purification of the recombinant protein was performed by affinity

chromatography.The protein was eluted in elution buffer containing imidazole.

After purification the imidazole was removedby dialysis againstthe samebuffer

(minus imidazole) using BD-dialyzer tubes. Purified protein was analysed by

SOS-PAGE to confirm the purity and predicted molecular weight. SOS-PAGE

analysis demonstrated a strong recombinant protein band with an apparent

molecular weight of ca. 38-kDa corresponding to the FBA (Fig 2.9A).

Immunoblot analysisusing anti-pentahistidine andRaFBA antiseraalso detected

the protein band representingrFBA (Fig 2.9B & C respectively). The purified

protein was usedto examineenzymic activity of natively purified protein and to

raisepolyclonal antiserato facilitate subsequentcharacterisation.
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Figure 2. 7 SDS-PAGE and immunoblot analysis demonstrating the rFBA
purified under native conditions. (A) SDS-PAGE (l0%) analysis confirms the
purity of the recombinantFBA purified under native conditions. (B) Immunoblot
analysis shows that recombinant FBA is recognized by RaFBA (C) and anti-
pentahistidine antibodies.

2.3.6 Sequenceanalysis of gapA-l, flanking DNA and GAPDH-! protein

In N. meningitidis strain MeS8; the 1,032-bp gapA-l gene (Fig 2.I0)

(NMB0207) has a Gf-C content of 58 % and encodesa predicted protein of 343

amino acids (estimated molecular weight 37.0 kDa). The gapA-l gene is

downstreamof, and in the opposite orientation to, aat (NMB0206) predicted to

encodethe leucyl/phenylalanyl-tRNA-protein transferaseandupstreamof, and in

the same orientation as, NMB0208, which is predicted to encode an electron

transportprotein, ferredoxin (4Fe-4S-type).The samegeneticorganizationoccurs

in N meningitidis Z2491 (serogroupA), N meningitidis FAM18 (serogroupC).

Sequences>98% identical to the Me58 gapA-l geneare found in the genomic

sequencesof the group A strain Z2491 (Parkhill et al., 2000), the serogroupe

meningococcal strain FAM18 (Bentley et al., 2007), and the ST-4821 strain

053442 (Peng et al., 2008). Additionally, gapA-l orthologues are found in the
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gonococcalstrain FA1090 (98% identical) andN. lactamica strain ATCC 23970

(90% identical) confirming that gapA-l is highly conserved across Neisseria

species. At the amino acid level, GAPDH-l sequencesfrom meningococcal

strains MCS8, Z2491, FAMI8, 053442, and the gonococcal strain FAl090 are

>97% identical. As expected, the highly conserved GAPDH active site was

identified eS3ASCITNCL 160), and GAPDH-l shows significant homology to

GAPDH enzymesfrom higher organisms,including the humanGAPDH enzyme

(45% identity). Despite its demonstratedpresenceon the bacterial surface, the

GAPDH-l of N. meningitidis was not predicted to possessa classical secretion

signal by the SignaIP-HMM and -NN programs.GenBankaccessionnumbersfor

the gapA-l sequencesanalyzed in this study are as follows: YP_97432562

(FAMI8), YP_00160027 (ST-4821 strain 053442), YP_002341615 (Z2491),

YP_208807 (gonococcalstrain FAI090) and ZP_03723143(N. lactamica ATCC

23970).

2.3.7 Cloning and expressionof gapA-l of N. meningitidis strain MeS8

The entire open reading frame of gapA-l was amplified by PCR using the

primers NMB0207 (F) & NMB0207 (R) primers (Table 2.1) and cloned into the

pCR-T7/NT-TOPO expression vector to yield pDT-GapA1. The plasmid

pDT-GapAI wasconstructedby Dr. David P Turner (unpublished).

In order to expressN-terminally 6 x His-taggedrecombinantproteins, overnight

culture of E. coli BL2l (DE3) harboring pDT-GapAl were grown to mid log

phasefollowed by induction with 1mM IPTG and further grown for 3 h. Samples

were taken from induced andun-inducedculturesat anhourly interval to monitor
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the optimal expression. Pre-induced and post-induced samples were then

analysedby SDS-polyacrylamide gel including negative control sample (E. coli

BL21 (DE3) pLysS containing pCRT7INT-TOPO vector without insert, treated

under sameexpressionconditions). A protein bandof apparentmolecular weight

of ca. 37-kDa demonstratingrGAPDH-l was observedin induced sampleson

SDS- gel (Fig 2.11) and also a weak band of the same size was present in

uninduced samplessuggestingthe leaky expression.This band was absentin the

negativecontrol.

The resolved protein sampleswere subsequentlytransferredonto nitrocellulose

membrane followed by probing with anti-penta antibodies. A strong immune-

reactive band of predicted molecular mass of ca. 37-kDa corresponding to

rGAPDH wasdetectedby immunoblot analysis.
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Figure 2. 8 SOS-PAGE (10%) analysis showing the expressionof GAPOH-l in
induced and un-induced samples,Lane 1, protein markers, lane 2- 4, un-induced
0-3 h sample,respectively, lane 5, control (E. coli harboring empty vector), and
lane 6-8, induced0-3 h sample,respectively.
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Figure 2. 9 Immunoblot analysis confirming expressionof GAPOH-lin induced
and un-induced samples,Lane 1, protein markers, lane 2- 4, un-induced whole
cell proteins, lane 6, control (E. coli containing empty vector), Janes6-8 whole
cell proteins from inducedsamples.
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2.3.8 Purification of rGAPDH-l by D-tube Dialyzer

The purification of the rGAPDH-l was performed by using metal affinity

chromatography.The rGAPDH-I was resolved on SDS-PAGE to confirm the

purity and expectedsizebasedon predictedmolecular weight. A ca.37-kOaband

correspondingto rGAPDH was observedtogetherwith severaladditional protein

bands,which were assumedto be non-specificcontaminatingproteins.Therefore,

in order to obtain a purified rGAPDH-l for raising polyclonal antiserum the

partially purified elutes containing rGAPOH-I were resolvedon SOS-PAGE and

the protein band corresponding to GAPDH-l was excised from the SDS-

polyacrylamide gel, and the gel pieces were used for purification by electro-

eluation using D-tube dialyzers.

The purified protein was analysedby SDS-PAGE and immunoblot analysis.One

gel was stained with SimplyBlue SafeStain and subsequentlydestained with

dH20 whilst another gel containing the same profile of proteins was used to

transfer the resolved protein onto the nitrocellulose membranefor probing with

either anti-penta histidine and/or Ra-GAPOH-I antibodies. The SOS-PAGE

demonstrated a single band with an apparent molecular weight of 37-kDa

corresponding to rGAPDH-l. The immunoblot analysis demonstratedthat anti-

pentahistidine recognisedthepurified protein asrGAPDH.
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Figure 2. 10 SDS-PAGE and immunoblot analysis demonstrating the rGAPDH-l
purified under denaturing conditions. CA) 10% SDS-PAGE analysis confirms the
purity of rGAPDH-I CB) Immunoblot analysis shows that rGAPDH-I IS

recognized by anti-penta histidine antibodies Cc) and by RaGAPDH-l
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2.4 Discussion

This chapter details the cloning of cbbA and gapA-l of N. meningitidis strain

MCS8 andthe expressionand subsequentpurification of their products: FBA and

GAPDH-l. A preliminary strategyadoptedtowards characterisingboth FBA and

GAPDH-l proteinswas to clone andover expressboth proteinsandsubsequently

to raisepolyclonal antiseraagainstboth proteins.The antiserawere then usedin a

number of experiments to facilitate identification of the putative roles of both

enzymes in pathogenesisof meningococcal disease. In N. meningitidis strain

MCS8 genomethere is a single copy of cbbA (NMB 1869) predicted to encode

FBA protein. The entire open reading frame encoding full length FBA was

successfully cloned in N-tenninally histidine-tagged vector to express the

recombinant protein. The recombinant protein was shown to be optimally

expressedin host E. coli using 1mM IPTG for 3 h. Expressionwas detectedby

immunoblot analysisusing anti-pentahistidine antibodies.As a negativecontrol,

vector without insert was used to transform E. coli and treated in parallel.

Recombinantprotein with apparentmolecular weight of 38-kDa correspondingto

FBA was obtained in induced samples. FBA was affinity purified under

denaturing conditions and used to raise polyclonal antiserum in rabbit. The

antiserumwas shownto strongly reactagainstpurified FBA protein.

Following severalunsuccessfulattempts to purify under native conditions, the

rFBA was successfully purified under denaturing conditions. Failure to purify

protein under native conditions may possibly be due to the insoluble form of the

protein, as confirmed by finding that majority of the proteins were in the pellet

(inclusion bodies) fraction rather than in supernatant of expressed samples.
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Despite optimisation of expression parameters such as lowering the growth

temperature(20, 25, 30°C), adding less concentrationof IPTG (0.5mM) at late

exponential phase which is believed to improve the solubility of recombinant

proteins, several attempts to expressthe protein in a more soluble form were

unsuccessfuLThis insolubility issue was not just the casewith meningococcal

FBA, but this enzymeexpressedwith anN-terminal His-tag from Mycobacterium

tubeculosis was also shown to be functionally inactive and insoluble protein

(Ramsaywaket al., 2004). In that study, to improve the yield of soluble protein

efforts were madeto expressthe taggedFBA at low temperature(15°C) andalso

by co-expressionwith different chaperones(GroES and GroEL; or DnaJ, Dnak,

and grpE). Theseparametersalthough were shownto improve a little the yield of

soluble protein but failed to yield an active enzyme (Ramsaywaket al., 2004).

Another possible explanation for inability to purify the protein under native

conditions might also be due to the manner in which the protein is folded in its

native form, such that the histidine-tag is buried within the protein and may not

be exposedsufficiently to be purified by affinity chromatography.

Alternatively, to expressrecombinant FBA protein in a soluble form to achieve

subsequentpurification under native conditions, a DNA fragment corresponding

to full length cbbA was successfully cloned in pQE70. This vector carries 6 x

histidine-tag at C-terminal of the recombinant protein. Recombinant protein

expressedwith C-terminal histidine-tag was successfully purified under native

conditions. SDS-PAGE analysis confirmed the expected size and purity by

demonstrating a single band of apparent molecular mass of ca. 38-kDa

correspondingto the recombinantFBA.

85



In the publishedmeningococcalgenomesequences,thereare two genes(gapA-l;

NMB0207 and gapA-2; NMB2159).encoding putative GAPDH enzymes. We

beganour investigationsby focusing on gapA-l (NMB0207) rather thangapA-2,

becausethe gapA-l has been shown to be up-regulatedin N. meningitidis upon

the contact with human epithelial cell whereasgapA-2 was not found to be

similarly regulated. The gapA-l was successfullycloned in pCR-NTffOPO and

optimal expressionof the recombinant protein was achievedby induction with

ImM IPTG for 3 h. The expressionwas shownto be not undertight IPTG control

as non-induced samplescontaineda weakly expressedprotein band of apparent

molecular weight of ca. 37-kDa. Initial attempts to purify rGAPDH-l under

native conditions were not successfulsuggestingthat the expressedprotein was

not folded correctly and appeared to be in insoluble form. Since previous

optimisation attemptsto improve expressionof the FBA protein in more soluble

form were unsuccessful, protein was therefore purified under denaturing

conditions. The SDS-PAGEanalysisof the affinity purified protein demonstrated

severalprotein bands including the protein band with apparentmolecular weight

of ca. 37-kDa correspondingto rGAPDH-l. In order to obtain pure protein for

raising polyclonal antiserum, the purification was carried out by electro-elution

using D-tube dialyzers. The partially purified GAPDH-l was first separatedby

polyacrylamide gel from SDS- polyacrylamide gels and then the protein bands

corresponding to the GAPDH-l were excised and eluted. The eluted proteins

were dialyzed against PBS for 48 h. The immunoblot analysis using anti-penta

histidine antibodies recognized a protein bands with apparentmolecular weight

of ca. 37-kDa.
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In conclusion, expressionplasmids for rFBA and rGAPDH-I were successfully

constructed. The rFBA was over expressedwith N-terminal and C-terminal

histidine tagsand the recombinantproteinswere successfullypurified by affinity

chromatography.The purification of N-terminal His-tagged rFBA under native

conditions was unsuccessful,which may be due to the insoluble nature of the

recombinantprotein or in accessibility of His-tag to nickel column, however, the

protein was successfullypurified under denaturing conditions and used to raise

polyclonal antisera.The rFBA was successfullypurified under native conditions

from C-terminally His-taggedvector. This natively purified rFBA was then used

to study the functional/enzymic activity of the protein and used for generating

polyclonal antiserum for using in subsequentcharacterisationexperiments. In

addition, the rGAPDH-I was also over expressedwith an N-terminal histidine-

tag, again this protein was found to be in insoluble (inclusion bodies) fraction,

and the purification was performed under denaturing conditions as insoluble

proteins that were subsequentlypurified by gel electro-elution. The purified

rGAPDH-l was used for raising polyclonal antiserum to facilitate the

characterisationexperiments.Taken together,the work describedin this chapter,

resulted in the successful production of reagents that would facilitate further

studiesinto therole of theseproteins.
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CHAPTER 3: Mutagenesis and complementation of cbbA

and gapA.10f N. meningitidis
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3.1 Introduction

In this chapter the generationof cbbA and gapA-l null mutants and subsequent

complementationof cbbA and gapA-l mutations at an ectopic site in respective

isogenicnull mutants is described.The mutant and complementedstrainswill be

utilized in subsequentcharacterization experiments to facilitate a study of the

potential role of FBA and GAPDH-l in pathogenesisof meningococcaldisease.

In addition to mutating cbbA in MCS8, the cbbA isogenicmutantswere createdin

four meningococcal strains of different genetic backgrounds (Z4181, Z4667,

Z4673, and ST-18). The mutated strains were used as negative controls in

immunoblot experiments to assess the expression of cbbA and gapA-l m

meningococcal strains, and in subsequent molecular and immunological

characterisationexperiments(Chapter 4 & 5). Whilst the cbbA-isogenicmutants

generated in additional four known MLST -type strains (Z4181ilcbbA,

Z4667ilcbbA, Z4673ilcbbA, and ST-18ilcbbA) were used in challenge

experimentsusing a transgenicmousemodel to assessthe potential role of cbbA

in developmentof bacteraemia.The transgenicmice expresshuman transferrin,

which is an important source of iron during the course of meningococcal

infection: a process requiring the binding of human transferrin by the

meningococcaltransferrin receptor,which is unableto efficiently bind transferrin

of non-humanorigin (Zarantonelli et al., 2007).

Using the cbbA and gapA-l mutant strains,a potential in vitro role of FBA and

GAPDH-I in adhesionof N meningitidts strain MCS8 to cultured meningothelial

and epithelial cell lines to host cells was investigated.Both mutantsexhibited a

reduced capacity to adhereto these cell lines comparedto their isogenic wild-
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type parents.To excludethe possibility that the impaired adhesionwas not dueto

either polar effects or undetectedsecondarymutations, both cbbA and gapA-l

mutations were complemented at an ectopic site in isogenic-null mutants to

determinewhether the replacementof a wild-type copy of each of these genes

could result in restorationof the wild-type phenotype.

The aims of this part of study were to create cbbA and gapA-l mutants in N.

meningitidis and to subsequentlycomplement the mutations in isogenic null

mutant strains and to determine the growth characteristicsbetween wild-type

Me58, mutantsandcomplementedstrains.
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3.2 Materialsandmethods

3.2.1 Bacterial strains, growth condition, and media

Bacterial strains and plasmids describedin this chapter are listed in (Table 3.1

and 3.3). Growth conditions and media for culturing E. coli are described in

Chapter 2. Meningococcal strains (Table 3.3, stored at -80 in a mixture of 50%

MHB and sterilized glycerol) were grown on Brain Heart Infusion (BHI) agar

and/or Brain Heart Infusion Broth or Muller-Hinton Agar (MHA) or Muller-

Hinton Broth (MHB) or Dulbecco's Modified Eagle Medium (DMEM)

supplementedwith Vitox at the concentration suggestedby the manufacturer

(Oxoid) or 2% Fetal calf serum (Invitrogen) and where appropriatekanamycin

(50 j.lgml") or erythromycin (5 ug mll) and incubatedin an atmosphereof 5%

CO2 at 37°C with or without shaking.

3.2.2 Cloning of cbbA plus flanking DNA

A ca. 2.3-kb fragment of DNA (Fig 3.1 A) consistingof the cbbA gene, 1 kb of

upstream and ca.300 bp of downstream flanking DNA was amplified by PCR

using the primer pair FBA_Ml (F) and FBA_M2(R) (Table 3.2) and N.

meningitidis strain MC58 chromosomal DNA. The PCR was performed as

describedin section2.5 with the following modifications, annealingat 48°C for 1

min, primer extensionat 68°C for 4.5 min, and 94°C for 45s. The PCR product

was purified using the QIAquick PCR purification kit (Qiagen) according to

manufacturer's instructions (Section 2.7). The PCR product was used to ligate

with the pGEM-T Easy vector according to the manufacturer's instructions.

Recombinant clones were identified as white colonies on selective agar plates

containing 100ug ml" ampicillin, 0.5 mM IPTG and80 ug ml" X-gal. A number
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of clones were selectedand confirmed by restriction digestion (Section 2.2.10)

and PCR using the primers FBA_Ml (F) and FBA_M2(R) (Table 3.2). The

resulting plasmid was designatedpSAT-2. The plasmid pSAT-2 (Fig 3.1B) was

then usedto transformE. coli JMI09 competentcells (Promega)accordingto the

manufacturer's instructions (Section2.2.12).

3.2.3 Cloning of gapA-l plus flanking DNA

A ca. 3-kb region of DNA encompassinggapA-I and l-kb flanking DNA from

either side of the geneand containing a neisserialuptakesequencewas amplified

by peR using the primer pair NMB0207 (F) FL and NMB0207 (R) FL (Table

3.2) and chromosomal DNA prepared from N. meningitidis strain MeS8. The

PCR was performed as describedin section2.5 with modifications: annealingat

48°C for 1 min, primer extension at 68°C for 3.5 min, and 94°C for 4Ss,with

final incubation at 48°e for 1 min and 68°C for 10 min. The peR product was

gel-purified using a Gel-extraction kit (Qiagen) according to manufacturer's

instructions. The peR product was then cloned into the pGEM-T Easy vector

(Promega).Putative transformantswere identified as white colonies on selective

agar plates (section 3.2.2). Recombinant clones were verified by restriction

digestion analysis and PCR using the primer pair NMB0207 (F) FL and gapA-l

(R) FL (Table 3.2).
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Figure 3. 1 Schematicdiagram representingthe mutagenesisstrategyfor cbbA in
N meningitidis A) A 2.3-kh DNA fragment encompassingcbbA and flanking
DNA B) cloning of cbbA andflanking DNA in pGEM-T Easyto generatepSAT-
2 C) InversePCRproduct containingthe flanking DNA andpGEM-T easyvector
for ligation of KanR resistancemarker d) Mutagenic plasmid designatedpSAT-4
containingKanR andinversePCRproduct.
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Table 3. 1List of Plasmidsusedin work describedin this chapter.

Plasmids Resistance Description Source/
Reference

pGEM-TEasy Amp Cloning vector Promega

pJMK30 Amp/kan Sourceof kanamycinresistancecassette (van Vliet et

al., 1998)

pHYS25 Erym Ectopic complementationvector (Winzer et

al.,2002)

pSAT-2 Amp pOEM-T Easyvector clonedwith 2.3 kb This study

insert of FBA plus flanking DNA

pSAT-3 Amp InversePCRproductof ca.5kb, digested This study

with BglII andself-ligatedby both ends

to make it circularize asplasmid

pSAT-4 Amp/kan pSAT3 clonedwith kanamycin This study

resistancecassetteof 1.5kb

pSAT-6 Amp pOEM-T Easyclonedwith gapA-I plus This study

2-kb flanking DNA

pSAT-7 Amp pOEM-T Easyvector with 2 kb DNA This study

flaking either sideof gapA-l gene

amplified by PCR andself-ligated

pSAT-8 Amp/kan pSAT-7 ligated with KanR genedigested This study

with BamHI

pSAT-ll Amp/ermy pOEM-T Easyclonedwith This study

complementationcassetteof ca.2.7 kb

pSAT-I2 Amp/ermy pSAT-11 clonedwith cbbA along with This study

its native promoter sequences

pSAT-13 Amp/ermy pSAT-11 containing cbbA promoter and This study

BgnJ site for cloning of insertsfor

expressionundercbbA promoter

pSAT-14 Amp/ermy pSAT-13 clonedwithgapA-l within This study

unique BglII sitepresentdownstream

the cbbA promoter sequences
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3.2.4 Inverse-PCR mutagenesisof cbbA

The plasmidpSAT -2 was subjected to inverse-Pf'R using the primer pair

FBA_M3 (IR) and FBA_M4 (IF) (Table 3.2, Fig 3.1 e). The rcawasperformed

asdescribedin section2.2.5 with the following modifications: annealingat 48°e

for 1 min, primer extension at 68°e for 5 min, and 94°e for 45 s. The peR

product was digestedovernight at 25°C with BgnI beforebeing self-ligated. The

resulting plasmid designated pSAT-3 was used to transform E. coli for

propagationand subsequentpurification. The purified pSAT-3 was subsequently

digested with BgnI to enable insertion of resistancecassette.The kanamycin

resistancecassettewas prepared from the plasmid pJMK30 (van Vliet et al.,

1998)by digestion with BamHI (Section 3.2.6). The BgnI-digested and purified

i-peR product was ligated to BamHI-digested Kanamycin resistancecassette.

The resulting plasmid wasdesignatedpSAT-4 (Fig 3.1 D)

3.2.5 Inverse-PCR mutagenesisof gapA-I

The plasmid pSAT-6 was used as a template DNA in inverse peR using the

primer pair gapAl_Ml (IF) and gapAl_M2 (IR) (Table 3.2) and chromosomal

DNA of N. meningitidis strain MeS8. This peR was carried out as describedin

section2.5 with modifications: annealingat 48°e for Imin, primer extensionat

68°e for 5 min, and 94°e for 45 s. The inverse peR product was purified and

digestedwith BgflJ for lh at 37°e andthen overnight at 2Soe.The BgnI-digested

i-peR product was then self-ligated using T4 DNA ligase (Roche) to generate

pSAT-7. The resulting plasmid pSAT-7 was purified and subsequentlydigested

with BgflJ and ligated to 1.5-kb antibiotic cassette (encoding resistance to

kanamycin).The resulting plasmid was designatedpSAT-8.
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3.2.6 Preparation of selectablemarker

The antibiotic cassetteencoding resistanceto kanamycin (1.5 kb) was obtained

by restriction digestion of 2 ug of pJMK30 plasmid (Appendix B) with BamHI

followed by preparative gel electrophoresis and gel extraction. The purified

kanamycin resistancecassette(KanR
) was then ligated to linearized pSAT-3 and

pSAT-7 to yield pSAT-4 andpSAT-8, respectively.

3.2.7 Construction of ectopic complementation vector

A DNA fragment of ca. 2.7-kb (Fig 3.1) consisting of opa promoter and

erythromycin resistance cassette flanked by two meningococcal genes

(NMBOI02 and NMBOI03) was amplified by PCR using the primer pair

CompCass_(F) and CompCass_(R) (Table 3.2) and plasmid DNA pYHS25

(Winzer et al., 2002) . The PCR was performed as describedin section 2.5 with

the following modifications, annealing at 51°C for 1 min, primer extension at

68°C for 4 min, and 94°C for 45s. Prior to cloning into pGEM-T Easy(Promega),

the PCR product was fully sequencedusing the primers comcass_Fl and

comcass_RI (Table 3.2). The gel purified PCR product was ligated to pGEM-T

Easy vector (Promega). Screening for successfulclones was performed on the

basis of blue/white phenotype. Plasmid DNA from putative transfonnants was

analysedby restriction digestion and DNA sequencingto confirm the successful

cloning. The resulting plasmid wasdesignatedpSAT-11(Table 3.1, Fig 3.2).
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pGEM-TEasy

B

pSAT-ll
IIMB0102

"- «pa Promoter

IIMB010~~ FLAG

tiMB0066 (em£)

Figure 3. 2 Schematic diagram representing A) the gene organization of
complementation cassetteB) and subsequentcloning of this cassetteinto the
pGEM-T Easyvector to generatepSAT-ll
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Table 3. 2 List of primers usedin work describedin this chapter

. Primer DNA sequence" Restrict
. . ..' . -ion site

Mutagenesisof cbbA and gapA-l

FBA_Ml(F) CTGCTGTGCCCGAGC

FBA_M2(R) CCGCTGCTGCAGGCG

FBA_M3(IR) GCGAGATCTTGTGTCTCCTTGGGCAATAGG BgnI

FBA_M4 (IF) GCGAGATCTGCTCCATCCAACTGGG BgnI

FBA_SAT(F) GCGCGCGGGTGGGCTTCGTCATAC

FBA_SAT(R) GTCTTTATGGTCGAGCGGTGCGG

gapAl_Ml (IF) GCGAGATCTGCAACAAACCGTC BgnI

gapAl_Ml(IR) GCGAGATCTGGTTTGTTCCTTTGTTGAGGG BgnI

NMB0207(R)FL GAGAACTGTCATGCGTATTCC

NMB0207(F)FL CCAAACCCAATGCCGCGAATG

gapA-l_Cl (F) GCATACAATTCTGCTAAAATACGC

CFR(R) CAGCGACTGTCAGGCC

Kan-CTR GACAACGCAGACCGTTCCG

Kan-NTR TCGCGGCCTCGAGCAAGACG

Complementationof cbbA andgapA-l

CompCass_F ATGTGGCGGGTTTTGAGTGC

CompCass_R GATTTTTCTTGCGGCGCGGC

FBA_COM(F) CGCGGATCCATGAGCTGTTTATGGTTTTTTGCTG BamID

FBA_COM(R) CGCGGATCCGGCATTTTGTTTACAGGCAACCTG BamID

pSAT-12iPCR(IF) CGCAGATCTGATACCCCCGATGAC BgnI

pSAT-12iPCR(IR) CGCAGATCTCATTTGTGTCTCCTTGG BgnI

gapA1_Comp(F)2 CGCGGATCCATGGGCATCAAAGTC BamID

gapAl_Comp(R)2 CGCGGATCCTTTGTTTGACGGTTTGTTG BamID

ComcassF TCAGCGGGTGCGTCGAGAAGC
ComcassR GCAAATCACAATTCTTGAGCG
NMBO102(F)2 ATGTGGCGGGTTTTGAGTGC

NMBO103(R) TTTGGATTIIICTTGCGGCGC

"Sequences in bold identify restriction enzyme sites.
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3.2.8 Natural transformation in N. meningitidis strain MeS8

N. meningitidis strain MC58 was streaked on chocolate plates and incubated

overnight as describedin (section 3.2.1). A single colony was sub-culturedinto

fresh Brain-Heart Infusion (BHI) broth supplementedwith Vitox (Oxoid) and

incubated overnight in 5% C02 at 37°C. The overnight broth culture of N.

meningitidis strain MC58 was diluted 1:20 in fresh BHI broth and further grown

to an optical density of 0.2. An aliquot of 0.2 ml of the culture was transferredto

a IS-ml tube with conical bottom containing 1.5 ml of BHI agar supplemented

with Vitox. After incubation for 5-6 hrs at 37°C in 5% C02 without shaking, 10

J.11(ca. 1 J.1g)of the mutagenic plasmid DNA was added to the tubes and

incubation was continued for 16 h. The putative transformantswere selectedon

BHI containing kanamycin 50 J.1gml". Kanamycin-resistantN. meningitidis

colonies were obtained and further analysed by PCR and immunoblotting of

whole cell extractsof the putative mutants.

3.2.9 Complementation of cbbA

To complement the cbbA mutation, cbbA. together with its predicted promoter

sequences,was amplified by PCR from genomic DNA of N. meningitidis strain

MCS8 using the primers FBA_COM (F) and FBA_COM (R) (Table 3.2)

incorporating BamHI restriction sites. The peR was performed as described in

section2.5 with the following modifications: annealingat 55°C for 1 min, primer

extensionat 700e for 2.5 min, and 94°e for 45s. The peR product was ligated to

pGEM-T Easy (Promega),excised and then cloned into BamHI-digestedpSAT-

11. Positive clones were analysedby colony peR, restriction digestion analysis

and DNA sequencingto confirm in frame ligation. The resulting plasmid was
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designated as pSAT-12 and used to transform MC5S6.cbbA (Section 3.2.8)

introducing a single chromosomal copy of the complementing gene in the

intergenic region betweenNMBOI02 and NMBOl03 ORFs,which areorientated

in a tail-to-tail fashion. Insertion of the geneat this ectopic site was confirmed by

peR analysiswith the primer pair NMBOI02 (F) and NMBOI03 (R) (Table 3.2)

andimmunoblotting for the expressionof the geneusing RaFBA antisera.

3.2.10 Complementation of gapA-l

The plasmid pSAT-12 was subjected to inverse PCR using the primer pair

pSAT-12iPCR (IF) andpSAT-12iPCR (IR) (Table 3.2). The rcawasperformed

as describedin section 2.5 with the following modifications, annealingat 52°C

for I min, primer extension at 68°e for 6.5 min, and 94°C for 45s. The PCR

resulted in deletion of cbbA and introduction of a unique BgnI site to facilitate

the cloning of gapA-l under the promoter of cbbA. The amplicon was digested

with BglII before being self-ligated. This plasmid was designatedas pSAT-13.

The gapA-l gene was amplified by PCR from the genomic DNA of

Nimeningitidis strain Me5S using primers gapAl_comp (F) 2 and gapAl_comp

(R) 2 (Table 3.2). The PCR was performed as describedin section 2.5 with the

following modifications: annealingat 52°C for 458min, primer extensionat 68°C

for 1.5 min, and 94°C for 45s. The PCR product was purified and digestedwith

BamHI to enable ligation to BgnI-digested and dephosphorylatedlinear pSAT-

13. The resulting construct was designatedpSAT-14 and used to complement

MC586.gapA-l
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3.2.11 Determining in vitro meningococcal growth

Meningococcal growth characteristicsin liquid cultures were conducted by re-

suspending 1:100 overnight cultures of N. meningitidis in 10 ml of MH broth.

The following day, overnight broth culture was diluted in fresh BHI or DMEM

and adjusted to a starting OD6ooof 0.06. The cultures were incubated with

shakingat 200 rpm asdescribedin section3.2.1. The OD600readingwas taken at

hourly intervals for 8h and then at 24h h and experimentswere performed in

triplicate.
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pGEM-T Easy

pSAT-12

Figure 3. 3 A map of the pSAT-12 constructedby cloning cbbA into pSAT-l1
and used to complement cbbA mutation in isogenic-mutants. The plasmid
contains ampicillin and erythromycin resistancegenesand cbbA promoter for
driving the expressionof cbbA gene.

pSAT-14 lNMBo102

41cbbA Promoter

v--.---~ ifio-1

NMB0066 (ermC) FLAG

Figure 3.4 A map of the pSAT-14 constructedby inversepeR using pSAT-12 as
template to substitute the cbbA with gapA-l under the cbbA promoter. The
resulting plasmid containing gapA-1 was designated pSAT-14 and used to
complement gapA-l mutation in isogenic-mutants. The plasmid contains
ampicillin and erythromycin resistancegenesand cbbA promoter for driving the
expressionof gapA-1.
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Table 3.3 Bacterialstrains usedin work describedin this chapter

. Strain Description Sourceor
reference

E. coli
JM109 endAl recAl gyrA96 thi hsdR17 Promega

(rK-rK-)relAl supE44 t:.(lac-proAB)

[F' traD36 proAB laqlqZt:.M1S]

N. meningitidis
MC58 wild-type serogroupB strain (Tettelin et

ai.,2000)

Z4181 Clinical isolate
Z4667 Clinical isolate
Z4673 Clinical isolate
ST-18 Clinical isolate
MC58 DsiaD siaD deletion and replacementwith C. Tang

erythromycin cassette Imperial
College

MC58t:.cbbA cbbA deletion andreplacementwith This study

kanamycin cassette

Z4l81t:.cbbA cbbAdeletion andreplacementwith This study

kanamycincassette
Z4667!lcbbA cbbA deletion andreplacementwith This study

kanamycin cassette
Z4673!lcbbA cbbA deletion andreplacementwith This study

kanamycincassette
ST18!lcbbA cbbA deletion andreplacementwith This study

kanamycincassette
MC58!lgapA-l gaA-l deletionandreplacementwith This study

kanamycincassette
MC58!lcbbA cbbAEc, MC58!lcbbA complementedwith an This study

ectopiccopy of cbbA
Z4181!lcbbA cbbAEct Z4181!lcbbA complementedwith an This study

ectopiccopy of cbbA
ST18t:.cbbAcbbAEct ST18!lcbbAcomplementedwith an This study

ectopiccopy of cbbA
MC58t:.gapA-l gapA_IEct MC58!lgapA-l complementedwith This study

anectopiccopy of gapA-l
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3.3 Results

3.3.1 Cloning of cbbAplus flanking DNA

In order to createa cbbA knock-outmutant in N. meningitidis strainMeS8, a region

of DNA containing l-kb upstreamandca.300 bp downstreamof the start codonof

cbbA was successfullyamplified by peR (Fig 3.5A). The fragment containedone

copy of theneisserialDNA uptakesequence(5'-GCeGTCTGAA-3') downstreamof

the cbbA gene,which is requiredfor efficient DNA uptakeby naturaltransformation

of N. meningitidis (Elkins et al., 1991).The ampliconwas gel-purified and usedto

ligate to the pGEM-T Easyvector followed by transformationof E. coli JMI09 to

yield pSAT-2 (Fig 3.1B).

Thepositive cloneswere identified by blue/white screening.The plasmidDNA was

preparedfrom resultingputativetransformantsandusedto confirm thecloning of the

DNA fragment(cbbA plus flanking DNA) by restrictiondigestionandpeR analysis.

The clonedDNA fragmentwas subsequentlyextractedfrom pSAT-2 after digestion

with Not! (Fig 3.Se). This digestionproducedthe expectedtwo bandsof ca.3 kb and

2.3 kb. In addition, the DNA fragmentwas amplified by peR (Fig 3.SB)using the

plasmidpSAT-2 astemplateandtheoriginal primer pair usedto amplify theproduct.

Both approachesconfirmed the successfulligation of the desiredinsert to pGEM-T

Easy.
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co.2.3-kb

(A)

1 2 3

lO-kb

4-kb
3-kb
2-kb

l-kb

O.5kb

(C)

(B)

Figure 3. 5 Agarose gel analysis (A) showing the PCR amplification of a DNA
fragment consisting of cbbA and flanking DNA. Lane 1, DNA markers, lane 2, peR
product of cbbA and flanking DNA. (B) PCR amplification of DNA fragment from
pSAT -2 to confirm ligation, plasmid DNA from putative transform ants was used as a
template for amplification of DNA fragment consisting cbbA and flanking DNA.
Lane 1, DNA markers, lane 2 and 3 test samples. A band representing the desired
amplicon was observed in lane 3 indicating successful ligation in this clone. (C) The
restriction digestion analysis of pSAT-2, Plasmid DNA was prepared from E. coli
harboring putative pSAT -2 and used to verify the cloning of DNA fragment by
digestion with Notl. Lane 1, DNA markers, lanes 2 and 3, putative pSAT -2 digested
with Notl. As expected two bands of expected size were observed in both samples,
confirming the successful ligation of DNA fragment with pGEM- T Easy.
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3.3.2 Mutagenesisof cbbA by inversepeR

The plasmid pSAT-2 was usedas templatefor inversePCR. This PCR resultedin

deletion of approximately 300bp of the cbbA gene from start codon and

amplification of a 5-kb amplicon(Fig 3.6 A) andthe introducinga uniqueBgm site.

The product was gel-extractedand digestedwith Bgm to facilitate self-ligation

followed by transformation of E. coli JMl09 cells. Putative transformantswere

selectedandanalysedby restrictiondigestionwith BglII. Clonesthat producedbands

correspondingto the expectedsize of ca.5-kb weredesignatedaspSAT-3 andwere

chosenfor insertion of a selectablemarker.The pSAT-3 plasmid was subsequently

purified and digestedwith Bgm (Fig 3.6 B) to enablethe insertion of selectable

markerencodingresistanceto kanamycin.

The selectablemarkerencodingresistanceto kanamycinwasisolatedfrom thevector

pJMK30 by digestion with BamHI. However, one difficulty encounteredwas

obtainingsufficient amountsof thekanamycincassette,asthe vectorcontainingthis

cassetteappearedto beat avery low copynumber.In anattemptto increasetheyield

of the vector, 10 ml cultures of E. coli JMl09 competentcells containing the

pJMK30 vectorwereharvestedandusedto purify theplasmidfollowed by elution in

30 JlI ratherthan50 ul.
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ca.5-kb ca.5-kb

(A) (B)

Figure 3. 6 Agarose gel analysis (A) demonstrating the amplification of a 5-kb peR
product. The plasmid pSAT-2 was used as template DNA for inverse peR. Lane 1,
DNA markers, lane 2, inverse peR product representing pGEM-T Easy vector (3-kb)
and 2-kb DNA flanking cbbA (B) the restriction digestion analysis of pSAT-3.
Plasmid DNA was prepared from putative pSAT-3 transformants and linearized by
digestion with BglII. Lane 1, DNA markers, lane 2, uncut pSAT-3 and lane 3,
BglII-digested pSAT-2. As expected a ca. 5-kb band corresponding to linear pSAT-2
was observed in lane 3.

In order to introduce the marker into the unique BamHI site in the intermediate

vector pSAT-3, the KanR cassettewas prepared by digestion of the vector pJMK30

and purified by gel electrophoresis followed by gel extraction. The kanamycin

cassette was obtained with the expected size of 1.5 kb (Fig 3.7A). The BamHI-

digested, purified antibiotic resistance cassette (encoding resistance to kanamycin)

was ligated to the intermediate vector pSAT-3 linearized by digestion with BglII

followed by transformation of E. coli JMI09 competent cells to yield pSAT-4.

Putative transformants were selected on kanamycin plates. Successful ligation of

Kan
R

cassetteto BglII-digested linear pSAT-3 was confirmed by restriction digestion

with Sma!. The SmaI site is available in the region of the KanR cassette,therefore an

107



expectedca. 6.5 kb single linear band was observedon an agarosegel (Fig 3.7B).

The resulting plasmid was designatedpSAT-4. PlasmidDNA was purified from E.

coli harbouringpSAT-4 for further confirmationby peR analysis.

Using the primer pair FBA_Ml (F) and FBA_M2 (R) (Table 3.2) the cloning of

KanR resistancecassettein pSAT-4 wasfurther confirmedby peR amplification of a

ca.3.5 kb band consisting of 1.5 kb representingthe KanR cassetteand 2-kb of

flanking DNA. A negativecontrol of plasmid (PSAT-2) without the Kan'' cassette

was also usedin the samepeR reaction.The expected3.5 kb bandwasobtainedin

all five samplestestedwhereasthe negativecontrol producedthe expected2.0 kb

band representingflanking DNA only (Fig 3.7C). This confirmed that, the Kan"

cassettewas successfullycloned in the pSAT-4. The pSAT-4 was then chosento

mutatethe cbbA by naturaltransformationin N. meningitidis strainMeS8.
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1 1 2 3 4 5
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lO-kb ca.7-kb

4kb 4-kb
3kb ca.2.6-kb 3-kb

2kb 2-kb
ca.1.5-kb

l-kb

(A) CB)

1 2 3 4 5 6 7
lO-kb

4-kb ca. 5-kh

3-kb

2-kb ca. 2-kb

(C)
Figure 3. 7 Agarosegel analysisdemonstrating(A) restriction digest of pJMK30
vector with BamHI to obtain kanamycin resistancecassette,pJMK30 vector was
preparedand digestedwith BamHI. BamHl sites are presentat both ends of the
kanamycin cassettein pJMK30 vector and could be used to isolate resistance
cassette.Lane 1, DNA markers and lane 2, BamHI-digested pJMK30. The lower
bandof ca.l.5 kb representsKanR cassette,whereasthe upperbandcorrespondsto
the vector backbone (B) Restriction digest analysis of pSAT-4 to confirm the
presenceof Kan" cassetteLane 1,DNA markers,lanes2 and4, uncutpSAT-4, lanes
3 & 5, Smal-digestedpSAT-4. An expectedca. 6.5 kb bandwas observedin lanes
3&5 indicating the successful ligation of KanR cassette in pSAT-4 (C) peR
amplification of KanR cassetteandflanking DNA. Lane 1, DNA markers,lanes2-6
pSAT-4 as templateDNA and lane 6, pSAT-3 as templateDNA (negativecontrol).
Lanes2-6 demonstratean expected3.5 kb bandrepresentingKan resistancecassette
andflanking DNA, whereas,lane7 produced2-kb band.
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3.3.4 Verification of cbbA mutagenesis

The mutation of cbbA was confirmed by the peR analysisand immunoblotting by

probing the whole cell lysate from Me58~WT and MC58.1.cbbA using RaFBA

antisera.Initially, putative cbbA~null mutantswere verified for the presenceof the

KanR cassetteat proper location and orientation of the cloned cassettein the

chromosomeby peR analysisusing the of cbbA-specificprimer pair FBA_El (F)

and FBA_E2 (R) (Table 3.2) to amplify cbbA from the chromosomalDNA of the

putative mutantclones.ChromosomalDNA of N. meningitidis strainMCS8 wasalso

amplified with the sameprimer pair as a positive control. The PCR resulted in

amplification of an expected ca. l-kb band from chromosomal DNA of the

Me58-WT strain whilst no band was observedin the mutant samples(Fig 3.8A)

suggestingthe successfulmutation of cbbA in the putative mutants,which were

designatedasMC58.1.cbbA. It was still not clear that the insertedKanR cassettewas

in the same orientation as cbbA in the chromosomeof the putative mutants. To

determinethe orientation of the KanR cassetteanotherPCR using the primer pair

Kan-CI'R and FBA_M2 (R) (Table 3.2) was performed, This peR would be

expectedto producea l-kb product wherethe orientationof the KanR cassettewas

the sameasthe deletedcbbA. This confirmationwas important in order to minimize

the impactof the mutationon the downstreamgenes(if theKanR wasclonedin same

orientation) by facilitating expressionof downstreamgenesin the sameoperon.An

expected1-kb bandwasobservedin 9 out of 10DNA samplesfrom putativemutants

(Fig. 3.8B) confirming the presenceand the correct orientation of the cloned

selectablemarker in putative mutants.Taken together,theseresultsappearto have
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genotypically confirmed that cbbA has been substituted in putative mutant genome

with KanR cassette.

1 2 3 4 5 6 7 8 9 10 11

ca.l-kb

(A)

1 2 3 4 5 6 7 R 9 10 11
10-kb

4-kb
3-kb

2-kb
ca.1.1-kb

l-kb

O.5-kb

(B)

Figure 3. 8 Agarose gel demonstrating the CA) PCR amplification of cbbA from the
putative mutants. Chromosomal DNA was extracted from putative cbbA mutants and
used to confirm the mutation by PCR amplification of cbbA. Lane 1 DNA markers,
lane 2, MC58-WT DNA, lanes 3-11 putative cbbA mutant DNA. The PCR failed to
produce a band corresponding to cbbA size from putative mutants, except the
positive control of MCS8 chromosomal DNA. CB)orientation and presence of KanR

cassettein putative cbbA knock-out mutants. Chromosomal DNA was prepared from
putative mutants and used to verify the orientation and presence of KanR ea sette by
PCR using primers Kan-CTER and FBA MI(R). This PCR was expected to produce
ca.I-kb product in case of presence of KanR cassette in same orientation as of cbbA
in putative mutants. Lane 1, DNA markers, lane 2, MC58-WT DNA (control), Janes
3-12, putative cbbA mutant DNA. lane 2, failed to produce any band due to absence
of the cassette in the WT, whereas a band of expected size was observed in 3, 5-12
lanes, confirming the successful replacement of cbbA with the KanR in the same
orientation. Lane 4 could not produce any band suggesting that the Karl cassettewas
in opposite orientation in this mutant.
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To confirm that the cbbA gene is not expressed in the isogenic-null mutant strain,

whole cell lysate of MC58-WT and MC58~cbbA were resolved by SDS-PAGE

followed by immunoblot analysis by probing the membranes with RaFBA antisera.

A strongly reactive protein band with an apparent molecular weight of ca. 38-k-Da

was detected in the lysate of the MC58-WT sample which was absent from the lysate

of the MC58L1cbbA extract (Fig 3.9). This demonstrated that the expression of cbbA

has been abolished by the mutation. The RaFBA also detected another protein band

of higher molecular weight than FBA from the lysate of both MC58- WT and

MC58~cbbA, which was presumably non-specific band due to the polyclonal nature

of antisera

1 2 3

. 38-kDa

Figure 3. 9 Immunoblot analysis demonstrating the successful deletion of cbbA in
putative mutants Whole cell extracts were prepared from MC58- WT and MC58-
putative cbbA mutants and resolved on 10% SDS-PAGE followed by
immunoblotting with RaFBA to verify the cbbA deletion. Lanel , protein markers,
lane 2, whole cell extracts from MC58-WT, and lane 3, whole cell extracts from
MC58 cbbA mutant. RaFBA recognized a band of apparent molecular weight of ca.
38-kDa corresponding to FBA in lane 2, whereas the same band was absent in lane 3,
confirming that the cbbA is not expressed in cbbA mutant cells.
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3.3.6 Mutagenesisof cbbA in clinical isolatesof N. meningitidis

In addition to mutating cbbA in N meningitidis strain MC58, attempts were made to

mutate cbbA in four additional clinical isolates of N meningitidis. The plasmid

pSAT-4 was used to mutateN meningitidis strains Z4181, Z4667, Z4673, and ST18

by natural transformation and allelic exchange. The putative transformants were

analysed for cbbA mutation and for the presence of KanR resistance marker in the

chromosome by PCR and immunoblot analysis as described above. PCR analysis

(Fig 3.10) showed that cbbA was successfully replaced by kanamycin resistance

marker in all four strains. Furthermore, a band corresponding to the apparent

molecular weight of FBA was observed in all wild-type strains but absent from the

respective isogenic mutants in immunoblots (Fig 3.11) confirming the deletion of

cbbA in these mutants.

123456789
lO-kb

l-kb

ca.l-kb

4-kb
3-kb

2-kb

Figure 3. 10 Agarose gel analysis demonstrating the PCR amplification of cbbA
from clinical isolates of N meningitidis-WT and absent in their respective mutants,
Chromosomal DNA was prepared from putative mutant strains and used to verify the
mutation by PCR amplification of cbbA. Lanes I, DNA markers, lanes 2,4,6,8
chromosomal DNA from Z4181, Z4667, Z4673, ST-18 WT strains, respectively,
lanes 3,5,7,9, Z4181, Z4667, Z4673, ST-18 putative cbbA mutant stains,
respectively. The DNA band of ca. I-kb representing cbbA was observed in all
Wwild-type strains but absent in isogenic mutant strains indicating that cbbA was
successfully deleted.
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Figure 3. 11 Immunoblot analysisdemonstratingthe lossof expressionof cbbA in
mutant strains.Whole cell extractsfrom putative cbbA mutantscreatedin different
clinical isolatesof N meningitidiswere resolvedby 10%SDS-PAGEfollowed by
immunoblot analysis.Lanes1,protein markers,lanes2,4,6,8Z4181,Z4667,Z4673,
ST-18 WI strains, respectively, lanes 3,5,7,9, putative cbbA mutants in: Z4181,
Z4667, Z4673, SI-18 strains.The lower bandof ca. 38-kDa representsFBA, which
is presentin all WT strainsbut absentin all respectivemutantstrainsindicating that
cbbAis not expressedin mutantstrains.

3.3.7 Cloning of gapA-l geneplus flanking DNA

In order to createa gapA-l-null mutant in N meningitidis strainMe58, a fragment

of DNA encompassinggapA-l andca.l-kb of DNA both upstreamanddownstream

of the startcodonof gapA-l wasamplified by peR (Fig 3.12A). This ampliconwas

purified and ligated with pGEM-T Easyto yield pSAI-6. The plasmidpSAT-6 was

then usedto transformE. coli JMI 09 cells andthe successfulcloneswere identified

by blue/while selection. Plasmid DNA was prepared from putative transfonnant

clonesandanalysedby restrictiondigestionwith Sma!. Two Sma! sitesarepresentin

the cloned DNA fragment, thus, as expectedtwo bandsof 3.0 and 3.2 kb were

obtained(Fig 3.12B).peR analysisofpSAI-6 alsoconfirmed the successfuJligation

(Fig 3.12C).
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Figure 3. 12 Agarose gel showing (A) peR amplification of gapA-1 plus flanking
DNA. Lane 1, DNA markers, lane 2, peR product consisting of gapA-l and flanking
DNA. (B) showing the restriction digestion of pSA T-6. Plasmid DNA was prepared
from putative pSAT -6 transfonnants and used to verify the cloning by restriction
digestion with Sma!. Lane 1, DNA markers, lane 2, pSAT-6 plasmid DNA. As
expected two bands (3 and 3.3-kb) were observed in lane 2 confirming the successful
ligation of DNA fragment in pSAT-6 (C) showing the peR amplification of gapA-1
plus flanking DNA from the plasmid construct pSA T-6. Lane 1, DNA markers, lane
2, peR product of gapA-l plus flanking DNA.
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3.3.8 Mutagenesisof gapA-l by inverse peR

The plasmid pSAT-6 was usedas templateDNA for inversePCR. This resultedin

amplification of a 5-kb band(Fig 3.13A), deletionof thegapA-J openreadingframe

(ORF), and introduction of a unique Bg/II site to facilitate the introduction of

selectable marker encoding resistance to kanamycin. The i-PCR product was

digestedwith BglII and self-ligatedgeneratinga pSAT-7. The pSAT-7 plasmid was

subsequentlypurified from a transfonnantclone anddigestedwith BgnI to facilitate

the insertion of the KanR cassette(Fig 3.13B). The BgllI digestedplasmid was

purified and analysedby agarosegel electrophoresis.The kanamycin resistance

marker was prepared as describedpreviously (Section 3.3.2) and ligated to the

plasmid pSAT-7 digestedwith BgllI to yield pSAT-8. PlasmidDNA was prepared

from putativepSAT-8 transformantsandusedto verify the cloning of Kan" cassette

by restrictiondigestionwith SmaI.As expected,threeDNA bandswere obtainedby

this digestionconfirming the successfulcloning of the kanamycinresistancemarker

(Fig 3.13C).TheplasmidpSAT-8 wasthenusedto mutategapA-l in N. meningitidis

strainMe58.
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Figure 3. 13 Agarose gel analysis demonstrating (A) the successful amplification of
inverse-PCR product for gapA-l mutagenesis. Plasmid DNA prepared from pSAT-6
was subjected to inverse-PCR to delete gapA-l and amplification of 5-kb amplicon
consisting of DNA flanking the gapA-l and pGEM- T easy vector, (B) the restriction
digestion of pSAT-7. Plasmid DNA was prepared from rutative pSAT-7
transformnts and digested with BglII to enable the insertion of Kan cassette.Lane I,
DNA markers, lane 2, uncut pSAT-7, lane 3, pSAT-7 digested with BglII, lane 3
produced an expected 5-kb band, (C) the restriction digestion anaJysis of pSAT-8,
The plasmid pSAT-8 DNA was prepared and verified by restriction digestion with
Smai for the presence of KanR cassette, lane 1, DNA markers, lanes 2 and 4,
undigested pSAT-8, lanes 3 and 5, Smaf digested pSAT-8. As expected three
products were observed in digested samples confirming the ligation ofKanR•
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3.3.9 Verification of gapA-l mutagenesis

Initially, verification of gapA-I null-mutants was accomplishedby peR analysis.

Chromosomal DNA was prepared from putative mutants and used to confirm

deletion of gapA-l by amplifying a bandcorrespondingto gapA-l. As expectedthis

PCR failed to produce a band of the expectedsize for gapA-l from the putative

mutants,indicating that thegapA-l ORF hasbeensuccessfullysubstitutedwith the

kanamycin resistancemarker,whereasthe positive control of MC58-WT produced

an expectedca. lkb band representinggapA-l(Fig 3.24). In addition, PCR analysis

was performed to determinethe orientationof the kanamycinresistancemarker in

the chromosomeof putativemutantsusingtheprimersKan_CTRandgapA-l (R) FL

(Table 2.3). Where necessary,Me58 wild-type DNA was used as a control (Fig

3.25). This PCR resultedin amplification of expectedl-kb band from the putative

mutantsclonedwith the appropriatelyorientedKanRmarkerwhereasthe MC58-WT

negativecontrol did not producea band.The gapA-l null mutantswere designated

MC58~gapA-1.
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Figure 3. 14Agarosegel analysisdemonstratingthe verification of gapA-l deletion.
ChromosomalDNA waspreparedfrom putativemutantstrainsandusedto verify the
deletion of gapA-l by PCR. Lane 1, DNA markers, lane 2, MC58-WT DNA
(positive control), lanes 3-10, putative gapA-l mutant DNA. Lane 2, shows the
expectedband correspondingto gapA-l, which is absentin lanes3-10, confirming
thesuccessfuldeletionof gapA-l in themutantDNA.
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Figure 3. 15 Agarose gel analysis demonstratingthe presenceand orientation of
KanR cassette.ChromosomalDNA was preparedfrom putative mutant strainsand
usedto confirm the orientationandpresenceof KanR cassetteby PCRusingprimer
Kan-CTER andgapA-l_(R) FL. This PCRwasexpectedto produceca.l-kb product
in caseof presenceof KanR cassettein sameorientation as of gapA-l in putative
mutantstrains.Lane 1,DNA markers,lane2, MCS8-WTDNA (control), lanes3-11,
DNA from putative gapA-l mutant. Lane 2, failed to produce any band due to
absenceof the cassettein the WT, whereasa bandof expectedsize wasobservedin
2-9 lanes,confirming the successfulreplacementof gapA-l by the KanR in the same
orientation.Lanes 10 and 11 could not produceany band suggestingthat the KanR

cassettewas in wrong orientation.
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In order to confirm that gapA-l is not expressed in the isogenic-null mutant strain,

whole cell lysates of MC58-WT and MC58~gapA-l were resolved on SDS-PAGE

followed by immunoblot analysis by probing the membranes with RaGAPDH-l

antiserum. A protein band of apparent molecular weight of ca. 37-k-Da was detected

in the lysate of the MC58-WT sample, which was absent from the lysate of

MC58~gaA-l (Fig 3.16). This confirmed that the expression of gapA-l has been

abolished by the mutation. The RaGAPDH-l also detected a number of additional

protein bands, including one immediately above the gapA-l band in lysates of both

MC58-WT and MC58~cbbA, which were assumed to be non-specific due to the

polyclonal nature of antiserum.

1 2 3
kDa

ca.37-kDa

Figure 3. 16 Immunoblot analysis demonstrating the successful deletion of gapA-l in
putative mutant strain, Whole cell extracts were prepared from MC58- WT and
gapA-l mutant and resolved on 10% SDS-PAGE followed by immunoblotting with
RaGAPDH-l. Lane 1, protein markers, lane 2, whole cell extracts from Me58-WT,
and lane 3, whole cell extracts from MC58~gapA-l. Ra.GAPDH-l recognized a band
of apparent molecular weight of ca. 37-kDa representing GAPDH-l in lane 2,
whereas the same band was absent in lane 3, confirming that the gapA-l is not
expressed in gapA-l mutant cells.
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3.3.11 Construction of ectopic complementation vector

In order to rule out polar effectson neighbouringgenesduring phenotypicanalysis

of the cbbA and gapA-l mutant strains, the cbbA and gapA-l mutations were

complementedusing an ectopic complementationvector (Fig 3.3 and Fig 3.4) in

which the gene of interest may be cloned downstreamof the cbbA promoter and

upstreamof the ermy gene(encodingresistanceto erythromycin).Thesesequences

are flanked by the genes NMBI02 and NMB103, which are in a tail-to-tail

configuration in both the vector and the meningococcalgenome.The construct

facilitates insertionof genesof interest,underthe control of the cbbA promoter,into

the meningococcalgenomeat a site that is unlikely to effect the expressionof any

othergenes.Thecomplementationcassettewasamplified by PCRfrom thepYHS25.

The 2.7 kb PCRproduct representingthe complementationcassette(Fig. 3.17A, Fig

3.2 A) was gel-purified for cloning into pGEM-T Easy vector followed by

transformationof E. coli JMI09 cells. Positivecloneswere identified by blue/white

phenotypeof the transformantscolonies. The resulting ectopic complementation

plasmidwasdesignatedaspSAT-ll (Fig 3.2 B).

One successfulclone was chosen for plasmid propagationand purification. The

complementationcassettewasfully sequencedby usinguniversalM 13(F andR) and

a pair of internal primers (Table 3.2) designed from sequenceswithin the

complementationcassetteto confirm the predicted promoter sequencesand other

flanking genes.The sequencingresults,whenalignedwith availablesequencesof the

promoter, revealed that there were differences in the predicted promoter region.
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Therefore, an alternative strategy was devised in which the native promoter of cbbA

was utilised. The plasmid pSAT-ll was digested at the BamHI site immediately

downstream of the predicted opa promoter in the multiple cloning site and an

expected band of a ca.6.5 kb corresponding to the linear pSAT-II was observed (Fig

3.17B). The clone was further confirmed by partial DNA sequencing using a MI3 (F

and R) primers. This pYHS25-based newly constructed plasmid pSAT-ll was used

as basis to clone complementing genes cbbA and gapA-l gene under the cbbA

promoter present immediate downstream ofNMBOl02 for driving the expression of

complementing genes.

1 2 1 2 3

lOkb
lO-kb ca.6.5-kb

3-kb ca.2.7-kb 4-kb
2-kb 3-kb

l-kb 2-kb

l-kb

(A) (B)

Figure 3. 17 Agarose gel analysis (A) showing the PCR product of complementation
cassette Plasmid DNA was prepared from pYHS25 and used as template for
amplification of a ca.2.7-kb DNA fragment corresponding to complementation
cassette. Lane 1, DNA markers, lane 2, PCR product representing complementation
cassette, (B) restriction digestion analysis of pSAT-I 1 with BarnHI showing the
successful ligation of complementation cassette in pGEM-T Easy, lane I, DNA
markers, lane 2, uncut pSAT-II DNA, and lane 3, BamHI-digested linear pSAT-ll
(ca.6.2 kb).
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3.3.12 peR amplification and cloning of cbbA in pSAT-ll

A ca. 1.1 kb product, consisting of the cbbA and its predicted promoter sequences,

was amplified by PCR (Fig 3.18). The amplicon was purified and ligated into

pGEM-T Easy, excised with BamHI and then introduced into BamHI-digested

linearized pSA T-11. Transformants were selected on agar plates containing

appropriate antibiotics and verified by restriction digestion analysis and subsequent

sequencing of the putative clone to confirm the in-frame ligation. The resulting

plasmid was designated pSAT-12 (Fig 3.3) and used to complement cbbA mutation

in isogenic null mutant by natural transformation and allelic exchange.

1 2

l-kb
ca. 1.1-kb

lO-kb
4-kb
3-kb
2-kb

O.S-kb

Figure 3. 18 Agarose gel analysis demonstrating the successful PCR amplification of
cbbA from chromosomal DNA of N meningitidis. Chromosomal DNA was prepared
from MC58-WT and used to amplify the cbbA for cloning into pSAT-ll to generate
pSAT-12. Lane 1, DNA markers, lane 2, PCR product of cbbA gene.

Prior to introduction of pSAT-12 into MC58~cbbA by natural transformation,

pSAT 12-harboring E. coli JMI09 cells were grown overnight and the culture pellet

was used to determine the expression of cloned cbbA by immunoblot analysis using

RaFBA antisera. Six different clones were selected for preparation of whole cell
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extracts. The proteins were separated by SOS-PAGE and transferred to a

nitrocellulose membrane for immunoblot analysis with RaFBA antisera. All six

clones were shown to express a protein band with an apparent molecular mass

similar to the expected size of FBA, which was absent in the pSAT-11 (negative

control) suggesting that the FBA is expressed in E. coli from this plasmid without

any induction (Fig 3.19).

kDa
83-

1 2 3 4 5 6 7 8 9

62-

47- .38-kDa

32-

Figure 3. 19 Immunoblot analysis of whole cell lysates from E. coli harbouring
pSAT -12. Whole cell lysates of E. coli were resolved by 10% SOS-PAGE followed
by iimmunoblot analysis to determine the expression ofFBA. Lane 1, DNA markers,
lane 2, MC58-WT whole cell lysate, lanes 3-5, pSAT-12, 1-3 samples, respectively,
lane 6, pSAT-ll (negative control), lanes 7-9, pSAT-12, 4-6 samples, respectively.
As expected all pSAT-12 constructs representeda band equivalent to FBA.

The plasmid pSAT-12 was subsequently introduced into MC58~cbbA by natural

transformation and allelic exchange (Section 3.2.8), introducing a single

chromosomal copy of the complementing gene in the intergenic region between

NMB0102 and NMBOI03, open reading frames orientated in a head-to-head fashion.

In addition, pSAT-12 was used to transform in two other mutants in clinical isolates

of meningococci: Z4181~cbbA and ST18~cbbA. These mutants were created to act

as background in challenging transgenic mice to assessa potential role of FBA in
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developmentof bacteraemiain thesemice. Transformantswereselectedon selective

BHI agar plates. Successfultransformantswere sub-culturedand used for DNA

extractionandpreparationof whole cell extractsfor peR and immunoblot analysis,

respectively. The resulting complemented mutant strains were designated

Me58.1cbbA cbbAEc"Z4181.1cbbA cbbAEctandSTl8.1cbbA cbbAEct.

3.3.13peR analysis of putative N. meningitidis-.1cbbA cbbA Eet strains

To confirm the successfulcomplementationof ebbA at ectopicsite in isogenic-null

mutants,chromosomalDNA waspreparedfrom the putativecomplementedstrains.

The presence of cbbA was identified by peR amplification of a DNA band

correspondingto cbbA from chromosomalDNA of thecomplementedmutantstrains

using the FBA_pQE70 (F&R) primers and genomic DNA from MeS8-WT and

putative complementedstrains and their isogenic-null mutant strains.Agarosegel

analysis demonstratedan expected band of ca. l-kb representingcbbA from

MeS8-WT and complementedmutants, but absentin isogenic-mutant strain (Fig

3.20)confirming thesuccessfulcomplementationof cbbA mutation.

In addition, anotherPCR using the primers NMB0102 (F) 2 & NMBOI03(R) was

performedto verify the insertion of complementationcassetteat the proper location

in the chromosomeof complementedstrains. Insertion of the complementation

cassetteat the proper location was identified by obtaining a ca. 4-kb band in

complementedmutant strains whereasWT and mutant strains were expected to

producea bandof ca. 1.3kb representingonly NMB0102 & NMOI03 PCRproduct.
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As expected all three complemented strains produced an expected ca. 4-kb band

whereas WT and mutant strains produced 1.3 kb band further confirming the

insertion of cbbA at desired location in complemented strains (Fig 3.21).

ca. 1.1-kb

Figure 3. 20 Agarose gel analysis demonstrating the amplification of cbbA from
cbbA mutant and their complemented strains. Chromosomal DNA was prepared and
used to amplify cbbA using the primer pair FBA_pQE70 (F and R) and genomic
DNA from N meningitidis- WT (positive control) and Scbb.A (negative control).
Lanes 1,5,9, DNA markers, lanes 2,6,10, MCS8-WT, Z4181-WT, and ST-18-WT
genomic DNA, respectively, lanes 3,7,11, MC58tJ.cbbA, Z4I8ItJ.cbbA, and
ST-18tJ.cbbA , lanes 4, 8, 12, MC58tJ.cbbA cbbAEC

\ Z4l81tJ.cbbA cbbAEct and
ST18tJ.cbbAcbbAEC

\ respectively.

4-kb

1.3-kb

O.S-kb

Figure 3. 21 Agarose gel analysis confirming the insertion of cbbA at d sired
location in complemented strains. Chromosomal DNA was prepared and used to
amplify the complementation cassette using the primer pair NMBO 102 (F) 2 and
NMBOI03 (R) and genomic DNA from complemented mutants strains and N.
meningitidis-WT and Scbb.A.Lanes 1,5,9, DNA markers, lanes 2,6,10, MCSS-WT,
Z4181-WT, and ST-JS-WT genomic DNA, respectively, lanes 3,7,11, M 58 cbbA,
Z41SItJ.cbbA, and ST-18tJ.cbbA , lanes 4,S,12, MC58~cbbA cbbAE

\ Z4181 cbbA
cbbAEet and ST 18~cbbA cbbAEet , respectively.
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3.3.14 Immunoblot analysis of N. meningitidis-Scbbn cbbAEcl strains

The whole cell extracts were prepared from N. meningitidis-MC58 WT, Z4181,

ST18 wild-type, their respective null-mutants and putative complemented strains and

resolved on 12% SDS-PAGE followed by immunoblot analysis using RaFBA

antisera. All three complemented strains (MC58!1cbbA cbbAEe
" Z4181~cbbA cbbAEcl

and ST18!1cbbA cbbAEct
) tested were shown to express a protein band corresponding

to apparent molecular weight of ca. 38-kDa representing FBA (Fig 3.22 A,B,C).

These complemented strains will be used to confinn the previously identified

phenotype of cbbA mutant in various characterisation experiments.

ca.38-kDa

A B c

Figure 3. 22 Immunoblot analysis demonstratin~ the expression of cbbA in
complemented mutant strains, MC5 8~cbbA cbbA .ct, Z4181!1cbbA cbbAEel and
STl8!1cbbA cbbAEel. Whole cell extracts were resolved by 10% SDS-PAGE
followed by immunoblot analysis using RaFBA. CA)Lane I, grotein marker, lane 2,
MC58-WT, lane 3, MC58~cbbA, lane 4, MC58!1cbbA cbbA "", (B) lane I, protein
marker, lane 2, Z4181-WT, lane 3, Z4181~cbbA, lane 4, Z4181~cbbA cbbAEe,,(C)
Lane 1, protein markers, lane 2, ST-18-WT, lane 3, ST-18~cbbA, Lane 4, ST-
18!1cbbAcbbAEel.
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3.3.15 MutagenesisofpSAT-12 by inverse-PeR

Sequencingof the complementationconstructrevealedthat thereweredifferencesin

promoterregioncomparedto theexpectedsequence.In orderto ensureexpressionof

the cbbA gene,therefore,the cbbA was clonedtogetherwith its predictedpromoter

sequences.Again, in order to ensureexpressionof an ectopic copy of gapA-l

inserted into the genomevia the complementationvector, the gapA-l locus was

analysedon the MeS8 chromosomein an attempt to identify the native promoter

sequencesof gapA-l. Visual inspectionrevealedthat in N. meningitidisstrainMeS8

thegapA-l geneis downstreamto NMB0208 (predictedto encodeferridoxin), and

bioinfonnatics analysiscould not identify a strongpromotersequencesupstreamof

gapA-l. Therefore, the promoter of cbbA was employed to drive expressionof

gapA-I at the ectopic site. Inverse-PflR was performed of the pSAT-12. This

resulted in deletion of cbbA from the ATG start codon to the stop codon and

introduction of unique BgnI site. The i-peR product was digestedwith BgnI and

self-ligatedto yield pSAT-13 intermediatevector.The pSAT-13 wastransformedin

E. coli JMI09 for plasmid propagationand subsequentpurification. A successful

clone was identified by restriction digestion with BgnI of plasmid DNA prepared

from putative transformants.As expecteda band of ca. 6-kb representinglinear

pSAT-13 wasobservedin all five samplestested(Fig 3.23) confirming the deletion

ofcbbA.
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Figure 3. 23 Agarose gel analysis showing the restriction digestion analysis of
pSAT-13 using BglII. Plasmid DNA was purified from E. coli harboring putative
pSAT -13 and used to confirm the deletion of cbbA and presence of BglII site to
facilitate ligation of gapA-1. Lane 1, DNA markers, lanes 2,4,6,8,10 uncut pSAT-13,
lanes 3,5,7,9, and II, pSAT-13 digested with BglII. All lanes containing BglII
digested pSAT-13 produced a plasmid of correct size based on predicted molecular
weight of linear construct. One of the correct clones was chosen and used for
plasmid propagation and purification for cloning of gapA-I in BglIJ site.

3.3.16 peR amplification and cloning of gapA-I in pSAT-13

The promoter-less gapA-1 consisting of 1,032 bp was peR amplified (Fig 3.36). This

peR resulted in amplification of an expected ca. l-kb band representing gapA-1 and

introduction of a unique BamHI site to facilitate the ligation into pSAT -13 (Fig

3.24A). The pSAT-13 plasmid was prepared by digestion with BglII (site present

downstream of cbbA promoter) and gel-purified, followed by dephosphorylation to

prevent self-ligation. The BamHI-digested and purified gapA-1 product was then

ligated to linearized pSAT-I3 to yield pSAT-14, followed by transformation of E.

coli JMI09 cells. The positive clones were identified by colony peR (Fig 3.24B),

and partial sequencing using a primer FBA_eom (F) (Table 3.2) to confirm in frame

ligation. This primer anneals at the start of cbbA promoter available upstream of

gapA-1 to drive the expression of this gene.
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Figure 3. 24 Agarose gel analysis demonstrating «A) the successful amplification of
gapA-I from chromosomal DNA of N meningitidis for ligation into pSAT-13 to
generatepSAT-14. Lane 1, DNA markers, lane 2, PCR product of gapA-I (B) colony
peR amplification of gapA-I from putative transformants. Lane I, DNA marker,
lanes 2-10, PCR product representing the gapA-1. Several clones were identi fled and
further confirmed by sequencing.

After verification of gapA-l cloning in pSAT-14, the expression of gapA-I under the

control of the cbbA-promoter was determined in E. coli 1MI09 cells. Whole cell

proteins were prepared from E. coli 1M 109 cells harboring pSAT-14 and resolved on

10% SDS-PAGE and transferred to nitrocellulose membrane followed by

immunoblotting by probing with RaGAPDH-l antiserum. The pSAT-14 clone was

shown to express a protein band with an apparent molecular mass corresponding to
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the expected size ofGAPDH-l, which was absent in the pSAT-12 (negative control)

indicating that the GAPDH-l is expressed in E. coli under the cbbA promoter (Fig

3.25). The pSAT-14 was then used to complement the gapA-l mutation in

Me58f1gapA-l by natural transformation and allelic exchange. The putative

complemented transformants were selected on selective BHl agar plates. The

chromosomal DNA was prepared from putative complemented mutants for peR

analysis.
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Figure 3. 25 Immunoblot analysis demonstrating the expression of gapA-I in E. coli
harboring pSAT-14, Whole cell extracts were prepared from E. coli containing
pSAT-14 and reolved by 10% SOS-PAGE to verify the expression of gapA-1 by
immunoblot analysis using RaGAPDH-l. Lane 1, DNA markers, Lane 2, whole cell
extracts from Me58-WT, lane 3, whole cell extracts from E. coli harboring pSAT-12
(Negative control), lane 4, and whole cell extracts from E. coli harboring pSAT-14.
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3.3.17 PCR analysis of putative MC58~gapA-l gapA_IEcl

In order to verify the successfulcomplementationof gapA-I at ectopic site in

isogenic-null mutants, chromosomal DNA was prepared from the putative

complementedand isogenic-nullmutantstrainsand usedto amplify the DNA band

corresponding to gapA-I using a pair of gapA-I-specific primers. Agarose gel

analysisdemonstratedan expectedband of ca. l-kb representingthe gapA-I from

complementedmutants that was absentin the isogenic-mutantstrain (Fig 3.26A)

confirming the successfulcomplementationof gapA-I mutation.

In addition, anotherpeR using the primers NMBOI02 (F) 2 & NMBOI03(R) was

performed to verify the insertion of the complementationcassetteat the proper

location in the chromosome of complemented strains. Insertion of the

complementationcassetteat the proper location was expectedto produceea 4-kb

bandin complementedmutantstrainswhereasmutantstrainwasexpectedto produce

a band of ea 1.3 kb representingonly NMBOI02 & NMOI03 peR product. As

expectedthe complementedstrainproducedan expectedca. 4-kb bandwhereasthe

mutant strainsproduceda l.3-kb band (Fig 3.26B) further confirming the insertion

of gapA -1 at thedesiredlocation in thechromosomeof complementedstrains.
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Figure 3. 26 Agarose gel analysis demonstrating CA) the peR amplification from the
gapA-l mutant and complemented strain. Genomic DNA was extracted from
putative gapA-l complemented strains to confirm the complementation of gapA-l in
peR amplification of gapA-l. Lane 1, DNA markers, Lane 2, Me586.gapA-1
gapA_rEct

, and Lane 3, MC586.gapA-l. Lane 2 shows a band of apparent molecular
weight of gapA-l confirming the successful complementation, whereas no band was
observed in the mutant strain (B) Confirmation of the insertion of gapA-l at desired
location in the chromosome of complemented strain. Genomic DNA was extracted
from putative gapA-l complemented strain for PCR amplification of gapn-], Lane I,
DNA markers, lane 2, MC586.gapA-l, and Jane3, MC586.gapA-l gapA_JEc

". Lane 3
shows a band corresponding to complementation cassette,whereas an expected 1.3-
kb DNA fragment corresponding to NMBOI02 & NMB0103 was observed in Lane
2.
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3.3.18 Determining the growth characteristics of meningococcalstrains

Before undertakingphenotypicanalysisof the cbbA andgapA-l mutants,it wasfirst

essentialto demonstratethat mutationsof thesegenesdid not significantly affect the

growth rate of N meningitidis.Growth andcolonial characteristicsof mutantstrains

were assessedby visual inspection of colony morphology on agar plates and

monitoring the rate of growth in liquid culture. The mutant strains demonstrated

similar colony morphology and colour to that of wild-type strain MeS8 (data not

shown). The wild-type MeS8, isogenic cbbA and gapA-l null mutant and

complementedstrainswerethengrown in BHI broth or OMEM with a startingOD600

adjustedto 0.06.Growth ratewasassessedby measurementof 00600 of samplesthat

were removedfrom the culture at hourly intervals. The growth rate of the strains

with deletionof cbbAandgapA-l wasnot substantiallydifferent to that observedfor

wild-type MeS8 and complementedstrains.All strainswere observedto grow to a

similar 00600 by the final time point of eight and 24 h. Theseexperimentswere

performed in triplicate and the results are presentedin (Figure 3.27). In order to

further explorewhetherthe addition of normalhumanserummay haveany effect on

the growth of wild-type andmutantstrains,meningococcalgrowth wasmonitoredin

OMEM or DMEM supplementedwith 10% human serum. Again, no substantial

differencesbetweenthegrowth ratesof wild-type MeS8 andeithercbbAandgapA-l

mutantswereobserved(datanot shown).
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Figure 3. 27 Growth characteristics of meningococcal mutant and complemented
strains compared to their wild-type parent strain. (A) N meningitidis strain MC58-
WT, MC58LlcbbA, MC58LlcbbA cbbAEc( (B) N meningitidis strain MC58-WT,
MC58LlgapA-l, MC58LlgapA-l gapA_IEC( were grown in BHI broth in triplicate and
OD reading was taken at hourly intervals for 24 hrs. No substantial differences were
observed demonstrating that the cbbA and gapA-l mutation has no effect on in vitro
maximal growth of N meningitidisstrain.
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3.4 Discussion:

This chapterdescribesthe mutagenesisof cbbA andgapA-l in N. meningitidis.The

mutant strainswere usedto facilitate the functional characterisationof the products

of thesegenesin a numberof in vitro andin vivo experiments(describedin detail in

Chapter4 & 5). Themutagenicplasmidsweregeneratedby cloning DNA fragments

flanking the cbbA andgapA-l, which containedone naturally-occurringNeisserial

uptake sequences.The cbbA andgapA-l mutantswere successfullygeneratedin N.

meningitidis strain MCS8. Additionally, cbbA wasdisruptedin four clinical isolates

of N. meningitidis. Importantly, both cbbA andgapA-l mutantstrainswereshownto

exhibit unexpectedphenotypesin characterisationexperiments(Chapter 4 & 5),

which initiated further analysis that led to subsequentcomplementationof both

mutations in their respective isogenic mutants. Complementationof mutants, in

which a wild-type copy of thegeneis reintroducedin the respectiveisogenic-mutant

at an ectopic site,providesan important check that any observedphenotypecanbe

ascribedto the loss of the mutatedgenerather than to polar effectsof the mutation

on adjacentgenesin theoperonor additionalundetectedsecondarymutations.

The complementationof chhAandgapA-l mutationsin N. meningitidisstrainMC58

was initially attempted using the pAP2-1 basedplasmid pNJ095 and pNJ096,

respectively.TheplasmidpAP2-1 is basedon a gonococcalcryptic plasmid; it hasa

porA promoter and a spectinomycinresistancecassette.The plasmid pNJ095 and

pNJ096 constructswere createdby Dr Neil Oldfield and shownto expressdesired

proteins,FBA and GAPDH-l by immunoblot analysis.Theseplasmid borne genes
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were assumedto be expressedindependentlyon the plasmid ratherthan integrating

into the chromosomeof the bacteria.Severalattemptsto introduce theseplasmid

constructsby either natural transformationor electroporationin respectivemutants

were unsuccessful.Alternatively, the complementationstrategybasedon the allelic

exchangewas adopted.Under this strategy, the complementationwas performed

using a pYHS25-basedectopiccomplementationvector in which the expressionof

genesof interest is driven underthe control of the cbbApromoter.Moreover, these

constructsfacilitate insertionof genesof interestinto themeningococcalgenomeat a

sitethat is unlikely to effect theexpressionof anyothergenes.

A pYHS25-basedcomplementationplasmidwasgeneratedby cloning a ca.2.7DNA

fragment, which contained two neisserial DNA uptake sequencesand the

erythromycin resistance cassette flanked by the two meningococcal genes:

NMBOI02 & NMBOI03. Although the complementation plasmid contained

promoter sequencesupstreamof erythromycin resistancecassette,the sequences

were found to differ from that which wasexpected.Therefore,the cbbA andgapA-l

geneswere cloned under the predictedpromoter sequenceupstreamof cbbA. In an

attempt to identify promoter sequencesupstream of FBA, analysis of the

organizationof genesat the cbbA locus (NMB1869) was performed.This analysis

demonstratedthat cbbA is the first gene in its orientation, so must have its own

promoter. The predicted cbbA gene(basedon gene-findingalgorithms usedat the

Comprehensivemicrobial resource[CMR] database)starts from an internal ATG

start codon, meaning that the first 25 predicted amino acids in the ORF are not
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predictedto bepart of the gene.This is in agreementwith a visual inspection,which

showsthat there is a good ribososmalbinding site (RBS) upstreamof the internal

ATG but not at the first ATG. The cbbA was amplified from a position upstreamof

the predictedpromoter to a position downstreamof its stop codon and cloned in a

complementation vector. The resulting complementationplasmid was used to

transform N. meningitidis strain MC58&:bbA, Z4181~cbbA and ST18~cbbA,

returning wild-type copies of cbbA to thesemutants.Successfulcomplementation

wasconfirmedby PCRanalysisandimmunoblotanalysisusingRaFBA antiserum.

For complementationof gapA-l mutation,examinationof theorientationof theopen

reading frame around the gapA-l gene indicated that polar effect could not be

responsiblefor the attenuationof the gapA-lbecausegapA-l is the secondand last

gene in the operon and that the immediately downstreamgene is in the opposite

orientation.However,this mutantwasalsocomplementedin trans with a singlecopy

of the wild gene in an ectopic chromosomallocation to generateMC58~apA-l

gapA_IEct.The genetic organization at the gapA-l locus (NMB0207), which is

downstreamof NMB0208 (predictedto encodeferredoxin) wasanalysedto identify

potentialpromotersequences.This showedthat thetwo genesmight be cistronic (i.e.

they may shareapromoter).Bioinfonnatics prediction identified a possiblepromoter

upstreamof gapA-l (NMB0207), but with only a weakly identified -35 region.The

gapA-l genewas, therefore,cloneddownstreamof the cbbApromoter.ThegapA-l

gene was amplified from a position upstreamof its ribosome binding site to a

position downstream of its termination codon to generate a complementation
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plasmid. The resulting plasmid designated pSAT-14 was introduced into N.

meningiiidis strainMC58~apA-l by naturaltransformationto reintroducethe wild-

type copy of gapA-l. Complementationof gapA-l at ectopic site was successfully

achieved in the gapA-l isogenic null mutant. Prior to employing the mutants in

characterisationexperiments,in vitro assessmentof growth rate was undertakento

determine whether mutation of cbbA or gapA-l had any overt influence on

meningococcalgrowth. The wild-type MCS8, cbbA and gapA-l mutant and their

complementedstrainswere shown to grow at a similar ratewithout any noticeable

differences either in colonial morphology or by growth rate in broth culture.

Moreover, the addition of normal humanserumto DMEM or BHI had no effect on

the growth of N. meningitidis strain MCS8 andboth mutants.Thepatternof growth

remained the same in the presenceor absenceof human serum in the culture

medium. Thesefindings areconsistentwith the findings ofBaart et al., who showed

that the glycolytic pathwaywasnon-functional in themeningococcusdueto absence

of oneof the importantenzymesin this pathway:phosphofructokinase(Baartet al.,

2007).

In conclusion,cbbA isogenicmutantswere generatedin five meningococcalstrains.

and a gapA-l isogenic mutant was generatedin N. meningitidis strain MCS8. In

addition, the cbbAmutationwas complementedin threeof the isogenicmutantsand

the gapA-l mutant was also complemented.Additionally, the growth of wild-type

MCS8 was shown to be unaffected by the mutation of either cbbA or gapA-l,
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demonstratingthat theproductsof thesegeneswerenot requiredfor optimal growth

of N meningitidis.
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CHAPTER 4: Molecular and immunological characterisation

of FBA and GAPDH·1
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4.1 Introduction

The functional, molecular, and immunological characterisationof two of the

glycolytic enzymesnamely FBA and GAPDH-l of N. meningitidis is describedin

this chapter.It is important to note that recentgenome-basedstudieshaverevealed

that one of the glycolytic (EMP) pathway enzymes,namely phosphofructokinase

(Ee 2.7.1.11) is absentfrom N. meningitidis strain Me8S, renderingthis pathway

non-functional (Baart et al., 2007). Despite the inability to utilize the glycolysis

pathway,FBA, GAPDH-l andotherenzymesrequiredfor glycolysis aremaintained

in the meningococcal genome, presumably for other roles. In the absenceof

alternativeroles for theseenzymes,spontaneousmutationswould be expectedto

accumulate in the encoding sequences. This chapter will focus on the

characterisationof both of enzymeswith the aim of determiningtheir conservation,

expression,cellular localization,andadditionalnon-glycolytic role(s).

An important property for a putative vaccine antigen is that it should be well-

conservedacrossdivergent isolatesof meningococciand expressednaturally. To

confirm that the cbbA andgapA -1 geneswere conservedacross,and expressedin,

diverse clinical isolates of menigococci, whole cell proteins from a panel of

meningococcalstrainsand one strain eachof N. gonorrhoeae, N. polysacchareae,

andN. lactamica were screenedby peR and subsequentlyby immunoblot analysis

using RaFBA and RaGAPDH-l, respectively.To determinethe enzymic activity,

rFBA was successfullypurified under native conditions, which was then used to

confirm the functional activity of this enzyme. In keeping with the fact that
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glycolytic enzymes may reach the surface of nwnerous bacterial and fungal

pathogens, in this study surface-locationof FBA and GAPDH-l meningococcal

glycolytic enzymes was investigated using a combination of molecular and

immunological techniques, including sub-cellular fractionation of meningococcal

cells, surface-biotinylation of intact meningococcal cells, enzyme-linked

immunosorbantassay(ELISA) andflow cytometry.

In an attemptto determinethe surfacelocation andevaluatethe vaccinepotential of

FBA in meningococci,whole cell ELISA wasperformedwith polyclonal antiserum

raisedagainstthedenaturedpurified rFBA protein. Initial resultswerepromisingand

demonstrated that FBA was present in the outer membrane fraction of

meningococcalcells. To confirm theseresults,andassesssurface-exposurewe used

a technique that involves the biotinylation of surface-exposedproteins. Although

consideredto be an invaluable approachin the identification of surface exposed

proteins,it failed to demonstratesurface-exposureofFBA andGAPDH-l. To further

investigate the surface location of FBA, the polyclonal antiserumraised against

natively purified FBA was used to evaluatethe accessibilityof FBA epitopeson the

surface of live encapsulatedN. meningitidis serogroup B bacteria using flow

cytometry analysis.Using the polyclonal antisera,raisedagainstdenaturedpurified

FBA and GAPDH-l protein, the susceptibility of meningococci to antibody-

dependent,complement-mediatedbacteriolysis using in vitro serum bactericidal

assaywasalsoinvestigated.
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In addition, to assesswhetherFBA is essentialfor bacteraemiain a novel transgenic

mousemodel of infection, isogeniccbbA mutantscreatedin five different genetic

backgroundsof N. meningitidis, were used by our collaborators at the Pasteur

Institute in Paris.The resultsof the animal studieshaveshownthat all cbbA mutant

strainswere significantly lessable to causebacteraemiacomparedto their wild-type

parent strains indicating that FBA may play a role in the pathogenesisof

meningococcaldisease.

The aim of this chapterwas to characterizethe FBA andGAPDH-l enzymesof N.

meningitidis using molecularand immunological techniques.The key aims were to

determine their surface localisation and evaluate the vaccine potential of both

proteins. This chapter also aimed to explore the potential role of FBA in

meningococcalpathogenesis.
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4.2 Materials and methods

4.2.1 Bacterial strains, growth conditions and media

The bacterial strainsandplasmidsusedin this chapteraredescribedin chapter2 and

3. Culture conditions for the growth of E. coli andN. meningitidis were asdescribed

in sections 2.2.1 and 3.2.1, respectively.All meningococcalstrains were clinical

isolates belonging to different serogroupsand types (Table 4.1) and included

representativeisolates of recognizedhypervirulent lineages.The antibiotics were

used as appropriate at the following concentrations:kanamycin 50 flg ml" and

erythromycin 5 ug ml".

4.2.2 Preparation of whole cell proteins

Meningococcal cells (Table 4.1) were grown overnight in BHI supplementedwith

Vitox (Oxoid) at 37°C in a shakingincubator(250rpm). The cultureswereharvested

by centrifugation at 13000 x g for 10min. The pelletedcells were re-suspendedin

sterile PBS and 5x SDS-PAGE samplebuffer (Appendix A) to achieve Ix final

concentration of whole cell protein extracts. The whole cell lysate was briefly

sonicatedusing a lOs pulse to obtain a homogenoussuspension,boiled for 5 min

andthenmixed thoroughlybeforeSDS-PAGEanalysis.
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Table 4. 1 Clinical isolatesof N. meningitidis.

Strain Country of Serogroup Sequence Clonal complex
origin type

ZIOOI USA A 4 ST-4 complex/subgroup IV

Zl035 Pakistan A ST-1 complex/subgroup VII

Z1054 Finland A 5 ST-5 complex/subgroup III

Z1213 Ghana A 4 ST-4 complex/subgroup IV

Zl269 Burkina Faso A 4 ST-4 complex/subgroup IV

Z1503 China A 5 ST-5 complex/subgroup III

Z3771 UK A 5 ST-5 complex/subgroup III

Z3842 Norway B 32 ST-32 complex/ET-5 complex

Z4181 Mali C 11 ST-ll compleX/ET-37 complex

Z4323 Israel C 11 ST-ll compleX/ET-37 complex

Z4662 Netherlands B 8 ST-8 complex/Cluster A4

Z4667 Netherlands B 48 ST-41144complexILineage 3

Z4673 Netherlands B 41 ST-41/44 complexILineage 3

Z4676 Denmark B 37 ST-37 complex

Z4678 Germany B 19 ST-18 complex

Z5826 China A 7 ST-5 complex/subgroup III

Z6413 South Africa C 8 ST-8 complex/Cluster A4

Z6414 New Zealand C 66 ST-8 complex/Cluster A4

Z6418 Cuba B 33 ST-32 complex/ET -5 complex

Z6419 Austria B 40 ST-41144complexlLineage 3

26420 Greece B 41 ST-41144complexlLineage 3

26417 England C 11 ST-ll complexlET-37 complex

Z4684 Norway B 13 ST-269 complex

24685 Norway B 14 ST-269 complex

24701 Norway B 11 ST-ll compleX/ET-37 complex
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4.2.3 Strain distribution of cbbAand gapA-l in N. meningitidis

A panel of 26 strains of N meningitidis of known MLST-type (Table 4.1) was

selectedto determinethe expressionof cbbA andgapA-l. The whole cell proteins

from thesestrainswere analysedby immunoblotting andprobing with anti-FBA or

anti-GAPDH-l serum,respectively.

4.2.4 Kinetic analysis of the fructose bisphosphatealdolaseactivity

Kinetic analysisstudiesof FBA protein wereperformedat the University of Leeds

under the supervision of Dr Alan Berry. A coupled enzymic assaywas used to

determineFBP-aldolaseactivity. The assaywasperformedin 1 ml of 50 mM Tris-

HCI supplementedwith 0.1 M potassiumacetatebuffer, pH 8.0containing0.1-5mM

fructose 1, 6-bisphosphate,0.2 mM NADH and 2 III of 10 mg ml" mixture of

glycerol-phosphatedehydrogenase-triosephosphateisomeraseat 30DC. The reagents

were addedin the following order: buffer, FBP, NADH and coupling enzymes.The

reactionwasthen startedby addingpurified FBA enzyme. Thereactionmixture was

mixed well beforerecordingthedecreasein absorbanceat 340nm asthe measureof

enzyme activity on an Uvikon 930 spectrophotometer.Activities were calculated

using the molar extinction coefficient for NADH as 6220 Mlcm·l. One unit of

aldolaseactivity wasdefinedasthe amountof enzymewhich catalysesthe oxidation

of 2 umol NADH per min in the assaysystem.Kinetic parameterswere estimated

usingtheOrigin Pro 7.5 softwareprogram.
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4.2.5 Sub-cellular fractionation of meningococcalcells

To investigatethe sub-cellularlocalisationofFBA andGAPDH-l in N. meningitidis

Me58, a traditional method of cell fractionation was usedto preparecytoplasmic,

periplasmic, inner membraneand outer membranefractions of the celJ and each

fraction was probed with the anti-FBA or anti-GAPDH-l antiserumin order to

identify the cellular localisation of FBA and GAPDH-l, respectively, in N.

meningitidis. Meningococcalcells were grown overnightat 37°C in BHI broth with

or without supplementandDMEM supplementedwith 10%humanserum.

Periplasmicproteinswerepreparedby a modification of the methodof Nossaland

Heppel (Nossal& Heppel, 1966)or a chloroform extractionmethod (Ames et al.,

1984).Briefly, cells from lOOml overnight cultureswereharvestedat 13000x g for

2 min and the pellet was re-suspendedin 1 ml of EB buffer (10 mM Tris-HCI pH

7.5, 10 mM MgCh, 25% sucrose),andwashedtwice in the samebuffer. Finally, the

pellet was re-suspendedin EB buffer and incubated for 10 min on ice. The

preparationwascentrifugedat 13000x g for 4 min, following rapid re-suspensionin

0.4 ml of ice cold water and incubation on ice for a further 10 min, followed by

centrifugation at 13000 x g for 2 min. The upper fraction of the supernatant

consistingof periplasmicproteinswastransferredto a fresheppendorfandstoredat -

20oe. After collectionof theperiplasmicfraction, thecell pellets(spheroplasts)were

re-suspendedinto 0.4 ml Tris-HCI (PH 7.5) andsonicatedto releasethe cytoplasmic

contents.Non-disruptedcellswere removedby centrifugationat 5000 x g for I min.

The upperclear supernatantwas transferredto a fresh eppendorfand centrifugedat
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17000 x g for 30 min. The supernatantwas collected as the cytoplasmic protein

fraction and storedat -20°C. The remainingpellet wasre-suspendedin 0.2 ml of 10

mM Tris-HCI pH 7.5,10 mM MgChand 0.2 ml of 10mM Tris-HCI pH7.5, 10mM

MgCh and4% Triton X-100. The samplewasincubatedat 37°C for 30 min andthen

centrifuged at 17000 x g for 30 min. The supernatantwas collected as the

cytoplasmic membranefraction and storedat -20°C. The final pellet (yielded after

collection of the cytoplasmicmembranefraction) was deemedthe outer membrane

protein-enrichedfraction. This pellet wasre-suspendedby brief sonicationin 10mM

Tris-HCI pH 7.5, 10mM MgChand then 0.5 ml of 10mMTris-HCI pH7.5, 10mM

MgCh and 2% Triton X-lOO was added.The suspensionwas incubatedat 37°C for

30 min and then centrifugedat 17000 x g for 30 min. This step was repeatedto

removeany remaining solubleproteinsto ensurethe purity of fraction. Final pellet

wasre-suspendedin 0.2ml IOmM Tris-HCI pH 7.5andstoredat -20°C.

4.2.6 Methodologies to assesssurface exposureof FDA and GAPDH-l

4.2.6.1 Cellsurfacebiotinylationofmenmgococci

Cells of N. meningitidis strain MC58 were grown overnight on chocolate agar.

Colonieswerecollectedandplacedinto 1ml of sterilePBSin aneppendorftube(1.5

ml). Cells were harvestedby centrifugationat 13000x g for 5 min. Beforebeing re-

suspendedin carbonatebuffer (Appendix A), cells were washedthree times with

fresh ice-cold PBS. The optical density (OD6oo) was adjustedto 0.2 and biotin-

streptavidin (Sigma) was addedto a final concentrationof 0.5 mg mr'. The cells

were incubatedat RT for 30 min and then harvestedby centrifugationat 13000x g
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for 5 min. In order to remove excessunboundbiotin, the cells were washedtwo

times with sterile PBS. The cell pellet was briefly sonicated(10 s pulses). The

biotinylated sampleswere analysedby SDS-PAGE followed by immunoblotting

using anti-goat anti-biotin conjugated to alkaline phosphataseat a dilution of

1:30000. Membraneswere developed using BCIP substrate(Section 2.2.15 and

2.2.16).

4.2.6.2 Enzymelinked lmmunosorbantassay(ELISA)

An ELISA was used to analyze the ability of polyclonal antiseraraised against

recombinantproteinsto bind to intact meningococcalcells. The antiserumwas pre-

adsorbedwith the mutant strain and serially diluted (1:10, 1:100, and 1:1000) in

coating (carbonate)buffer (Appendix A), beforebeing addedin 100J.l.1aliqoutesto

plate wells (Nunc 96-well plates,PolySorp)for 1h at RT. Control wells werecoated

with PBS containing 1% BSA (PBS-BSA) (negative control). Plate was washed

three times in PBS containing 0.05% Tween 20 (PBS-Tween)buffer. To block the

remaining binding sites 100 J.l.1of PBS-BSA was addedto eachwell and incubated

for 1 h at RT. Microtiter platewells wereagainwashedthreetimeswith PBS-Tween

before adding the digoxygenin-Iabeledbacterial cells. For labeling,N. meningitidts

strainswere grown in liquid culture andwashed3 times in PBS-Tweenbeforebeing

resuspendedin carbonatebuffer to an OD of 0.1 at 600 nm. Bacteriawere labeledby

adding 10 ug of digoxygenin (Roche)per 1 ml bacterialsuspensionsfor 2 h at RT.

One hundred microlitres labeled cells were added to each well, and plates were

incubatedfor 2 h at RT. Plateswerewashed5 times with PBS-Tweenand incubated
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with anti-digoxigenin Fab fragment-conjugated antibody (1:5,000; Roche) in 1%

BSA in PBS-Tween (blocking buffer) at 100 III per well . Plates were incubated at

RT for an additional 1 hour and washed 5 times. One hundred microliters of 2, 2'-

azino-bis; 3-ethylbenzthiazoline-6-sulphonic acid (ABTS) (Chemicon international

ES004) substrate (5 mg ml"; Roche) were added to each well, and the absorbance

was measured at 405 nm after 30 min using an ELISA plate reader (BioTek).

4.2.6.3 Flow cytometryanalysis

The ability of antisera elicited by the recombinant FBA and GAPOH-l to bind to the

surface of pathogenic strains of N. meningitidis group B was determined by flow

cytometry using an indirect fluorescence assay. N. meningitidis strain MCS8 wild-

type and MC58~cbbA cells were grown to 00600 <0.7 to obtain mid-log phase

bacteria. Four samples per strain, each containing I x 107 CFU ml" in PBS, were

prepared for the flow cytometry analysis. In each case one sample was: untreated;

treated with primary antibody only; treated with secondary antibody only; or treated

with both primary and secondary antibodies. The cells were washed twice in sterile

filtered PBS by centrifugation at 5000 x g for 5 min. The test sample cells were

treated with either RaFBA or RaGPADH-l polyclonal antiserum (1:500) diluted in

PBS containing 0.1% BSA, 0.1% sodium azide and 2% foetal calf serum (PBS-BSA-

FCS buffer), whereas the control cells were re-suspended without antibody, and

incubated on ice for 2 h. The samples were washed 3 times in PBS and the test

sample pellets were mixed with secondary antibody, goat anti-rabbit IgO conjugated-

Alexa Flour 488 (Invitrogen) diluted 1:50 in PBS-BSA-FCS buffer. The control
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sample pellets were re-suspended in PBS-BSA-FCS buffer, and all samples were

incubated on ice for 2 h in the dark. Finally, the samples were washed in PBS twice

before being re-suspended in 1 ml PBS containing 0.5% formaldehyde to fix the

cells. The samples were then analysed for fluorescence using Coulter Altra Flow

Cytometer. The cells were detected using forward and log-side scatter dot plots, and

a gating region was set to exclude cell debris and aggregates of bacteria. A total of

50,000 bacteria (events) were analyzed for fluorescence signals. All buffers and

solutions were filtered using 0.2 um tilter to eliminate any small particles. As

negative controls, one sample was untreated, one sample was treated with primary

antibody only and one sample was treated with secondary antibody only.

4.2.7 Serum bactericidal assay

N. meningitidis strain MC58 was grown on chocolate agar overnight. Ten colonies

were inoculated into 5 ml MHB (without supplement) and incubated for two hours at

37°C in a shaking incubator. The 00600 run was measured and cells were harvested

(8000 x g for 5 min) from a 500 J.lI aliquot of the culture. The cells were re-

suspendedin PBS/bovine serum albumin (BSA) to achieve an 00600 of 0.1.

The assay was performed in a sterile 96-well tissue culture plate, to which the assay

components (antibody, complement, and bacteria) were added sequentially. Each

well contained: 20 ).11of RaFBA or RaOAPDH-l antiserum (or pre-immune serum

taken from the same rabbit) pre-adsorbed with the cells of strain MC5McbbA or

MC58ilgapA-l, respectively (and de-complemented by heating to 56°C for 30 min),
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10 J.l.1of bacteria(diluted to ca. 800 colony-forming-unites[CFU] per well), and 10

J.l.1of sterile baby rabbit serum(Pel-Freeze)as a sourceof complement.Serawere

used at the final dilution of 1:2, 1:4, 1:8, and 1:16. After the addition of all

componentsto the wells, the plateswere coveredand incubatedfor 60 min at 37°C

on a microplate shaker (150 rpm). Ten microliters from control wells were

inoculatedon to chocolateagarat time zero.After 60 min incubationserialdilutions

were performed and 10 ,.11 aliquots were inoculated onto chocolate agar. The

chocolateagarplateswereincubatedaspreviouslydescribed(Section3.2.1).

After overnight incubation, the numberof coloniesat eachdilution of RaFBA and

RaGAPDH-l were counted, and the serum bactericidal titer was reported as the

reciprocalof the serumdilution yielding 2: 50% killing of the bacteria.Control wells

included: a serumwith known bactericidalactivity (anti-meningococcalwhole cell);

a complementcontrol containing PBS-BSA, complementand bacteria;an inactive

complement control containing RaFBA or RaGAPDH-l serum, heat inactivated

complement, and bacteria; an antibody control containing PBS-BSA, RaFBA or

RaGAPDH-l serumand the bacteriato determinethat the organismswereviable in

antibodyin theabsenceof complement).
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4.2.8 Transgenic mousemodel of meningococcalbacteraemia

Murine bacteraemiastudieswereperformedat thePasteurinstituteby Or M. K. Taha

aspreviously described(Zarantonelliet al., 2007).Briefly, prior to challengingwith

meningococcalisolates,mice were kept in a biosafetycontainmentfacility in cages

with sterile litter, water, and food according to institutional guidelines. The

experimental design was approvedby the lnstitut PasteurReview Board (France).

Mice were infected at 6 weeksof ageby intraperitonealchallengewith standardized

inocula (5 x 106CFU). Bacterialcountsin theblood weredetermined2,6, and24 h,

after meningococcalchallengeby plating serial dilutions of blood sampleson GCB

medium andwereexpressedin loglO CFU ml" of blood. Student'st-test andanalysis

of variance were used to examine the data. A P value of 0.05 was considered

statistically significant.
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4.3 Results

4.3.1 Fructose bisphosphate aldolase activity

A coupled enzymic assayusing native recombinantFBA was usedto confirm that

the purified meningococcalFBA wasactiveasa fructosebisphosphatealdolase(Fig.

4.1), despite the apparentlack of an intact EMP pathway in this organism.The

kinetic parametersfor thepurified enzymefor thecleavageof FBP wereestimatedas

Km (FBP) = 0.05 mM and kcat = 126min-toThesevaluesare similar to thosefound

for FBA enzymesfrom a variety of sourcessuchasE. coli (Km (FBP) - 0.19 mM

andkcat - 490 min-I) (Plateret al., 1999).
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Figure4. 1 Kinetic analysisof the rFBA The enzymeactivity was measuredusing
different substrate(FBP) concentrations(0.1 mM-S.O mM) understandardreaction
conditions for one min. A decreasein absorbanceat 340 nm was recordedas the
measureof enzymeactivity. Activities were calculatedusing the molar extinction
coefficient for NADH as6220M-t cm-toKinetic parameterswereestimatedusingthe
Origin Pro 7.5softwareprogram.
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4.3.2 Distribution and expressionof cbbA in N. meningitidis

Due to the accessibleouter membranelocation, immunogenicnatureand potential

roles in pathogenesis,glycolytic enzymeshavebeensuggestedaspossiblecandidate

vaccine antigensagainst several infections causedby Gram-positivebacteria and

fungi (Gil-Navarro et al., 1997;Kim & Dang, 2005; Ling et al., 2004; McCarthy et

al., 2002). One important prerequisite for a vaccine candidate is that a large

proportion of target strains should possessand expressthe relevant antigen. To

assessthe presenceof the cbbA gene and FBA expressionin the N. meningitidis

population, 26 clinical isolatesof N. meningitidis, representativeof the three main

disease-associatedserogroups(A, B, C,), were screenedby PCRand/orimmunoblot

analysis. The analysis also included one strain each of N. gonorrhoeae, N.

polysacchareae andN. lactamica. All of the isolatesexaminedwerepositiveby PCR

for the presenceof cbbA. The PCR resulted in amplification of a single DNA

fragmentof ca. l-kb in all assayedstrains(Fig. 4.2 A andB). Havingestablishedthat

cbbA is presentin all strainstested,we investigatedexpressionof its geneproduct

FBA. Total cellular proteinswere immunoblottedusing the anti-FBA rabbit serum.

A protein band with an apparentmolecular massof ca. 38-kDa correspondingto

FBA wasdetectedin all strainstested(Fig 4.3 A, B, C). In addition,N. lactamica, N.

gonorrhoeae, andN. polysacchareae werealsopositive for FBA expression(datanot

shown).
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Figure 4.2 Distribution of the cbbAgene and prevalence of cbbA in diff r nt clini al
isolates of N. meningitidis of known-MLST type (A) Lane I, DNA marker, lane 2,
MC58-WT, lanes 3-11 Z1035, Z1054, Z1213, Z1503, Z4676, Z1534, Z3771, Z 42,
Z4662 respectively (B) Lane 1, DNA markers, lanes 2-4,- Z467 , Z 41 ,Z641 ,
Lane 5, MC58llcbbA, lanes 6-11, Z6420, N gonorrho ae, Z41 I, Z4667, Z4 7 ,
Clone 12 CST-11), respectively. PCR-amplified products c mpri ing th mplet
cbbA (1065 bp) of 17 meningococcal strains with known ML T-typc were b crvcd
in all strains examined.
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Figure 4. 3 FBA expressionin divergentclinical isolatesof N. meningitidis. Whole
cell proteins were resolvedby 10% SOS-PAGEfollowed by imrnun bl t analysi
using RaFBA. The FBA is presentin whole-cell Iysatesof all strain examined(A)
Lane 1,protein markers,lanes2-5, Z1035, Z1054,Z1213, Z 1269r sp ctively, lane
6, Me58~cbbA, lanes7-10, Z1503,Z377l, Z3842,Z4l81, respectively(B) Lane I,
protein markers, lane 2, Me58-WT, lanes 3-10, Z4662, Z4667, Z4673, Z4676,
Z4678, Z5826, Z6413, Z6414, respectively (C) Lane 1, prot in markers, lane 2,
Me58-WT, Lane 3, Me58~cbbA, Lanes4-8, Z4684,Z4685,Z4701 Z6417,Z4 2 ,
respectively.A band correspondingto FBA was observedin all train examined
exceptthe cbbA null mutant.
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4.3.3 Sub-cellular location of cbbA in N. meningitidis

To localise cbbA in the meningococcus,and to determinewhether FBA may be

exported to the surfaceof N. meningitidis, sub-cellular fractions were probedwith

RaFBA. FBA was predominatelydetectedin the outer membrane-enrichedandthe

cytosolic protein fractions of wild-type MeS8 and complementedcbbA isogenic

mutant strain. (Fig. 4.4 A and B), but was absentfrom the concentratedculture

supernatant(secretedprotein fraction). FBA was not detectedin fractions derived

from Me58dcbbA (Fig. 4.4 D). Although experimentalartifactsdue to partial cell

lysis cannotbe ruled out, it is clear that theseproteinshavea strongpropensityto

interact with the cell wal1of many bacteria.However,to excludethepossibility that

the presenceof FBA in outer membrane-enrichedfraction wasdueto autolysiswith

the attachmentof releasedFBA to the surfaceof unbrokencells,whole cell lysateof

MeS8-WT cells was mixed with intact MeS8LkbbA cells and incubated at RT

followed by cell fractionation. Interestingly, FBA was not detectedin the outer

membrane-enrichedfraction of thesecells (Fig. 4.4 e) confirming that the FBA does

not bind to the cell surfaceasa consequenceof autolysisicellieakage.Additionally,

immunoblotting experimentswith antiserumagainstPorA, a known outermembrane

protein of N. meningitidis, gave an identical profile except that PorA was absent

from the cytosolic fraction (data not shown). These results confirm that

meningococcalFBA is a cytosolic protein, but is also translocatedto the outer

membrane.
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Figure 4.4 Subcellular localization ofFBA (A) MC-WT (B) MC58 cbbA cbbA/~(·'
(C) MC58.1cbbA mixed with MC58-WT sonicated lysate (D) MC5 cbhA ell
fractionation. In all Figs, lane 1, protein markers, lanes 2, peripia mi pr teins, Ian
3, cytoplasmic protein-enriched fractions, lane 4, cytopla mic m mbrane pr t in-
enriched fractions, and lane 5, outer membrane protein-enriched fraction (adju tcd
to ensure equal protein loading). All samples were eparated on a 10% a rylarnid
gel and probed in immunoblotting experiments with RaFBA. A band orresp nding
to FBA was observed in outer membrane enriched fraction of WT-M 5 and th
complemented strain and was absent from the isogenic null mutant.
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4.3.4 Distribution and expressionof gapA-l in N. meningitidis strains

The gapA-l gene has been shown to be up-regulatedfollowing meningococcal

interaction with host cells demonstratingthat it may be involved in a critical stepof

pathogenesis.We examinedthepresenceof gapA-l and its expressionin population

of N. meningitidis.A total of 17 strainsof known MLST-type representingmost of

the known virulent lineageswere screenedby peR for the presenceof a gapA-l

homologue.All neisserial isolatestestedby this peR screeningmethod yielded a

single amplified productof the expectedsizeca. l-kb correspondingto gapA-l (Fig.

4.5 A and B). Additionally, after demonstratingthat gapA-l was presentacrossall

the meningococcal strains screened by peR, we extended this analysis to

demonstratethat gapA-l is expressedin vitro in the samepanel of strains.Whole-

cell lysatesof the 17 neisserialisolateswere examinedby immunoblot analysisto

detect the presenceof a GAPDH-l protein using RaGAPDH-l antiserum. All

neisserial isolates expressed an immunoreactive GAPDH-l protein, with the

exception of Me58~apA-l, demonstratingthat the gene is expressedin diverse

clinical isolatesof meningococci(Table 4.1, and Fig.4.6 A, B ande). In addition,

single isolatesof N. gonorrhoeae strain FA1090 was also examined.The protein

bandcorrespondingto the GAPDH-I wasdetectedin this isolate(Fig. 4.6 C).
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Figure 4. 5 Distribution of the gapA-I gene in diverse clinical i olates of N.
rneningitidis (A) Lane 1, DNA markers, Jane 2, MC58- WT, lanes 3-10, Z I035,
Z1054, ZI213, ZI503,Z4676, Z1534, Z3771, Z3842, respectively. (8) Lane I, DNA
markers, lane 2-10, Z4678, Z6413, Z6414, Z6420, N. gonorrho ae FA I090, Z41 I,
Z4667, Z4673, Clone 12 (ST-Il), respectively. PCR-amplified pr du ts r the
expected size of gapA-I (1032 bp) were observed in all 17 meningoc ccal train
examined.
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Figure 4.6. The gapA-l gene is expressed across divergent clinical is latcs of N.
meningitidis. Whole cell extracts were separated by 10% SDS-PAG followed by
immunoblot analysis using RaGAPDH-l. The GAPDH-l i dete tcd in wh I - ell
Iysates of all strains tested. (A) Lane 1, protein mark rs, lane 2, M 5 -WT, lane 3,
MC58tlgapA-l, lanes 4-10, Z1035, Z1054, Z1213, Z1503, Z4676, Zl5 4, Z 771,
respectively (B) Lane 1, protein markers, lane 2, MC58-WT , lane 3, M 5 ap'A-L,
lanes 4-10 Z4678, Z6413, Z6414, Z6420, N. gonorrhoeae strain A I090, Z41 I,
Z4667, respectively (C) Lane 1, protein markers, lane 2, M 5 -W , lane
MC58tlgapA-l, lanes 4-6, Z4673, Z3842, Clone 12 (ST-II), re p ctively. A pr tcin
band corresponding to GAPDH-l was observed in all strains xamin cl c 'pt
MC58tlgapA-l mutant strain.
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4.3.5 Sub-cellular localization of gapA-l inN. meningitidis

Since the GAPDH has been described to be present on the surface of cells of several

microbial species (Fernandes et al., 1992; Goudot-Crozel et al., 1989; Pancholi &

Fischetti, 1992) and recently three proteins from N. meningitidis (enolase, DnaK, and

peroxiredoxin), which are usually intracellular proteins, have been shown to be

located in the outer membrane of N. meningitidis (Knaust et al., 2007) , we

undertook to investigate the presence of a cell wall-associated form of GAPDH in

outer membrane-enriched fractions obtained from N. meningitidis.The sub-cellular

fractions of wild-type MCS8 were probed using RaGAPDH-l. GAPDH-l was

predominately detected in the cytosolic fraction and a proportion was also present in

the outer membrane-enriched fraction, but was absent from the concentrated culture

supernatant (secreted protein fraction) (Fig. 4.7). A trace amount, possibly

representing transient GAPDH-l during translocation across the inner membrane,

can also be seen in the cytoplasmic-membrane enriched fraction. GAPDH-l was not

detected in fractions derived from MCS8~apA-l (data not shown). These results

confirm that meningococcal GAPDH-l is a cytosolic protein, but is also found in the

outer membrane.
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Figure 4. 7 Sub-cellular localization of GAPDH-l in N meningitidisMC58- WT cell
fractionation Lane 1, protein markers, lanes 2-6, periplasmic protein-enriched
fraction, cytoplasmic membrane protein-enriched fractions, cytoplasmic membrane
protein-enriched fractions, outer membrane protein-enriched fractions, and secreted
proteins (and adjusted to ensure equal protein loading) respectively. Protein wer
separated on a 10% acrylamide gel and probed in immunoblotting experiments with
RaGAPDH-l. A protein band corresponding to GAPDH-l was ob erved in outer
membrane-enriched fractions.
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4.3.6 Determining the surface exposureof FBA and GAPDH-l

4.3.6.1 Biotinylation of surface-exposedproteins

As a complementary approach to investigate the surface exposure of FBA and

GAPDH-l in N meningitidis, a novel biotinylation method was employed. Thi

method has been shown to discriminate truly surface-accessible proteins from

cytoplasmic and periplasmically oriented proteins (Myers-Morales et al., 2007). This

experiment was aimed to biotinylate the surface of intact N meningitidi -WT, cbbA

and gapA-l null mutant strains followed by SDS-PAGE analysis and

immunoblotting using anti-biotin antibodies. The protein bands corresponding to

FBA and GAPDH-l were anticipated to be present only in MC58-WT samples but

should be absent in the respective isogenic null mutants. As can be seen in Fig 4.8

due to either high background or a large amount of biotin-labeled proteins, no clear

difference in the profiles of the three samples was observed on immunoblotting.

1 2 3 4
kDa ;;:~

83-

62-

47-

32-

25-

Figure 4. 8 Immunoblot analysis to investigate the surface-expo d bi ntinylat d
proteins of N meningitidis Lane 1, protein markers, lane 2, M 5 -W , lane 3,
MC58t1cbbA, lane 4, MC58t1gapA-l
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4.3.6.2 Whole cell ELISA

To investigate the presence of FBA on the surface of N meningitidis, an FBA

ELISA was performed using whole cells of N meningitidis followed by probing with

different concentrations of anti-FBA antibodies. As the target antigen, the ELISA

included encapsulated N. meningitidis cells from strain Me58 or the same strain in

which the cbbA gene had been deleted (Me58~cbbA). With anti-FBA antiserum,

strain Me58 showed significantly higher binding (P value 0.015) in the whole-cell

ELISA compared to that of its isogenic cbbA mutant strain (Fig. 4.9). The ELISA

demonstrated that the FBA antiserum recognized antigen(s) on the meningococcal

cell surface, indicating that the protein was present and in a conformation that could

be recognized by the serum raised against the recombinant protein.

0.7 • MCSS·WT
MC5McbbA

0.6

0.5 I

It) 0.4
~
c

0.30

0.2

0.1

0

Figure 4. 9 Whole bacterial cell ELISA to determine the binding of anti-FBA
antibodies to intact N meningitidis cells. ELISA plates were coated with various
dilutions of rabbit anti- FBA antibodies. The plate contents were reacted with labeled
intact N. meningitidis cells followed by anti-digoxygenin antibodies. ABTS substrate
was added and absorbance was measured at 405 nm in a microplate ELISA reader
(BioTek). Bars denote standard error of the mean. Experiments were repeated three
times, with consistent results.
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4.3.6.3 Flow cytometry analysis

In order to provide confirmatory evidence for the localization of FBA on the

bacterial cell surface, and to substantiatethe sub-cellular fractionation results

showing the outer membranelocalisation of FBA, the poJycJonalmono-specific

antiserum raised againstthe natively purified rFBA (nRuFBA) was usedto probe

intact N. meningitidis strain MCS8 cells followed by treatment with secondary

antibodyconjugatedwith Alexa Flour 488.Thestainedcellswerevisualizedby flow

cytometry. Control cell samplesthat were either treatedwith nRuFBA polyclonal

antiserumalone or with Alexa Flour conjugatedsecondaryantibody alone did not

produce significant fluorescencesignals.In comparison,the cells stainedwith both

nRaFBA antibody followed by Alexa Flour 488 conjugatedsecondaryantibody,

demonstrateda significant shift in the fluorescencesignals (approximately79% of

cells in thepopulationwere strongly fluorescent),indicatingcell surfacelocalization

of FBA (Fig. 4.10 A). As an additional negativecontrol, MC58~cbbA mutant cells

were also examinedusing the sameconditions. The FBA mutant cells showedno

significant fluorescencesignal (Fig. 4.10 B). The proportion of surfaceexpressed

FBA seemsto be promising and may be sufficient to endowa biologically distinct

phenotypeto thebacterium.Theseresultsarealsoconsistentwith dataobtainedfrom

the associationassays,which showed that FBA is required for optimal in-vitro

interactionswith culturedepithelialandmeningothelialcells.
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Figure 4. 10 Flow cytometry analysis of MC58 wild-type (A) or MC58~cbbA cells
(B) for FBA surface localization. Cells were stained with nRaFBA alone, (control 1)
anti-rabbit IgG-Alexa Flour 488 conjugate alone (control 2) or both (test).
Flourescence was displayed as a histogram. The histogram area in M2 representsthe
population offluorescently labeled meningococci.
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To investigate the surface exposureof GAPDH-I, flow cytometry analysis was

performedon live bacteriaduring the logarithmic phaseof growth, using GAPDH-l

antiserum. The encapsulatedwild-type MCSS and isogenicgapA-I mutant strains

were stainedwith anti-GAPDH-l followed by Alexa Flour 488. The fluorescence

intensity was measuredby flow cytometry. As shown in Fig. 4.11 A and B,

polyclonal anti- GAPDH-l antibodies failed to bind to either the encapsulated

MCS8-WT or the MC5S.1.gapA-I strain demonstratingthat GAPDH-l was not

surface exposedin capsulatedstrains.There can be severalreasonsfor failure of

GAPDH-l to bind to the surfaceof encapsulatedmeningococci.RaGAPDH-l was

raisedagainstthe denaturedpurified protein and linear proteinsmay lack important

conformationalepitopespresentin the naturally folded protein, or the protein may

reachto the surfacetransiently andat specificphasesof growth. Additionally, it is

also known that the polysaccharidecapsule can functionally mask membrane

proteins.We, therefore,useda capsulemutantMCS8strainandfollowed thebinding

of the antibodies to the surface of intact cells by flow cytometry. The data

demonstrateda significant shift in the fluorescencesignal (Fig. 4.12) (approximately

25% of cells in the population were fluorescent) indicating that GAPDH-I was

available for binding in the absenceof polysaccharidecapsulesuggestingthat the

presenceof the capsule may hinder the binding of the antibody. In summary.

GAPDH-I is an outer membranelocalizedprotein which is only surfaceexposedin

the non-capsulatedstrains. In contrast, in a capsulatedbackgroundthe OAPDH-l

could bemaskedby thecapsule.
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Figure4. 11Flow cytometryanalysisofMC58 wild-type (A) or MC58~gapA-l cells
(B) for GAPDH-l surfacelocalization.Cells were stainedwith RaGAPDH-l alone,
(control 1)anti-rabbit IgG-Alexa Flour 488 conjugatealone(control 2) or both (test).
Flourescencewasdisplayedasa histogram.

--- :\IC5Msi.aD(Controll)
--- MC586.silD (ControI2)
--- MC58~silD(fest)
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Figure 4. 12 Flow cytometry analysisshowing binding of mousepolyc1onalanti-
rGAPDH-l antiserumto live nonencapsulatedN. meningitidis strains Cells were
stained with RaGAPDH-l alone, (control 1) anti-rabbit IgG-Alexa Flour 488
conjugate alone (control 2) or both (test). Flourescencewas displayed as a
histogram. The histogram area in M2 representsthe population of fluorescently
labeledmeningococci.
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4.3.7 Serum bactericidal assay(SBA)

The ability of RaFBA and RaGAPDH-I antisera to kill meningococcalcells in

presenceof complement was determined.Prior to using the sera in bactericidal

assays,both polyclonal antiserawere pre-adsorbedwith their respective isogenic

mutant strains to remove non-specific antibodiesthat might result in non-specific

killing. The antisera were used at various dilutions: 1:10, 1:50, and I: 100.

Bactericidal activity was not observedwith antiseraraisedagainsteither FBA or

GAPDH-l (datanot shown).Positivecontrol assaysusinganti-wholemeningococcal

serumconsistentlygave 100%killing. No killing was seenin control wells lacking

activecomplement,serum,or both.To excludethepossibility that capsulemay limit

the accessibilityof the proteinson the surface,a siaD (encodingcapsule)mutantN.

meningitidtsstrainMeS8 wasusedin the assay.Unfortunately,this strainseemedto

be sensitive to both pre-immune and immune sera, thus, it was not possible to

interpret the impact of either of the antiseraon the killing of N. mentngitidis siaD

mutantstrain.
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4.3.8 Evaluation of cbbA mutant strains using a transgenic mouse model of

infection

A transgenicmousemodel expressinghumantransferrin (bTf) bred under specific-

pathogen-freeconditions was establishedfrom line 803 C57B6/SJU mice at the

Institut Pasteur (Zarantonelli et al., 2007) to use as a model of meningococcal

bacteraemia.To provide further insights into the potential role of FBA in the

development of bacteraemia,six-week-old female B6/SJL mice expressing(hTf)

were infectedby intraperitonealinjection of N. meningitidis-WT,Z4181-WT, Clone

12-WT (ST-18), 24198-WT (ST-ll) (Zarantonelli et al., 2007), and their isogenic

cbbA-mutant strainsat a dose(5 x 106 CFU) in groupsof five mice for eachwild-

type, and comparedto a group of five mice that were administeredcbbA mutant

strain.Mice were ableto survive with the 5 x 106CFU dose,andbacteraemiacould

therefore be assessedby blood cultures at 2, 6, and 24 h post inoculation. All

meningococcalwild-type isolatesexaminedwereshownto inducebacteraemiain the

transgenic mouse model whereasthe isogenic mutant strains showed a reduced

capacityto establishbacteraemia.The numberof bacteriarecoveredat different time

points is shown in (Fig. 4.13 and Table 4.2) and demonstratethat there were

significant differencesin the level of bacteraemiaestablishedby the mutant strains

comparedto thewild-type.
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Table 4.2 Meningococcal strains used for mouse model of meningococcal

bacteraemia. The data denote bacteria per milliliter of blood using means of 5 mice
per time point and per strain.

Strains t=O 2h 6h 24h. . .MC58-wt

MC58-tlFBA

Z4181-wt

Z4181-MBA

Clone 12-wt (ST-I8)

Clone12-MBA

24198wt (ST-11)

24198L'1FBA

3.45 x 10

1.25 X 107

1.10x107

2.40 x 106

5.50 x 106

2.60 x 106

5.75 x 106

1.90 x 106

2.82 x 10
1.46 x 105

2.38 x 106

1.20 x 104

2.45 x 106

2.10 x 104

2.16 x 106

3.60 x 106

2.54 x 10
1.05 x 105

3.50 x 106

2.72 x 103

1.31 x 106

1.60 x 104

4.03 x 106

2.90 x 104

2.60 x 10

1.78 x 102

2.51 x 106

1.00 x 101

2.21 x 105

4.20 x 101

3.50 x 105

1.00 x 101

1.0E+'08

1.0E+'07

1.0E+06

E 1.0E+05

~
o 1.0E+04-Cl!
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1.0E+'02

1.0E+01

1.0E+OO
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Figure 4. 13 Bacteraemia in hTf transgenic mice after intraperitoneal meningococcal
challenge. Transgenic mice expressing hTf (B6/SJL hTt) were challenged
intraperitoneally with 5 x 106 CFU of N meningitidis-WT, Z4181- WT, Clone 12-
WT (ST-18), 24198-WT (ST-ll) and their isogenic cbbA-mutant strains. The data
are the means and standard deviations from five independent experiments with
groups of five mice per time point in each experiment.
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4.4 Discussion

This chapter describesthe molecular and functional characterisationof FBA and

GAPDH-l of N. meningitidis, with the aim of identifying their additional non-

glycolytic roles. Recentqualitativeproteomicstudiesof N. meningitidis haveshown

that OMV vaccines also contain a high number of periplasmic and cytoplasmic

proteins (Ferrari et al., 2006; Jun et al., 2007;UIi et al., 2006;Vipond et al., 2006).

For examplein OMVs from serogroupB N. meningitidistlgna33, althoughthe vast

majority of proteinsbelongedto the outer membranecompartment,the minority of

cytoplasmic proteins were experimentally shown to be surface-associatedand

exposedin N. meningitidis, Here we demonstratethat FBA and GAPDH-l of N.

meningitidis, besidesbeing presentin the cytoplasmiccompartment,are also outer

membranelocalisedproteins.

According to our in silico sequencesanalysis,cbbA andgapA-l appearsto be highly

conservedgenesin N. meningitidis. peR analysisconfirmed the presenceof cbbA

andgapA-l in all clinical isolatestested.ExpressionofFBA andGAPDH-l (ca. 38-

kDa and ca. 37-kDa, respectively)was detectedin whole cell proteinspreparations

from all meningococcalstrains,representativeof different hyper-virulent lineages,

examinedin this study. In aneffort to establishwhetherFBA andGAPDH-l localise

on the surfaceof meningococci,a cell fractionationapproachwasemployed(Nossal

& Heppel, 1966).The fractionationresultsdemonstrateda protein bandof apparent

molecular mass of ca. 38-kDa correspondingto FBA in the cytosolic and outer

membranefractions.This indicatesthat FBA is localisedto the outer membraneas
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well as the cytoplasm of N. meningitidis. Similarly, GAPDH-l was also found

localised to the outer membrane of N. meningitidis. In spite of a growing list of

cytoplasmic proteins identified on the bacterial surface, the mechanism(s) of their

surface localization and attachment to the bacterial envelope remain unclear. These

proteins do not appear to possess signal peptides that direct proteins into secretory

pathways, and nor do they appear to have any known cell wall-anchoring motifs.

Further experiments are needed to elucidate the mechanism(s) of delivery and

attachment of these proteins to the bacterial surface.

Based on the sub-cellular fractionation results indicating the outer membrane

localisation ofFBA and GAPDH, surface expression ofFBA and GAPDH-I proteins

was further investigated by using a combination of immunological and molecular

techniques. Initially, a biotin labelling technique was applied to intact bacterial cells

(Myers-Morales et al., 2007). The data from immunoblot analysis profile showed a

large number of biotinylated proteins which masked the protein bands corresponding

to FBA or GAPDH-l. Subsequently, a whole-cell ELISA was used to determine the

accessibility of polycIonal antiserum to bind to the surface of encapsulated

meningococci. The data provided evidence that the binding of polyclonal anti-FBA

serum to the intact Me58 wild-type cells was significantly higher compared to the

isogenic null mutant indicating the surface expression of FBA in N. meningittdis.To

further support these findings, flow cytometry analysis was performed, The data

presented here demonstrates that FBA protein was abundantly associated with the

external side of the bacterial membrane and accessible to antibodies as indicated by
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the fluorescenceintensity shift observedupon antibodybinding. FBA was available

at the cell surface with levels of fluorescencecomparableto those found with

recognisedsurfaceantigenssuchasNMBI468 (Chi-An et al., 2008),NMB2132 and

NMB2091 (Giuliani et al., 2006), although considerablylower than other surface

antigen such as fHbp (Giuliani et al., 2006). Despitebeing found localised to the

outer membraneby the cell fractionation method, the results of flow cytometry

indicated that the GAPDH-I was not accessibleto antibodieson the surface of

encapsulatedwild-type cells. A possible explanationof the failure of GAPDH-l

antiserum to bind to the bacterial surface could be that surface exposureof this

protein may be transient or only occurring during specific phase of the

meningococcalcell cycle, or it may indeedbe locatedon the outer surfaceof the

membrane,but inaccessiblefrom the antibodiesdueto thepolysaccharidecapsule.In

a previousstudy,Grifantini et al. usedmicroarraysto showthat expressionof gapA-

I was up regulatedin meningococcalstrainMCS8 (4.8-fold) following contactwith

human 16HBE14epithelial cells (Grifantini et al., 2002a;Grifantini et al., 2002b).

Subsequentflow cytometry experimentsshowedthat GAPDH-l could be detected

on the cell surface of free grown and adherentmeningococci (Grifantini et al.,

2002b).However, the methodologyusedinvolved a pre-treatmentof cells with 70%

ethanol to permeabilize the capsule layer, thus making it unclear if GAPDH-l is

antibody-accessiblein encapsulatedmeningococci.To addressthis issue, a siaD

(encoding capsule) mutant meningococcal strain was probed with GAPDH-l

antiserumfollowed by flow cytometry analysis.The datashoweda significant shift

in the intensity of fluorescenceindicating that GAPDH-l could only be detectedon
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the meningococcal cell surface in mutants lacking capsule, suggesting that

GAPDH-I is usuallymasked.

The induction of functional antibodiesafter immunizationwith recombinantproteins

has been a tremendous challenge during the evaluation and development of

meningococcalvaccine candidates.Anti-FBA and anti-GAPDH-l were tested for

their ability to promote in vitro complement-mediatedkilling of N. meningitidis

MCS8. Unfortunately, neither of the antibodieswas found to exhibit bactericidal

activity againstN. meningitidis. The reasonfor lack of bactericidalactivity could be

due to the fact that the FBA and GAPDH-l antiserausedin the serumbactericidal

assaywere raised againstdenaturedpurified recombinantproteins.Severalstudies

with recombinantmeningococcalantigens,including PorA (Christodoulideset al.,

1998;Niebla et al., 2001) andPorB (Wright et al., 2002),haveclearly demonstrated

that theproductionof bactericidalantibodiesis dependenton refolding of theprotein

to producea nativeconformation.Hence,theseantibodieswereunlikely to recognise

surface-exposed,conformational epitopes, which may be important in vivo.

Antibodies raisedagainsthistidine-taggedNspA were shownto recogniseepitopes

that are presentin denaturedNspA but not in native NspA on the surfaceof live

meningococcalcells (Moe et al., 1999). In future work, the bactericidalactivity of

anti-FBA serumraisedagainstnatively purified rFBA will bedetermined.

This study demonstratesthat both FBA and GAPDH-l, well-known cytoplasmic

proteins,arepresenton the surfaceof neisserialcells andso may be involved in the
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normal in vivo immune responseto live meningococcal cells. The presenceof

neisserial "cytoplasmic" proteins on the surfacehas beenreportedpreviously. For

example, Ferrari et al. (Ferrari et al., 2006) found enolase,Hsp60, TufA and

glyceraldehyde3-phosphatedehydrogenase(gapA-2 not gapA-l) on the neisserial

surfaceby flow cytometry while other researchershave identified RplL (Spence&

Clark, 2000; Spenceet al., 2002),and DnaK, (Knaustet al., 2007) asbeing surface

exposed.

In addition, FBA was shown to be essentialfor bacteraemiain a novel transgenic

('humanised') mousemodel of infection. All five isogeniccbbA mutantscreatedin

five different geneticbackgroundsof N. meningitidis wereimpairedin their ability to

sustainbacteraemiacomparedto their wild-type parent strains indicating that FBA

may play a potential role in the pathogenesisof meningococcaldisease.This result

suggeststhat the mutantswere lessable to accessthe bloodstreamand/or to survive

in the bloodstreamafter intraperitonial inoculation comparedto Wild-type.In future

work, the antiserumraisedagainstpurified FBA in native form (retaining aldolase

activity) will be usedin a passiveprotectionexperimentusing the transgenicmouse

model to determinewhetheranti-FBA antibodieselicit a protective responseagainst

N. meningitidis.

In summary,purified recombinantFBA protein wasfound to be ezymaticallyactive.

The data representedin this chapter indicates that FBA and GAPDH-I are both

highly conservedin pathogenicN. mentngitidis strainsandthat FBA andGAPDH-l
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are constitutively expressed in all N. meningitidis strains examined. Besides their

cytosolic location they are also localised to the outer membrane of N. meningitidls.

Additionally, FBA was shown to be available to antibodies on the surface of intact

capsulated N. meningitidis cells. This is the first time that FBA has been

demonstrated on the surface of a Gram-negative bacterium. However, GAPDH-l

was only accessible to antibodies on the surface of non-capsulated meningococci.

Furthermore, in vivo studies demonstrated the potential role of FBA in the

pathogenesis of the meningococcal disease.
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CHAPTER 5: Determining the roles of FBA and GAPDH·1 In

meningococcal association to human cells
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5.1 Introduction

In this chapterthepotential rolesof FBA andGAPDH-l in meningococcaladhesion

to, and invasion of, cultured human epithelial and endothelialcells are discussed.

Adhesion of pathogensto host tissuehasgainedincreasingattentionasan important

initial event in the pathogenesisof bacterial infections before colonization and

eventual invasion of these surfaces (Beachey, 1981). The meningococcusis a

common commensalof the human nasopharynx,which in a smaIl percentageof

carriers, crosses the epithelial barrier and gains access to the bloodstream.

Colonization of the nasopharynxis a complexand incompletelyunderstoodprocess,

which involves long-range attachment to host epithelial cells via type IV pili,

remodelingof the meningococcalouter membrane,and interactionsbetweenseveral

additionalbacterialadhesinsincluding Opa,Ope, LOS, tHbp, PorA, HrpA, PorB and

NadA andproposedor demonstratedhostcell receptorsincluding plateletactivating

factor, CD46, CEACAM 1,vitronectin and u-actinin integrins,complementreceptor

3, laminin andthe GP96scavengerreceptor(reviewedin Stephens,2009).Following

bacteraemia,N. meningitidis may bind to and subsequentlycross the blood-

cerebrospinalfluid (B-CSF) barrier to enter the sub-arachnoidspace,resulting in

acuteandpurulentmeningitis (Nassifet al.• 2002).

Glycolytic enzymes,such as GAPDH, enolaseand FBA have been reported as

potential virulence factors in a variety of organisms(Pancholi& Chhatwal,2003).

Although long recognizedfor their cytosolic role in glycolysis andgluconeogenesis,

additional or 'moon-lighting' functions have been increasingly recognized. In
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particular, despite lacking identifiable secretionsignals, glycolytic enzymeshave

beenfound on thebacterialcell surfacewherethey interactdirectly with hostsoluble

proteins andsurfaceligands.In Mycoplasmagenitalium, surface-associatedGAPDH

was shownto be important for adhesionto humanmucin (Alvarez et al., 2003). In S.

pyogenes and C. albicans surface-associatedGAPDH was shown to bind to

fibronectin (Gozalbo et al., 1998; Pancholi & Fischetti, 1992) In S. pneumoniae,

surface-associatedFBA was shownto bind to transmembranereceptorbelongingto

the cadherinsuperfamily (Blau et al., 2007). FBA andGAPDH were also shownto

be immunogenicin humansand capableof inducing a protective immune response

againstS.pneumoniae in mice (Ling et al., 2004). In addition,FBA was found to be

a surface-localizedimmunogenic protein in S. suis (Zongfu et al., 2008) and a

potential role for FBA in immunity to nematodeparasiteOnchocercavolvulus has

alsobeendescribed(McCarthy et al., 2002).

The aim of this chapter was to explore whether, like these other examples,

meningococcalFBA and GAPDH-l are involved in adhesionto, and invasion of,

host cells.
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5.2 Materialsand methods

S.2.1 Bacterial strains, growth conditions and media

Bacterial strainsdescribedin this chapterare listed in (Table 3.1 and 3.3). Growth

conditions andmediafor culturing meningococciandE. coli aredescribedin Section

2.2.1. Mutant and complementedstrains were createdas describedin Chapter3.

Antibiotics were used at the following concentration:kanamycin (SO ug ml") or

erythromycin (5 ug ml"),

S.2.2 Preparation of meningococci

N. meningitidis strains, MCS8-WT, MCS8f1cbbA, MCS8flgapA-l, MCS8f1cbbA

cbbAEcI and MC58&gapA-l gapA-IEcI were streakedonto chocolateagarplatesand

incubated as described in section 3.2.1. The following day, a single colony was

inoculated into 10 ml Dulbecco's Modified Eagle Medium (DMEM; Invitrogen)

containing 2% heat-inactivatedfetal calf serum (FCS; Invitrogen) and incubated

overnight at 37°C with shaking (200 rpm). The following day, overnight broth

culturewasdiluted 1:lOin DMEM containing2% FCSandfurthergrown for 2 h.

5.2.3 Preparation of human cells

Human brain microvascularendothelial (HBME) cells or human larynx carcinoma

(HEp-2) cells weregrown to confluencein DMEM supplementedwith 10%FCSand

1% antibiotic antimycotic solution (Sigma) in 24-well tissueculture plates (Costar)

at 37°C in an atmosphereof 5% C02. Prior to all experiments,mono-layerswere

transferredto DMEM supplementedwith 2% FCSto removetheantibiotics.
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5.2.4 Association assay

Association assayswere performed essentiallyaspreviously described(Oldfield et

al., 2007). Briefly, HBME or HEp-2 monolayerswere infectedwith 1 x 106CFU

ml" of meningococci (confirmed retrospectivelyby plating out aliquots of serially

diluted inoculums) and left to associatefor 2 h in 5% C02 at 37°C. To assesstotal

cell association,monolayerswere washedfour times with 1 ml 1 x PBS per well.

The monolayerswerethen disruptedandhomogenizedin 1ml 0.1% saponinin PBS.

Meningococci were enumeratedby serial dilution of the homogenizedsuspensions

and subsequentdeterminationof colony-forming units by plating 10 III spots from

appropriatedilutions of the lysateson agar.

5.2.5 Adhesion inhibition assay

To block bacterial adhesion,meningococci were incubated for 1 h at RT with

polyclonal anti-FBA seraat different dilutions rangingfrom I: J 00 to 1:500 in PBS.

The bacteria were pelleted by centrifugation (17,000 x g for 1 min) and washed

twice with PBS before being usedto infect humancell monolayersas describedin

section 5.1.4. Alternatively, monolayerswere treatedwith 25 Ilg ml" of natively

purified rFBA or PBS only (negativecontrol) for J h and the assaycontinued as

mentionedabove(Section5.2.4)
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S.2.6 Invasionassay

HBME or HEp-2 monolayerswere infectedas describedin section5.2.4,but were

left to associatefor 4 h in 5% C02at 37°C. The mediawasthenremovedand 2 ml

DMEM containinggentamicin(100 Jlgml") addedper well to kill the extra-cellular

bacteria. Prior to further steps,aliquots of the gentamicin-containingsupernatants

were plated out to confirm killing of extra-cellular bacteria. Furthermore, the

susceptibility of all meningococcal strains to gentamicin at 100 ug ml" was

confirmed prior to testing. To assesscell invasion, monolayerswere washedthree

times with 1 ml 1 x PBS per well. The monolayerswere then disrupted and

homogenizedin 1 ml 0.1% saponin in PBS. Meningococci were enumeratedby

serial dilution of the homogenizedsuspensionsand subsequentdeterminationof

colony-forming units by plating 10 JlI aliquots from appropriatedilutions of the

lysateson agar.

S.2.7 Statisticalmethods

Statistical analysis was performed with Microsoft Excel. All experimentswere

performedin triplicate unlessotherwisestatedandwererepeatedat leastthreetimes.

Statisticalsignificancewasmeasuredusinga two-tailedStudentr-test.
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5.3 Results

5.3.1 Association assayof MC58AcbbA using HBME and HEp-l cells

To determinea potential role of FBA in adhesionto epithelial andendothelialcells,

viable counts of bacteria associatedwith homogenizedinfected monolayers were

usedto comparethe capacityof the wild-type and cbbA mutantstrain to associate

with either HBME or HEp-2 cells. Theseexperimentsshowedthat cbbA-deficient

meningococci had a significantly reduced capacity to adhereto monolayers of

HBME cells and HEp-2. Experimentswere repeatedon three separateoccasions,

with both cell lines, with consistentresults.To confirm that this effect was not due

to reducedgrowth, the growth rateof both strainswas comparedby measuringthe

optical density at 600 nm (OD600) in triplicate on three separateoccasions.No

substantialdifferencesbetweenstrainswere observed(section3.3.18and Fig. 3.27

A).

To excludethe possibility that the impaired adherencewas due to a polar effect or

undetectedsecondarymutation in MC58AcbbA, a wild-type copy of the genewas

introduced in trans into MC58AcbbA using plasmid pSAT-12 (Table 3.1).

Introduction ofpSAT-12 led to similar levels ofFBA expressionto the MCS8-WT

(section 3.3.12 and Fig. 3.19) and restoredlevels of adhesionto both humancell

types to approximatelywild-type levels (Fig. 5.1 A and 5.1 B). In summary,these

experimentsshow that FBA plays a role in the adherenceof N. meningitidls with

humancells.
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In addition to complementation, to further rule out the possibility that the impaired

adherence was due to undetected secondary mutation in the original cbbA mutant,

the cbbA mutation was introduced by natural transformation into N. meningitidis

strain Z4673 to create an independent cbbA-deficient derivative. Adherence assays

with meningothelial cells showed that the Z4673 cbbA mutant exhibited a similar

reduction in the number of adherent bacteria compared with its parental strain as did

the Me58tJ.cbbA mutant (Fig. 5.2).

To study whether the impaired adhesion was due to the direct involvement of FBA

i.e. that FBA is an adhesin and binds a specific host cell receptor(s), cultured HBME

cells were incubated with or without rFBA before infection with N. meningitidis.The

adhesion to HBME cells by N. meningitidis Me58 could not be inhibited by rFBA

(data not shown). Alternatively, to further assessthe involvement ofFBA in bacterial

adhesion, the wild-type strain Me58 was treated with polyclonal RaFBA serum, pre-

immune serum or not treated (negative control) to investigate whether this would

block adhesion. Treatment with either immune or pre-immune serum demonstrated

no substantial effect on bacterial adhesion (Fig 5.3). A possible reason for increased

number of adherent bacteria observed in the inhibition assay result was that the

bacteria used for infecting the monolayers were twice in number (2 x 106
) as

compared to previous adhesion assays

188



1.E+04

• MC58·WT

• MC58~cbbA
• MC58l1cbbA cbbAEct l.E+04

• MC58-WT
• MC58~cbbA

MC58l1cbbA cbbAEct

I

1.E+03 1.E+03

I
u l.E+02

1.E+01 l.E+01

1.E+OO l.E+OO

A

Associated cells

B
Associated cells

Figure 5.1. cbbA-deficient meningococci have a reduced ability to associate with (A)
HBME or (B) HEp-2 cells compared to the wild-type or complemented strains. The
number of cbbA-deficient meningococci associating to HBME cells was significantly
lower than the wild-type (P = 0.0011). Bars denote standard deviation. Cfu denotes
colony forming units. In (B), experiments were repeated on two separate occasions
with consistent results, but only one representative experiment is shown. Bars denote
deviation from the mean of quadruplicate samples from experiments repeatedon two
separateoccasions.
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Figure 5.2. cbbA-deficient Z4673hasa reducedability to associatewith HBME cells
compared to the wild-type strain. Mean levels shown from a representative
experimentusingquadruplicatewells. Cfu denotescolony forming units.Barsdenote
standard deviation from the mean of quadruplicate samples from experiments
repeatedon two separateoccasions.Experimentswere repeatedon two separate
occasions,with consistentresults
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Figure 5.3. Inhibition of meningococcalassociationto HBME cells using RaFBA.
Wild-type MC58 wastreatedwith RaFBA seraor pre-immuneserabefore infection
of HBME cells. Mean levels shown from a representativeexperiment using
quadruplicate wells. Cfu denotes colony forming units. Bars denote standard
deviationfrom themeanof quadruplicatesamplesExperimentswererepeatedon two
separateoccasions,with consistentresults.
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5.3.2 Invasion assayof MC58AcbbA using HBME and HEp-2 cells

To investigatewhetherFBA is involved in the internalizationof N meningitidis into

epithelial and meningothelial cells, HEp-2 and HBME monolayerswere infected

with wild-type MC58, MC58~cbbA and MC58~cbbA cbbAEcl
• After 4 h of co-

incubation, any unattachedor surface-adherentbacteriawere killed by exposureto

gentamicin, after which viable intracellular bacteria were enumeratedfollowing

releaseby lysis with saponin.The resultsfrom threeindependentexperimentsusing

the HBME cell line (Fig. 5.4 A) and from one representativeexperimentusing the

HEp-2 cell line (Fig. 5.4B), demonstratedthat the cbbA-deficient MC58 hadreduced

capacityto invadethemonolayers,but this differencewasnot statisticallysignificant

and is likely to be a consequenceof the reducedadherenceof the mutantsto the

monolayer.
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• MC58-WT
• MC58~cbbA

MC58~cbbA cbbAEet
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~-5 1.E+02

I
1.E+02

1.E+01 1.E+01
A

• MC58·WT
MC58~cbbA

• MC 58~cbbA cbbA Eet

B

Figure 5.4. cbbA-deficient meningococcihavea reducedability to invade into (A)
HBME cells or (B) HEp-2 cells comparedto the wild-type or complementedstrains.
Numbersof mutantcells invading HBME cells were lower thanthewild-type strain,
but this difference was not statistically significant (P = 0.13). Mean levels shown
from three independentexperiments,eachusing triplicate wells. Cfu denotescolony
forming units. Barsdenotestandarddeviation. In (B), experimentswererepeatedon
two separate occasions with consistent results, but only one representative
experimentis shown.Barsdenotestandarddeviation from themeanof quadruplicate
samples.
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5.3.3 Association assayof MCS8AgapA-l using HBME and HEp-2 cells

Viable countsof bacteriaassociatedwith homogenizedinfected monolayerswere

also used to comparethe capacity of the wild-type and gapA-l mutant strain to

associate with either HBME or HEp-2 cells. These experiments showed that

GAPDH-deficient meningococcihada significantly reducedcapacityto adherewith

monolayersof HBME (Fig. 5.4 A) and HEp-2 cells (Fig 5.4 B). Experimentswere

repeatedon more thanthreeseparateoccasions,with both cell lines,with consistent

results. Once again,to confirm that this effect wasnot dueto reducedgrowth, the

growth rate of both strainswas comparedby measuringthe optical density at 600

nm (OD6(0) in triplicate on three separateoccasions.No substantialdifferences

betweenstrainswereobserved(section3.3.18andFig. 3.27B).

The ability of the complementedstrain to adhereto HEp-2 and epithelial cells was

then analysed.As shown in Fig. 5.5 A and B; complementationreversed the

adhesiondefectof themutantto wild-type levels.Takentogether,the resultsstrongly

suggestthat gapA-l is involved in adhesionof meningococcito both epithelial and

endothelialcells.
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Figure 5.5. GAPDH-l-deficient meningococcihave a reducedability to associate
with (A) HBME and (B) HEp-2 cells comparedto the wild-type or complemented
strains. The number of GAPDH-l-deficient meningococci associating was
significantly lower than the wild-type (HBME cells P = 0.0018,HEp-2 cells 0.017).
Mean levels shown from three independentexperimentsusing quadruplicatewells.
Barsdenotestandarddeviation.Cfu denotescolony forming units.
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5.3.4 Invasion assayof MC58L\gapA-I using HBME and HEp-2 cell line

To evaluatethe role of gapA-l in the invasionof meningococcusinto epithelial and

meningothelial cells, viable countsof bacteriareleasedfrom homogenizedinfected

monolayers were used to compare the capacity of the Me58 wild-type,

MC58L\gapA-l and Me58L\gapA-lgapA-1Ect complementedstrainsto invadeeither

HBME or HEp-2 cells. The results from three independentexperimentsusing the

HBME cell line (Fig. 5.6 A), and from one representativeexperimentusing the

HEp-2 cell line representedin Fig. 5.6 B, showthat the gapA-l-deficient Me58 are

less invasive than the parent strain and the complementedisogenicmutant strains,

however, this difference was not statistically significant. The reducedcapacity to

invade is likely to be a consequenceof the reducedadherenceof the mutantsto the

monolayer.
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Figure 5.6. GAPDH-l-deficient meningococcihave a reducedability to invade to
(A) HBME or (B) HEp-2 cells than the wild-type or complemented trains. The
numberofGAPDH-l-deficient meningococciinvadingHBME cell compar d t th
wild-type wasnot significantly different (P = 0.1338).Mean level hown fr m thr e
independentexperiments,eachusingtriplicate wells. Barsdenote tandardd viati n.
Cfu denotescolony forming units. In (B) meanlevels shown from a repre entative
experimentusingquadruplicatewells. Barsdenotestandarddeviation from the mean
of quadruplicatesamples.Experimentswere repeatedon two eparat occa i n
with consistentresults.
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5.4 Discussion

This chapter describes the characterisation of the potential roles of meningococcal

FBA and GAPDH-l in adhesion to, and invasion into, host cells in vitro using the

well-established HBME cells and HEp-2 cell models. Although regarded as an

extracellular pathogen generally, N. mentngitidishas the capacity to enter eukaryotic

cells by interacting with several distinct cellular receptors. This has been

demonstrated in numerous in vitro studies (Claudia Sa et al., 2009). The ability of

bacteria to colonize their hosts and cause infection is often linked to their ability to

express several different adhesins with different receptor specificities (Scarselli et

al., 2006). N. meningitidis has evolved a diverse array of surface structures to

interact with host cells. These include Type IV pili, which are considered to be the

prime attachment-promoting factor for capsulated meningococci to the

nasopharyngeal mucosa (ViIji et al., 1991), LOS and a number of outer membrane

proteins, such as Ope and Opa opacity proteins (Virji et al., 1992; Virji et al., 1993),

App (Hadi et al., 2001), NadA (Capecchi et al., 2005), NhhA (Scarselli et al., 2006).

and MspA (Turner et al., 2006), mediating interaction of meningococcus to host

cells. Since the genome of N. meningitidis strain MC58 contains genes encoding

several known adhesins (Virji, 2009), it is perhaps not surprising that ablation of

additional putative adhesins (i.e. FBA and GAPDH-l) did not dramatically reduce

adhesion in this model. Nevertheless, there was a significant reduction in adhesion

for the cbbA and gapA-l mutants compared to their wild-type parent strain.

indicating that cbbA and gapA-l playa role in association with human endothelial

and epithelial cells.
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Multifunctional, extra-cytoplasmicglycolytic enzymes acting as adhesinsis not

unprecedented.For example, in Streptococcus spp. an extra-cytoplasmicGAPDH

has been describedto mediatebinding to plasmin and shownto possessan ADP-

ribosylating activity (Pancholi & Fischetti, 1992), while in C. albicans the

extracellularly localized GAPDH has been shown to bind fibronectin and laminin

(Gil-Navarro et al., 1997;Gozalboet al., 1998).Likewise, FBA of S.suis (Zongfu et

al., 2008) andS.pneumoniae (Ling et al., 2004)hasbeenshownto be immunogenic

and surface-localizedproteins. In addition, S. pneumoniae FBA has, recently,been

demonstratedto actasadhesinmediatingin vitro adhesionto hostreceptorFlamingo

cadherinon A549 typeIIlung carcinomaepithelialcells (Blau et al., 2007).

In the presentstudy, a potential role of cbbA andgapA-l in mediating interaction

with host cells was investigated using a mutational analysis and functional

complementationof both genes in N. meningitidis strain MC58. To assessthe

adhesivepropertiesof FBA and GAPOH-l, cbbA and gapA-l knock-out mutants

were createdin N. meningitidis strain Me58 and cbbA was also mutated in four

additional geneticbackgroundsrepresentativeof clinical isolatesof N. meningittdis

(seeChapter3). Before usingin associationassays,mutantstrainswereassessedfor

the attenuationof growth in liquid cultureandcolony morphologyon solid agar.The

cbbA andgapA-l deficient strainsappearedto grow at thesamerate in liquid culture

as well as showedthe samecolony morphology, as determinedby measuringthe

optical density00600 of broth culture and visual inspectionof colony morphology

after 24, 48 and 72 h respectively. This indicatedthat both of theseenzymesare
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unlikely to contributeto theglycolysis in N. meningitidis,consistentwith the finding

by Baart et al., (Baart et al., 2007), and that the mutation of both enzymes

individually do not affect in vitro maximalgrowth of N. meningitidis.

In previous chapters,FBA and GAPDH-l havebeenidentified as outer membrane

localized proteins. Additionally, flow cytometry analysisconfirmed that FBA was

available to antibodies on the surface of encapsulatedN. meningitidis, whilst

GAPDH-l was also accessibleto antibodies,but only in the absenceof capsule.It

was speculatedthat these proteins may play a role in adhesion to host cells.

Association assaywere then carried out with different cell lines, including HBME

and HEp-2 cell lines. In adhesion experiments, nonetheless, both mutants

demonstrateda significantly reducedcapacityto adhereto HBME andHEp-2 cells.

Although results of invasion experiments using cbbA and gapA-l mutants

demonstrated a reduced capacity in both cell lines, this difference was not

statistically significant. The reducedcapacityto invadeis likely to be a consequence

of the reducedadherenceof the mutantsto the monolayer.Due to time constraints,

experimentsusing HEp-2 cells were carried out only two times and ideally they

should be repeatedat least three to five times at different occasions to allow

statistical significanceto be assessed.It was hypothesizedthat if FBA has a direct

role in adherence,exogenouslyaddedpurified rFBA or anti-FBA may competitively

inhibit FBA-mediatedmeningococcaladherence.To investigatethis, adherenceto

HBME cells was determinedin the presenceof free rFBA and anti-FBA antiserum.

Both (rFBA and anti-FBA) failed to interfere in vitro with meningococcaladhesion
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to HBME cells. One possible explanationto the inability of either rFBA or anti-

rFBA antiserumto inhibit the adherenceprocesscould be that the FBA may have

indirect role in adhesion.This can be addressedby determining the ability of

meningococci expressinga non-enzymaticallyfunctional, but structurally identical

FBA to adhereto host cells. To excludethe possibility that the defective adhesion

was due to polar effects of both mutations, functional complementationof both

mutations was performed to prove unequivocally the involvement of FBA and

GAPDH-l in binding to host cells andto verify that the observedphenotypiceffect

wasnot dueto anunanticipatedeffect on anothergene.Singlewild-copiesof desired

geneswere reintroducedin respectivemutantsat anectopicsite.The complemented

strains were then analyzed to determine their adhesiveproperties. The results

demonstrateda restoration of adhesionlevels to thoseobservedfor the wild-type

strains indicating that the reducedcapacity in adherenceof mutantswith both cell

lines was the outcome of the loss of the expressionof cbbA and gapA-l. The

impaired adhesion of cbbA knock-out strain to host cells also correlate to our

previous finding of animal studiesshowing that the cbbA mutantswere impaired in

their ability to sustain bacteraemiacompared to their wild-type parent strains.

Together, these results indicate that FBA may play a potential role in the

pathogenesisof meningococcaldisease.

In addition to the viable countmethodologyusedin this study,which measurelevels

of cell-associated(i.e. adherentandinternalized)bacteria,severalothermethodscan

be employed to investigate adhesive properties of N. meningitidis. Future
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experiments could be performed using different approachessuch as immuno-

fluorescencemicroscopy,assayusing micro-beadscoatedwith purified protein, and

environmental scanning electron microscopy (ESEM), which can be used to

visualize surface-associatedbacteriaalone,to validatetheresultsindependently.

In summary, FBA and GAPDH-l are highly conservedproteins and universally

expressedby meningococci,and are required for optimal adhesionto humancells.

To thebestof our knowledge,this is the first studydemonstratingthe contributionof

FBA and GAPDH-l of N. meningitidis in adhesionto the hostcells. Futurestudies

are required to determine the mechanism(s) by which these proteins modulate

adhesionto hostcells.
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CHAPTER 6: Genaral Discussion
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6.1 Generaldiscussion

There are an increasing number of reports showing that classical cytoplasmic house-

keeping enzymes, without any identifiable secretion signals, are often localized to

the surface of microbial pathogens, where they exhibit various functions, unrelated to

glycolysis, such as surface localization and adhesion to host cell receptors, thus,

contributing to the pathogenesis of disease(Pancholi & Chhatwal, 2003). In order to

gain a deeper understanding of microbial pathogenesis, there is considerable interest

in identifying the additional roles of these glycolytic enzymes. Given their surface

localisation and immunogenicity, these enzymes may represent potential vaccine

candidates. The work presented in this thesis details molecular, functional and

immunological characterisation of two of the meningococcal glycolytic enzymes

namely, fructose 1,6-bisphosphate aldolase (FBA) and glyceraldehydes-3-phosphate

dehydrogenase (GAPDH-l).

The discussion of the results of this study will include the validity of the approach of

selecting both genes under analysis, the strategies used to achieve the aims/goals and

discussion of the fmding achieved. The choice of genes for investigation in this

project was based on the premise that glycolytic enzymes areoften found localized

to the surface of variety of bacterial and fungal pathogens and shown to have

potential roles in adhesion to various host molecules such as fibronectin (EsgJeaset

al., 2008), laminin (Gozalbo et al., 1998; Pancholi & Fischetti, 1992), plasminogen

(Agarwal et al., 2008), mucin (Alvarez et al., 2003) and cadherin (Blau et al., 2007).

It was hypothesized that similar to glycolytic enzymes from other pathogens,
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meningococcalFBA and GAPDH-l may be multi-functional proteinsand localized

to the outer membraneof N. meningitidis.The strategythat was adoptedtowards

characterizing both enzymes included cloning the respective genes, cbbA and

gapA-l, and subsequentpurification of recombinantFBA (rFBA) and rGAPDH-I

proteins to generatepolyclonal rabbit antiserum.In addition, knock-out mutantsof

cbbA andgapA-l were createdin N. meningitidis.The antiserumandmutant strains

were then employed in undertaking phenotypic analysis to facilitate the

characterisationof both proteins.The following sectionswill explorethe subsequent

characterisationof theseproteins,and, in particular, describethe evidencefor their

surface localisation, and the potential roles of FBA and GAPDH-l in the

pathogenesisof meningococcaldisease.

6.1.1 Fructose bisphosphatealdolase(FBA)

There have now beena numberof studiesshowing that certain glycolytic proteins,

suchasGAPDH, enolase,andFBA, which canbe usually found in the cytoplasmof

the cell, areinvolved in variousotherfunctionsunrelatedto their primary function in

glycolysis (Agarwal et al., 2008; Alvarez et al., 2003; Bergmann et al., 2001;

Bergmannet al., 2004; Ling et al., 2004; Pancholi& Chhatwal,2003). One such

protein, fructose-I, 6-bisphosphatealdolase(FBA) hasbeenpreviously reportedto

be localized to the surfaceof someGram-positivebacteria.In S.pneumoniae,for

example,surface-exposedFBA (Class lIB) was demonstratedto act as an adhesin,

specifically binding to a large 7-transpasstransmembranereceptorbelonging to the

cadherinsuperfamily(Blau et al., 2007) . InN. meningitidis,two cytoplasmichouse-
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keeping enzymes, GAPDH and enolase(Grifantini et al., 2oo2a; Knaust et al., 2007)

have been shown to be surface-localized, but their non-glycolytic roles are

undefined. We undertook to investigate whether FBA was also surface-localized in

N. meningitidis, as has been described for GAPDH and enolase, and to determine

whether FBA plays a role in meningococcal pathogenesis.

In the published meningococcal and gonococcal genome sequences,there is only one

gene cbbA, predicted to encode a putative FBA enzyme. Despite being predicted to

be part of a non-functional metabolic pathway, cbbA has not acquired spontaneous

mutations in any of the Neisserial genomes examined, which suggeststhat the gene

was acquired recently, that the glycolytic pathway became non-functional recently,

or that the protein has one or more additional functions. Sequence analysis shows

that FBA is highly-conserved at the amino acid level. The deduced protein sequence

exhibited high identities to Class-II FBA from Xanthobacter flavus and

Synechocystissp (67 and 65%, respectively) suggesting that the meningococcal FBA

belongs to bacterial Class-II FBP aldolases. The enzyme was highly related to FBP

aldolases from other meningococcal strains (in the range of 93-98% identity at the

amino acid level). In addition, a 2l-amino acid insertion sequence,which is present

in two subclassesof the Class lIB FBA enzymes, was also present in the Neisserial

sequences.The presenceof this sequencesuggeststhat the neisserial FBA enzyme is

a tetrameric, rather than a dimeric enzyme; a feature which is present in

extremophiles, and which has been suggested to confer thermal stability (Izard &

Sygusch, 2004; Sauve& Sygusch, 2001).
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In this study, rFBA was successfullyexpressedwith an N-tenninal histidine-tagin

host E. coli; however, the expression resulted in insoluble proteins (inclusion

bodies).Modification of the expressionparametersincluding induction temperature,

time, and IPTG concentrationfailed to result in the productionof solubleproteins.

The reasonfor this insolubility is unclear;however,it might be relatedto the nature

of the vectorpromoter(T7 promoter)or be intrinsic to theFBA protein. Attempts to

purify rFBA under native conditions were unsuccessful.Therefore, the expressed

protein waspurified underdenaturingconditionsandusedto raiserabbit poJycJonaJ

anti-FBA serum(RaFBA).

To examine the aldolaseactivity and generatepolyclonal antiserumagainstnative

purified FBA, the protein was expressedwith a histidine-tagat the C-terminal and

purified under non-denaturingconditions. The purified rFBA was shown to have

aldolase activity confirming that the enzyme was in native conformation after

purification. In accordancewith the in silico prediction of tetramericstructureof

FBA, the purified native protein was used to investigatethe tetramericnature of

meningococcal FBA using native gel analysis. However, due to the either

aggregationof nativeproteinsor otherunknownreasons,the resultsdid not showan

intact protein band.Thepurified protein was alsousedto generaterabbit polyclonal

anti-FBA antiserum(nRaFBA), which wasusedto confirm that FBA is expressedin

vitro in eachof a range of Neisserial strains testedincluding commensalspecies.

This suggeststhat FBA plays an important role which is required by both non-

pathogenicandpathogenicspecies.
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Many studieshavenow reportedthat, in addition to the cytosol, FBA is localizedto

the outer membraneof the some Gram-positivebacterial pathogens,but no such

evidence is available for Gram-negative bacteria. This study thus aimed to

investigate sub-cellular localisation of FBA in N. mentngitidis. Cell fractionation

studies demonstratedthat FBA was present in both the cytosol and in an outer

membrane-enrichedfraction. Although the cell fractionation results indicated that

FBA was localizedto the outermembraneof N. meningitidis, we further investigated

the possibility that cytosolic enzyme releasedfollowing cell lysis may adhereto

intact N. meningitidis cells. Incubation of cbbA-deficientmutant cells with either

whole cell lysatesof wild-type MCS8 or solublerFBA proteinprior to fractionation

failed to showanyreactivity, suggestingthat FBA is not recruitedontothesurfaceof

intact bacteria.The cell fractionation results showing outer membranelocalisation

were substantiatedby whole cell ELISA and flow cytometry analysis. Flow

cytometry and ELISA data indicate that FBA is surfaceexposedin N. meningilidis

and presentin a form that was accessibleto antibodies,suggestingthat, similar to

GAPDH and enolase,FBA is translocated(or diverted) to the outer membrane.To

our knowledge, this is the first report demonstratingthat a proportion of FBA is

foundon thecell surfaceof any Gram-negativebacterium.

In N. meningitidis strain MCS8, cbbA is the first of four genesthat could be part of

an operon, and thus, polar effects may account for the observed phenotypic

characteristicsof mutation of cbbA. To excludethis possibility, the cbbA mutation

wascomplementedin threeisogeniccbbA mutantscreatedin N. meningitidis (MeS8,
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Z4181, and ST-18) by reintroducinga wild copy of cbbA at an ectopic site on the

chromosome of respective mutant strains. As a complementaryexperiment, to

confirm that cbbA mutation doesnot affect the expressionof downstreamgenesin

the operon, we determinedthe expressionof the immediately down-streamgene

which encodestHbp using immunoblotanalysis.Theexpressionof fHbp wassimilar

in both wild-type MeS8 andcbbA mutantstrains.

Phenotypicanalysisof mutant strainswas undertakento determinethe role of FBA

in neisserial biology. In initial growth profiling experiments,the cbbA-deficient

mutant grew at the samerate (in broth culture andon solid media)asthe wild-type

and the complementedmutant strains,demonstratingthat FBA is not required for

optimal growth of the meningococcusunder the in vitro conditions tested. No

differences in either colony or bacterial cell morphology (using light microscopy)

were observed.In adhesionexperiments,however,the cbbA-deficientmutant strain

exhibited a significantly reducedcapacityto adhereto both HBMB andHEp-2 cells.

This phenotypewas completely restoredin a complementedstrain.Although cbbA

mutant strain showeda reducedcapacityto invadeboth monolayers,this difference

was not statistically significant. It is hypothesizedthat the observed defect in

invasionwas likely to havebeena consequenceof the reducedability of the mutant

strain to initially adhere to the cell monolayers. The observation that FBA is

involved in adhesion to both epithelial and endothelial cells, and that FBA

expressionis conservedin non-pathogenicstrains(suchasN. polysacchareae)may

suggest a role for FBA during colonization of the nasopharyngealmucosa by
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commensalNeisserial species.To determinewhether the observationsof impaired

adhesionof cbbA mutantsto host cells were also reflectedin vivo, the cbbA knock-

mutant strainscreatedin five different geneticbackgrounds(MeS8, Z4181, Z4667,

Z4673, and ST-18) were assessedto determine the potential role of FBA in

establishingbacteraemiain a transgenic(expressinghumantransferrin)mousemodel

of meningococcaldisease.Themutantstrainswereimpairedin their ability to sustain

bacteraemiacomparedto their wild-type parent strainssuggestingthat the mutants

were less able to accessthe bloodstreamand/or to survive in the bloodstreamafter

intraperitonial inoculation comparedto wild-type parent strains. Together, these

results indicate a potential role for FBA in the pathogenesisof meningococcal

disease. In future work, the antiserumraisedagainstnatively purified rFBA will be

used in passive protection experiments using the transgenic mouse model to

determine whether anti-FBA antibodies elicit a protective responseagainst N.

meningitidis. Active protection experimentsusing mice vaccinatedwith natively

purified rFBA will alsobeperformed.

It is theoretically possible that the cbbA deletion may affect the expressionof

meningococcalgenesdeterminingpiliation or other factors important for adhesion.

Variation in the expressionof thesegenes,betweenwild-type and mutant strains,

may be responsiblefor differencesin observedphenotypes.Unfortunately, due to

unavailability of antiserum and time constraints,the expressionof these various

genes was not assessed.However, given that type IV pili mediate natural

transformationand that this methodologywas successfullyused to transform the

207



cbbA knock-out strain with the complementationconstruct, it is assumedthat

piliation is not grossly affected by deletion of cbbA. Although this study

demonstratesthat FBA is presenton the meningococcalcell surfaceand is required

for optimal adhesion,the role of FBA in this processis unknown.It is possiblethat

the enzymatic activity of FBA plays an indirect role that is required for optimal

adhesion. However, given that other FBA homologues (such as FBA in S.

pneumoniae) havebeenshownto directly bind to hostcell ligandsit is alsopossible

that the meningococcalprotein hasdirect hostreceptorbindingactivity. Determining

the ability of meningococciexpressinga non-functionalFBA to adhereto host cells

would addressthis. S. pneumoniae FBA wasputatively shownto bind to a cadherin

superfamily receptor (Flamingo cadherin receptor, FeR) on the surface of host

epithelial cells, but it is unknown which FBA residuesparticipatein this interaction

(Blau et al., 2007). MeningococcalFBA is only 40% identical to the pneumococcal

enzymeat the amino acid level, so it is unclearwhethermeningococcalFBA binds

the samereceptor. The preliminary data of serum bactericidalexperimentsusing

antiserumraised against denaturedpurified FBA showedno bactericidal activity

against N. meningitidis strain MeS8. Future work will be performed with the

antiserum raised against natively purified proteins and bacteria grown under

conditionsthatmimic in vivo conditions.It is possiblethat FBA may beup-regulated

in vivo, leadingto great level of surfaceexpression,which may be of importancein

relationto bactericidalactivity of specificantibodies.
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PneumococcalFBA hasbeenshownto be immunogenicin humansand capableof

eliciting a partially protective immune responseagainst lethal S. pneumoniae

intranasalchallengein mice (Ling et al., 2004). Given that meningococcalFBA is:

highly conserved, expressedby a wide range of isolates, surface-accessibleto

antibodiesand structurally and antigenically unrelatedto the human(Class I) FBA

protein, meningococcalFBA is worthy of future study as a possible candidate

vaccinecomponentagainstthis importanthumanpathogen.

6.1.2 Glyceraldehyde 3-phosphatedehydrogenase(GAPDH-l)

During last two decadesa numberof reportshaveindicatedthat GAPDH, a classical

cytoplasmicglycolytic enzymeis often presentat bacterialsurfacesand performsa

variety of non-glycolytic functions (Pancholi, 2001; Pancholi & Chhatwal, 2003;

Sirover, 1996; Sirover, 1999). Surface localization of GAPDH was first

demonstratedin the Gram-positivepathogen,S.pyogenes. In this organism,surface-

exposed GAPDH binds several mammalian proteins including the uPAR/CD87

membraneprotein on pharyngeal cells (Jin et al., 2005; Lottenberg et al., 1992;

PanchoIi& Fischetti, 1992;Winram & Lottenberg,1996),regulatesintracellularhost

cell signaling events(Pancholi & Fischetti, 1997)and contributesto host immune

evasion(Teraoet al., 2006).GAPDH was subsequentlyidentified on the surfaceof

other Gram-positive bacteria including staphylococci (Modun & Williams, 1999;

Modun et al., 2000),S. agalactiae (Seifertet al., 2003) andListeria monocytogenes

(Schaumburget al... 2004). However, the prerequisitesfor secretionof GAPDH are

not yet understood. The surface localised GAPDH appearsto contribute to the
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virulence of pathogens by means of binding to host proteins including

plasminogen/plasmin, and fibronectin, thus facilitating their colonization and

invasion of host tissue (Bergmannet al., 2004; Egeaet al., 2007; Gozalboet al.,

1998; Pancholi & Fischetti, 1992). In M. genitalium, for example, only a small

proportion of the total cellular GAPDH is trafficked to the bacterial surface,

however, this is sufficient to impart a biologically-significant phenotype(mucin-

binding) on this organism(Alvarez et al., 2003).For organismswith relatively small

genomes,multi-functional proteinsmay be advantageousto optimize thepotentialof

the genome.However, non-glycolytic roles of surface-localisedGAPDH arepoorly

studied in Gram-negativepathogens.Although Grifantini et al. for the first time

demonstretedthat GAPDH expressionwas up-regulatedon the meningococcalcell

surfacefollowing contactwith humanepithelial cells; no biological function hasso

far beenascribedto this observation.Furthermore,anotherrecentstudy hasshown

that surface-localisedGAPDH of a Gram-negativeE. coli mediatesbinding to

humanplasminogenand fibrinogen (Egeaet al., 2007). It was,thus, speculatedthat

similar to surface localized-GAPDH enzymes from other microbial pathogens,

surface-exposedmeningococcalGAPDH-l may also contribute to pathogenesisof

meningococcaldiseasedueto its functionaldiversity.

In N. meningitidis,gapA-l is oneof the two genescoding for themetabolicenzyme

OAPDH. Although predictedto be part of a non-functionalmetabolicpathway,the

genesencodingGAPDH andotherenzymesrequiredfor glycolysis aremaintainedin

the meningococcalgenome,presumably for other roles. Sequenceanalysisshows
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that GAPDH-l is highly-conserved at the amino acid level. In this study,

recombinant GAPDH-I (rGAPDH-l) was expressedandpurified under denaturing

conditions. Purified protein was used to generate rabbit polyclonal antiserum

(RaGAPDH-l). Anti-GAPDH-l wasthen usedto investigatethe strain distribution

and sub-cellular localization of the enzyme.A strain survey for distribution and

expressionof gapA-l wascarriedout by peR andimmunoblotanalysisof wholecell

proteins from different clinical isolatesof known MLST-type. Immunoblot analysis

of thesestrainsshowedthat they all expressGAPDH-l, suggestingthat GAPDH-I is

constitutively-expressedin N. meningitidis.

To facilitate studies of the potential role of gapA-l in the pathogenesisof

meningococcaldisease,a gapA-l knock-out mutant was createdin N. meningitidis

strainMe58. The mutantstrainwasevaluatedby screeningfor defectsin growth.on

agar and in broth culture. The gapA-l mutant grew at the samerate (in both broth

culture and on solid media)asthe wild-type straindemonstratingthat gapA-l is not

required for maximal growth of the meningococcusunder in vitro conditions.

Moreover, the colony or bacterial cell morphology of mutant strain (using light

microscopy)was indistinguishablecomparedto wild-type parentstrain.

In accordancewith the previous observationsthat GAPDH is a multi-functional

protein and appearsto be translocatedto the surface of numerousbacterial and

fungal pathogens(including N. meningitidis), surface-locationof meningococcal

GAPDH-I was confirmed using sub-cellularfraction and flow cytometry analysis.
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Sub-cellular fractions were probed using anti-GAPDH-l in immunoblotting

experiments.A bandcorrespondingto GAPDH-I wasdemonstratedto bepresentin

both the cytosolic and the outer membraneprotein-enrichedfraction of wild-type

meningococci, suggesting that, similar to enolase and FBA, a proportion of

GAPDH-l is translocatedto the outer membrane.To exclude the possibility that

cytosolic GAPDH-I releasedfrom lysed cells is recruited.back onto the surfaceof

intact meningococci prior to fractionation, gapA-l-deficient meningococci were

incubatedwith lysatesof wild-type MCS8 cells and rGAPDH-I. The fractionated

cells were thenprobedwith RaGAPDH-l in immunoblotanalysisanddemonstrated

no reactivity. This is in agreementwith therecentreport by Saadet al... who showed

that provokedcell lysis of Lactobacillusplantarum did not leadto re-associationof

GAPDH onto the cell surface(Saadet al., 2009). Instead,Saadet al.. suggestedthat

changesin plasmamembranepermeabilityduring thegrowthcycle may facilitate the

movement of GAPDH onto the external surfaceof the plasmamembranein this

Gram-positiveorganism (Saadet al., 2009). Clearly, however, such a mechanism

would only permit periplasmiclocalization in a Gram-negativeorganism.Theresults

of sub-cellular fractionationwere further validatedby flow cytometryanalysis.The

datademonstratethat GAPDH-l wasnot accessibleby antibodieson the surfaceof

capsulatedMCS8; however,GAPDH-l wasshownto be exposedon the surfaceand

accessibleby antibodiesin non-capsulatedMeS8. It is important to note that in the

previous report by Grifantini et al., GAPDH-l was shown to be accessibleto

antibodiesfollowing permeabi1isationof the capsulewith 70% alcohol and using

meningococcigrown under the conditions mimicking in vivo conditions (i.e. co-
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incubatedwith host cells). Our flow cytometry data independentlyconfirm that in

capsulatedmeningococci, GAPDH-l appearsto be functionally masked by the

capsule and is only exposedon the surface of non-capsulatedN. meningitidis.

However, capsule expression in meningococci is known to be down-regulated

following the initial type N pilus dependant-contactwith host cells in order to

facilitate intimate adherence(Deghmaneet al., 2002; ViIji et al., 1995).Thus, it is

possible that surface-localisedGAPDH-l may be unmaskedfollowing this change

allowing it to influencesubsequentstepsin adhesion.This speculationwassupported

by our observation that in adhesion experiments the GAPDH-l mutant strain

exhibited a significantly reducedcapacityto adhereto both HBME and HEp-2 cells

comparedto the wild-type strain. This phenotype is unlikely to be due to polar

effects arising from the intenuption of transcription of genesthat are downstream

from gapA-l in N. meningitidis; given the opposite orientation of immediately

downstreamgenesandthe observationthat complementationcompletelyrestoresthe

wild-type phenotype.

In serumbactericidalassays(SBAs), antibodiesraisedagainstdenaturedGAPDH-J

failed to kill meningococci.It is likely that the absenceof SBA activity is dueto lack

of accessibilityof antibodyto theantigenowing to the maskingof GAPDH-l by the

capsule.Additionally, for theproteinswith eitherlow or transientsurfaceexpression,

it seemslikely that eitherthe level of antigenon thesurfaceis insufficient to promote

bactericidalkilling or only a fraction of the population may be killed. In addition,

bactericidalassaysin this study were carried out by incubatingthe immune serum
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and complementwith meningococcalcells grown in an enrichedbroth. Underthese

conditions, the bactericidal activity of antibodies induced by antigens that are

specifically up-regulated during adhesion to host cells is expected to be

underestimated.Moreover, antigensappearingon the bacterial surface only after

adhesionor during a laterphaseof infection may give a negativeresult in SBAseven

though, in vivo, they may play an important role in protection. In future work, the

bactericidalassaysshouldbe performedusing bacteriagrown underconditions that

mimic in vivo conditionsandantibodiesraisedagainstthe native GAPDH-l protein

will beassessedfor serumbactericidalactivity.

In conclusion,meningococcalgapA-l is a constitutively-expressed,highly-conserved

protein,which appearsto bepartially localizedto theoutermembrane.Lossof gapA-

1 does not affect the in vitro maximal growth rate of N. meningitidis, but

significantly affects the ability of the organism to adhereto humanepithelial and

meningothelialcells. Given the surfacelocalisationand a potential role in adhesion

to host cells, GAPDH-l may be involved in the pathogenesisof meningococcal

disease.

6.2 Conclusion

In the present study, cbbA and gapA-l (encoding FBA and GAPDH-l proteins,

respectively)were cloned and the recombinantproteins were subsequentlypurified

eitherunderdenaturingor non-denaturingconditions.Polyclonalantiserawereraised

in rabbit against native or denaturedrFBA and rGAPDH-l. Both antisera were
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shown to react against the cognatepurified proteins in immunoblot experiments.

peR and immunoblot analysisdemonstratedthat the cbbA andgapA-l geneswere

well conservedand expressedin divergenceisolatesof N. meningitidis, which is an

important property required of a prospective vaccine candidate. Sub-cellular

fractionation results indicated that both FBA and GAPDH-l were localized to the

outer membraneand cytosol of N. meningitidis. The cbbA and gapA-l knock-out

mutants were successfullycreatedin N. meningitidis strain MCS8. Both mutants

grew normally when culturedon solid mediaaswell asin brothculture comparedto

the wild-type strain. Both mutants,however, demonstrateda clear phenotypeof

reducedcapacity to adhereto, and invasion, cultured epithelial and meningothelial

cells.

The cbbA genewas also mutatedin four other clinical isolatesof N. meningitidis to

act asadditional controls in assessinga potential role of FBA in the developmentof

bacteraemiain a novel transgenicmousemodelof meningococcaldisease.ThecbbA

knock-out mutant in all four geneticbackgroundsdemonstratedreducedcapacityto

establishbacteraemiacomparedto the parentwild-type strainsin the mousemodel.

Flow cytometry and ELISA data demonstratedthat FBA was surfaceexposedand

accessibleby antibodieson the surfaceof intact cells. GAPDH-l was shown to be

surface-exposedon the non-capsulatedMCS8 strain and was inaccessible to

antibodieson the surfaceof a capsulatedstrain. Although insufficient to promote

detectable complement mediated killing, given their surface localisation and

potential role in adhesion,immune responsesagainstFBA and GAPDH-l may still
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be involved in immunity to meningococcaldisease.In summary, both cbbA and

gapA-l are constitutively expressedandpartially localizedto outer membraneof N.

meningitidis. The mutation of both genes(cbbA and gapA-1) did not affect the

growth rate of bacteria,however,the mutantstrainsshoweda significantly reduced

ability to adhereto culturedepithelial andmeningotheliaicells. Moreover, the cbbA

mutation was associatedwith attenuationin the establishmentof bacteraemiain a

transgenicmousemodelof meningococcalinfection.

6.3 Futuredirections

Although this studyhasdemonstratedthat both FBA andGAPDH-l arerequiredfor

optimal in vitro adhesionof N. meningitidis to epithelial and meningothelialcells,

future experiments, using different independent approaches such as

immunoflourescencemicroscopy and ESEM (Oldfield et al., 2007), should be

performedto showthevalidity of the results.Futurework shouldalsoaim to identify

FBA and GAPDH-l interactinghost proteinsand clarify the mechanism(s)that are

responsiblefor the defect in adherenceto host cells. A potentially usefuJapproach

may be to comparethe gene expressionprofiles of the cbbA and gapA-1 mutant

strainswith thewild-type usingmicroarraytechnology(Chanet al., 2005; Liu et al.,

2005).Disruption of a singlegenemay result in changesin geneexpressionthat arise

asa direct consequenceof thedisruptionor asa resultof compensatorychanges.
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APPENDIX· A: Buffers and reagents
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TAE buffer (SO x stock)

242g Tris base(life technologies),57.1ml glacial aceticacid (Fisherchemicals)100

ml 500mM EDTA (PH8.0)madeup to 1 L with ciH20

Agarosegel

0.8-1.0% agarosewaspreparedby dissolving 0.8-1 g of agarosepowder (sigma),2

ml SOx TAB buffer and madeup to 100ml with dH20; melt andadd5 III ethidium

bromide (10 mg ml").

Antibiotics

Antibiotics were purchasedfrom Sigma-Aldrich UK, preparedaccording to the

manufacturer'srecommendations,sterilizedby filtration andstoreat 4°C.

Ampicillin (100mg ml" stocksolutionpreparedindH20)

Kanamycin

Streptomycin

Erythromycin

(50 mg ml" stocksolutionpreparedin dH20)

(50 mg ml" stocksolutionpreparedin dH20)

(100mg ml" stocksolutionpreparedin ethanol)

ELISA coating (carbonate) buffer

142mM sodiumbicarbonate,8 mM sodiumcarbonate[PH9.4]) to Sllg ml")

Sodium dodecyl sulfate (SDS)-resolvingbuffer

(36.34g Tris base,8 ml 10%SOSaddde-ionisedwater (dH20) up to 200 mit pH at

8.8) or 1.5M Tris-Chloride (FW 121.1).pH 8.8,0.4% SOS.

SDS-stakingbuffer

12.114g Tris base,8 ml 10%SOS)adddH20 up to 200 mi, pH at 6.8or O.S M Tris-

Chloride (FW 121.1),pH 8.8,0.4% SOS.

SDSrunning buffer (lOx)

(30.3 g (0.25 M) Tris base,187.7g (2.5 M) Glycine, 9S0 ml dH20, 10g SOS(1%).

madeup to 1000ml with dH20, mix well.
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SDS-samplebuffer (5x)

0.62 M Tris-CI (PH 6.8), 5% SDS, 25% glycerol, 12.5% p- meracaptoethanol,

0.002% Bromophenol blue, or 7.8125 ml (2 M) Tris-CI, 1.25 g SDS, 6.25 ml

glycerol, 3.125ml p-meracaptoethanol,tracesof bromophenolblue, madeup to 25

ml with dH20.

Resolving (separating) gel

l.7 ml SDS-resolvingbuffer, 2.33 ml Acrylamide/Bis-Acrylamide (30%), 2.88 ml

dH20, 30 J.1110% ammonium persulfate (APS) and 30 J11Tetramethyl

ethylenediamine(TEMED).

Staking gel

1ml SDS-stackingbuffer, 0.8 ml AcrylamidelBis-Acrylamide(30%),2.18 ml dH20,

30 J.1110%APS and30 J.11TEMED.

Semi-dry blotting buffer

5.82g Tris base,2.93g Glycine, 3.75mllO% SDS,200 ml methanolandmakeup to

1000ml with dH20.

Phosphatebuffered saline solution (PBS)

1 x PBSwaspreparedby dissolving 1tabletof Phosphatebufferedsaline(Dulbecco,

Oxoid) in 100 ml dH20 and autoclave, this gives sodium chloride 0.16 mol,

Potassium chloride 0.003 mol, Disodiwn hydrogen phosphate0.008 mol and

Potassiumdihydrogenphosphate0.001mol with apH valueof7.3

BSA (Albumin from bovine serum,SigmaA3912) as lyophilized powder (M W c.

66 kDa) waspreparedin sterilePBSaccordingto theconcentrationneeded.

Blocking buffer

2.52 g skimmedmilk powder (Marvel), 50 ml PBS/O.05% Tween-20(400 ml PBS

with 200 ....1Tween20).
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Washing buffer

400 ml PBS/200J,llTween-20

Lysogeny broth (LB)

Tryptone 10g, Yeastextracts5 g andsodiumchloride 10g for 1000ml dH20.

LB agar

Tryptone 109, Yeastextract5 g, Sodiumchloride 109, Microbial testedagar 15g

for 1000ml of dH20,pH 7.0± 0.2 at 25°C.

IPTG (Isopropyl-J3-D-Ithiogalactopyranoside[FW 238.8])

1 M solution stock solution was preparedby dissolving 0.23 g of IPTO in 1 ml

dH20, sterilizedby filtration andstoredat -20°C.

LB ampicillinlIPfGIX-gal agar

LB agarcooledat 50°C, 100J,lgml" Ampicillin, 0.5 mM IPTG (dissolvedin dH20)

and80 ug ml" X-gal (dissolvedin dimethylformamide),mix andpour into plates

DNA loading dye (lOx)

10mM Tris-HCI (PH 7.6), 0.03%Bromophenolblue, 0.03%xylenecyanol FF, 60%

glycerol, 60 mM Ethylenediaminetetraaceticacid (EDTA)

250



ButTersusedfor protein purification under denaturing condition

Lysis ButTer (buffer B)

100 mM NaH2P04, 10mM Tris-Cl, and 8 M Urea, pH 8.0

Wash ButTer (buffer C)

100 mM NaH2P04, 10mM Tris-CI, and 8 M Urea, pH 6.3

Elution Buffer (buffer E)

100 mM NaH2P04, 10mM Tris-Cl, and 8 M Urea, pH 4.5

Buffers (or protein purification under native condition

Lysis Buffer

50 mM NaH2P04, 300 mM NaC}, 10 mM imidazole, and pH adjusted to 7.4 using

NaOH

Wash buffer

50 mM NaH2P04, 300 mM NaC}, 15 mM imidazole, and pH adjusted to 7.4 using

NaOH.

Elution buffer

50 mM NaH2P04, 300 mM NaCl, 300 mM imidazole, and pH adjusted to 7.4 using

NaOH.
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APPENDIX. B: Vectors and plasm Ids
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Vectors

A- Schematicdiagram of pEXP-NT/TOPO (Invitrogen)

pEXP5-NTITOPO
2745 bp

Comments (or pEXPS.NTITOPO
2745nucleotides

T7 promoter. bases 1-17
T7 forward priming site: bases 1-20
Ribosome binding site (RBS : bases 68-73
Initiation ATG: bases 60-82
Polyhistidi e (6xHis) region: bases 92-109
HisG epitope: bases 92-112
TEV recognition site: bases 122-142
TOPCY recognition site 1: bases 141-145
TOPC)'Il recognition site 2: bases 146-150
T7 reverse priming site: bases 198-217
T7 transcription terminator. bases 159-287
bra promote. bases 399-497
Ampicillin resistance gene: bases 498-1358
pUC origin: 1503-2176
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B- Schematicdiagram of pCR®T7/NT-TOPO (invitrogen)

flCRP.OcNct

Res ATC &tHis' )(press" Epltope Et<

pCR®T71
NT-TOPO®

2870 bp

Comments for pCR®T7INT- TOPO®
2870 nucleotides
T7 promoter: bases20-36
T7 promoter priming site: bases20-39
Ribosome binding site: bases87-90
Initiation ATG: bases100-102
Polyhistidine (6xHis) region: bases112-129
Xpress™ epitope: bases169-192
EK recognition site: base 178-]92
TOPO® Cloning site: bases204-205
T7 reversepriming site: bases270-289
T7 transcription termination region: ba s 23] -3 0
f1 origin: 431-886
Ampicillin resistancegene( RF): ba s 10I. 7-
1877
pUC origin: 2022-2695
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c- Schematicdiagram of pGEM- T Easyvector (Promega)

Tll 1 s rl
Apal 14
Aalll 20
Sphl 26
BslZI 31
Ncol 37
BsIZI 43

pGEM -T Easy
Notl 43
Sacll 49

Vector EcoRI 52
(3015bp)

Spal 64
EcoRI 70
Noll 77
Bs1Z1 77
PSII a6
Sail 90
Ndal 97
Sacl 109
BstXI 116 ~
Nsd 127

IlsP6
141

pGEM -1 EasyVe-ctorsequencereference points:

17 RNA po~'merasetranscriptioninitiation site
multiple oning region
SP6R..'JApolymerase promoter (-17 to 3)
SP6 ru A po~'merasetranscription inHia 'on site
p C/MB ReverseSequencingPrimer binding ite
", Z start codon
I,' opera or
p acamase cding ~gion
phageIl region
I operon sequences
p 'C/),113 Fon...·ardSequen ing Primer binding site
1 RNA polymerase promoter (-17 to +3)
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10-1

139-1'"
1 1

176-197
1

200-216
1337-219
2

2836-2996,1 -395
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D- Schematic diagram of pQE-70 (Qiagen)

I
::CE:=
Q.O 0)

Sal~
PTS lac 0 lac O-RBS~MCS

~~
it
.t pQE.70

3.4 kb

~IEl

pOE·TO

pQE-70 Vector

Position.s of elemen.ts in. bases
Vector size (bp)
Start of numbering at Xh§J (CTCGAG)
T5 promoter/lac operator element
T5 transcription start
6xHis-tag coding sequence
Multiple cloning site
Lambda to transcriptional termination region
rrnB T1 transcriptional termination region
CoIE1 origin of replicotion
~-Iactamase coding sequence
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1-6

7-87
61

133-150
113-132
173-267

1029-1127
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E- Schematicdiagram of pJMK-30 (sourceof KanR cassette)

pJMK30
KmR

4185bp HindIII
PstI
Sal!
Xbal
Bamffi
Sma!
KpnI

amp EcoRI

Ssp!

257



- Molecular Microbiology (2010) 76[31. 605-615 • dOI.10.1111/J.1365 2958.2010.07098 x
First published online 6 Apnl 2010

The moonlighting protein fructose-t, 6-bisphosphate
aldolase of Neisseria meningitidis: surface localization and
role in host cell adhesion

Sarfraz A. Tunic,' Neil J. Oldfield,1 Alan Berry,2
Dlawer A. A. Ala'Aldeen,1 Karl G. Wooldrldge1 and
David P.J. Turner1•
1 Molecular Bacteriology and Immunology Group,

Institute of Infection, Immunity & Inflammation, Centre

for Biomolecular Sciences, University of Nottingham,

Nottingham NG72RD, UK.

2Astbury Centre for Structural Molecular Biology,

University of Leeds, Leeds LS2 9JT, UK.

Summary

Fructose-1, 6-bisphosphate aldolases (FBA) are cyto-
plasmic glycolytic enzymes, which despite lacking
identifiable secretion signals, have also been found
localized to the surface of several bacteria where they
bind host molecules and exhibit non-glycolytic
functions. Neisseria meningitidis is an obligate
human nasopharyngeal commensal, which has the
capacity to cause life-threatening meningitis and
septicemia. Recombinant native N. meningitidis FBA
was purified and used in a coupled enzymic assay
confirming that it has fructose bisphosphate aldolase
activity. Cell fractionation experiments showed that
meningococcal FBA is localized both to the cyto-
plasm and the outer membrane. Flow cytometry dem-
onstrated that outer membrane-localized FBA was
sUrface-accessible to FBA-specific antibodies. Muta-
tional analysis and functional complementation was
used to Identify additional functions of FBA. An FBA-
deficient mutant was not affected in its ability to grow
in vitro, but showed a significant reduction In adhe-
sion to human brain microvascular endothelial and
HEp-2 cells compared to Its Isogenic parent and Its
complemented derivative. In summary, FBA Is a
highly conserved, surface exposed protein that is
required for optimal adhesion of meningococci to
human cells.
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Introduction

Neisseria meningitidis remains an important cause of sep-
ticemia and meningitis and is associated with high mor-
bidity and mortality (Stephens et al., 2007). As an obligate
human commensal, it colonizes the nasopharyngeal
mucosa of a substantial proportion of the population in an
asymptomatic manner. In susceptible hosts, ~~per-
invasive strains of meningococci possess the ability to
invade the nasopharyngeal sub-mucosa and enter the
bloodstream, where they can multiply rapidly to high
levels. Meningococci may also translocate across the
brain vascular endothelium, proliferate in the cerebral-
spinal fluid (CSF) and cause meningitis (Stephens, 2009).
To reach the meninges, N. meningitidis must therefore
interact with two cellular barriers and adhesion to both
epithelial and endothelial cells are crucial stages of
infection. Various bacterial factors including lipooligosac-
charide (LOS), capsule, type IV pili and outer membrane
adhesins such as Opa, Ope, NhhA, App, NadA and MspA
have been shown to have a role in meningococcal adhe-
sion and invasion of epithelial and/or endothelial cells
(reviewed in Virji, 2009).

Glycolytic enzymes, such as glyceraldehyde
3-phosphate dehydrogenase (GAPDH), enolase and fruc-
tose bisphosphate aldolase (FBA) have been reported as
potential virulence factors in a variety of organisms (Pan-
choli and Chhatwal, 2003). Although long recognized for
their cytosolic role in glycolysis and gluconeogenesis,
additional or 'moon-lighting' functions have been increas-
ingly recognized. In particular, despite lacking identifiable
secretion signals, glycolytic enzymes have been found on
the bacterial cell surface where they interact directly with
host soluble proteins and surface ligands. In Mycoplasma

genitalium, surface-associated GAPDH.was shown to be
important for adhesion to human mucin (Alvarez et et.,
2003). In Streptococcus pyogenes and Candida albicans

surface-associated GAPDH was shown to bind to
fibronectin (Pancholi and Fischetti, 1992; Gozaibo et al.,

1998) and in Staphylococcus aureus the cell wall
transferrin-binding protein was found to be GAPDH
(Modun and Williams, 1999). GAPDH was also reported
to be a virulence-associated immunomodulatory protein In
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Streptococcus agalactiae (Madureira et si., 2007).

Surface-associated enolase has been reported as a
plasminogen-binding protein in S. pyogenes (Pancholi
and Fischetti, 1998), a fibronectin and plasminogen-
binding protein in Streptococcus suis (Esgleas et al.,

2008; Tian et al., 2009), and a plasminogen and laminin-
binding protein in Bacillus anthracis (Agarwal et al.,

2008). In Streptococcus pneumoniae, surface-associated
FBA was shown to bind to a large 7-transpass transmem-
brane receptor belonging to the cadherin superfamily
(Blau et al., 2007). FBA and GAPOH were also shown to
be immunogenic in humans and capable of inducing a
protective immune response against S. pneumoniae in
mice (Ling et al., 2004). In addition, FBA was found to be
a surface-localized immunogenic protein in S. suis

(Zongfu et al., 2008) and a possible role for FBA in immu-
nity to Onchocerca volvulus has also been reported
(Mccarthy et al., 2002).

Fructose-1, 6-bisphosphate aldolase catalyses the
reversible cleavage of fructose-1, 6-bisphosphate into
dihydroxyacetone phosphate and glyceraldehyde
3-phosphate (Zgiby et al., 2000; Wehmeier, 2001; Ram-
saywak et al., 2004). Aldolases can be divided into two
groups with different catalytic mechanisms, designated
Class-l and Class-II respectively (Thomson et al., 1998;

Arakaki et al., 2004). Class-I FBAs utilize an active site
lysine residue to stabilize a reaction intermediate via
Schiff-base formation, and are usually found in higher
eukaryotic organisms (animals and plants). Class-ll FBAs
have an absolute requirement for a divalent ion, usually
zinc (Zgiby et al., 2000) and are commonly found in bac-
teria, archae and lower eukaryotes including fungi and
some green algae grown under heterotrophic conditions
(Plater et al., 1999; Sauve and Sygusch, 2001; Ramsay-
wak et al., 2004). Most organisms contain only one class
of FBA, although a few possess enzymes of both classes.
Escherichia coli (Alefounder et al., 1989; Thomson et al.,

1998), S. pneumoniae (Isabel et al., 1999) and Syn-

echocystis sp. PCC 6803 (Nakahara et al., 2003) among
others have been reported to express both types of the
enzyme. The Class-II FBAs can be subdivided into two
groups, Type A and B, depending on their amino acid
sequences (Sauve and Sygusch, 2001; Nakahara et al.,

2003). Because Class-II FBAs are not found in animals, it
has been suggested that they could provide a possible
therapeutic or vaccine target (Blom et al., 1996; Ramsay-
wak et al., 2004).

In N. meningitidis, it is noteworthy that, due to the
absence of the enzyme phosphofructokinase, the
Embden-Meyerhof-Parnas (EMP) glycolytic pathway is
rendered non-functional (Baart et al., 2007). Instead, the
catabolism of glucose has been shown to be carried out
through the Entner Oouderoff (ED) and Pentose Phos-
phate pathways (PP) (Baart et al., 2007). Nevertheless,

the meningococcal genome retains functional genes
for other glycolytic pathway enzymes, presumably for
alternative (non-EMP pathway) functions. Furthermore,
GAPOH expression (GapA1, but not GapA2) was
found to be up-regulated on the meningococcal cell
surface following contact with human epithelial cells (Gri-
fantini et al., 2002), although no biological function has
so far been ascribed to this observation. In addition,
enolase has recently been shown to be a surface-
localized protein in N. meningitidis, where it acts to
recruit plasminogen onto the bacterial surface (Knaust
et al., 2007). The available N. meningitidis genome
sequences contain a single, putative Class II FBA-
encoding gene (cbbA), which has not previously been
characterized. The aim of this study was to characterize
the enzymatic function, sub-cellular localization and
putative role of FBA in the pathogenesis of meningococ-
cal infection.

Results
Sequence analysis of the cbbA gene, flanking DNA and

FBA protein

In N. meningitidis strain MC58, the 1065 bp cbbA gene
(locus tag NMB1869) has a G+C content of 55.18% and
encodes a predicted protein of 354 amino acids (esti-
mated molecular weight 38.3 kOa). The cbbA gene is
downstream of, and in the opposite orientation to, xerC
(NMB1868) encoding the XerC integrase/recomblnase
and upstream of, and in the same orientation as,
NMB1870, which encodes factor H-binding protein, fHbp
(Madico et al., 2006). A similar genomic arrangement is
present in the serogroup A meningococcal strain Z2491
(NMA0588, NMA0587 and NMA0586 encoding XerC,
FBA and fHbp respectively; Parkhill etst., 2000), the
serogroup C strain FAM18 (Bentley et el., 2007) and the
ST-4821 strain 053442 (Peng et a/., 2008), suggesting
that this is a conserved arrangement. In these three
genomes, the cbbA sequences are > 94% Identical to
the MC58 cbbA gene. Additionally, sequences > 92%
identical to MC58 cbbA are found in the gonococcal
strain FA1090 (94% identical) and N. lactamlca strain
ATCC 23970 (93% Identical) confirming that cbbA Is
highly conserved across Neisseria species. At the amino
acid level, FBA sequences from meningococc I str Ins
MC58, FAM18, 053442, Z2491 and the gonococcal
strain FA1090 are > 99% Identical. By alignment, the
neisserial FBA protein (NMB1869) was 70, 67, 65 and
40% identical to Class-liB FBA enzymes from Cuprl vl-

dus metallidurans, Xanthobacter flavus, Synechocystls

sp. and S. pneumoniae, respectively, but was only 21
and 29% identical to the E. coli and Haemophllus inttu-
enzae Class-IIA FBA enzymes, respectively, Indicating

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 76, 605-615
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Fig. 1. SOS·PAGE analysis confirms the purity of the recombinant
FBA purified under native conditions (A). Immunoblot analysis
shows that recombinant FBA is recognized by RaFBA (B) and
anti·pentahistidine antibodies (C).

that the neisserial FBA belongs to Class-liB. Further-
more, the neisserial FBA enzyme contains a 21-amino
acid insertion sequence (S236_Y2S6),which is unique to
two subclasses of the Class liB enzymes. The presence
of this insertion sequence suggests that the neisserial
FBA enzyme may have a tetrameric quaternary struc-
ture, rather than the dimeric structure, which is typical of
Class Ii FBA enzymes that lack this sequence (Sauve
and Sygusch, 2001; Izard and Sygusch, 2004). As
expected for a Class-Ii FBA, a conserved putative zinc/
cobalt-binding site (Berry and Marshall, 1993) was also
identified (H8'-XX-H84). FBA of N. meningitidis was pre-
dicted to be a non-secreted protein by the SignaIP-HMM
program; although a possible 13-amino acid signal
peptide (predicted cleavage site "DHA-AE'S) was iden-
tified by SignaIP-NN. A signal peptide was similarly pre-
dicted for the Class-liB FBA homologue in X. flavus, but
not for the homologue in Synechocystis sp. or the E. coli

Class-IiA FBA.

Cloning, expression and purification of recombinant FBA

To examine the aldolase function of meningococcal FBA,
and to raise FBA-specific antibodies, the cbbA gene from
MCS8 was cloned into the expression vector pQE70 to
facilitate the expression and subsequent purification of 6x
histidine-tagged recombinant FBA (rFBA). After induction
of E. coli cells harbouring the FBA expression plasmid, a
recombinant protein with an apparent molecular mass
consistent with the predicted mass of the tagged protein
was strongly expressed, affinity-purified under non-
denaturing conditions (Fig. 1A) and used to generate
rabbit anti-FBA-specific polyclonal antiserum (RaFBA).
Immunoblot analysis confirmed that RaFBA and anti-
pentahistidine antibodies both reacted to the purified
rFBA (Fig. 1B and C).

© 2010 BlackwellPublishingLtd, Molecular Microbiology, 76, 605-615
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Meningococcal FBA has fructose bisphosphate

aldolase activity

A previously described coupled enzymic assay (Berry and
Marshall, 1993) was used to confirm that the purified
native meningococcal FBA was active as an FBA (Fig. 2).
Kinetic parameters of the purified enzyme for cleavage of
fructose bisphosphate (FBP) were estimated as Km
(FBP) = O.OSmM and !<cal = 126 min '. These values are
similar to those found for Class-II FBA enzymes from a
variety of sources such as E. coli (Km (FBP) - 0.19 mM
and !<cal - 490 rnirr ') (Plater et al., 1999).

Mutagenesis of cbbA and strain survey

To examine any additional roles of FBA, a cbbA knockout
derivative of N. meningitidis MCS8 was generated. To
achieve this, the cbbA gene plus flanking DNA was ampli-
fied and cloned, and inverse PCR was employed to
remove the open reading frame. The product was then
ligated to a kanamycin resistance marker .and.t~e result-
ing plasmid used to transform N. menmgltldls MCS8.
Using this strategy, the cbbA gene was successful~y
mutated to yield MCS86.cbbA. The genotype of this
mutant was confirmed by PCR and sequencing (data not
shown). Immunoblotting using AaFBA showed that a ~.
38 kDa protein corresponding to FBA could be detected In

whole ceillysates of wild-type but not MeS8 cbbA (Fig. 3,
lanes 1 & 2) confirming that FBA is expressed under the
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Fig. 2. Coupled enzymic assay to me sure th activity of
meningococcal fructose 1, 6-blsphosph t aldol e Cl avag 01
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Fig. 3. Immunoblot analysis of whole cell proteins from the N.
meningitidis MC58 wild-type, 6cbbA mutant derivative and
complemented mutant reveals the absence of FBA in the 6cbbA
mutant preparation.

conditions used and that expression had been abolished
in the mutant. In addition to the strongly reactive FBA
band, immunoblot analysis showed an additional cross-
reactive band at c. 50 kDa (Fig. 3). However, this band
was also present in preparations of the AcbbA mutant
demonstrating that this protein was not FBA. To further
confirm that the c. 38 kDa immuno-reactive protein was
FBA, a wild-type copy of cbbA was introduced in trans into
MC58AcbbA using the pYHS25-based plasmid pSAT-12

Table 1. Bacterial strains and plasm ids.

Strain or plasmid

Strains
E. coli

JM109

Description Source or reforence

(Table 1). Introduction of cbbA at an ectopic site restored
FBA expression (Fig. 3, lane 3). Further immunoblot
analyses using a panel of 25 N. meningitidis strains
(Table 2) including representatives of differing serogroups
and sequence types showed that FBA expression was
conserved across all strains (data not shown). Expression
was also conserved in representative examples of N.

lactamica, N. polysacchareae and N. gonorrhoeae exam-
ined (data not shown). These data complement in silica

predictions that cbbA is universally present and constitu-
tively expressed across Neisseria strains including com-
mensal species.

Meningococcal FBA is localized to the cytoplasm and

outer membrane

The sub-cellular localization of FBA was investigated by
sub-cellular fractionation followed by immunoblot analysis
of the fractions. FBA was predominately detected in outer
membrane and cytosolic protein-enriched fractions, but
was absent from the cytoplasmic membrane-enriched
fraction (Fig. 4). FBA could also be detected in the peri-
plasmic protein-enriched fraction, possibly representing
transient FBA during translocation to the outer membrane
(Fig. 4). FBA was not detected in concentrated culture
supernatants (data not shown). Immunoblotting experi-
ments with antisera against PorA, a known outer mem-
brane protein of N. meningitidis, gave an identical profile
except that PorA was absent in the cytosolic fraction (data
not shown). These results demonstrate that meningococ-
cal FBA is predominantly a cytosolic protein that is also
found in the outer membrane.
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Memngococcdl .IdolasehJ, J roleIn Jdhe<mn 609 -Table 2. Isolates of N. meningitidis examined for the expression of FBA.

Country of Date of Sequence
Strain' origin isolation Disease Serogroup type Clonal complex

Z1oo1 USA 1937 tnvasive (unspecified) A 4 ST-4 complex/subgroup IV
Z1035 Pakistan 1967 Meningitis and septicaemia A 1 ST-1 complex/subgroup tltt
Z1054 Finland 1975 Invasive (unspecified) A 5 ST-5 complex/subgroup III
Z1213 Ghana 1973 Invasive (unspecified) A 4 ST-4 complex/subgroup IV
Z1269 Burkina Faso 1963 Invasive (unspecified) A 4 ST-4 complex/subgroup tV
Z1503 China 1984 Invasive (unspecified) A 5 ST-5 complex/subgroup III
Z3771 UK 1987 Invasive (unspecified) A 5 ST-S complex/subgroup III
Z3842 Norway 1976 Invasive (unspecified) B 32 ST-32 compleX/ET·S complex
Z4181 Mali 1989 Carrier C 11 ST-11 complexlET-37 complex
Z4323 Israel 1988 Invasive (unspecified) C 11 ST·11 compleX/ET·37 complex
Z4662 Netherlands 1967 Invasive (unspecified) B 8 ST-8 complex/Cluster A4
Z4667 Netherlands 1963 Invasive (unspecified) B 48 ST-41/44complexILlneage 3
Z4673 Netherlands 1986 Invasive (unspecified) B 41 ST-41/44 comptexILlneage 3
Z4676 Denmark 1962 Invasive (unspecified) B 37 ST-37 complex
Z4678 East Germany 1985 Invasive (unspecified) B 19 ST-18 complex
Z4684 Norway 1988 tnvasive (unspecified) B 13 ST-269 complex
Z4685 Norway 1988 Carrier B 14 ST-269 complex
Z4701 Norway 1969 Invasive (unspecified) B 11 ST-11 complexlET-37 complex
Z5826 China 1992 Invasive (unspecified) A 7 ST-5 complex/subgroup lit
Z6413 South Afriea 1990 Invasive (unspecified) C 8 ST-8 complex/Cluster A4
Z6414 New Zealand 1994 Invasive (unspecified) C 66 ST -8 complex/Cluster A4
Z6417 UK 1993 Invasive (unspecified) C 11 ST-l1 compleX/ET-37 complex
Z8418 Cuba 1992 Invasive (unspecified) B 33 ST-32 compleX/ET-S complex
Z6419 Austria 1991 Invasive (unspecified) B 40 ST-41/44 complexILlneage 3
Z6420 Greece 1992 Invasive (unspecified) B 41 ST-41/44 complex/Llneage 3

a. Further details of streins are available at http://pubmlst.org/

Meningococcal FBA is surface accessible to antibodies

In order to investigate whether the outer membrane-
localized FBA was accessible on the bacterial cell
surface, RaFBA antibodies were used to probe intact
meningococcal cells which were then analysed by flow
cytometry. MeS8 cells treated with RaFBA alone or sec-
ondary antibody alone did not produce high fluorescence

CP pp CM OM
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Fig. 4. Sub-cellular loealization of FBA. Cytosolic protein-enriched
(CP), periplasmic protein-enriched (PP), cytoplasmic membrane
protein-enriched (CM) and outer membrane protein-enriched (OM)
frectlons of MCS8 were separated on a 10% acrylamide gel and
probed In immunoblotting experiments with RaFBA.

<C> 2010 Blackwell Publishing Ltd, Molecular Microbiology, 76, 605-615

signals (3.4 and 4.4 mean fluorescence intensities,
respectively), while cells treated with RaFBA followed by
anti-rabbit IgG-Alexa Flour 488 conjugate demonstrated a
clear shift in fluorescence signal (55.2 mean fluorescence
intensity) confirming the cell surface localization of FBA
(Fig. SA). No shift in fluorescence signal was observed
when MeS8~cbbA cells were examined under Identical
conditions [Fig. 5B; mean fluorescence Intensity of 12.1
compared to samples treated with primary or secondary
alone (3.6 and 6.7, respectively)]. From the wild-type cells
probed with both antibodies, 79.05% were found In the M1
region (Fig. SA), suggesting that the majority of the popu-
lation had FBA present on the cell surface. Pre-Immune
serum showed no reactivity against wild·typ MeS8 In
immunoblot experiments confirming that the binding of
RaFBA to wild-type MeS8 observed by flow cytometry
was FBA·specific.

FBA is required for efficient adhesion to host cells

Viable counts of bacteria associated with homogenlz d
infected monolayers were used to compare the cap city
of the wlld-type, FBA mutant and complem nted mut nt
strains to associate with, and invade human br In
microvascular endothelial (HBME) cells. FBA·d flcl nt
meningococci had a significantly reduced c p city to
adhere to monolayers of HBME cells (Fig. SA). No st •
tistically significant reduction was observed In th ability
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Fig. 5. Flow cytometric analysis of MC5Swild-type (A) or
MC5St.cbbA cells (B) for FBA surface localization. Cells were
stained with RaFBA (primary alone). anti-rabbit IgG-Alexa Flour
488 conjugate (secondary alone) or both. Fluorescencewas
displayed as a histogram. The histogram area in Ml represents the
population of fluorescently labelled meningococci.

show that FBA plays a role in the adherence of N. men-

ingitidis to human cells.

Discussion

An increasing number of reports show that classical

cytoplasmic house-keeping enzymes without identifiable

secretion signals may be localized to the surface of

microbial pathogens, where they exhibit various func-

tions, unrelated to glycolysis (Pancholi and Chhatwal,

2003). One such protein, fructose-1, 6-bisphosphate

aldolase (FBA) has been previously reported to be local-

ized to the surface of some Gram-positive bacteria. In S.

pneumoniae, for example, surface-exposed F8A (Class

A

1.E+04

1.E+03

I1.E+02

OMC5Swr
.MC5McbbA
.MC5McbbA cbbAE<:I

1.E+01

B

1.E+03

OMC5Swr
·MC58f.cbbA
.MC58f.cbbA cbbAE<I

of the FBA mutant to invade monolayers of HBME cells

(Fig. 68). Similar results were also obtained using HEp-2

(human larynx carcinoma) cells, confirming that the

effect was not cell-type specific. To confirm that the

observed effects were not due to an impairment in in

vitro growth, the growth rate of the strains was com-

pared by measuring the optical density at 600 nm

(00600) and determining the viable counts of broth cul-

tures sampled during exponential growth over 24 h in

triplicate on three separate occasions. No significant dif- Flg.6. FBA-deflclentmeningococcih v reducod blilly to
ference between strains was observed (data not shown). associate with (A) but not InvadeInto (B) HBM II comp r d
To further exclude the possibility that mutation of cbbA with the Wild-typeor complementodstrains. Th num r 01

FBA-deflclentmeningococciassociating was slgnlflc ntly low r th n
affected expression of the downstream gene encoding the wild-type (. P = 0.0011). Numb rs of rrunantC liS Inv ding w r
factor H binding protein, whole cell Iysates of MC58, not significantly lower compared with th wltd·type (P. 0.13).

MC58""cbbA and MC58""cbbA cbbAEc1were probed with Similar experiments were also carri d oul using HEp-2 COli with
consistent resurts, Mean levels shown from Ihr Ind p nd nl

anti-fHbp. Expression levels of this protein were similar experiments,each using Irtpllcale w lis. B rs d nOI I nd rei
in the three strains. In summary, these experiments deviation. Cfu denot s colony fonmlngunlls.

(t) 2010 Blackwell Publishing LId, Mo/ecul r Microbiology, 76, 05-615

1.E+02

l
t

1.E+01



liB) was demonstrated to act as an adhesin, specifically
binding to a large 7-transpass transmembrane receptor
belonging to the cadherin superfamily (Blau et al., 2007).

In N. meningitidis, two cytoplasmic house-keeping
enzymes, GAPDH and enolase, have been shown to be
surface-localized, and enolase has been suggested to
act as a plasminogen receptor (Grifantini et al., 2002;

Knaust et al., 2007). The non-glycolytic role(s) of
GAPDH on the bacterial surface is undefined. We under-
took to investigate whether FBA was also surface-
localized in N. meningitidis, as has been described for
GAPDH and enolase, and to determine whether FBA
plays a role in meningococcal pathogenesis.

In the published meningococcal and gonococcal
genome sequences, there is only one gene, cbbA, encod-
ing a putative FBA enzyme. Despite being predicted to be
part of a non-functional metabolic pathway, cbbA has not
acquired spontaneous mutations in any of the neisserial
genomes examined, which suggests that the gene was
acquired recently, that the glycolytic pathway became
non-functional recently, or that the protein has one or
more additional functions. Sequence analysis shows that
FBA is highly conserved at the amino acid level, and is a
Class-liB enzyme. A 21-amino acid insertion sequence,
which is present in two subclasses of the Class liB FBA
enzymes, was also present in the neisserial sequences.
The presence of this sequence suggests that the neis-
serial FBA enzyme is a tetrameric, rather than a dimeric
enzyme; a feature which is present in extremophiles, and
which has been suggested to confer thermal stability
(Sauve and Sygusch, 2001; Izard and Sygusch, 2004).
Unexpectedly for a presumed cytosolic protein, a possible
signal sequence was predicted for the neisserial FBA
enzyme, suggesting a possible means of translocation
across the cytoplasmic membrane.

In this study, rFBA was expressed and purified under
non-denaturing conditions. Purified rFBA was shown to
have aldolase activity confirming that the enzyme was in
native conformation after purification. The purified protein
was also used to generate rabbit polyclonal anti-FBA anti-
serum (RaFBA), which was used to confirm that FBA was
expressed in vitro in each of a range of neisserial strains
tested including commensal species. This suggests that
FBA plays an important role which is required by both
non-pathogenic and pathogenic lineages. FBA was
shown to be present in both the cytosol and to be exposed
at the cell surface of wild-type meningococci in a form that
was accessible to antibodies, suggesting that, similar to
GAPDH and enolase, FBA is translocated (or diverted) to
the outer membrane. An alternative hypothesis is that
FBA is released from lysed cells and recruited back onto
the surface of intact meningococci; however, we have
pro.bed Iys.atesof cbbA-deficient meninqococcl following
cO-Incubation with rFBA and found no reactivity with

(Q) 2010 BlackwellPublishingLtd, Molecular Microbiology, 76, 605-615
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RaFBA (data not shown). In M. genitalium, only a small
proportion of the total cellular GAPDH is traHicked to the
bacterial surface; however, this is suHicient to impart a
biologically significant phenotype (mucin-binding) on this
organism (Alvarez et al., 2003). For organisms with rela-
tively small genomes, multi-functional proteins may be
advantageous to optimize the potential of the genome. To
our knowledge, this is the first report demonstrating that a
proportion of FBA is found on the cell surface of
meningococci.

An FBA-deficient mutant grew at the same rate (in
broth culture and on solid media) as the wild-type and
the complemented mutant strains, demonstrating that
FBA is not required for growth of the meningococcus
under the in vitro conditions used. No diHerences In
either colony or bacterial cell morphology (using light
microscopy) were observed. The FBA-deficient mutant
strain exhibited a significantly reduced capacity to
adhere to both HBME and HEp-2 cells. This phenotype
was completely restored in a complemented strain. Our
observation that FBA is involved in adhesion to both epi-
thelial and endothelial cells, and that FBA expression is
conserved in non-pathogenic strains (such as N.

polysacchareae) may suggest a role for FBA during
colonization of the nasopharyngeal mucosa by commen-
sal neisserial species.

Although we have shown that FBA is present on the
meningococcal cell surface and is required for optlm I
adhesion, the role of FBA in this process is unknown. It Is
possible that the enzymatic activity of FBA plays an Indi-
rect role that is required for optimal adhesion. However,
given that other FBA homologues (such as FBA in S.
pneumoniae) have been shown to directly bind to host cell
ligands it is also possible that the meningococcal protein
has a direct host receptor-binding activity. Determining the
ability of meningococci expressing a non-enzymatically
functional FBA to adhere to host cells would address this.
S. pneumoniae FBA was shown to bind to a c dh rln
superfamily receptor (Flamingo cadherin receptor, FCR)
on the surface of host epithelial cells, but it Is unknown
which FBA residues participate In this Interaclion (BI u
et al., 2007). Meningococcal FBA is only 40% id ntic I to
the pneumococcal enzyme at the amino acid level, so It Is
unclear whether meningococcal FBA binds th m
receptor. Work is currently In progress to d termln
whether meningococcal FBA binds to FCR or dlff rent
host cell receptor.

Pneumococcal FBA has been shown to be Immuno-
genic in humans and capable of eliciting a p rti lIy pro-
tective immune response against lethal S. pn omon;
intranasal challenge in mice (Ling et sI., 2004). Glv nth
meningococcal FBA Is highly conserved, express d by
wide range of Isolates, surface-accessible to ntibodi
and structurally and antigenically unrelated to th hum n
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Table 3. List of primers used in this study.

Primer DNA sequence' Restrictionsite

Expression
FBA_pOE70 (F)
FBA_pOE70 (R)

Mutagenesis
FBA_M1(F)
FBA_M2(R)
FBA_M3(IR)
FBA_M4(IF)

Complementation
FBA_COM(F)
FBA_COM(R)

CGCGGATCCATGGCACTCGTATCCATGCG
CGCGGTACCGTCGTCCGAACGGCGG

Sphl
9gl11

CTGCTGTGCCCGAGC
CCGCTGCTGCAGGCG
GCGAGATCTTGTGTCTCCTTGGGCAATAGG
GCGAGATCTGCTCCATCCAACTGGG

Bgill
Bgill

CGCGGATCCATGAGCTGTTTATGGrnnnTGCTG
CGCGGATCCGGCATTTTGTTTACAGGCAACCTG

BamHI
BamHI

8. All primers were designed from the N. meningilfdis MC58 genome sequence. Sequences in bold Identify restrictionenzyme sites.

(Class I) FBA protein, meningococcal FBA is worthy of

future study as a possible candidate vaccine component

against this important human pathogen.

Experimental procedures

Bacterial strains and growth conditions

Escherichia coli TOP10F' and BL21(DE3) pLysS (Table 1)
were used for the expression of 6x histidine-tagged rFBA
encoded by plasmid pSAT-FBA (Table 1). E. coliJM109 was
used as a host strain for the construction of mutagenic
and complementation plasmids, pSAT-4 and pSAT-12
respectively. E. coli strains were grown at 3JOC in Luria-
Bertani (LB) broth or on LB agar supplemented, where appro-
priate, with ampicillin (100 ~g rnl'], kanamycin (30 ~g mt')
or erythromycin (200 ~g rnr '). Strains of Neisseria (Tables 1
and 2) were grown at 37°C, air plus 5% CO2, on Brain Heart
Infusion (BHI) agar supplemented with 1% Vitox (Oxoid) and
kanamycin (50 ~g mr ') or erythromycin (5 ~g mr") where
appropriate.

DNA manipulation

Genomic DNA was extracted from N. meningitidis using the
DNeasy Tissue kit (Oiagen). Plasmid DNA was prepared by
using the OIAprep Spin kit (Oiagen). Restriction enzymes
and T4 DNA ligase were purchased from Roche. All enzy-
matic reactions were carried out according to the manufac-
turer's instructions. DNA sequencing was carried out at the
School of Biomedical SCiences (University of Nottingham) on
an ABI 377 automated DNA sequencer.

Preparation of recombinant FBA

The cbbA gene was amplified from N. meningitidis MC5S
using oligonucleotide primers FBA_pOE70 (F) and
FBA_pOE70 (R) (Table 3) using the Expand High Fidelity
PCR system (Roche). The resulting amplicon was digested
with Sphl and BglII, before being ligated into similarly treated
pOE70, and the resulting plasmid, pSAT-FBA, used to trans-
form E. coliBL21 (DE3) pLysS. Transformants were grown to

log phase, induced with 1 mM IPTG for 3 h and harvested by
centrifugation. Recombinant 6x histidine-tagged FBA was
then affinity-purified under native conditions. Briefly, the
culture pellet from an IPTG-induced culture of E. coli BL21
(DE3) pLysS (pSAT-FBA) was dissolved in 20 ml of lysis
buffer (50 mM NaH2PO., 300 mM NaCl, 10 mM Imidazole, pH
7.4) and disrupted by sonication using a MSE Soniprep 150
for 10 cycles (each cycie conslsnnq of a 10 s burst followed
by a 10 s cooling period). The cell lysate was then mixed with
1 mi of HisPur™ Cobalt Resin (Pierce) and incubated over-
night at 4°C. The lysate-resin mixture was then applied to a
column, and washed with 50 mM NaH,PO., 300 mM NaCl,
15 mM imidazole, pH 7.4. Bound protein was then elutod In
elution buffer (50 mM NaH2PO., 300 mM NaCl, 300 mM Imi-
dazole, pH 7.4).

Production of a rabbit antiserum against purified

recombinant FBA

New Zealand White femaie rabbits were Immunized subcu-
taneously four times at 2 week Intervals with 30 j.lg of rFBA
protein emulsified In Freud's complete (first immunization
only) or incomplete adjuvant. After three Injections, th
animals were test bled, boosted once more and sacrllic d 10
days later.

50S-PAGE and immunoblotting

Proteins were electrophoretically separated using 10% poiy-
acrylamide gels (Mini-Protean III; Blo-Rad) and woro st In d
using SimplyBlue Safestain™ (Invitrogen) or transterr d to
nitrocellulose membranes as previously described (Klzil
et al., 1999). Membranes were probed with mous nil-
pentahistidine antibody (Olagen) or rabbit prim ry ntlbody
diiuted 1:10000 or 1:1000, respectively, In blocking buff r
[5% (wI/vol) nonfat dry milk, 0.1% (voIlVOI) Tw n 20 In 1
phosphate-buffered saline (PBS)] and Incub t d for 2 h. Aft r
being washed in PBS with 0.1% Tween 20 (PBST), m m-
branes were incubated for 2 h with 1:30 OOO-dilut d go I
anti-mouse (or anti-rabbit) IgG-alkaline phosph t conju-
gate (Sigma). After washing with PBST, blots w r d v lop d
using BCIP/NBT-Blue liquid substrate (Slgm ).

© 2010 Blackwell Publishing Ltd, Moleculsr Microbiology, 76, 605-615



Kinetic analysis of fructose bisphosphate
aldolase activity

This was done using a previously described methodology
(Berry and Marshall, 1993). Briefly, the assay was performed
at 30°C in 1 ml of 50 mM Tris-HCI supplemented with 0.1 M
potassium acetate buffer (pH 8.0) containing 0.1-5 mM fruc-
tose 1, 6-bisphosphate (FBP), 0.2 mM NADH and 2 ILl of a
10 mg ml-' mixture of glycerol phosphate dehydrogenase/
triose phosphate isomerase (coupling enzymes). The
reagents were added in the order: buffer; FBP; NADH; cou-
pling enzymes. Finally, the reaction was started by adding
0.26 nmol of purified native FBA. A decrease in absorbance
at 340 nm was recorded as the measure of enzyme activity
on an Uvikon 930 spectrophotometer. Activities were calcu-
lated using the molar ex1inction coefficient for NADH as
6220 M-' crrr '. One unit of aldolase activity was defined as
the amount of enzyme which catalysed the oxidation of
2 urnot NADH rnirr '. Kinetic parameters were determined
using Origin Pro 7.5 software.

Construction of MC58L1cbbA

A 2.3 kb fragment of DNA consisting of the cbbA gene and
flanking DNA was amplified using FBA_M1(F) and
FBA_M2(R) (Table 3) from N. meningitidis MCS8 chromo-
somal DNA. The amplified DNA was TA cloned into the
pG~M-T Easy vector to generate pSAT-2. This was then
subject to inverse PCR using primers FBA_M3(IR) and
FBA_M4(IF) (Table 3) resulting in the amplification of a 5 kb
amplicon in which the cbbA coding sequence was deleted
and a unique Bglli site had been introduced. The Bglil site
was used to introduce a kanamycin resistance cassette,
BamHI-digested from pJMK30 (Table 1), in place of cbbA.
One of the resulting plasmids, pSAT-4, containing the resis-
tance cassette in the same orientation as the deleted gene,
was confirmed by restriction digestion and sequencing and
Subsequently used to mutate the meningococcal strain MCS8
by natural transformation and allelic exchange as previously
described (Hadi et al., 2001). The deletion in the resulting
mutant (MCS811CbbA) was confirmed by PCR analysis and
immunoblotting. Growth curve assays carried out using liquid
cuitures showed no significant differences between
MC586cbbA and the Wild-type strain (data not shown).

Complementation of cbbA

A fragment corresponding to the cbbA coding sequence and
upstream promoter was amplified from chromosomai DNA of
st~ain MCS8 with High Fidelity Expand Taq (Roche) using the
pn~ers FBA_COM(F) and FBA_COM(R) (Table 3) lncorpo-
r~!lng BamHI sites into the amplified fragment. The BamHI-
dlge~ted fragment was then introduced into a unique BamHI
site In pYHS2S. This vector contains an erythromycin resis-
tance gene fianked by the MCS8 genes NMB0102 and
NMB0103 (Winzer et al., 2002). The resuiting plasmid
pSAT-12 was used to transform MC5811CbbA by natural trans-
formation, thus introducing a single chromosomal copy of
cbbA ~nd the downstream erythromycin resistance cassette
In the rntergenlC region between NMB0102 and NMB0103.

C 2010 Blackwell Publishing Ltd, Molecular Microbiology, 76,605-£15
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Insertion of the cbbA gene and erythromycin resistance
cassette at the ectopiC site was confirmed by peR analysis
and sequencing. Expression of FBA was confirmed by
immunoblotting.

Sub-cellular localization of FBA

Cells from 100 ml of overnight BHI broth cultures were har-
vested at 13 000 9 for 2 min and the pellet re-suspended in
1 ml of EB buffer (10 mM Tris-HCI pH 7.5, 10 mM Mgel2, 25%
sucrose), and washed twice in the same buffer. Finally, the
pellet was re-suspended in EB buffer and incubated for 10 min
on ice. The preparation was centrifuged at 13 000 9 for 4 min:
following re-suspension in 0.4 ml of ice cold water, the mixture
was incubated on ice for a further 10 min, followed by centrifu-
gation at 13000 9 for 2 min. The supernatant, containing
peri plasmic proteins, was removed and stored at -20°C. The
remaining cell pellet (spheroplasts) were re-suspended Into
0.4 ml of Tris-HCI (pH 7.5) and sonicated using a MSE Sonl-
prep 150 for 10 cycles (each cycle consisting of a 10 s burst
followed by a 10 s cooling period) to release the cytoplasmic
contents. Non-disrupted cells were removed by centrifugation
at 5000 g for 1 min. The upper clear supernatant was trans-
ferred to a fresh tube and centrifuged at 17000 9 for 30 min.
The supernatant (representing the cytosolic fraction) was
removed and stored at -20°C. The remaining pollet was
re-suspended in 0.4 ml of 10 mM Trls-Hel pH 7.5, 10 mM
MgC!" 2% Triton X-100. The sample was Incubated at 37"C for
30 min and then centrifuged at 17000 9 for 30 min. The
supernatant, enriched for cytoplasmic membrane proteins,
was removed and stored at -20°C. The final pellet (enrlchod
for outer membrane proteins) was re-suspended by brief
sonication in 1 ml of 10 mM Tris-HCI pH 7.5, 10 mM MgCla, 10/0
Triton X-100, incubated at 37°C for 30 min and then contrl-
fuged at 17 000 9 for 30 min. The pellet was re-suspended In
0.2 ml of 10 mM Tris-HCI pH 7.5 and stored at -20°C.

Flow cytometry

Neisseria meningitidis strains were grown to mid-log ph so
(00600 approximately 0.7). 1 x 10' cfu allquots were contn-
fuged at 5000 9 for 5 min and resuspendod In 0.2 Ilm-fIIt r d
PBS. The cells were Incubated for 2 h with (lR-FBA [1 :500
diluted in PBS containing 0.1% BSA, 0.1 % sodium azid and
2% fetal calf serum (FCS)] and untreated colis woro u d 5
a control. Cells were washed throe timos with PBS nd Incu-
bated for 2 h in the dark with goat anti-rabbit IgG-Alox Flour
488 conjugate (Invitrogen; dllutod 1:50 In PBS cont Inlng
0.1% BSA, 0.1% sodium azido and 2% FCS). Ag in,
untreated cells were used s a control. Fin lIy, th mpl
were washed in PBS twice beforo bolng re-su p nd d In , ml
of PBS containing 0.5% formaldehydo to fix th c II .
Samples were analysed for fluoroscenc u ing Coult r
Altra Flow Cytometer. Cells were dot et d u ing lorw rd nd
log-side scatter dot plots, and a gating r glon w t to
exclude cell debris and aggregates of b ctori . A tot I of
50000 bacteria (events) were analysed.

AssociatIon and invasion assays

Association and invasion assays wero perform d nil lJy
as previously described (Oldfieid t et; 2007), Brl fly, HBME
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or larynx carcinoma (HEp-2) cells were grown to confluence
in DMEM supplemented with 10% heat-inactivated FCS
(Invitrogen) and 2% antibiotic anti-mycotic solution (Invitro-
gen) in 24-well tissue culture plates (Costar) at 37°C in an
atmosphere of 5% CO2. Prior to all experiments, mono-layers
were transferred to DMEM supplemented with 2% FCS to
remove the antibiotics. Meningococci were cultured in MHB
for 2 hand monolayers were infected with 1 x 106 cfu of
meningococci and incubated for 2 h (association) or 4 h
(invasion) in 5% CO2 at 3rC. To assess total cell association,
monolayers were washed four times with 1 ml of PBS per
well. To assess invasion, monolayers were further incubated
in DMEM containing gentamicin (100 l!g rnr') for 2 h. Prior to
further steps, aliquots of the gentamicin-containing superna-
tants were plated out to confirm killing of extra-cellular
bacteria. Furthermore, the susceptibility of all meningococcal
strains to gentamicin at 100 l!g ml-1 was confirmed prior to
testing. Monolayers were then washed four times with 1 ml of
PBS. In both association and invasion experiments, mono-
layers were then disrupted and homogenized in 1 ml of 0.1 %
saponin in PBS. Meningococci were enumerated by serial
dilution of the homogenized suspensions and subsequent
determination of colony-forming units by plating 50 l!1aliquots
from appropriate dilutions of the Iysates on agar. All associa-
tion and invasion assays were repeated at least three times.
Statistical significance was measured using a two-tailed Stu-
dent's t-test.

Protein and nucleic acid sequence analysis

Public databases containing previously published protein and
DNA sequences were searched using the BLAST and PSI-
BLAST algorithms available at http://blast.ncbLnlm.nih.gov/
Blast.cgL The genome database of N. meningitidis MC58 was
interrogated at http://cmr.jcvLorg/cgi-bin/CMRlGenomePage.
Cgi?org=gnm. Sequence homology data were obtained using
the CLUSTALX software (http://www.clustal.orgl). Protein
secretion signals were analysed using the SignalP 3.0 server
available at http://www.cbs.dtu.dklserviceslSignaIP/ (Eman-
uelsson et al., 2007). GenBank accession numbers for the
cbbA sequences analysed in this study are as follows:
YP_974462 (FAMI8), YP_001598513 (ST-4821 strain
053442), YP_002342063 (Z2491), YP _207215 (gonococcal
strain FA1090) and ZP_03723075 (N. lactamica ATCC
23970).
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