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Abstract. 

Introduction of stabilising disulphide bonds into periplasmic proteins is catalysed by 

oxidoreductases (DsbA), a process essential for virulence in all Gram negative bacteria.  

Many bacteria possess a single oxidoreductase that donates disulphides to all host 

proteins containing multiple cysteines. However, an increasing number of organisms 

have been shown to contain multiple oxidoreductases. In these instances, it appears that 

these enzymes preferentially insert disulphide bonds into a select number of substrate 

proteins. This has led to the hypothesis that some oxidoreductases have a broad 

substrate recognition profile, whilst others have a narrow substrate recognition profile.  

However, the mechanisms underpinning these observations regarding these different 

groups of oxidoreductases remain unknown.  

Neisseria meningitidis contains three oxidoreductases known as NmDsbA1, NmDsbA2 

and NmDsbA3.  NmDsbA1 and NmDsbA2 share 78% amino acid homology and have 

been shown to insert disulphide bonds into a selection of protein substrates including 

the major pilin subunit, PilE, and the secretin, PilQ. NmDsbA3, which has only 50% 

amino acid homology with NmDsbA1 and NmDsbA2, is unable to catalyse disulphide 

bond donation to PilE or PilQ.  Because all three oxidoreductases are chromosomally 

encoded, we hypothesised that changes in the structure and function of these 

oxidoreductases would be due to co-evolution of these three genes within N. 

meningitidis.  Therefore, we hypothesised that a comparison of the structure and 

function of these three oxidoreductases may reveal further information regarding 

substrate recognition by these enzymes. 

Because there was no known substrate associated with NmDsbA3, we analysed a 

NmDsbA3 mutant for a biological phenotype which could be ascribed to the loss of this 

oxidoreductase in Neisseria.  Purified NmDsbA3 was shown to act as a fully functional 

oxidoreductase in various biochemical assays.  In silico analysis revealed that all 

Neisserial species, for which a full genome sequence was available, possess an intact 

NmdsbA3 located in a highly conserved operon with genes encoding factors involved in 

cell division.  This conservation across species suggests that NmDsbA3 is not a 

redundant or remnant protein and does indeed have a functional role in Neisseria.  
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Inactivation of NmDsbA3 in N. meningitidis resulted in a cell division defect. However, 

further work, including RT-PCR and complementation, suggested that this phenotype 

may be due to a polar effect of the NmdsbA3 mutation on the transcription of the cell 

division gene, bacA.  

Since we were unable to identify a substrate for NmDsbA3 by examining the phenotype 

of the NmDbsA3 mutant in N. meningitidis, we utilised a second strategy for the direct 

identification of oxidoreductase substrates. In this strategy, tagged oxidoreductase 

would be expressed in the host strain, in this case, N. meningitidis, and complexes of the 

tagged oxidoreductase and substrate would be retrieved by immunoprecipitation. To 

undertake this part of the study, we developed a series of shuttle vectors for high-

through put cloning and protein expression in N. meningitidis. We tested these plasmids 

for protein expression and stability in N. meningitidis.  We were successful in creating a 

series of shuttle vectors which expressed protein in E. coli but which were unstable in 

N. meningitidis.  

Lastly, all three Neisserial oxidoreductases were expressed and purified from E. coli. 

Each protein was His6-tagged and expressed from the high expression vector 

pET45(b)+.  The proteins were expressed in the cytoplasm to increase yield and were 

successfully purified by two step Fast Protein Liquid Chromatography (FPLC).  

Crystals were obtained and the structures of NmDsbA1 and NmDsbA3 were solved.  A 

comparison of the solved structures of NmDsbA1, NmDsbA3 and EcDsbA revealed 

that although there was considerable amino acid sequence diversity between these 

proteins, the overall thioredoxin fold and the alpha helical domain remained conserved. 

Small variations were detected in the position of the alpha-helices on the alpha helical 

domain and the structure of the active site.  

From this work, we can conclude that the three oxidoreductases from N. meningitidis 

retain a similar structure and function to that of oxidoreductases from E. coli.  The 

peptide binding site for the oxidoreductase from E. coli has recently been determined, 

and using this information we propose a model explaining how these oxidoreductases 

specifically recognise different substrates.  
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Chapter 1: Literature review. 

1.1 Disulphide bonds in Gram negative bacteria 

Disulphide bonds are covalent linkages that form between two thiol groups on cysteine 

residues, which stabilize the secondary and tertiary structures of many proteins.  While 

eukaryotic proteins may contain up to 17 disulphide bonds (Frand et al., 2000), most 

prokaryote proteins rarely contain more than two disulphide bonds. Disulphide bonds 

are found almost exclusively in secreted, periplasmic or outer membrane proteins 

(Rietsch and Beckwith, 1998) of eubacteria, whilst cytoplasmic proteins, with a few 

exceptions such as thioredoxin, do not contain disulphide bonds (Frand et al., 2000).  

The disulphide bonds are inserted into proteins as they are secreted into the periplasm 

by the disulphide bond formation pathway (Dsb).  In spite of the rarity of disulphide 

bonds in prokaryote proteins loss of the Dsb pathway invariably results in loss of 

virulence in Gram negative organisms (Yu and Kroll, 1999) as the majority of 

disulphide bond containing proteins are secreted virulence factors.  

Until the early 1960’s it was believed that the formation and reduction of disulphide 

bonds within the cell occurred spontaneously.  This theory was disproven in eukaryotes 

with the discovery of the endoplasmic reticulum Protein Disulphide Isomerase (PDI) 

(Goldberger et al., 1963).  The theory of spontaneous formation of disulphide bonds 

was maintained in prokaryotic biology until 1988 when PDI-like activity was 

discovered in the periplasmic cell lysate fraction of Escherichia coli (Barth et al., 1988).  

Three years later the protein responsible was identified as a thioredoxin-like 

oxidoreductase and was given the name DsbA (disulphide bond forming protein A) 

(Bardwell et al., 1991).  There are currently six classified Dsb proteins in E. coli known 

to be involved in the formation of disulphide bonds (Bader et al., 1999). 

Gram-negative bacteria are classified by the structure of their cell wall, which consists 

of two membranes, the cytoplasmic and outer membrane, separated by a thin layer of 

peptidoglycan.  The space between the two membranes including the peptidoglycan 

layer is referred to as the periplasm.  Proteins located in the periplasm or outer 

membrane and secreted proteins contain a signal peptide that localizes these proteins to 

the inner membrane for secretion.  The protein crosses the inner membrane in an 
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unfolded form and is folded in the periplasm with the aid of chaperone and foldase 

proteins including the Dsb family of proteins.  The localization of the Dsb pathway to 

the periplasm allows for the proteins to function in an oxidizing environment which 

prevents the reduction of the newly formed disulphide bonds.  This could not occur 

efficiently in the cytoplasm which is maintained as a reducing environment to prevent 

oxidation of cysteine residues in cytoplasmic proteins, many of which use reduced thiol 

groups in their active sites (Bardwell, 1994).  Secondly disulphide bond formation in the 

periplasm prevents the activation of many virulence factors such as toxins and 

adhesions until they are in a compartment of the cell where their activation causes no 

damage to the metabolic processes in the bacterial cell. 

 

1.2    The role of DsbA in virulence 

1.2.1 Generalised effect on bacterial health. 

Loss of DsbA leads to avirulence in Gram negative bacteria (Table 1, Yu and Kroll, 

1999).  This is due to inactivation of a wide range of virulence factors dependent on 

DsbA, but also to generalised affects on bacterial cell fitness.  Sensitivity to reducing 

agents such as dithiothreitol (DTT) was one of the first affects identified for loss of 

DsbA and is commonly used to screen for dsbA mutants (Bardwell et al., 1991).  Many 

proteins including DsbA are reduced by DTT but as DsbA is able to be recycled by the 

periplasmic membrane protein DsbB and remain oxidised it is able to reduce a large 

amount of the DTT and repair disulphide bonds in proteins oxidised by the presence of 

reducing agents.  Therefore the absence of DsbA or DsbB results in a significant 

increase in sensitivity of the cell to reductive stress. Loss of DsbA also appears to have 

an effect on the resistance of cells to various toxins including heavy metals such as 

mercury (Powlowski and Sahlman, 1999), cadmium (Hayashi et al., 2000; Rensing et 

al., 1997) and zinc (Hayashi et al., 2000; Rensing et al., 1997), and has been shown to 

increase susceptibility of strains to various antibiotics including penicillin (Bardwell et 

al., 1991), cationic defensins (Turcot et al., 2001) and detergents (Hayashi et al., 2000).   

Loss of DsbA can also have neutral effects such as the loss of phage receptors resulting 

in resistance to bacteriophage infection.  This is seen in E. coli which becomes resistant 
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to the F-pilus specific bacteriophages (Bardwell et al., 1991) and V. cholerae which 

becomes resistant to the CTXФ bacteriophage carrying the cholera toxin gene (Craig et 

al., 2003).  This renders the cell immune to CTXФ bacteriophage infection but also 

prevents the acquisition of useful genes carried by the phage.  The effects may even be 

beneficial, as seen in E. coli where loss of DsbA results in resistance to complement-

mediated lysis by the innate immune system, as DsbA is responsible for oxidising the 

cysteine residues in Complement Factor 9 (C9).  The addition of the disulphide bond 

converts C9 from the inactive form into the toxic form, killing the cell following uptake 

into the periplasm (Wang et al., 2000).   

DsbA has also been implicated in the generalised stress response in bacteria with DsbA, 

proteases and chaperones, being co-regulated in response to stressors which result in 

protein damage (Raivio, 2005; Suntharalingam et al., 2003). While the direct 

implications of loss of DsbA on the efficiency of the generalised stress responses of 

bacterial cells have not been studied, it is likely that the absence of DsbA may reduce 

stress tolerance (Oh and Liao, 2000).  One mechanism by which DsbA could have this 

effect is via the ability of DsbA to regulate DegP protease activity (also known in some 

species as HtrA or Protease DO).  DegP is an ATP-independent serine protease found 

on the periplasmic side of the inner membrane (Kim et al., 1999) and is the major 

protease that degrades misfolded periplasmic proteins in response to stress (Pallen and 

Wren, 1997; Raivio, 2005; Sklar et al., 2007). Whilst DegP acts as a chaperone and 

foldase at low temperatures, at high temperatures it undergoes a conformational change 

and acts primarily as a protease (Kim et al., 1999).  In E. coli, this enzyme consists of a 

500 kDa protein complex made up of 48 kDa subunits arranged in two stacks of 

hexameric rings which is stabilised by a disulphide bond. If DsbA is missing from the 

periplasm or the periplasmic environment is exposed to a reducing agent resulting in 

loss of the disulphide bond stabilising DegP, the protein undergoes auto degradation, 

forming 42-48 kDa monomers which disassociate from the membrane (Skorko-Glonek 

et al., 2006).  These monomers retain their proteolytic function (Skorko-Glonek et al., 

2006) and may increase in protease activity as suggested by Kim et al. (Kim et al., 

1999) who showed that autodegradation of DegP into monomers at high temperatures 

resulted in increased activity.  In this scenario, DegP protease activity is vital for 

protecting the cell from the toxic effects of an excess of misfolded proteins and hence 

many of the virulence defects ascribed to DsbA null mutants is based upon the 



4 

 

instability of proteins lacking the disulphide bond and the increased rate of degradation 

of these proteins by DegP (Kim et al., 1999).  It is important to note however, that not 

all bacterial DegP homologues contain the disulphide bond.  The facultative prototroph 

Rhodobacter capsulatus (Onder et al., 2008), contains a DegP without disulphide bonds 

and is presumably always active as a protease.  Indeed, the loss of DsbA has no effect 

on the activity of this protease (Onder et al., 2008).  In this bacterial species, there is 

strong selection pressure for the isolation of DegP mutants within the DsbA null mutant 

background, which allows the accumulation of enough misfolded but enzymatically 

active proteins to enable growth.  Thus in R. capsulatus, DsbA is required to place 

bonds in a cohort of proteins essential for growth to protect them from proteolytic 

degradation by proteases in the periplasm.  

The third common affect on loss of DsbA is disruption to cytochrome C production.  

Disruption to cytochrome C biogenesis manifests as slower growth of the organism or 

in the case of Pseudomonas aeruginosa reduced tolerance to stress (Mossialos et al., 

2006). Cytochrome C is a component of the electron transport chain. The protein is 

membrane bound and contains a CXXCH motif which binds heme in the active form of 

the protein (Turkarslan et al., 2008).  The apocytochrome C (immature form of the 

protein) is secreted into the periplasm via the Sec (general secretory) secretion pathway 

and is oxidised on entry by DsbA (Turkarslan et al., 2008) thus protecting the immature 

protein from proteolysis (Feissner et al., 2005).  The bonds are then reduced by the 

isomserisation pathway (1.3.2.2) to allow for binding of the heme complex.  In E. coli 

this is performed by the specialised DsbC homologue DsbG (also called CcmG) (Reid 

et al., 2001).  DsbA is essential for production of cytochrome C in E. coli, which 

requires the cytochrome C only during anaerobic growth (Metheringham et al., 1995).  

It is not essential in a number of other bacteria, including Bordetella pertussis (Feissner 

et al., 2005), Rodobacter capulatus (Deshmukh et al., 2003) and N. meningitidis 

(Kumar et al., 2011).  In these species it would seem there is less need for protection 

against proteases and here the oxidative pathway can actually inhibit Cytochrome C 

maturation by keeping the cysteines in an oxidised and inactive state in the absence of 

the isomerisation pathway.  Loss of cytochrome C function due to loss of DsbD in N. 

meningitidis ( Kumar et al., 2011) can be rescued by removal of the oxidation pathway.  



5 

 

Due to the necessity of cytochrome C there is usually a secondary pathway able to 

catalyse disulphide bond formation in the cytochrome, maintaining cell viability albeit 

with decreased growth.  This is seen in B. pertussis where there is no effect on 

cytochrome C production or activity following loss of DsbA (Feissner et al., 2005).  It 

is thought that there is either an alternative oxidation pathway in place or that other 

oxidising agents are present.  At least in B. pertussis, an obligate aerobe, small oxygen 

molecules can oxidise the cysteines of proteins, protecting it from degradation (Feissner 

et al., 2005).  

Metabolism can also be affected on loss of DsbA and these phenotypes include the 

disruption to pathways for proline (Olson et al., 1991) and leucine (Adams et al., 1990) 

uptake in E. coli and loss of the ability to utilise Glucose-1 phosphate as a carbon source 

by S. enterica Typhi (Agudo et al., 2004).  Table 1 lists a selection of confirmed 

proteins, pathways or phenotypes associated with loss of DsbA in E. coli.  A more 

comprehensive list including other bacterial species can be found in Appendix C. 

Table 1:  Partial list of DsbA substrates in E. coli linked to virulence1.   
Substrate Function Phenotype Reference 

Direct 
response to 

loss of DsbA 

Maintenance of 
oxidative environment 

in the periplasm 

Increased sensitivity to 
DTT/reductive stress 

(Bardwell et alet al., 1991; 
Findlay and Hirst, 1994) 

Multiple Multiple Inability of E. coli K1 to cause 
invasive disease in the infant rat 

model 

(Gonzalez et al., 2001) 

Agp periplasmic acid 
phosphatase 

Not stated in study (Berkmen et al., 2005) 

PhoA Alkaline phosphatase Loss of AP activity (Bardwell et al., 1991; 
Kamitani et al., 1992) 

AppA periplasmic acid 
phosphatase, phytase 

Not stated in study (Berkmen et al., 2005) 

Gene name 
not 

mentioned 

-lactamase Loss of resistance to Penicillin (Bardwell et al., 1991) 

BfpA Bundle forming pilin Rapid degradation of pilin 
subunits and no pilin present on 

surface of cell. 

(Donnenberg et al., 1997) 

C9 Human complement 
protein 

DsbA converts C9 from a non-
toxic to toxic from resulting in 
cell death.  Cells lacking DsbA 

are resistant to C9 killing. 

(Wang et al., 2000) 

CirA outer membrane colicin 
1 receptor protein 

Loss of protein (Vertommen et al., 2008) 

CcmC Cytochrome C Reduced growth rate (Metheringham et al., 
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1996; Sambongi and 
Ferguson, 1996) 

Cu,ZnSOD Cu,Zn superoxide 
disumutase 

Non – functional enzyme.  
Increased sensitivity to oxidative 

stress 

(Battistoni et al., 1999) 

DegP (HtrA) Heat Shock Chaperone Reduced tolerance to stress.  
DegP present in the reduced form 

resulting in increased protease 
activity and decreased chaperone 

activity. 

(Hiniker and Bardwell, 
2004; Skorko-Glonek et 

al., 2006; Skorko-Glonek 
et al., 2008) 

DppA Dipeptide binding 
protein 

Loss this protein resulted in loss 
of ability of proline auxotroph to 
utilise Pro-Gly peptide as source 

of proline and disruption for 
chemotaxis towards dipeptides 

(Hiniker and Bardwell, 
2004; Kadokura et al., 

2005; Olson et al., 1991) 

FlgI Flagella subunit Loss of motility (Bardwell et al., 1991; 
Hiniker and Bardwell, 

2004) 
FimC Chaperone protein for 

type I fimbrae/pilin 
subunits 

Reduction in type I fimbrae on 
cell surface and reduced biofilm 

formation 

(Genevaux et al., 1999) 

EaeA Intimin Increased sensitivity of Intimin to 
protease degradation. No longer 
capable of causing A/E lesions. 

(Bodelon et al., 2009; Yu 
and Kroll, 1999) 

End 1 Endonuclease Loss of protein (Vertommen et al., 2008) 

Etx Heat labile toxin Non-functional toxin (Stenson and Weiss, 2002) 
(Skorko-Glonek et al., 

2006) 

LamB the outer membrane 
component of the 

maltose 
transport system. 

Inability to metabolise maltose in 
the absence of both DsbA and 
DsbC, resulting in pink rather 

than red colonies on  maltodextrin 
MacConkey agar 

(Vertommen et al., 2008) 

LptD Inserts LPS into the 
outer membrane. 

Reduction in membrane integrity. (Denoncin et al., 2010) 

MepA penicillin 
insensitive murine 

endopeptidase 

Loss of protein (Vertommen et al., 2008) 

MerP Mercury (Hg2+) 
binding protein 

Increased sensitivity to Hg2+ (Powlowski and Sahlman, 
1999; Stafford et al., 1999) 

LivJ High affinity Leucine 
transport protein 

Disruption to Leucine uptake (Adams et al., 1990; 
Hiniker and Bardwell, 
2004; Kadokura et al., 

2005) 

OmpA Outer membrane 
protein 

Reduced frequency of 
conjugation. 

(Kadokura et al., 2005) 

PapD Pilus protein chaperone P-pilin not assembled (Jacob-Dubuisson et al., 
1994) 

PulK Component of type II 
secretion system 

Loss of type II secretion system (Pugsley et al., 2001) 



7 

 

RNaseI Degrades RNA Loss of activity (Hiniker and Bardwell, 
2004) 

STp Heat stable enterotoxin 
I 

Non-functional toxin (Batisson and der 
Vartanian, 2000; 

Yamanaka et al., 1994) 

STII Heat Stable enterotoxin 
II 

Degradation of toxin in the 
periplasm 

(Okamoto et al., 1995; 
Okamoto et al., 2001) 

Unknown Unknown Altered LOS structure (additions) (Genevaux et al., 1999) 
Unknown F-pilus component Resistance to F-pilus specific 

bacteriophages 
(Bardwell et al., 1991) 

Unknown Unknown Increased sensitivity to Cadmium 
(Cd2+) 

(Rensing et al., 1997; 
Stafford et al., 1999) 

Unknown Unknown Increased sensitivity to Zinc 
(Zn2+) 

(Rensing et al., 1997) 

1 This list includes confirmed phenotypes or substrates affected by loss of DsbA.  Cells bordered in blue 
signify those where the phenotype is known but the substrate is not.  Red signifies substrates proven to be 
lost in the absence of DsbA but the phenotype has not been confirmed.  Green indicates where the 
substrate and related phenotype is known. 

 

1.2.2 Adhesins – Pilin. 

Pilin, also referred to as fimbrae, are filamentous rope-like structures that have a variety 

of roles including twitching motility, cell attachment to host cells and auto-aggregation 

of bacterial cells, in addition to being involved in natural competence.  Pilin are grouped 

into four types based on their assembly pathway (Capitani et al., 2006).  Studies on 

dsbA null mutants have reported a wide range of defects in pili production and function 

of Type I pili (Genevaux et al., 1999), P-pili (Genevaux et al., 1999), F-pili 

(conjugative pilus) (Bardwell et al., 1991) and Type IV pilin (Donnenberg et al., 1997; 

Zhang and Donnenberg, 1996).   

Type 1 pilin, and the highly related P-pilin, are transported into the periplasm by the Sec 

pathway, transported across the periplasm by a chaperone and assembled across the 

outer membrane by an usher protein (Figure 1).  Type 1 pili are involved in attachment 

and invasion of host cells (Capitani et al., 2006).   In uropathogenic E. coli (UPEC) 

Type I pili are required for attachment to mannose units on the glycoprotein receptor 

uroplakin Ia, found on urinary epithelium cells.  This receptor binding and uptake into 

the eukaryote host cell is responsible for bacterial invasion and persistence in the 

urinary tract (Capitani et al., 2006).    In UPEC kidney infection, Type 1 pili and P-pili 

work together to result in kidney obstruction with the P-pili mediating bacterial host 
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attachment and the Type 1 pili mediating inter-bacterial interactions and formation of 

the biofilm (Melican et al., 2011).  DsbA is required for the correct formation of both 

Type 1 and P-pili in UPEC (Figure 1).  A dsbA null UPEC strain shows a reduction in 

Type 1 pili on the cell surface, due to destabilisation of the disulphide-containing main 

pilin subunit FimA (Genevaux et al., 1999).  The same strain lacks P-pili entirely and 

this is due to a combination of destabilisation of the main pilin subunit PapA and the 

PapD chaperone (Genevaux et al., 1999). 

 
Figure 1:  The Type 1 pili of E. coli.  The pilus consists of a tip which is responsible for adhesion and a 
rod of variable length that is needed for structure and elongation/contraction of the pili.  The red circles 
indicate areas of the pilus pathway which are affected by loss of DsbA.  Panel A shows the Type I pili 
assembly in uropathogenic  E. coli (UPEC), figure adapted from Capitani et al., (2006).  DsbA is required 
for formation of the stabilising bond in the FimA subunit.  Panel B shows the P-pilin from UPEC, figure 
adapted from Sauer et al., (1999).  DsbA is required for formation of the stabilising disulphide bond in the 
PapA subunit and the PapD chaperone. 

The most commonly reported pili to be affected by loss of DsbA are the Type IV pili, 

including the bundle forming pili (Bfp) of EPEC (Donnenberg et al., 1997) and the 

toxin correlated (Tcp) pili found in V. cholerae (Manning, 1997).  These are common 

structural forms of pili found on many Gram negative bacteria and are required for 

adhesion and invasion (Xicohtencatl-Cortes et al., 2009), twitching motility (Mattick, 

2002), biofilm formation (Xicohtencatl-Cortes et al., 2009)  as well as having 

specialised functions such as the uptake and secretion of DNA (Fussenegger et al., 
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1997; Sinha et al., 2008).  In many Gram negative bacteria (Appendix C) DsbA is 

required for the introduction of a disulphide bond into the major subunit of the Type IV 

pilin (Figure 2).   

Type IV pili consist of a thin filamentous fibre comprised of a helical polymerisation of 

a major pilin subunit.  The complete structure of the Neisserial pili has been determined 

(Forest and Tainer, 1997).  The major pilin subunit in N. meningitidis (PilE) has two 

domains, a conserved N-terminal domain and a variable C-terminal domain containing 

the disulphide bond (Forest and Tainer, 1997).  In the polymerised pili in which there 

are five pilin subunits per turn, the conserved N-terminal domain consisting of -helices 

forms the innermost layer of the structure with a middle layer of continuous -sheets, 

being responsible for structural stability.  Mutations in this region prevent or alter pilus 

assembly and this domain structure is highly conserved across species (Forest and 

Tainer, 1997).  On the other hand, the C-terminal domain is surface exposed, and can 

tolerate extreme amino acid alterations without disrupting structure or function (Forest 

and Tainer, 1997).   

 
Figure 2:  The Type IV pilin.  Panel A.  The type IV pilin apparatus in P. aeruginosa.  In many Gram 
negative bacteria there is a stabilising disulphide in the major pilin rod subunit (PilA in the figure above).  
This results in instability of the pilus subunit and, depending on the species, either results in non-
functional pilin (Tinsley et al., 2004) on the surface of the cell, or complete degradation of the pilin 
subunit and absence of pilin on the cell surface (Donnenberg et al., 1997).  In most species the other pilin 
components are not affected by DsbA but there are exceptions, in N. meningitidis the PilQ subunits have a 
putative disulphide bond and may be affected by loss of DsbA (Sinha et al., 2008).  Figure taken from 
Mattick, (2002).  Panel B.  A ribbon diagram of TcpA, the Type IV pilin subunit from V. cholerae.  The 
disulphide bond is in the  hypervariable C-terminal domain and is  indicated by the red arrow.  Figure 
taken from Craig et al., (2003). 
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The C-terminal domain contains a loop, which varies in length between different 

antigenic variants, stabilised by a disulphide bond.  Mutations in the disulphide loop 

lead to reduced adherence to epithelial cells as well as a reduction in latent aggregation 

of pili and auto-agglutination of N. gonorrhoeae cells though it does not affect pilin 

shaft assembly (Tonjum and Koomey, 1997). This effect was seen by Tinsley et al., 

(2004) who reported the presence of inactive pilin on the surface of meningococci 

following loss of two NmDsbA proteins and subsequent loss of the pilin subunit 

disulphide. The major pilin subunits of other species are less stable on loss of the C-

terminal domain disulphide with the bundelin for bundle forming pili (BfpA) from 

enteropathogenic E. coli (Donnenberg et al., 1997) and toxin correlated pilin (TcpA) 

from V. cholerae (Craig et al., 2003; Foreman et al., 1995), being rapidly degraded by 

proteases in DsbA null mutants resulting in non-piliated strains.    

 

1.2.3  Motility - Flagella 
Flagella play an important role in bacterial pathogenesis allowing for spread of the 

bacteria across mucosal surfaces, movement in liquid, chemotaxis, and can even act as 

an adhesin (Josenhans and Suerbaum, 2002).  Flagella have been confirmed as a 

virulence factor in a number of Gram negative bacteria including but not limited to 

Salmonella (Weinstein et al., 1984), Burkholderia (Chua et al., 2003), and Vibrio (Ran 

Kim and Haeng Rhee, 2003).  The flagella organelle (Figure 3) is a complex structure 

consisting of an export apparatus required for biosynthesis, the motor which provides 

energy for flagella rotation, the switch which controls activation of the flagella in 

response to environmental stimulus, the basal body which traverses the membranes and 

anchors the structure, the hook which functions as a joint, and the filament which acts as 

a propeller (Macnab, 2003). 

Loss of motility due to disruption of flagella synthesis was one of the first phenotypes 

attributed to an E. coli DsbA null mutant (Bardwell et al., 1991).  It is the basal body 

that is affected by loss of DsbA.  The basal body consists of an integral membrane ring 

(MS) in the cytoplasmic membrane, a rod structure that transverses the periplasmic 

space, a periplasmic P ring and outer membrane L-ring (Macnab, 2003).   
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Figure 3:  The structure of Gram negative bacterial flagella.  The P-ring subunit FlgI contains a 
stabilising disulphide bond and the flagella is non-functional in the absence of DsbA.  Figure adapted 
from Spohn and Scarlato, (2001). 

The periplasmic ring anchors the basal body to the peptidoglycan layer and is made up 

of FlgI subunits.  FlgI contains a stabilising disulphide bond and is the substrate 

responsible for loss of motility seen on loss of DsbA in E. coli (Bardwell et al., 1991; 

Hizukuri et al., 2006).  The disulphides in FlgI homologues are not conserved in all 

Gram negative bacteria and appear to be required for stability of the protein rather than 

function (Hizukuri et al., 2006).  Loss of motility is commonly seen in DsbA mutants in 

numerous species, though in many cases the protein involved has not yet been 

confirmed (Appendix C). 

 

1.2.4  Secretion systems 

There are five secretion systems in Gram negative bacteria, two of which have been 

shown to be affected by loss of DsbA in certain species.  The type II secretion system 

(T2SS) and the Type III secretion system (T3SS) are both affected by loss of DsbA in 

numerous species.  The majority of secreted proteins in bacteria pass through the T2SS 
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(Figure 4).  This includes all proteins with a signal peptide (Rusch and Kendall, 2007).  

The nature of the signal peptide determines which T2SS will be used for transport and 

will direct the protein to either the Sec (General Secretory) or the TAT (Twin Arginine 

Translocation) pathways (Rusch and Kendall, 2007).   

Secretion via the T2SS is a two-step process (Figure 4).  The first is transport via the 

SecYEG channel into the periplasm.  This is an energy dependent step and is powered 

by ATP hydrolysis by the cytoplasmic SecA protein.  For periplasmic proteins the 

process stops there.  For extracelluar proteins a second step is required and involves 

secretion across the outer membrane by the secretin component made up of 12-16 

proteins, depending on the species (Arts et al., 2007).  These proteins are commonly 

referred to as Gsp (General secretory proteins).  The inner membrane components 

consist of a cytoplasmic ATPase (GpsE) bound to the inner membrane protein (GpsF) 

stabilised by the major pseudopilin (GpsG), minor pseudopilin (GpsH, GpsI, GpsJ and 

GpsK) and the pseudopilin peptidases (GpsL and GpsM) (Cianciotto, 2005; Sandkvist, 

2001).  The periplasmic and outer membrane components are comprised of the 

methytransferase GpsO which also plays a role in Type IV pili biosynthesis, GpsC 

which is involved in substrate recognition and interaction between substrate and 

secretin, GpsA and GpsB which assist in the correct placement of secretin in the outer 

membrane and secretin (GpsD) itself (Cianciotto, 2005; Sandkvist, 2001).  Loss of 

DsbA has been reported to result in disruption to the T2SS in numerous species 

including Klebsiella oxytoca (Pugsley et al., 2001), P. aeruginosa (Royet and 

Reichhart, 2003), B. cepacia (Hayashi et al., 2000) and  E.  chrysanthemi (Bortoli-

German et al., 1994).  Pugsley et al., (2001) reported loss of the disulphide bond in the 

minor peudopilin subunit PulK (GspK) and in PulS (GspS) which in some species is 

required as a chaperone for GspD.   
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Figure 4:  Type II secretion system.  The secreted protein is translocated across the inner membrane 
(IM) by the Sec pathway, folded by periplasmic chaperones, which may or may not include DsbA 
depending on the protein involved, and then secreted in the mature form across the outer membrane (OM) 
by the secretin complex.  The letters represent the proteins, GpsA-N (called EpsA-N in V. cholerae and 
Pul in K. oxytoca).  GpsS is shown with a dotted line as it is present in some species but not others., such 
as V. cholerae or E. coli.  The pseudopilin is composed of five subunits GspG/H/I/J/K (Sandkvist, 2001).  
This figure is adapted from Sandkvist,(2001).   

Mutational studies showed that the loss of the disulphide bond in PulS had no 

phenotypic effect as the protein, despite being unstable and rapidly proteolysed, 

nonetheless survived long enough to perform its role as a chaperone (Pugsley et al., 

2001).  Loss of the disulphide bond in PulK however resulted in loss of secretion of 

pullanase (Pugsley et al., 2001).  It is likely that PulK is affected in other species as 

well, resulting in the loss of function of the secretin complex, but this has not been 

confirmed. 

In addition, loss of DsbA results in loss of the T3SS in diverse bacterial species 

including P. aeruginosa (Royet and Reichhart, 2003), S. enteric Typhimurium (Miki et 

al., 2004), S. flexneri (Yu et al., 2000), and Yersinia pestis. The best characterised T3SS 

is that of Y. pestis the causative agent of bubonic plague. The T3SS of Y. pestis, which 

is encoded in the Yop virulon located on a 70 kb plasmid (Cornelis, 2002),. is involved 

in the direct transport of the effectors from the cytoplasm across the inner and outer 
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bacterial membranes, and also across the membrane of the eukaryotic target cell (Figure 

5).   

 
Figure 5:  The Ysc injectome of the type III secretion system from Yersinia pestis.  The Outer 
membrane ring comprises 12-14 mer of the YscC secretin which possesses two disulphide bonds.  In the 
absence of DsbA the injectome fails to form (Jackson and Plano, 1999).  Figure taken from Diepold et al., 
(2010). 

Once inside the host cell, the effector proteins act to prevent phagocytosis, cytokine 

production and the activation of inflammatory pathways in immune cells (Cornelis, 

2002). The T3SS system consists of three components: (a) the Ysc injectisome which 

spans the bacterial membrane (Figure 5), (b) the Yop translocators which deliver the 

Yop effectors across the eukaryotic membrane and (c) the Yop effectors which have a 

biological effect on eukaryotic cells to aid cellular invasion and toxicity of the bacteria 

(Cornelis, 2002).  Yersinia spp. possess 25 ysc genes (Diepold et al., 2010),  11 of 

which are conserved across Gram negative T3SS, and is known to secrete 14 Yop 

proteins (Cheng and Schneewind, 2000). The injectome is comprised of two membrane 

spanning rings, linked by a cylinder and a hollow filament made up of ~150 subunits of 

YscF.  The outer membrane ring is made up of 12-14 subunits of YscC, a member of 

the secretin family (Diepold et al., 2010).  YscC contains two disulphide bonds and in 

the absence of DsbA is rapidly degraded, preventing the formation of the T3SS 

apparatus (Jackson and Plano, 1999).   
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1.2.5   Bacterial Toxins. 

A number of bacterial toxins require disulphide bonds for structural stability and 

activity.  Loss of a disulphide bond can affect toxin activity directly or can have an 

indirect affect on toxin production by increasing their affinity for periplasmic proteases.  

The best characterised of the toxins affected by loss of DsbA are the AB5 toxins and the 

Heat Stable Toxin (ST) of enteropathogentic E. coli (EPEC).  ST of EPEC contains 

three disulphide bonds required for protein stability and activity (Batisson and der 

Vartanian, 2000).  ST binds the high affinity transmembrane guanylate cyclase C 

receptor found on intestinal enterocytes in the small intestine resulting in fluid 

accumulation in the small intestine thus causing diarrhoea and dehydration in the host 

(Batisson and der Vartanian, 2000).  Loss of a single disulphide bond causes a 200-fold 

decrease in toxin activity and loss of two or more disulphide bonds completely 

abolishes activity (Yamanaka et al., 1994).   

AB5 toxins are members of the AB family of toxins which include the botulinum and 

tetanus toxins as well as the staphylococcus toxin which causes toxic shock syndrome 

(Lacy and Stevens, 1998).  AB5 toxins are present in a number of Gram negative 

bacteria and include the cholera toxin of V. cholerae, the pertussis toxin of B. pertussis, 

heat labile toxin (LT) of E. coli, the shiga toxin found in Shigella spp. as well as the 

shiga-like toxins found in E. coli.  All AB5 toxins are comprise of five B subunits 

linked to a single A subunit (Lacy and Stevens, 1998).  The B pentamer units are held 

together by disulphide bonds and this part of the protein is responsible for binding and 

delivery of the toxic A unit into target cells (Merritt and Hol, 1995).  The B pentamer 

receptor consists of the oligosaccharide moieties of ganglioside or glycosylated protein 

on the surface of host cells (Merritt and Hol, 1995).  The A unit consists of two 

domains stabilised by a disulphide bond (Merritt and Hol, 1995).  The A1 domain is 

responsible for ADP-ribosylating Gs, a component of the trimeric GTP binding 

proteins resulting in an increase in cAMP levels in the cell and secretion of Cl- ion 

(Rodighiero et al., 1999).  For enteric toxins (e.g. cholera, LT and shiga toxins) this 

results in an influx of fluid into the lumen of the gut causing severe diarrhoea and 

dehydration in the host (Rodighiero et al., 1999).  The A2 domain mediates the 
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interaction of the A subunit with the B pentamer.  Activation of the A1 domain requires 

reduction of the disulphide bond in the endoplasmic reticulum (ER) and photolytic 

cleavage from the A2 domain at Arg-192 (Rodighiero et al., 1999).  The proteolytic 

cleavage is performed either by extracellular proteases secreted by the bacteria, such as 

the HA protease of V. cholerae, or by host proteases such as trypsin (Rodighiero et al., 

1999).  Loss of DsbA results in destabilisation of both the A and B subunits and 

prevents formation of the toxin although the toxicity of the A subunit is retained.  This 

destabilised toxin is deficient in delivery of the A1 domain to the cell and has no 

biological affect on target cells (Batisson and der Vartanian, 2000; Peek and Taylor, 

1992; Stenson and Weiss, 2002).  

Disulphide bonds can also be used to regulate activation of secreted toxins to ensure 

the toxin does not activate prematurely and damage the cell.  One example of this type 

of mechanism is elastase B (LasB) of P. aeruginosa.  This is the most abundant 

secreted protein in P. aeruginosa (Braun et al., 2001) and has been linked to virulence 

in both lung (Sawa et al., 1998) and corneal (Thibodeaux et al., 2007) infections.  LasB 

has been shown to break down elastin, fibrin and collagen found in host connective 

tissue (Heck et al., 1986), tight junctions between epithelial cells (Azghani et al., 

1990), to do damage in vivo to host tissue (Gray and Kreger, 1979) and aids in immune 

evasion by degrading host immune factors such as IgG (Fick et al., 1985), IgA (Heck et 

al., 1990), IFN and TNF  (Parmely et al., 1990).  In vivo overexpression of LasB in 

Pseudomonas results in increased growth rate, extended exponential phase and higher 

cell density in broth when compared to the wild-type as well as alterations to the 

composition of extracellular polymeric substances and inability to form a biofilm 

(Tielen et al., 2010).  Overexpression of LasB also resulted in a significant increase in 

cell mobility including swimming, swarming and twitching mobility (Tielen et al., 

2010).  Elastase B is secreted via the type II (Sec) secretion pathway and requires the 

formation of two disulphide bonds for maturation.  The Pre-protein contains a signal 

peptide, pro-protein and protein (Figure 6). 
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Figure 6:  The primary structure of the LasB Pre-protein.  The signal peptide is cleaved following 
translocation through the Sec machinery into the periplasm.  The C-Terminal disulphide is formed 
following entry to the periplasm.  This activates auto-proteolytic cleavage of the pro-peptide and allows 
DsbA access to the N-terminal cysteines (Braun et al., 2001). 

The N-terminal disulphide is inaccessible to DsbA while the pro-protein is attached.  

The formation of the C-terminal disulphide activates the auto-proteolysis of the pro-

protein from the elastase (Braun et al., 2001).  This then allows DsbA to interact with 

the N-terminal disulphide and forms the mature elastase.  The mature protein and pro-

protein remain associated and are secreted together through the Sec pathway to the 

extracellular matrix where the pro-protein is degraded by the mature elastase (Braun et 

al., 2001).  

Mutational studies by Braun et al., 2001 indicated that the C-terminal disulphide was 

essential for maturation of the elastase and when absent resulted in an accumulation of 

intracellular pro-enzyme-elastase.  The N-terminal disulphide however was not 

required for function of the elastase, the auto-proteolytic cleavage of the mature protein 

from the pro-protein or secretion of the elastase.  It did however play a role in elastase 

stability and while the loss of this bond did not affect the proteolytic activity of elastase 

with host proteins it proved unable to proteolyse the disassociated pro-protein (Braun et 

al., 2001).  Thus DsbA is used not just to activate and stabilise P. aeruginosa LasB but 

also aids in the maturation process, ensuring maturation occurs in the correct 

compartment of the cell. 

 

1.3     The oxidation and isomerasation pathways. 

DsbA, as the general oxidoreductase of the cell has a pleiotrophic role, being required 

for optimal functioning of multiple pathways.  The periplasm of E. coli contains over 

700 proteins, of which approximately 40% are secreted proteins with multiple cysteines 
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and so have the potential to possess disulphide bonds (Vertommen et al., 2008).  A 

study by Vertommen et al., 2008 on 125 of these proteins in an E. coli DsbA mutant 

showed that for approximately 50 of these proteins, levels were decreased in the 

periplasm by at least two fold.  For a large number of these proteins levels are only 

reduced and the protein is not completely lost.  This may be due to the function of the 

disulphide bond which stabilises the protein tertiary structure rather than playing a 

functional role in protein activity, or alternatively, could be the result of the ability for 

DsbC to partially complement the role of oxidant in the absence of DsbA.  This second 

theory explains the increased severity of the DsbA/DsbC null phenotype where proteins 

that are merely reduced on loss of DsbA are lost completely when DsbC is absent as 

well (Vertommen et al., 2008).  

DsbA does not work in isolation and is one of the many foldases which are involved in 

the correct folding of secreted proteins.  The Dsb pathway itself consists of two 

kinetically separate pathways, the oxidative pathway (DsbA/DsbB) responsible for the 

oxidation of disulphide bonds (Collet and Bardwell, 2002) and the isomerisation 

pathway (DsbC/DsbD) responsible for the correction of incorrectly formed disulphide 

bonds (Frand et al., 2000).  However, there is recent evidence of a third pathway, 

DsbL/I, in uropathogentic E. coli (UPEC) (Grimshaw et al., 2008) and Salmonella 

enterica (Lin et al., 2009)  which appears to be a narrow substrate oxidation pathway 

similar to, but separate from and existing alongside, the DsbA/DsbB pathway.  

Therefore it is increasingly clear that the number and diversity of oxidation and 

isomerisation pathways vary between species.  The oxidation pathway in Salmonella 

enterica (Bouwman et al., 2003), Haemophilus influenzae and Neisseria meningitidis 

along with a number of other species contain more than one DsbA oxidoreductases 

while E. coli has a single DsbA.  Alternatively the isomerisation pathway of E. coli has 

three isomerases, DsbC, DsbG (Andersen et al., 1997; Reid et al., 2001) and DsbE 

(Reid et al., 2001), while genomic analysis shows the Neisserial species have only 

DsbC.  In all cases the extra oxidoreductases, with the exception of DsbL, are thought to 

be oxidised by DsbB in the same way as DsbA, and the isomerases by DsbD in the 

same way as DsbC. Therefore the discussion on the pathways below deals only with 

DsbA, DsbC and DsbL for simplicity’s sake.  The oxidation and isomerisation pathways 

are found in various forms in Gram positive organisms, archaeal and eukaryotic cells 

and are discussed briefly below. 
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1.3.1  The thioredoxin superfamily. 

All Dsb proteins, along with the eukaryotic protein disulphide isomerase (PDI) and a 

number of other thiol oxidoreductase proteins belong to the Thioredoxin superfamily.  

Thioredoxin is a small ubiquitous protein of 12kDa present in the cytoplasm of all 

prokaryotic and eukaryotic cells (Rietsch and Beckwith, 1998).  It is a thiol reductase, 

meaning it removes disulphide bonds from proteins and is the main protein responsible 

for the maintenance of the reducing environment of the cytoplasm (Kobayashi and Ito, 

1999).  All members of the thioredoxin superfamily contain a thioredoxin domain in 

their structure (with the exception of DsbB) and contain a CXXC active site with a 

reversible disulphide bond forming between the two cysteines (Table 2).  

Table 2:  Active site motif of thioredoxin superfamily members1.   
Protein Active Site Sequence (CXXC) 
DsbA CPHC 
DsbB CVLC 
DsbC CGYC 
DsbD CVAC 
DsbE CPTC 

Thioredoxin CGPC 
PDI CGHC 

1Table taken from Raina and Missiakas (1997). 

It is the thioredoxin domain and active site in these proteins which are essential for 

function (Chivers et al., 1997).  The thioredoxin structure is always maintained in spite 

of low sequence homology between oxidoreductases of differing functions or from 

differing eukaryote and prokaryote species (Fabianek et al., 2000).  Loss of the 

thioredoxin structure results in loss of function while the majority of amino acids appear 

to be interchangeable provided structural integrity is maintained (Jacobi et al., 1997). 

There are three distinct reactions that can be performed by thioredoxin related 

oxidoreductases.  In vivo these proteins generally perform only one of these functions 

but all can be forced in vitro to perform any of the following reactions: 
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1. Thiol oxidation – The formation or oxidation of disulphide bond in a peptide 

which results in the disruption or reduction of the disulphide bond at the active 

site of the oxidoreductase.  DsbA, DsbL and PDI perform these reactions in vivo. 

2. Thiol isomerisation – Disruption and reformation of the disulphide bond in a 

different position within the protein.  This is essential for proteins containing 

non-consecutive disulphide bonds (bonds between cysteine residues with a third 

cysteine residue between them).  Proteins containing non-consecutive disulphide 

bonds are less common in prokaryotes compared to eukaryotes.  DsbC and PDI 

are examples of disulphide isomerases. 

3. Thiol reduction – Disruption (reduction) of the disulphide bond of a protein 

resulting in the loss of the disulphide from the protein substrate and formation 

(oxidation) of the disulphide bond at the active site of the oxidoreductase.  

Thioredoxin and DsbD perform this function in vivo.  

 

1.3.2 The Dsb pathway of E. coli 

1.3.2.1   The protein oxidation pathway 

Once DsbA has donated the disulphide bond to a substrate protein, it is reduced, is no 

longer capable of acting as a disulphide donator and needs to be reoxidised by the 

cytoplasmic membrane bound protein DsbB (Bardwell et al., 1993) (Figure 7).  DsbB is 

an inner membrane protein with two periplasmic domains and four transmembrane 

domains.  The N- and C- terminal ends of DsbB are located in the cytoplasm of the cell 

and have no catalytic activity (Kadokura and Beckwith, 2002).  DsbB does not contain a 

thioredoxin domain but does possess two active sites of CXXC (CVLC), one in each of 

the periplasmic domains (Regeimbal and Bardwell, 2002).  DsbA interacts with the 

second periplasmic domain and the disulphide bond at Cys-104 and Cys-130.  Once 

DsbA binds to the second domain, the Cys-104 and Cys-130 are forced apart, breaking 

the disulphide bond (Inaba et al., 2006).  The free electrons of the broken disulphide 

bond are transferred to the active site of DsbA resulting in the oxidation of the active 

site residues (Couprie et al., 2000).  This reaction is not theoretically favourable as the 

redox potential of the Cys-104 – Cys-130 disulphide is ~0.13V less than the DsbA 
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active site disulphide.  It appears that the physical separation of the two DsbB cysteines 

by DsbA results in favourable “uphill oxidation” even in the absence of electron transfer 

to quinone (Inaba et al., 2006).  

Loss of the Cys-104-Cys-130 disulphide destabilizes the second periplasmic domain 

loop of DsbB bringing it into contact with the disulphide bond in the first periplasmic 

domain at Cys-4 and Cys-44 (Inaba et al., 2004).  This disulphide bond is donated to the 

Cys-104 and Cys-130 position re-establishing the second domain and allowing for 

interaction with DsbA.  The disulphide bond at Cys-4 and Cys-44 is reoxidised by 

donating electrons onto the quinones and then into the electron transport chain (Inaba et 

al., 2004).  DsbB interacts with different quinones depending on the availability of 

oxygen.  Under aerobic conditions DsbB passes the electrons to ubiquinone and through 

the electron transport chain into oxygen.  Under anaerobic conditions the electrons are 

passed to menaquinone and then onto nitrate or fumarate (Ritz and Beckwith, 2001) 

(Figure 7). 

 
Figure 7:  The oxidation pathway of E. coli.  Following oxidation of the substrate cysteines electrons 
are passed from DsbA to DsbB reoxidising the DsbA active site.  DsbB reoxidises its active site 
disulphide bonds by passing the electron onto quinone and into the electron transport chains.  Figure 
taken from Collet and Bardwell, (2002). 
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Loss of DsbB produces a phenotype similar to that resulting from the loss of DsbA, 

although not always as severe as that seen for loss of DsbA.  It is thought that DsbA can 

interact directly with the quinone following loss of DsbB resulting in  partial oxidation 

of proteins, thus reducing the severity of the DsbB null phenotype (Regeimbal and 

Bardwell, 2002).   

The order in which the disulphide bond is formed in the substrate peptide depends on 

the manner in which the protein is transported into the periplasm (Figure 8).  As the 

peptide is being translated by the ribosomal machinery the N-terminus interacts with the 

Sec pathway for transport into the periplasm.  Kadokura and Beckwith (2009) have 

shown that formation of the disulphide occurs during the translocation process and the 

first cysteine to enter the periplasm is the one that initiates the attack on Cys-30 in 

DsbA and forms the disulphide intermediate.  The second cysteine of the substrate 

peptide to enter the periplasm then resolves the bond to form the disulphide in the 

substrate protein (Kadokura and Beckwith, 2009) (Figure 8).  This means that 

disulphide bonds form between consecutive cysteines.  For proteins that require 

disulphide bonds between non-consecutive cysteines a second pathway termed the 

protein isomerisation pathway is required. 

 
Figure 8:  Disulphide bond formation occurs during membrane translocation by the Sec pathway.  
1.  DsbA in the active state has the Cys-30-Cys33 disulphide bond oxidised.  2.  The substrate cysteine 
attacks the Cys-30 residue.  The Cys-30 is reduced and a mixed disulphide forms between the substrate 
and the Cys-33.  3, The second substrate cysteine resolves the bond, oxidising Cys-33 and forming a 
stabilising disulphide in the substrate.   
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1.3.2.2   The protein isomerisation pathway 

Since it has been postulated that DsbA oxidizes disulphide bonds in a sequential 

manner, this results in a high rate of misfolded proteins when non-consecutive 

disulphide bonds are present (Berkmen et al., 2005).  To overcome this issue, disulphide 

isomerases shuffle the disulphide bonds around the substrate protein until the most 

stable conformation is achieved (Figure 9).  The main disulphide isomerase in bacteria 

is DsbC (Sone et al., 1997).  DsbC was first identified as a multicopy suppressor of a 

dsbA null mutation, although it cannot fully complement loss of DsbA at wild-type 

expression levels (Missiakas et al., 1994).   

Loss of DsbC produces a stress response and results in an increase in misfolded proteins 

and a reduction in the levels of proteins containing disulphide bonds, but to a much 

lesser extent than loss of DsbA.  DsbC is maintained in a reduced state in the periplasm 

by the inner membrane protein, DsbD (Missiakas et al., 1995).   DsbC is similar in 

structure to DsbA containing a thioredoxin domain, CXXC (CGYC) active site and an 

-helical domain (Chivers et al., 1997).  The main structural difference is that between 

DsbA and DsbC is that DsbC forms homodimers and this is thought to  protect DsbC 

from oxidation by DsbB (Segatori et al., 2006; Segatori et al., 2004).  The monomeric 

form of DsbC has oxidoreductase activity and can interact with DsbB (Inaba et al., 

2006).   

The transmembrane protein DsbD remains reduced in the oxidizing environment of the 

periplasm by interactions with thioredoxin through its cytoplasmic domains (Goulding 

et al., 2002).  In the absence of DsbD, DsbC is able to maintain the reduced state by 

donating the active site disulphide to folding proteins, thereby acting as both an oxidase 

and an isomerase (Vertommen et al., 2008). As well as the general purpose DsbC, E. 

coli possesses two other substrate specific disulphide isomerases, the non-essential 

DsbG (Andersen et al., 1997; Reid et al., 2001) and the cytochrome specific DsbE (also 

known as CcmG) which is required for cytochrome C biogenesis (Reid et al., 2001).   
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Figure 9:  The isomerisation pathway of E. coli. DsbD reduces the E. coli isomerases (DsbC, DsbE 
and DsbG) and is maintained in a reduced state by thioredoxin.  Figure taken from Frand et al., (2000). 

Other Gram negative bacteria have been found to utilise other oxidoreductases in their 

isomerisation pathway.  N. gonorrhoeae, instead of having multiple DsbC homologues 

such as DsbG, uses a periplasmic thioredoxin in conjunction with DsbC, known as TplA 

(Thioredoxin Like Protein A) (Achard et al., 2009).  TplA (NGO1923) bears 28% 

amino acid identity to the TplA from the soil producing bacteria Bradyrhizobium 

japonicum in which the periplasmic thioredoxin was first identified (Loferer et al., 

1993).  NgTplA is produced from a 614 bp gene and is 17.6 kDa in size (Achard et al., 

2009).  It possesses a signal peptide with a cleavage site indicating a soluble periplasmic 

location and has been confirmed to act as a thioredoxin reductase by biochemical 

analysis (Achard et al., 2009).  The substrate for NgTplA has not yet been identified but 

is thought to be MsrAB (methionine sulfoxide reductase).  N. gonorrhoeae is unusual 

by having MsrAB located in the outer membrane rather than in the cytoplasm (Achard 

et al., 2009).  TplA is thought to be kept in the reduced state by DsbD and loss of the 

protein results in increased susceptibility to  oxidative stress and reduced ability to 

survive in primary human cervical epithelial (pex) cells (Achard et al., 2009). 
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For a long while the isomerisation pathway was considered an auxiliary pathway, fixing 

the errors of the DsbA pathway and only required for the rare proteins with multiple 

non-consecutive bonds.  However evidence is emerging to show it has a far greater role 

in bacterial health and indeed in some species may be more important to bacterial 

viability than the DsbA pathway.  This is seen in N. meningitidis where loss of the 

DsbA pathway results in viable, though very sick cells while loss of DsbD shows a fatal 

phenotype (Kumar et al., 2011).  This is due to the requirement for the reduction of 

disulphide bonds on cytochrome C to allow the cysteine residues to bind haem to for the 

active form of the protein (Kumar et al., 2011).  Cytochrome C is not the only protein to 

require a reduced cysteine in the periplasm of the cell, though such proteins are rare, 

and in Neisseria sp. include MsrAB as well as other proteins involved in oxidative 

stress response and intracellular survival, all of which draw on the reductive power of 

the isomerisation pathway to be maintained in a reduced state (Kumar et al., 2011). 

 

1.3.2.3   The DsbL/I pathway. 

DsbL was first identified in an E. coli uropathogenic (UPEC) strain by Grimshaw et al., 

(2008).  DsbL is the catalytic oxidoreductase in a DsbA/B paralogue pathway with DsbI 

being responsible for the reoxidation of DsbL.  The DsbL protein itself has a similar 

structure to DsbA, but with longer loops in the -helical domain, increasing the size of 

that domain and a basic patch in place of the hydrophobic groove (Heras et al., 2010), 

the region responsible for binding to DsbB (Heras et al., 2008).  Because of this feature, 

a separate oxidant, DsbI, is required for DsbL.  DsbL has been shown to be specific for 

the arylsulfate sulfotransferase (ASST) protein which is involved in breakdown of toxic 

phenolic substances (Grimshaw et al., 2008).  DsbL has also been shown to be able to 

catalyse disulphide bond formation in flagella subunits and in the P-pilin subunits in the 

absence of DsbA (Totsika et al., 2009), but it is not able to fully complement loss of the 

DsbA system. Thus the UPEC strain CFT073 containing mutated DsbA/B system but 

with an intact DsbL/I remains avirulent in mouse urinary tract infection model (Totsika 

et al., 2009).  The DsbL/I system is not found in E. coli K12 strain (Totsika et al., 2009) 

but it is prevalent in a number of UPEC strains and a number of other bacterial species 

including members of the Gammaproteobacteria, Deltaproteobacteria and 
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Epsilonproteobacteria genera (Totsika et al., 2009).  In each case the dsbL and dsbI 

genes are located in the same loci as assT (Figure 10). 

It has been suggested that the need for a specific oxidoreductase for the arylsulfate 

sulfotransferase ASST protein is due to the presence of an allosteric disulphide bond in 

ASST which has a higher stress on the disulphide compared to the structural or catalytic 

disulphide bonds commonly seen, providing steric hindrance to oxidation, and as such 

may require a stronger oxidoreductase to form the bond correctly (Totsika et al., 2009).  

The regulation of DsbL/I is currently unknown (Heras et al., 2010; Totsika et al., 2009). 

 

Figure 10:  The distribution and genetic arrangement in proteobacteria.  The species are organised 
based on genera, Gammaproteobacteria (pink box), Deltaproteobacteria (blue box) and 
Epsilonproteobacteria (green box).  The genetic arrangement of the dsbL/I  loci is shown adjacent to the 
species name.  In yellow is the dsbL gene, red denotes dsbI and blue the position of assT.  White denotes 
an unidentified ORF.  Figure taken from Totsika et al., (2009). 

 

1.4  Regulation of dsbA. 

The regulation of dsbA is not well understood but has been most closely studied in E. 

coli and S. enterica Typhimurium.  As DsbA is required for optimal functioning of 

multiple pathways, it is constitutively expressed in the cell at low levels (Belin and 

Boquet, 1994; Suntharalingam et al., 2003) with an increase in expression seen during 
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stationary phase (Goecke et al., 2002).  Like many proteins involved in protein folding 

pathways, dsbA expression is also controlled by the stress response regulation pathway 

Cpx (conjugal plasmid expression) (McEwen and Silverman, 1980) two component 

system (Figure 11).  As a result, dsbA is upregulated when the cell is stressed by 

alkaline pH, the presence of misfolded proteins and the over expression of certain 

membrane proteins as well as alterations in the membrane composition (Raivio, 2005). 

 

Figure 11:  The Cpx two component system stress response pathway in E. coli.  Activation of the 
CpxAR two component system by the presence of misfolded proteins in the periplasm results in the 
upregulation of genes involved in correct protein folding including chaperones, proteases and DsbA.  
Figure taken from Jones et al., (1997). 

In both E. coli and S. Typhimurium, dsbA is in an operon located downstream of yihE 

(or rdoA in S. Typhimurium) a gene of unknown function (Li et al., 2001).  There are 

two promoters controlling dsbA expression.  One is located within the 3’ end of the yihE 

gene and results in continuous low level expression of dsbA.  The second promoter is 

upstream of yihE and is controlled by the Cpx two component system, pH and growth 

phase of the cell (Suntharalingam et al., 2003) (Figure 12).  Activation of the Cpx 

pathway in E. coli results in increased transcription of dsbA and a 5-10 fold increase in 

DsbA synthesis (Pogliano et al., 1997). 
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Figure 12:  The two promoters for dsbA expression in E. coli.  DsbA is expressed consecutively at low 
levels from a promoter located in the 3’ end of yihE.  Activation of the Cpx pathway results in increase in 
dsbA expression from the promoter upstream of yihE (Suntharalingam et al., 2003). 

The expression of dsbA in S. Typhimurium is slightly different.  Activation of the Cpx 

pathway also increases transcription of rdoA and dsbA (Ellermeier and Slauch, 2004).  

The promoter upstream of rdoA is also dependent on the growth stage of the organism 

and the nutrient availability being unregulated in stationary phase and in minimal media 

(Suntharalingam et al., 2003).  The SPI-1 T3SS regulators RtsA, HilD and HilC have 

been shown to upregulate dsbA in Salmonella, RtsA regulates co-expression of dsbA 

and the T3SS, this system is not seen in E. coli (Ellermeier and Slauch, 2004).  Unlike 

expression of dsbA in S. Typhimurium, is not dependent on CpxR (Ellermeier and 

Slauch, 2004).  Instead, a histone-like protein H-NS, a global regulator to down-

regulates the expression of dsbA during early-log phase (Gallant et al., 2004; 

Suntharalingam et al., 2003) while acidic conditions during stationary phase also down-

regulates dsbA expression. 

 

1.5   The structure and activity of E. coli DsbA 

DsbA is a small, soluble 21 kDa protein found in the periplasm of all Gram negative 

bacteria.  It was first discovered in 1991 by Bardwell et al. (Bardwell et al., 1991), in a 

study screening for genes involved in the transport of proteins across the outer 

membrane.  The structure of E. coli DsbA (EcDsbA) was determined in 1993 by Martin 

et al. and shows the trade mark catalytic thioredoxin domain and a second domain 

consisting entirely of -helices (Figure 13) which plays a role in substrate recognition 

and binding (Bouwman et al., 2003).   
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Figure 13:  Ribbon diagram depicting the crystal structure of EcDsbA.  Secondary structures are 
colour coded, -sheets in yellow and -helices in red.  The active site is located at the apex of -helix 1 
circled in pink.  The thioredoxin domain (circled in green) is present in all proteins of the thioredoxin 
family.  The alpha helical domain consists of 5 -helices and is involved in substrate binding.  This figure 
was generated using Swiss-PdbViewer 3.7 from the E. coli DsbA structure (1A2L) from the Protein Data 
Base (http://www.rcsb.org/pdb/) 

DsbA, like all members of the thioredoxin superfamily, can exist in two separate states, 

the oxidized state when the two cysteines of the active site are joined by a disulphide 

bond and the reduced state when the disulphide bond has been donated to a folded 

peptide and the two cysteine residues are reduced (Couprie et al., 1998).   

The eukaryotic protein PDI differs from bacterial DsbA in that changes to the active site 

residues reduce the efficiency of disulphide bond donation while enabling it to function 

as a disulphide isomerase, a more necessary function in eukaryotic cells than in bacteria 

(Darby and Creighton, 1995).  In so doing, the oxidative efficiency of PDI is sacrificed 

(Darby and Creighton, 1995).  The bacterial system has split the function of disulphide 

donation and disulphide isomerisation between the DsbA and DsbC proteins.  

Consequently DsbA has no need to limit the oxidative strength of the active site and is 

currently the strongest protein oxidant of disulphide bonds known (Zapun et al., 1993). 

The secret to the efficiency of disulphide bond donation by DsbA is found in the 

conformation of the active site.  The active site of DsbA (CPHC) is more stable in the 

reduced conformation than the oxidized form resulting in a high reactivity with reduced 
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cysteines to form disulphide bonds in substrate proteins and reduce the active site of 

DsbA (Zapun et al., 1993).  This is an unusual arrangement as disulphide bonds are 

normally highly stable in proteins and is the reason that even in the oxidising 

environment of the periplasm DsbA requires a catalyst (DsbB) to reform the bond 

(Philipps and Glockshuber, 2002).  The preference of DsbA for the reduced over 

oxidized conformation is due to a number of factors including low pKa of the Cys-30 

residue, the physical stress on the disulphide bond in the oxidised form and 

environmental conditions, specifically the redox state of the periplasm.  

 

1.5.1    The low pKa of Cys-30 of the DsbA active site. 

The pKa of an amino acid is the pH at which half of the residue is charged and half is 

neutral.  At a pH higher than the pKa value the residue will have a net positive charge 

and at lower values will have a net negative charge.  The pKa of cysteine is 9 which 

favours the positively charged conformation (Cys-S-S-Cys) at physiological pH, hence 

the stability of disulphide bonds in the majority of proteins.  The loss of the electron 

which results in the positive charge is neutralized by sharing electrons with the adjacent 

cysteine residue and results in stable disulphide bond formation.  In the oxidized form 

of DsbA the solvent exposed cysteine of the active site Cys-30 has a pKa of 3.5 

(Grauschopf et al., 1995).  Although the residue is sharing an electron with the Cys-33, 

the chemical environment favours the negatively charged form (Cys-SH) resulting in 

rapid sequestration of electrons in the form of hydrogen residues from substrate 

cysteines, passing on the bond (sharing of electrons) between the substrate cysteine and 

Cys-33.  The stereochemistry of this mixed disulphide bond is also unfavourable and it 

rapidly resolves into an intermolecular disulphide bond within the substrate or return of 

the bond to Cys-30 – Cys-33 in DsbA (Kadokura et al., 2004).  The low pKa of Cys-30 

is due to the tertiary structure of DsbA as the Cys-30 maintains the standard pKa of 9 

commonly seen in cysteine residues in short peptides and in the unfolded protein while 

it has a pKa of 3.5 in the mature protein (Nelson and Creighton, 1994).  The two central 

amino acids of the active site positioned between Cys-30 and Cys-33 have also been 

shown to play a role in the pKa of the Cys-30, particularly the His-32 (Couprie et al., 

1998).  Alterations to the active site of DsbA to resemble that of thioredoxin (CPHC to 
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CGPC) results in the Cys-30 pKa rising to resemble that of the Cys-30 of thioredoxin 

and a subsequent reduction in oxidation efficiency (Chivers et al., 1997).   

 

1.5.2   Stability of the active site disulphide in DsbA. 

The amino acids surrounding the active site interact with the two cysteine residues and 

result in an unstable conformation of the active site in the oxidized compared to reduced 

forms of DsbA (Philipps and Glockshuber, 2002).  The tertiary structure of DsbA is the 

major determinant of disulphide bond stability with alterations to single amino acids in 

the -helix 1 and others around the active site shown to have no significant affect 

provided the tertiary structure was maintained (Guddat et al., 1997b; Hennecke et al., 

1997; Jacobi et al., 1997; Philipps and Glockshuber, 2002).  The tertiary structure of 

DsbA is maintained across species in spite of high amino acid sequence variation with 

less than 26% amino acid identity between some DsbA proteins (Philipps and 

Glockshuber, 2002).   

Single amino acid alterations that do affect activity are changes to the CXXC motif or to 

the cis-proline residue, at position 151 (cis-Pro-151) in E. coli DsbA (Blank et al., 2003; 

Chivers et al., 1997; Guddat et al., 1997a; Kadokura et al., 2004).  This cis-Pro is 

conserved in all DsbA proteins and other thioredoxin superfamily members (Kadokura 

et al., 2004).  The proline residue is located opposite the active site and alterations to 

this residue impact the position of the Cys-33 of the active site.  Studies by Kadokura et 

al., (2004) show that mutation of the cis-Pro-151 to a threonine results in a mutant 

DsbA unable to resolve the mixed disulphide step during oxidation resulting in an 

accumulation of DsbA-substrate complexes in vivo (Figure 14).  This mutant was 

successfully used to trap and identify a number of previously unknown DsbA protein 

substrates in E. coli (Kadokura et al., 2005; Kadokura et al., 2004).   
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Figure 14: Mutation of the cis-Proline.  The cis-Proline (Pro-151) sits directly opposite the Cys-33 of 
the active site disulphide bond and is thought to have a role in resolving the mixed disulphide formed 
between Cys-33 and the substrate.  The mutation Pro-152Thr is unable to resolve this bond and results in 
accumulation of DsbA-substrate intermediates.  This mutation introduces new forces onto the Cys-33.  
The green dotted lines denote hydrogen bonds.  The formation of a hydrogen bond between Cys-33 and 
Thr-151 prevents resolution of the mixed disulphide resulting in accumulation of DsbA-substrate 
complex in the periplasm (Kadokura et al., 2005).  Figure was generated using PDB files 1A2M (EcDsbA 
oxidised) and 1A2L (EcDsbA reduced) on Swiss-PdbViewer 3.7. 

 

1.5.3   Environmental conditions affecting oxidoreductase 
activity. 

The redox environment and pH can alter the oxidoreductase activity of DsbA.  A low 

pH (<3) alters the pKa and reductivity of the Cys-30 but this is unlikely to be relevant in 

medically important bacteria as they do not encounter such conditions in vivo (Walker 

and Gilbert, 1994).  However, the disulphide oxidation system for acidophiles has not 

yet been characterized.   The redox environment impacts on whether DsbA will act as a 

disulphide oxidant or reductant.  In the insulin assay developed to identify 

oxidoreductase activity, DsbA is able to reduce the disulphide bonds of insulin, showing 

similar activity to that of thioredoxin (Holmgren, 1979).  In this assay the DsbA is 

artificially reduced and the assay carried out in a reducing environment.  However, the 

periplasm of the cell is maintained as an oxidizing environment and DsbA is seen only 

in the oxidized state in vivo as reoxidation by DsbB occurs rapidly.  Reducing agents 
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such as dithiotheitol (DTT) or glutaredoxin will reduce DsbA in vitro and in vivo 

(Bardwell et al., 1991).  In vivo these agents have little effect as DsbA is rapidly re-

oxidised by DsbB and is able to provide protection for other cellular proteins against 

reducing agents.  Loss of DsbA results in increased sensitivity of the cell to reducing 

agents and sensitivity to DTT is often used as a marker to test cells for the presence of a 

functional DsbA (Findlay and Hirst, 1994). 

 

1.6    Oxidoreductases in other organisms 

While the DsbA proteins are found only in Gram negative bacteria, thioredoxin family 

oxidoreductases are used in other organisms, both eukaryotic and prokaryotic, to form 

disulphide bonds in proteins.  While in all organisms the function of oxidoreductases as 

disulphide bond oxidases and isomerases is conserved, the role they play in cellular 

pathways and their localization in the cell vary considerably from single-role non-

essential proteins in Gram positive bacteria to increasing heat resistance in cytoplasmic 

proteins in archael cells.   

In eukaryotic cells the PDI oxidoreductases are localized to the protein folding organelle 

the endoplasmic reticulum (Hatahet and Ruddock, 2007), while a second oxidation 

pathway, is found in the mitochondria (Shouldice et al., 2011).  Other non-related, non-

thioredoxin family oxidoreductases are also found in the mitochondrial inner membrane 

space including the copper chaperone CCS, as well as eukaryotic specific small Tim (T 

cell Immunoglobulin Mucin) proteins which form 70 kDa complexes and possess a 

CXXXC motif (Koehler et al., 2006).   As the mitochondrial system does not contain 

proteins of the thioredoxin family it is not discussed below. In Gram positive bacteria 

DsbA-like proteins are located bound to the outer face of the cytoplasmic membrane 

and have not been linked to virulence (Dumoulin et al., 2005; Erlendsson and 

Hederstedt, 2002).  Hyperthermophiles on the other hand appear to have two oxidation 

systems, one cytoplasmic and one periplasmic.  The periplasmic system seems to be a 

homologue of the Dsb pathway (Kuroita et al., 2007), while a second thioredoxin 

family oxidoreductase is found in the cytoplasm and is responsible for insertion of 
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disulphide bonds to proteins to stabilise them against heat induced denaturation 

(Ladenstein and Ren, 2006). 

 

1.6.1  Eukaryotic oxidoreductases 

1.6.1.1    Protein Disulphide Isomerase (PDI) 

Protein disulphide isomerase (PDI), discovered in the early 1960s, was the first 

disulphide oxidoreductase to be identified (Goldberger et al., 1963).  PDI is a 55kDa 

multifunctional protein found in the endoplasmic reticulum (ER) of eukaryotic cells 

(Darby et al., 1998).  PDI combines the activity of both DsbA and DsbC performing 

both oxidation and isomerisation of disulphide bonds in proteins.  Eukaryotic proteins 

possess a much higher percentage of disulphide bonds than prokaryotic proteins with 

some proteins containing up to 17 disulphide bonds (Frand et al., 2000), and of the 7500 

proteins folded in the ER, the vast majority possess disulphide bonds (Hatahet and 

Ruddock, 2007).  In addition to the role in disulphide bond formation, PDI can also 

perform as a subunit in the microsomal triglyceride transfer protein and the prolyl-4-

hydrolase (Hatahet and Ruddock, 2007).  PDI also acts as a chaperone that reduces the 

formation of protein aggregates (Hatahet and Ruddock, 2007).  Due to the extensive 

role of PDI in the eukaryotic cell, mutation is fatal in yeast and in embryonic mice 

(Hatahet and Ruddock, 2007).  Seventeen PDI family members from the ER of human 

cells have been characterised although the exact role of each protein is not known 

(Hatahet and Ruddock, 2007).  PDI tertiary structure (Figure 15) is similar to that of the 

homodimer DsbC, with two catalytic thioredoxin domains, a and a’, and two binding 

domains, b and b’, as well as a c domain encoding a C-terminal KDEL sequence which 

is the ER localisation signal peptide.   

Like all members of the thioredoxin superfamily, the thioredoxin domain possesses a 

CXXC motif active site with a reversible disulphide bond able to form between the two 

cysteine residues.  In most PDI family members this is a CXHC motif similar to that of 

DsbA.  There is a conserved cis-proline located opposite the active site on the loop prior 

to 4 beta sheet (Hatahet and Ruddock, 2007) with a conserved arginine located in the 
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loop between 5 and 4 which regulates the pKa of the active site cysteine Cys-53 

(Lappi et al., 2004).   

 
Figure 15:  The structure of Human PDI.  The PDI protein comprises five domains, two thioredoxin 
domains, a (orange) and a’ (blue), two binding domains, b (green) and b’ (purple) and an ER localisation 
signal, c (yellow).  Figure taken from Hatahet and Ruddock, (2007). 

Like DsbA the N-terminal active site cysteine (Cys-53 in PDI and Cys-30 in EcDsbA) 

has a low pKa which results in an unstable disulphide bond at the active site and more 

efficient oxidation (Lappi et al., 2004).  The buried cysteine (Cys-56) has a pKa more 

usual in cysteine residues of about 9.  This inequality in pKa also contributes to the 

instability of the active site disulphide and results in higher oxidative strength. When 

the arginine loop is outside of the active site range, the pKa of the active site cysteine is 

high and PDI acts as an oxidase (Lappi et al., 2004).  When the arginine loop moves 

into range of the active site the Cys-56 pKa lowers, equalising the pKa between the two 

active site cysteines. This results in decreased oxidative strength and increased 

isomerisation potential, as well as decreasing the energy required to re-oxidise the PDI 

protein (Lappi et al., 2004).  This mechanism allows for efficient switching between an 

oxidant for substrate proteins and a reductant for isomerisation cycle of PDI (Lappi et 

al., 2004).              

Studies with truncated and single domain constructs of PDI have determined that the 

main peptide binding site is located in the b’ domain which can bind small peptides less 
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than or equal to 15 amino acids in length (Klappa et al., 1998).  For longer peptides or 

unfolded proteins the b’+ a’ + c domains or b’+ b + a is required (Klappa et al., 1998).   

Binding of peptides or unfolded proteins to the b’ domain appears to be based on 

hydrophobicity and shows very little substrate specificity (Darby et al., 1998).  Whilst 

PDI shows some preference for peptides containing cysteine residues over peptides 

lacking cysteine residues in vitro, it shows no preference for native proteins when 

presented with heterologous proteins from other sources (Klappa et al., 1998).  

However, different PDI proteins, from different tissue types, can display preferential 

binding to different substrates.  A glycosylated, PDI-related protein, expressed 

exclusively in the pancreas and named PDIp, has a preference for peptides containing 

tryptophan or tyrosine residues provided they are not adjacent to an acidic residue 

(Ruddock et al., 2000; Klappa et al., 1995).  In another example of apparent substrate 

specificity, ERp57 catalyses disulphide bonds exclusively in secreted glycoproteins in 

vivo, even though the purified enzyme displays no preference for glycoproteins when 

purified.  In this instance, the enzyme displays this apparent specificity for 

glycoproteins as the enzyme itself is compartmentalised within the cell, being 

sequestered to the ER within a chaperone folding complex containing calnexin or 

calreticulin which deal exclusively with secreted glycoproteins (Zapun et al., 1998).   

Reoxidation of PDI is carried out by flavoproteins, which use a flavin cofactor instead 

of quinone for electron transfer.  Ero1 is a ER protein bound to the luminal face of the 

ER membrane and uses oxygen as a terminal electron donor for self-oxidation, re-

generating the disulphide bond which is then used to reoxidise PDI (Sevier et al., 2005).  

Erol, like DsbB, lacks a thioredoxin domain but contains an area of high cysteine 

density in the C-terminal region of the protein (Sevier et al., 2005).  A second PDI 

reoxidant is found in some species which belongs to the SOX/ALP family of proteins.  

In yeast this protein is Erv2 (Sevier et al., 2005).  Metazoan cells posses a SOX/ALP 

protein called quiescin, comprising of a thioredoxin and flavoenzyme domain and is 

thought to play a role in disulphide bond formation in the extracellular matrix (Sevier et 

al., 2005).   
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1.6.1.2   DsbA Like Protein (DsbA-L) 

DsbA-L was originally identified in the mitochondrial extract from rat liver by Harris et 

al., (1991) and initially named glutathione transferase kappa (Harris et al., 1991).  After 

deciding that it did not have Glutathione transferase kappa activity, and due to the 

similarity in structure to EcDsbA, having a thioredoxin fold with a -helical domain, it 

was renamed DsbA-like protein (DsbA-L) by Liu et al., 2008.  Unlike DsbA, however 

DsbA-L does not possess the conventional DsbA active site of CXXC, which is 

replaced by a S16XXS19 motif (Ladner et al., 2004).  The S16 residue is required for 

function (Liu et al., 2008).  A blast search on a number of species ranging from 

Caenorhabditis elegans to human came up with positive results for the SXXS region 

and surrounding sequence of DsbA-L (Liu et al., 2008), suggesting that it is a member 

of a yet uncharacterised family of proteins found in multiple species. 

DsbA-L has been shown to interact with adiponectin, an adipocyte-derived hormone 

that contains a single disulphide bond.  However it has not been shown that DsbA-L is 

responsible for the addition of this disulphide into adiponectin and DsbA-L alone was 

unable to result in proper folding of adiponectin (Liu et al., 2008).  It is hypothesised 

that DsbA-L is a chaperone rather than an oxidoreductase and alters the adiponectin in 

order for PDI to bind and oxidise the protein (Wang and Scherer, 2008).  Although 

DsbA-L is thought not to be an oxidoreductase, the thioredoxin like fold in the protein 

and similarity to EcDsbA means that the structure of DsbA-L must be taken into 

account in designing drugs to target bacterial DsbA proteins, to prevent cross-reactivity.   

 

1.6.2   Oxidoreductases in hyperthermophiles. 

Hyperthermophiles are a unique group of archeae and bacteria that have an optimal 

growth temperature of 80°C or higher.  The majority of hyperthermophiles are 

anaerobic and depend on  elemental sulphur as their main energy source (Prescott et al., 

2003).  High temperature creates problems for protein stability and function.  While 

some proteins are naturally able to function at high temperatures, for example Taq 

polymerase, many require thermoprotectants for function in vivo (Prescott et al., 2003).  

It was formerly believed that disulphide bonds would not be able to withstand the high 
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temperatures optimal for growth of hyperthermophiles, but current research indicates 

that hyperthermophiles possess a high degree of stabilising disulphide bonds in 

cytoplasmic proteins with 10-44% of all proteins in various hyperthermophilic 

organisms predicted to contain disulphide bonds (Ladenstein and Ren, 2006).  There is a 

high correlation between a high percentage of disulphide bond containing proteins and 

the presence of the protein disulphide oxidoreductase, PDO (Ladenstein and Ren, 

2006).  Cytoplasmic PDO is a 25 kDa protein that contains two thioredoxin like 

domains, designated N-terminal and C-terminal domains.  Each domain possesses the 

CXXC motif (Table 3) and has a conserved cis-Proline opposite the active site 

(Ladenstein and Ren, 2006).  

  
Table 3:  CXXC motifs of N and C terminal domains of PDO proteins from various 
hyperthermophiles1.   

Organism N-Terminal Unit 
CXXC site 

C-Terminal Unit 
CXXC site 

Archaea 
Pyrococcus furiosus CQYC CPYC 

Pyrococcus horikoshi CQYC CPYC 
Pyrococcus abyssi CQYC CPYC 

Sulfolobus solfatarious CQYC CPYC 
Sulfolobus tokodaii CHYC CPYC 
Aeropyrum pernix CETC CPYC 

Thermoplasma acidophilum CRYC CPYC 
Thermoplasma volcanium CRYC CPYC 
Ferroplasma acidarmanus CKYC CQYC 

Bacteria 
Thermotaga maritima CQYC CPYC 

Aquifex aeolicus CESC CGYC 
Thermoanaerobacter tengcongensis CMPC CAPC 

1 There is greater variation in the active site sequence in bacterial hyperthermophiles that archael species.  
CQYC is the most common sequence for the N terminal domain while CPYC is the preferred C-terminal 
domain active site.  Table taken from Landenstine and Bin, (2006). 
 

The active sites of each domain are located in the same topological plane (Figure 16).  

Both domains contain a hydrophobic patch which aligns with the peptide binding grove 

of thioredoxin but the exact mechanisms of PDO interaction with its substrates has not 

been characterised.  While PDO proteins have been found in a range of bacterial and 

archaeal hyperthermophiles, the PDO of Pyrococcus furiosus (pfPDO) (Figure 16) is 

currently the best characterised from this group (Ladenstein and Ren, 2006).  

Interestingly PDO resembles the eukaryotic disulphide isomerise PDI and thioredoxin 

more than bacterial DsbA (Ladenstein and Ren, 2006). 
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Figure 16: The crystal structure of pfPDO monomer.  The two thioredoxin domains are highlighted, 
the N-terminal domain in pink and the C-terminal domain in blue.  The active site of each domain is 
shown in yellow.  Figure taken from Landenstine and Bin, (2006). 

The disulphide bond in the C-terminal domain of pfPDO is in a relaxed conformation 

(Ladenstein and Ren, 2006), making it a stable disulphide likely to lend itself to 

disulphide reduction or isomerisation reactions.  Conversely the disulphide of the N-

terminal domain is stressed with an unfavourable dihedral angle, making the bond 

unstable (Ladenstein and Ren, 2006) and thus more likely to be involved in disulphide 

oxidation reactions.  Although this disulphide bond is buried within the crystal structure 

and appears to be inaccessible to protein interactions (Ladenstein and Ren, 2006), this is 

likely to be due to the temperature at which crystallisation occurred rather than a true 

representation of the active site accessibility.  This is most likely due to the observation 

that hypothermic proteins tend to show a high degree of flexibility at optimal 

temperatures which is lost with reduction in temperature (Scandurra et al., 1998).   

Similar to disulphide isomerases DsbC and PDI, pfPDO also forms dimers in crystal 

structure with interactions between zinc binding motifs of the protein (Ladenstein and 

Ren, 2006).  pfPDO has been shown to catalyse disulphide reduction reactions in the 

insulin reduction assay, catalyse the oxidation of disulphide bonds in the Ruddock test 

and has disulphide isomerisation activity which can restructure scrambled disulphide 
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bonds in Rnase I to restore function (Ladenstein and Ren, 2006).  Although the PDO 

from P. horiskoshii, did not appear to have disulphide isomerisation activity this was 

more likely to be due to suboptimal functioning of the PDO at low temperatures (25°C) 

which are not encountered physiologically (Ladenstein and Ren, 2006).   

A number of archeae species such as P. horiskoshii, Sulfolobus solfataricus, 

Methanococcus jannaschii, P. abyssi and P. furiosus, contain a DsbA homologue 

located within the periplasm of the cell (Kuroita et al., 2007).  The DsbA from P. 

horiskoshii (phDsbA) is able to reduce insulin at 25°C and has been shown to be more 

efficient at reoxidising the human S-amylase, which contains five disulphide bonds, 

than the E. coli DsbA in in vitro assays (Kuroita et al., 2007).  There is no significant 

amino acid sequence homology between the archeal and bacterial DsbA proteins with 

the exception of the active site which consists of the standard DsbA CPHC motif and a 

cis-Proline at Pro-100 equivalent to the Pro-151 of E. coli DsbA.  The DsbA proteins 

within the Pyrococcus spp show a wide range of PI values ranging from 9.23 in P. 

horiskoshii to 5.22 in P. furiosus (Kuroita et al., 2007).  The PI value of the protein may 

affect efficiency of binding to different substrates as it alters surface charge of the 

protein depending on the environmental pH (Kuroita et al., 2007).   

It would appear that a number of hyperthermophiles possess two disulphide 

oxidoreductase pathways, one similar to the Dsb pathway found in the periplasm and 

one responsible for protein stability in the cytoplasm bearing a close relationship to the 

eukaryotic PDI.   

 

1.6.3   Oxidoreductases in Gram Positive Bacteria 

The first DsbA homologue in Gram positive bacteria to be identified was the BdbD 

(Bacillus disulphide bond) protein of Bacillus brevis (Ishihara et al., 1995).  This 

protein is tethered to the external face of the cell membrane and contains a thioredoxin 

domain with a CXXC active site of CGYC (Ishihara et al., 1995).  Homologues to 

DsbA (BdbD), DsbB (BdbC) and DsbD (CcdA) were soon identified in the closely 

related bacteria B. subtilis where the BdbC and BdbD genes were discovered to be part 
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of an operon encoded in the genome of the prophage SP along with a gene encoding 

sublancin antimicrobial peptide which requires two disulphide bonds for activity 

(Erlendsson and Hederstedt, 2002).  CcdA (cytochrome C deficient) mentioned above is 

not related to the CcdA (control of cell death) transcribed from the E. coli F- plasmid 

and used in the Invitrogen Gateway® system discussed in section 4.2.5.  In B. subtilis 

the oxidation pathway provided by BdbD and BdbC has a detrimental effect on the cell, 

oxidising the disulphide bond of the apocytochrome C motif CXXCH and preventing 

haem binding.  This affect is mitigated by the CcdA (DsbD homologue) which reduces 

the RseA thiol-disulphide reductase allowing RseA to remove the disulphide bond from 

the apocytochrome C restoring function (Erlendsson et al., 2003; Erlendsson and 

Hederstedt, 2002).  ccdA and rseA are both chromosomal genes and are not connected to 

the phage operon.  They are not required for apocytochrome C function in the absence 

of the BdbD and BdbC proteins but are necessary if these proteins are absent.  The 

oxidation pathway also disrupts sporulation by oxidation of an unknown protein.  This 

bond is reduced by the thiol disulphide reductase StoA which also draws on the 

reducing power of either CcdA or thioredoxin (Erlendsson and Hederstedt, 2002).  The 

oxidation pathway does aid in natural competence by forming disulphide bonds in the 

DNA binding proteins ComGC and ComGG.  Loss of BdbD and BdbC in strains 

infected with the SP prophage results in loss of competence but strains lacking the 

prophage retain competence in the absence of BdbD and BdbC (Erlendsson and 

Hederstedt, 2002). 

Staphylococcus aureus also contains a DsbA homologue, SaDsbA (Dumoulin et al., 

2005).  Like BdbD, it is anchored to the cytoplasmic membrane and has a thioredoxin 

domain with an active site motif of CPYC and a cis-proline at position 154 (Dumoulin 

et al., 2005).  SaDsbA has been shown to function as a disulphide oxidase in vivo and is 

able to partially complement motility in an E. coli DsbA deficient strain (Dumoulin et 

al., 2005).  Unlike B. brevis, S. aureus produces a number of toxins with disulphide 

bonds present in their active form.  However loss of SaDsbA had no apparent affect on 

virulence or on toxin activity of the strain (Dumoulin et al., 2005).  The S. aureus 

system also varies from the Dsb system in that there is no genetic homologue of DsbB 

in its genome, a trait shared with only in a few Gram positive bacteria including, S. 

epidermidis, Buchnera aphidicoa, Wigglesworthia glossindia (Dumoulin et al., 2005), 
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Listeria monocytogenes, and Enterococus faecalis (Kouwen et al., 2007).  SaDsbA 

lacks the hydrophobic patch and groove located around the active site seen in the Gram 

negative DsbA proteins that are required for binding to DsbB (Heras et al., 2008).  

Instead the residues around the active site are charged and this prevents interaction 

between SaDsbA and E. coli DsbB in vitro (Heras et al., 2008) as well as being the 

likely cause for the inability of SaDsbA to reduce insulin in the insulin reduction assay 

(Heras et al., 2008).  Without a reoxidation protein it is unclear what keeps SaDsbA in 

the oxidised state in vivo.  Biochemical studies have indicated that the redox potential 

and the pKa of the active site cysteine are similar to that of EcDsbA and cause the 

SaDsbA to act as a disulphide oxidase rather than a reductase (Heras et al., 2008).  

Unlike the Gram negative DsbA proteins, SaDsbA does not have a stressed disulphide 

bond at the active site so it does not have steric hindrance to reoxidation of the active 

site cysteines as is seen in the Gram negative DsbA proteins.  Because of this difference 

in structure, it is believed that unlike the Gram negative DsbAs that require an enzyme 

catalyst for efficient reoxidation, the SaDsbA can be reoxidised by small oxidants such 

as molecular oxygen found in the extracellular matrix (Heras et al., 2008).  

Bacillus, Enterococus, Listeria, Staphylococcus and Streptococcus are all Firmicutes 

(EUZéBY, 1997).  Firmicutes are aerobic bacteria and have been shown to exclude 

cysteine residues from all proteins, both cytoplasmic and excreted, save where they are 

essential for function of the protein (Daniels et al., 2010).  This feature allows the 

survival of the bacteria in highly reductive environments where the requirement of 

essential disulphides may prove a liability (Daniels et al., 2010).  This is consistent with 

the results obtained by studies which have shown that loss of the DsbA homologues in 

these species have little to no effect on the cell.  Alternatively the Gram positive 

Actinobacteria, which include Corynebacterium, Mycobacterium, Nocardia and 

Streptomyces (Ventura et al., 2007), are sensitive to highly reductive environments and 

possess several disulphide bond containing proteins (Daniels et al., 2010).  C. 

glutamicum was found to possess a number of disulphide bond containing proteins as 

well as three potential DsbA like proteins.  One of these proved to be inactive in 

biochemical assays but two were shown to reduce insulin and to catalyse disulphide 

bond formation in RNase (Daniels et al., 2010).  The more active protein, CG26, has a 

CPFC active site (Daniels et al., 2010), similar to that seen in the UPEC DsbL, while 

the less active protein, CG2799, had a CSHC active site (Daniels et al., 2010).  One of  
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the homologues closest to CG2799 in amino acid identity was the DIP_1880 protein 

from Corynebacterium diphtheriae which had the conventional DsbA active site of 

CPHC (Daniels et al., 2010).  For both proteins, homologues were found in other 

Actinobacteria species (Daniels et al., 2010).  It would seem the C. glutamicum 

possesses two oxidoreductases that may be paralogues to DsbA and DsbL and that such 

a system may be more prevalent in certain families of Gram positive bacteria than were 

originally suspected. 

 

1.7 DsbA-substrate interactions. 

The active site is not the only vital part of the protein, as other regions of the protein are 

required to bind unfolded polypeptides and interact with DsbB.  The hydrophobic patch 

and hydrophobic groove have been shown to be involved in binding of DsbA to DsbB 

(Inaba et al., 2006).  DsbA-like proteins that lack the hydrophobic groove, such as 

SaDsbA (see Section 1.6.3), are unable to interact with E. coli DsbB (Heras et al., 

2008). Initially, the hydrophobic groove of DsbA was also proposed to be the site for 

the binding of the substrate (Guddat et al., 1997b).  However, a separate model for 

peptide binding by DsbA has been derived from the crystal structure of E. coli DsbA 

bound to a 9 aa peptide derived from the S. flexneri protein SigA (Secretory 

Immunoglobin A) containing two cysteine residues of the disulphide bond and the 

intervening amino acids (Paxman et al., 2009).  The peptide interacts with DsbA at the 

interface of the thioredoxin and -helical domains (Figure 17), and contacts residues in 

the active site and the loops between 2-3 and 6-4.   

These two loops join the thioredoxin and -helical domains, making up the hinge 

regions between the two domains (Paxman et al. 2009).  Exchanging this hinge region 

between the E. coli and Neisserial oxidoreductase, NmDsbA1, to create chimeric 

proteins also resulted in changes in substrate recognition profile of the chimeras lending 

credence to the importance of these residues in binding peptides (Paxman et al., 2009). 
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Figure 17:  Binding of a peptide based on DsbA substrate SigA to the active site of E. coli DsbA.  
Panel A shows a ribbon diagram of DsbA with the thioredoxin domain coloured in blue and the -helical  
domain in purple.  The orange segments show the hinge regions which join the -helical and thioredoxin 
domain.  Panel B shows the SigA peptide bound to E. coli DsbA with the peptide amino acids shown in 
orange and the amino acids of DsbA which interact directly with the peptide in green.  The coloured 
circles correspond to the regions circled in the ribbon diagram in panel A and show the regions of the 
DsbA which are involved in peptide binding.  Red and green circles correspond to the hinge region 
joining the two domains.  The black includes the active site and the blue circle show the hydrophobic 
patch adjacent to the cis-proline.  Neither the cis-proline nor the amino acids in the hydrophobic groove 
are seen to interact with the peptide.  Panel C shows the solid view of the DsbA with the peptide sitting 
in the binding site.  Figures adapted taken from Paxman et al. (2009). 

 

1.7.1     Substrate specificity in DsbA proteins in bacteria 

E. coli possesses only a single DsbA protein which donates disulphide bonds to all the 

substrate proteins in this organism. From this model, it was assumed that the DsbA 

catalysed the rapid donation of disulphide bonds to cysteine containing substrates in a 

rapid and indeterminate manner due to the diversity of structure and function of the 

substrates. However, it has become increasingly clear that this paradigm is not 

universal, with the discovery of bacterial species containing multiple oxidoreductases 
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that have a preference for some substrate proteins and not others in vivo.  Although 

there are many bacterial species containing multiple oxidoreductases (Tomb, 1992), the 

most actively assessed systems are found in S. enterica Typhimurium and N. 

meningitidis. 

 

1.7.1.1  The Dsb system in S. Typhimurium 

All S. Typhimurium strains encode SeDsbA on the chromosome and this protein 

appears to be a generalised DsbA, similar to EcDsbA and responsible for the oxidation 

of the majority of disulphide bond containing proteins in the cell (Bouwman et al., 

2003).  However, some strains carry a plasmid containing a second oxidoreductase 

denoted SeSrgA (SdiA-regulated gene) (Bouwman et al., 2003) in addition to 

possessing a third chromosomally encoded homologue of the DsbL/I system (Lin et al., 

2009).  The crystal structure for all three proteins has been determined (Figure 18) 

(Heras et al., 2010)  

SeSrgA is a narrow range oxidoreductase, able to efficiently oxidise only two 

substrates, PefA (Plasmid encoded Fimbrae) and SpiA, a component of the type III 

secretion system (Miki et al., 2004).  SeSrgA is not able to fully complement loss of 

SeDsbA and conversely SeDsbA has proven inefficient at oxidising PefA and SpiA 

(Bouwman et al., 2003; Miki et al., 2004).  DsbL likewise has a narrow substrate range, 

with only one substrate, ASST currently identified.  

Both proteins are found genetically co-localised with their substrates, pefA in the case of 

srgA (Bouwman et al., 2003) and ASST for dsbL (Lin et al., 2009) and both proteins are 

required for wild-type levels of their substrates (Heras et al., 2010).  Both SeSrgA 

(CPPC) and SeDsbL (CPFC) have variations on the common DsbA active site (CPHC), 

lack an acidic patch and show basic charged residues around the active site, while 

SeDsbA has the standard active site of CPHC, an acidic patch and a hydrophobic region 

around the active site (Figure 18) (Heras et al., 2010).  These variations in surface 

features are likely to be related to substrate binding.  There are also differences in 

oxidative strength, with SeDsbL proving the strongest oxidant (Heras et al., 2010).  This 
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is consistent with the prediction that the unfavourable reaction to create the disulphide 

in ASST would require a strong oxidant for the formation of the bond (Totsika et al., 

2009) and has led to the suggestion that oxidative strength may be a determinant of 

substrate range.  While in vitro, SeDsbA, SeSrgA and SeDsbL are each able to oxidise 

FlgI, PefA and ASST, it appears this is not the case in vivo and the different roles are 

maintained in the bacterial cell (Heras et al., 2010).   

 
Figure 18:  The electrostatic features of three DsbA homologues from S. Typhimurium. The active 
site is denoted by the letter A.  Positive electrostatic features are shown in blue and negative in red.  
White denotes a neutral charge.  The three canonical DsbA surface features the hydrophobic groove, 
hydrophobic patch and acid patch are indicated on the SeDsbA protein.  Figure taken from Heras et al., 
(2010). 
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In this system it would seem that Salmonella contains a generalised oxidoreductase, 

SeDsbA, containing the standardised CPHC site.  The other oxidoreductases, such as 

DsbL and SeSrgA, are required to efficiently oxidise the few substrates that lie outside 

of the ability of the SeDsbA to perform.  Therefore, it has been proposed that the 

narrow range oxidoreductases have altered active sites and surface features that enable 

them to perform these specialised functions.  In addition, the specialised 

oxidoreductases are located in an operon with their substrates and are co-expressed 

under specific conditions when the substrate protein is required.  This organisation is 

typical of Salmonella but is not characteristic of other organisms with multiple 

oxidoreductases, such as Neisseria meningitidis.  

 

1.7.1.2   The Dsb system in N. meningitidis  

The N. meningitidis genome, like that of Salmonella, encodes three DsbA like proteins.  

Two of these proteins, NmDsbA1 and NmDsbA2, show a 78% amino acid similarity 

and contain the standard DsbA active site of CPHC.  Both are chromosomally located, 

and neither are co-localised with genes encoding putative substrates.  In other neisserial 

species, either NmDsbA1 or NmDsbA2 are encoded on the genome. In all phenotypic 

studies to date these two oxidoreductases have been interchangeable, with both being 

able to complement each other with regard to type IV pilin biosynthesis (Sinha et al., 

2008; Tinsley et al., 2004), cytochrome C oxidation (Kumar et al., 2011) and resistance 

to paraquat and copper (Kumar et al., 2011).  Conversely, NmDsbA1 and NmDsbA2 

have been shown to differentially recognise E. coli substrate proteins in vivo.  Both 

NmDsbA1 and NmDsbA2 were able to complement an E. coli DsbA mutant by 

restoring motility (Sinha et al., 2004).   However, NmDsbA1 was more effective than 

NmDsbA2 in restoring alkaline phosphatase activity and NmDsbA2 alone was capable 

of restoring -galactosidase activity to wild-type levels in E. coli.  These results indicate 

differences in substrate recognition and binding efficiency which is likely to be present 

in N. meningitidis (Sinha et al., 2004).   

In addition to these observations, NmDsbA1 and NmDsbA2 are organised differently in 

the genome. NmdsbA1 is found as a separate ORF (Figure 19).  On the other hand, 
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NmdsbA2 is located in an operon (Klee et al., 2000b) under the control of the fur (ferric 

uptake regulator) dependent promoter and is up-regulated under conditions of iron 

starvation (Grifantini et al., 2004).  However, none of the genes which are co-expressed 

with NmdsbA2 encode putative DsbA substrates.  NmDsbA3 appears to fit the model of 

a specialised DsbA.  It possesses a variant active site, CVHC in place of CPHC, lacks 

the acidic patch and has a very different surface charge, with a pI of 9.3.  When 

compared to NmDsbA1 (pI of 5.5) and NmDsbA2 (pI of 5.3), NmDsbA3 has a stronger 

oxidative potential than NmDsbA1 and NmDsbA2 (Vivian et al., 2009).  In addition to 

these observations, NmDsbA3 is unable to complement loss of NmDsbA1 and 

NmDsbA2 (Kumar et al., 2011; Sinha et al., 2004; Tinsley et al., 2004). However, 

although NmDsbA3 is found in an operon (Figure 19), none of the co-expressed genes 

encode proteins that are putative oxidoreductase substrates.   

 

Figure 19:  The genetic arrangement of the dsbA genes of N. meningitidis strain NMB 
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Unlike the Salmonella system which has one generalised DsbA and two specialised 

DsbA proteins, N. meningitidis appears to have two complementary generalised DsbA 

proteins NmDsbA1 and NmDsbA2, and a single DsbA which appears to be a 

specialised DsbA, NmDsbA3. 

 

1.8   Aims of this study. 

Because all three neisserial oxidoreductases are chromosomally encoded, we 

hypothesised that changes in the structure and function of these oxidoreductases would 

be due to co-evolution of these three genes within N. meningitidis.  Therefore, we 

hypothesised that a comparison of the structure and function of these three 

oxidoreductases may reveal further information regarding substrate recognition by these 

enzymes.  

Therefore, the aims of this study were: 

 To determine if the location of NmdsbA3 in a locus encoding cell division 

proteins indicated a role for NmDsbA3 in this pathway. 

 To develop shuttle vectors for the expression of tagged proteins in N. 

meningitidis to enable the conduct of protein::protein interaction studies. 

 To express and purify all three NmDsbA proteins for crystallalisation trials, 

leading to solved molecular structures. 

At the conclusion of this study, we will improve our understanding of how 

oxidoreductases recognise different substrates and how this may be rationalised by an 

understanding of oxidoreductase structure.  This information will be used in future 

searches for small molecule inhibitors of oxidoreductase function.  Small molecule 

inhibitors of oxidoreductases may be used to inhibit virulence factor expression by 

Gram negative pathogens and hence may be used as accessory treatment options for 

antibiotic resistant organisms. 
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Chapter 2: Materials and Methods 

2.1   Materials 

Chemical reagents used in this study are listed in Table 4.  Equipment used is listed in 

the text.  Restriction enzymes used are not listed in the table below.  All restriction 

endonuclueases used in this study were from New England Biolabs, as were the 

associated buffers. 

Table 4:  Regents used in the used in this study. 
Reagents Supplier 

 30% Acrylamide Bis solution  Bio-Rad Laboratories (USA). 

40% Acrylamide/Bis Bio-Rad Laboratories (USA). 
5-bromo-4-chlor-3-indoly-b-D-galactopyranoside (X-gal) Progen Industries Ltd. (USA 
acetic acid  AnalaR BDH (Australia) 
Agarose  SeaKem LE (USA) 
a-lactose  Sigma Chemical Company (USA) 
Ambion DNA-free Kit  Ambion  
Ammonium persulfate (APS) Sigma Chemical Company (USA) 
Ammonium Sulphate ((NH4)2SO4)  Sigma Chemical Company (USA) 
Ampicillin Sigma Chemical Company (USA) 
Analytical grade ethanol  Univar (Australia) 
Autoinduction solution 1  Novagen 
Autoinduction solution 2 Novagen 
Bacteriological agar no. 1 Oxiod (Australia) 
Big Dye® Terminator mix v3.1  Applied Biosystems 
b-Mecaptoethanol  Sigma Chemical Company (USA) 
Bovine serum albumin (BSA) New England Biolabs (USA) 
Bromophenol Blue  Sigma Chemical Company (USA) 
Calf Alkaline Phosphatase (CAP) Promega (USA) 
Carbol fuchsin  MERCK Chemicals (Australia) 
Chloramphenicol  Sigma Chemical Company (USA) 
Citric acid Univar (Australia) 
Coomassie blue G250  BDH laboratory reagents (Australia) 
Copper II Chloride (CuCl2) Univar (Australia) 
Crystal violet  MERCK Chemicals (Australia) 
Dimethlyformamide Sigma Chemical Company (USA) 
Dimethlysulfoxide Sigma Chemical Company (USA) 
Dithiotheitol (DTT) Sigma Chemical Company (USA) 
dNTPs Promega (USA) 
Donkey anti-mouse IgG + HRP (Horse Radish 
Peroxidase)  

Santa Cruz Biotechnology, USA 
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ECLTM detection kit western blot analysis system  Amersham life sciences (UK) 
Erythromycin  Sigma Chemical Company (USA) 
Ethanol AnalaR BDH (Australia) 
Ethidium bromide  Sigma Chemical Company (USA) 
Ethylenediaminetetra-acetic acid (EDTA) AnalaR BDH (Australia) 
Expand Long Template  Roche Applied Sciences (Germany) 
Ferric Nitrate Fe(NO3)3 Univar (Australia) 
Formaldehyde Univar (Australia) 
Glacial acetic acid AnalaR BDH (Australia) 
Glucose MERCK Chemicals (Australia) 
Glutaraldehyde Supplied by CMCA 
Glycerol Univar (Australia) 
Glycerol MERCK Chemicals (Australia) 
Glycine MERCK Chemicals (Australia) 
Gonococcal agar  Oxiod (Australia) 
Gram’s iodine  MERCK Chemicals (Australia) 
High Pure Plasmid Isolation Kit  Roche Applied Sciences (Germany) 
High Pure RNA Isolation Kit  Roche Applied Sciences (Germany) 
Human  Insulin  Sigma Chemical Company (USA) 
Hydrochloric acid AnalaR BDH (Australia) 
Imidazole Univar (Australia) 
Isopropylthio-13-D-galactoside (IPTG) Progen Industries Ltd. (USA 
Kanamycin Sigma Chemical Company (USA) 

Lambda () DNA  PromegaCorporation (Australia) 
LB broth  Oxiod (Australia) 
Light Cycler 480 SybrGreen 1 Master Kit Roche Applied Sciences (Germany) 
Magnesium acetate Univar (Australia) 
Magnesium Chloride (MgCl2) Univar (Australia) 
Magnesium sulfate (MgSO4) AnalaR BDH (Australia) 
Methanol AnalaR BDH (Australia) 
M-Mul V reverse transcriptase New England Biolabs (USA) 
mouse anti-NmDsbA3 Rino Rappuoli, Novartis 
Mueller Hinton (MH) broth Oxiod (Australia) 
N, N, N',N'-tetra methylethlyene diamene (TEMED) Bio-Rad Laboratories (USA). 
NEB buffer 2 New England Biolabs (USA) 
NEB M-MulV 10x buffer New England Biolabs (USA) 
Osmium tetroxide (OsO4) Supplied by CMCA 
PCR buffer Roche Applied Sciences (Germany) 
Peptone Oxiod (Australia) 
Phenthroline Sigma Chemical Company (USA) 
Phosphate buffered saline (PBS) Supplied by CMCA 
Polyethylene glycol (PEG4000) Chem Supply Pty. Ltd. (Australia) 
Polymyxin B Sigma Chemical Company (USA) 
Potassium glutamate Univar (Australia) 
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Potassium phosphate dibasic (K2HPO4) Univar (Australia) 
Potassium phosphate monobasic (KH2PO4) Univar (Australia) 
Potassium phosphate monobasic (KH2PO4) AnalaR BDH (Australia) 
Proalbium (BSA) powder Milipore (USA) 
Protean blue non-stained Molecular weight marker Bio-Rad Laboratories (USA). 
Protease inhibitor tablets Invitrogen 
pRT-PCR Random Primer 6 New England Biolabs (USA) 
QIAGEN QIAquick spin columns  Qiagen Pty. Ltd (Australia) 
Rainbow coloured protein molecular weight markerTM Amersham life sciences (UK) 
ruthenium red  Sigma Chemical Company (USA) 
Silver Nitrate (AgNO3) MERCK Chemicals (Australia) 
Sodium azide (NaN3) Sigma Chemical Company (USA) 
sodium cacodylate Supplied by CMCA 
Sodium carbonate (Na2CO3) AnalaR BDH (Australia) 
Sodium Chloride (NaCl2) Univar (Australia) 
Sodium dodecyl sulfate (SDS) BDH laboratory reagents (Australia) 
Sodium hydrogen carbonate (NaHCO3) Univar (Australia) 
Sodium hydrogen phosphate (Na2HPO4) AnalaR BDH (Australia) 
Sodium phosphate (Na3PO4) AnalaR BDH (Australia) 
Sodium Thiosulphate (Na2S2O3•5H2O) Sigma Chemical Company (USA) 
Special Peptone Oxiod (Australia) 
Spectinomycin  Sigma Chemical Company (USA) 
Spurr’s resin Supplied by CMCA 
standard grade ethanol Univar (Australia) 
Sucrose Univar (Australia) 
SyberOrange Roche Applied Sciences (Germany) 
SybrGreen Roche Applied Sciences (Germany) 
T4 DNA ligase  New England Biolabs (USA) 
T4 DNA polymerase  New England Biolabs (USA) 
Taq extender Stratagene (USA) 
Taq polymerase  New England Biolabs (USA) 
Tetracyline Sigma Chemical Company (USA) 
Tris base Invitrogen 
Tris-acetate  AnalaR BDH (Australia) 
Trizma-hydrocholoride (Tris HCl)  Gibco (USA) 
Tryptone Oxiod (Australia) 

yeast extract  Oxiod (Australia) 
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2.2   Bacterial strains used in this study 

Bacterial strains used in this study are listed in the tables below, E. coli  in Table 5 and 

N. meningitidis in Table 6.  Plasmids used in this study are listed in Table 7. 

Table 5:  E. coli strains used in this study 

Strain name Genotype1 
Antibiotic 
resistance Reference 

BL21 
F- dcm ompT hsdSB(rB- mB-) gal 
[malB+]K-12(λS) None (Studier et al., 2009) 

BL21 (DE3) 
C43 

F- ompT hsdSB (rB- mB-) gal dcm 
(DE3).  Contains uncharacterised 
mutation, which prevent the cell 
death associated with the 
expression of toxic recombinant 
proteins None (Miroux and Walker, 1996) 

BL21 (DE3)-
RP 

F– ompT gal dcm lon hsdSB(rB- 
mB-) λ(DE3 [lacI lacUV5-T7 gene 
1 ind1 sam7 nin5]) None (Studier et al., 2009) 

DB3.1 
(EXEC77) 

F- gyrA462 endA1 glnV44 Δ(sr1-
recA) mcrB mrr hsdS20(rB-, mB-) 
ara14 galK2 lacY1 proA2 
rpsL20(Smr) xyl5 Δleu mtl1 CcdB, spec 

(Bernard and Couturier, 1992;  
Miki et al., 1992) 

DH5a 
(EXEC79) 

F- endA1 glnV44 thi-1 recA1 relA1 
gyrA96 deoR nupG 
Φ80dlacZΔM15 Δ(lacZYA-
argF)U169, hsdR17(rK- mK+), λ– nalidixic acid (Grant et al., 1990) 

JM109 
(EXEC95) 

endA1 glnV44 thi-1 relA1 gyrA96 
recA1 mcrB+ Δ(lac-proAB) e14- [F' 
traD36 proAB+ lacIq lacZΔM15] 
hsdR17(rK-mK+) 

nalidixic acid, 
CcdB 

NEB  
(Yanisch-Perron et al., 1985) 

S17-lpir 

Strain background recA- E. coli 
strain S49-20 with RP4 2-Tc::Mu-
Km::Tn7 (partial RP4 intergrated) 

Trimethoprim, 
Spec (low level) (Simon et al., 1983) 

EXEC62 JM109 containing pEX62 Amp Dr Charlene Kahler 
EXEC69 DH5  containing pEX69 Kan (O'Dwyer C et al., 2004) 
EXEC86 JM109 containing pEX86 Erm (Tzeng et al., 2002a) 
EXEC87 JM109 containing pEX87 Cm (Takeshita et al., 1987) 

EXEC88 DB3.1 containing pEX88 Kan 
Invitrogen life technologies, 
USA 

EXEC89 JM109 containing pEX89 Erm (Kupsch et al., 1996) 
EXEC93 JM109 containing pEX93 Kan, Dr Charlene Kahler 
EXEC94 JM109 containing pEX94 Amp (Amann et al., 1988) 
EXEC95 JM109 containing pEX95 Amp Novagene 
EXEC248 JM109 containing pEX248 Cm, Spec (Tzeng et al., 2008) 
CKEC100 DB3.1 containing pCMK100 Cm, Erm This study 
CKEC101 DH5 containing pCMK101 Cm, Spec This study 
CKEC102 DH5 containing pCMK102 Cm This study 
CKEC109 JM109 containing pCMK109 Cm, Spec (Scoullar, 2004) 
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CKEC111 JM109 containing pCMK111 Cm, Tet (Scoullar, 2004) 
CKEC113 JM109 containing pCMK113 Cm, Erm (Scoullar, 2004) 
CKEC114 JM109 containing pCMK114 Cm This study 
CKEC115 JM109 containing pCMK115 Cm This study 
CKEC116 BL21 containing pCMK116 Amp This study 
CKEC117 BL21 containing pCMK117 Amp This study 
CKEC118 JM109 containing pCMK118 Cm This study 
CKEC119 JM109 containing pCMK119 Cm This study 
CKEC120 BL21 containing pCMK120 Amp This study 
CKEC121 BL21 containing pCMK121 Amp This study 
CKEC128 JM109 containing pCMK128 Cm This study 
CKEC131 JM109 containing pCMK131 Cm, Kan This study 
CKEC133 DB3.1 containing pCMK133 Kan This study 
CKEC135 DB3.1 containing pCMK135 Erm, Cm This study 
CKEC136 DB3.1 containing pCMK136 Kan This study 
CKEC138 JM109 containing pCMK138 Amp This study 
CKEC139 JM109 containing pCMK139 Amp This study 
CKEC140 JM109 containing pCMK140 Amp This study 
CKEC536 DH5 containing pCMK536 Kan Susannah Piek 
CKEC581 DB3.1 containing pCMK581 Kan, Cm Susannah Piek 

VCP strain2 BL21 (RP) containing pCMK138 Amp 
This study (Dr Noelene 
Quinsey)  

VCP strain BL21 (RP) containing pCMK139 Amp 
This study (Dr Noelene 
Quinsey) 

VCP strain BL21 (C43) containing pCMK140 Amp 
This study (Dr Noelene 
Quinsey) 

1 Full definitions of genotype abbreviations can be found in the Genotype of Competent Cells section of 
the Invitrogen website (http://www.invitrogen.com) and at the E. coli Genotypes section of 
OpenWetWare (http://openwetware.org/wiki/E._coli_genotypes). 
2 Not assigned a CKEC or EXEC number, used at the Victorian College of Pharmacy in Dr Scanlon’s lab. 
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Table 6:  N. meningitidis strains used in this study 
Strain 
name Construction Genotype 

Antibiotic 
resistance Reference 

NMB 
Wild-type N. meningitidis 
serogroup B NMB None 

(Kathariou et 
al., 1990) 

CKNM101 
NMB transformed with 
plasmid pCMK109 NMBNmdsbA1::addA Spec This study 

CKNM102 
NMB transformed with 
plasmid pCMK111 NMBNmdsbA2::tetM Tet This study 

CKNM103 
NMB transformed with 
plasmid pCMK113 NMBNmdsbA3::ermC Erm This study 

CKNM104 
CKNM103 passaged 
through broth NMBNmdsbA3::ermC Erm This study 

CKNM105 
CKNM101 transformed 
with plasmid pCMK111 

NMBNmdsbA1::addA, 
NmdsbA2::tetM Spec, Tet This study 

CKNM106 
CKNM101 transformed 
with plasmid pCMK113 

NMBNmdsbA1::addA, 
NmdsbA3::ermC. Spec, Erm This study 

CKNM107 
CKNM102 transformed 
with plasmid pCMK113 

NMBNmdsbA3::tetM, 
NmdsbA3::ermC. Tet, Erm This study 

CKNM108 
CKNM106 transformed 
with plasmid pCMK111 

NMBNmdsbA1::addA, 
NmdsbA2::tetM, 
NmdsbA3::ermC. 

Spec, Tet, 
Erm This study 

CKNM122 
NMB transformed with 
plasmid pCMK101  NMBiga::NmdsbA3- Spec This study 

CKNM124 
Conjugated to take up 
pCMK536 NMB+pCMK536 Kan This study 

CKNM125 
CKNM103 conjugated to 
take up pCMK536 

NMBNmdsbA3::ermC+ 
pCMK536  Erm, Kan This study 
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Table 7:  Plasmids used in this study 
Plasmid 
number Plasmid name Plasmid information RM1 Reference 

pEX62 
pTrc99A + 
NmdsbA3 

Expression vector used for initial 
studies into purification of native 

NmDsbA3 from the periplasm.  Used 
as a source of  NmdsbA3 gene for 

cloning.  NmdsbA3 flanked by NcoI 
sites. Amp Dr Charlene Kahler 

pEX69 pMIDG100 

Meningococcal shuttle vector.  
Replicative in both E. coli and  N. 

meningitidis.  Low copy number in E. 
coli.  High copy number in N. 

meningitidis. Kan 
(O'Dwyer C et al., 
2004) 

pEx86 pYT250 
Meningococcal shuttle vector.  No 

promoter for MCS Erm (Tzeng et al., 2002a) 

pEX87 pHSG576 

Low copy E. coli vector.  LacIq 
expression from  

Ptrc promoter upstream of MCS Cm 
(Takeshita et al., 
1987) 

pEX88 pENTR4 
Gateway entry vector.  No promoter 

for MCS Kan 
Invitrogen life 
technologies, USA 

pEX89 Hermes8 

Gonococcal shuttle vector.  LacIq 
expression system from  the Ptrc 

promoter Erm (Kupsch et al., 1996) 

pEX93 pUC18K 
High copy E. coli vector.  Source of 

aphA-3 gene Kan, Dr Charlene Kahler 

pEX94 pTrc99A 

High copy E. coli expression vector.  
LacIq expression from Ptrc promoter 

upstream of MCS Amp (Amann et al., 1988) 

pEX95 pET45(b)+ 

High copy E. coli expression vector.  
His6 tag in MCS for N-terminal 

fusion proteins.  Expression from 
IPTG inducible T7 promoter Amp Novagene 

pEX248 pJKD2581 

Meningococcal shuttle vector 
employing the lacIq system from 

Hermes8.  Replicative in E. coli and 
integrative in N. meningitidis  

Cm, 
Spec (Tzeng et al., 2008) 

pCMK100 pYT250 + attR   

pYT250 with the attR cassette cloned 
into the EcoR1 site of the MCS.  

Constructed as maintenance vector 
for the attR cassette 

Cm, 
Erm This study 

pCMK101 
pJKD2581  + 
NmdsbA3 

pJKD2581 containing NmdsbA3  
from pEX62 with NcoI and cloned 

into the BamHI site of the pJKD2581 
Cm, 
Spec This study 

pCMK102 
pHSG576  + 
bacA 

pHSG576 with bacA amplified from 
strain NMB with primer pair 

KAP149 and KAP150 and cloned 
into the HincII site of the pHSG576 

in the opposite orientation as Ptrc. Cm This study 

pCMK109 
pHSG576+ 
NmdsbA1:: 

pHSG576 containing a 5kb fragment 
of the NmdsbA1 locus, amplified 

from strain NMB using primer pair 
DAP275 and DAP263 and with the 
addA () gene inserted between the 

two BssHII sites in NmdsbA1.   
Cm, 
Spec (Scoullar, 2004) 

pCMK111 
pHSG576  + 
NmdsbA2::tetM 

pHSG576 containing a 7kb fragment 
of the NmdsbA2 locus, amplified  

from strain NMB with primers pair 
DAP285 and DAP201, and with the 

Cm, 
Tet (Scoullar, 2004) 
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tetM gene inserted into the single 
NotI site in NmdsbA2.   

pCMK113 
pHSG576 + 
NmDsbA3::ermC 

pHSG576 containing a 2kb fragment 
of the NmdsbA3  locus, amplified 

from strain NMB using primer pair 
DAP268 and DAP269 and with the 
ermC gene inserted into the BssHII  
site and an introduced HincII site in 

NmdsbA3.   
Cm, 
Erm (Scoullar, 2004) 

pCMK114 
pHGS576 + 
NmdsbA1 

NmdsbA1 amplified from strain NMB 
using primer pair KAP7 and KAP8 

cloned into the HincII site of 
pHSG576 as a blunt end cloning in 

the same orientation as Ptrc.   Cm This study 

pCMK115 
pHSG576 + 
NmdsbA1DS26-G44 

NmdsbA1 amplified from strain NMB 
with the signal peptide removed by 

SOE-PCR cloned into the HincII site 
of pHSG576 as a blunt end cloning in 

the same orientation as Ptrc.  Primer 
pairs  used can be found on  in 

section 0.   Cm This study 

pCMK116 
pTrc99A + 
NmdsbA1 

NmdsbA1 excised from pCMK114 
with NcoI and XbaI and cloned into 
the NcoI and XbaI sites of pTrc99A 

in the same orientation as Ptrc. Amp This study 

pCMK117 
pTrc99A + 
NmdsbA1DS26-G44 

NmdsbA1DS26-G44excised from 
pCMK115 with NcoI and XbaI and 

cloned into the NcoI and XbaI sites of 
pTrc99A in the same orientation as 

Ptrc. Amp This study 

pCMK118 
pHGS576 + 
NmdsbA2 

NmdsbA2 amplified from strain NMB 
using primer pair KAP11 and KAP12 

and cloned into the HincII site of 
pHSG576 as a blunt end cloning in 

the same orientation as Ptrc.   Cm This study 

pCMK119 
pHSG576 + 
NmdsbA2DS26-E45 

NmdsbA2DS26-E45amplified from strain 
NMB with the signal peptide 

removed by SOE-PCR and cloned 
into the HincII site of pHSG576 as a 

blunt end cloning in the same 
orientation as Ptrc.   Cm This study 

pCMK120 
pTrc99A + 
NmdsbA2 

NmdsbA2 excised from pCMK118 
with NcoI and XbaI and cloned into 
the NcoI and XbaI sites of pTrc99A 

in the same orientation of the Ptrc 
promoter. Amp This study 

 
pCMK121 

pTrc99A + 
NmdsbA2DS26-E45 

NmdsbA2DS26-E45excised from 
pCMK119 with NcoI and XbaI and 

cloned into the NcoI and XbaI sites of 
pTrc99A in the same orientation of 

the Ptrc promoter. Amp This study 

pCMK128 pHSG576+His6 

His6 fragment (KAP60 and KAP61) 
was annealed to form double stranded 
DNA and cloned into the HincII and 
SmaI sites of pHSG576 by blunt end 
cloning in the opposite orientation to 

Ptrc. Cm This study 

pCMK131 
pCMK128 + 
aphA-3 

aphA-3 gene was PCR amplified 
from pUC18K with primers KAND 

Cm, 
Kan This study 
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and KANE, digested with SmaI and 
cloned into the SmaI site downstream 

of the His6 tag in pCMK128 in the 
same orientation as the His6 tag. 

pCMK133 
pENTR4 +  
His6-aphA-3 

The His6 + aphA-3 fragment was 
excised from  pCMK131 by NotI and 

HincII digest, then cloned into the 
NotI and EcoRV sites of pENTR4 Kan This study 

pCMK135 Hermes8+attR 

The blunt end attR cassette was 
cloned between the NcoI and BamHI 
sites of Hermes8 by blunt end cloning 

to create a Gateway® destination 
vector in the same orientation as Ptrc 

Erm, 
Cm This study 

pCMK136 
pCMK133 + 
NmdsbA3 

NmdsbA3 was amplified from NMB 
with primer pair KAP68 and KAP59 
then cloned into the NcoI and HindIII 

sites of pCMK133 to create a C-
terminal fusion with His6. Kan This study 

pCMK138 
pET45(b)+   
His6-NmdsbA1 

NmdsbA1 amplified from strain NMB 
and the signal peptide and membrane 
anchor removed by SOE-PCR, then 

cloned into the NcoI and HindIII sites 
of pET45(b)+ to create a N-terminal 

fusion with His6. Amp This study 

pCMK139 
pET45(b)+  
His6-NmdsbA2 

NmdsbA2 amplified from strain NMB 
and the signal peptide and membrane 
anchor removed by SOE-PCR, then 

cloned into the NcoI and HindIII sites 
of pET45(b)+ to create a N-terminal 

fusion with His6. Amp This study 

pCMK140 
pET45(b) +  
His6-NmdsbA3 

NmdsbA3 amplified from strain NMB 
and the signal peptide and membrane 
anchor removed by SOE-PCR, then 

cloned into the NcoI and HindIII sites 
of pET45(b)+ to create a N-terminal 

fusion with His6. Amp This study 

pCMK536 
pCMK581 + 
NmdsbA3-His6 

NmdsbA3-His6  from plasmid 
pCMK136 was introduced into 

pCMK581 downstream of the Ptrc 
promoter by Gateway LR clonase® 

reaction. Kan Susannah Piek 

pCMK581 
pMIG100 + 
lacIq/attR 

The expression cassette from  
pCMK135 was excised with XhoI 

and HindIII then cloned between the 
NheI and XbaI sites of pMID100 by 

blunt end cloning to create a 
Gateway® destination vector. 

Kan, 
Cm Susannah Piek 

1 Resistance marker 
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2.3 Bioinformatics 

Primer, plasmid design and sequence analysis was done using the commercial 

Sequencher program version 3.1 (Gene Codes).  All plasmid maps were drawn using the 

commercial VectorNTI® program (Invitrogen).  Primers were based either on sequence 

data or designed to match the N. meningitidis MC58 genome sequence available at the 

Comprehensive Microbial Resource (CMR) website (http://cmr.jcvi.org/tigr-

scripts/CMR/GenomePage.cgi?database=gnm).  Putative identification of the cellular 

localisation of putative NmDsbA3 substrates was done using the web based programs 

SignalP (http://www.cbs.dtu.dk/services/SignalP/) to determine the presence of a signal 

peptide and Psort  (http://psort.hgc.jp/form.html) to determine the most likely cellular 

location.    

Analysis of the dsbA3 loci in Neisseria strains was performed using NCBI BlastN and 

BlastP programs (http://blast.ncbi.nlm.nih.gov/Blast.cgi) using the database reference 

genomic sequences (ref-seq_genomic) for N. meningitidis and N. gonorrhoeae and 

nucleotide collection (nr/nt) for all other Neisseria species.  Protein translation was 

obtained using the web based ExPasy Translate tool (http://web.expasy.org/translate/) 

and the theoretical properties of each NmDsbA3-like protein as well as for NmDsbA1 

and NmDsbA2 were determined using the web based ExPasy ProtParam program 

(http://web.expasy.org/protparam/).  Amino acid alignment and generation of the 

phylogenetic tree were done using the web based ClustalW2 program 

(www.cbi.ac.uk/clustalw/).  Protein structures used in this project were obtained from 

the web-based RCBI protein data bank (http://www.pdb.org/pdb/home/home.do), and 

visualised and manipulated using the freeware program Swiss-Pdb viewer 3.7 (available 

from http://spdbv.vital-it.ch/). 

 

2.4  Media and culture conditions 

E. coli strains were grown either on Luria-Bertini (LB) agar (Appendix B (i)a) or LB 

broth (Appendix B (i)b) with relevant antibiotic selection (Appendix B (i)k).  Plate 

cultures were grown at 37˚C in a Hera cell 150 incubator.  Broth cultures were grown 
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either in non-shaking conditions at 37˚C in a Hera cell 150 incubator, or shaking at 

37˚C in a Orbital mixer incubator.   

N. meningitidis cells were grown either on Gonococcal (GC) agar (Appendix B (i)c) 

containing 10l/ml glucose supplement (Appendix B (i)e) and 1l/ml iron supplement 

(Appendix B (i)f) (GCGF), or in GCGF broth (Appendix B (i)d) or Mueller Hinton 

(MH) broth (Appendix B (i)g).  Plate cultures were incubated at 37˚C 5% CO2 in a Hera 

cell 150 incubator.  All broth cultures were grown in sealed flasks and contained 

10l/ml of 4.3% sodium hydrogen carbonate (NaHCO3) to create the 5% CO2 

conditions.  

Antibiotics to select for plasmids or strains were added to the media or broth when 

required (Appendix B (i) k).  All agar and broth cultures were sterilized by autoclaving 

at 121°C for 15 min and then cooled to 55°C prior to the addition of antibiotics and 

supplements.  

Cultures throughout the thesis are written using the following nonclamenture.  Plate 

cultures will be referred to a LB Ant 00 or GCGF Ant 00, with LB or GCGF referring to 

the type of media used, Ant the antibiotic abbreviation (Appendix B (i)k) and the 

number following refers to the level of antibiotic used in g/ml.  When broth cultures 

are used these will be written as LB broth, GC broth or MH broth.  

 

2.5   DNA manipulation. 

2.5.1   Primers used in this study. 

Primers were designed based on the N. meningitidis MC58 genome (Genebank 

accession no. AE002098.2), published on the Comprehensive Microbial Resource  

(CMR) database (http://cmr.jcvi.org/cgi-bin/CMR/CmrHomePage.cgi) or from NMB 

sequence as determined by sequencing.  The oligonucliotides were constructed by 

Monash University Department of Microbiology Oligonucliotide Sequencing Facility 

(MICROMON) and are listed in (Table 8). 
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Table 8:  Oligonucliotide primers used in this study. 
Primer 
Name Primer sequence 5’ to 3’ Designed by 

DAP201 gatgaagatgttcagcggcaacg 
Dr Charlene 

Kahler 
DAP208 aataccgcgttatcttcaataatgg  Jessica Scoullar 
DAP263 cccaagcttgctgtttgacatggtcaatgtgcc Jessica Scoullar 
DAP265 ccagcatgactgcaacactcaagg Jessica Scoullar 
DAP267 caaaccaaccccggaacaaatcc Jessica Scoullar 
DAP268 cggaattcccagcatcgaaaaagcgtgcagtgc Jessica Scoullar 
DAP269 cccaagcttggcaaacactaccgccaaaactgc Jessica Scoullar 
DAP274 gtcgtcaaaggtttgcaggagc Jessica Scoullar 
DAP275 cggaattccgttggaagccgagttgcaaaatgc Jessica Scoullar 
DAP285 ctacgatatgcgcggtgaaagc Jessica Scoullar 
DAP286 ttgatgtgctcgctcaagaccg Jessica Scoullar 
DAP292 gaccgtaggcatggattacagc Jessica Scoullar 

DAP381 gagcggataacaatttcacacagg 
Dr Charlene 

Kahler 

DAP382 cgtgcacccaactgatcttcagc 
Dr Charlene 

Kahler 
DAP418 tgtttcatcacgcggttgaccg Jessica Scoullar 
DAP419 tgatttccgccgctatttccgtgc Jessica Scoullar 
DAP420 cgacgtattgaccctgattgaagacg Jessica Scoullar 

DAP455 gactatcgaacctgccgatgtgc 
Dr Charlene 

Kahler 

DAP464 ctgatgatgggcttggtagaagg 
Dr Charlene 

Kahler 

DAP466 cttggaaacaaacctcagcaacgc 
Dr Charlene 

Kahler 

DAP479 ggcattggtgagagacgatgtcg 
Dr Charlene 

Kahler 

DAP485 cgtacaaatgacggccagcaacg 
Dr Charlene 

Kahler 
KAP3 acccgcgccgaatgcccgcgcaatgacc Jessica Scoullar 
KAP4 ccctgcgcacgcggcaagggcgaacagggcggcaacg Jessica Scoullar 
KAP5 gcgtgcgcagggctggtcgaagggcaaaactatacc Jessica Scoullar 
KAP6 ctcgccccgctctacgcgctcttgg Jessica Scoullar 
KAP7 catgccatggcaacatcaaggaaaaccgtatgaaatcc Jessica Scoullar 
KAP8 gctctagaactggaaacgggctttacgttttaaacc Jessica Scoullar 
KAP9 ctcagcacaagcggccaatgccaacagg Jessica Scoullar 

KAP10 gcttgtgctgagttgaacgaaggtgtgaac Jessica Scoullar 
KAP11 catgccatggcacacaggaaatacctatgaaactgaaaacc Jessica Scoullar 

KAP12 gctctagattattgcggctttttctgctcttcgc Jessica Scoullar 

KAP431 cttagcaggagacattccttccg 
Dr Charlene 

Kahler 

KAP442 gtggtatgacattgccttctgcg 
Dr Charlene 

Kahler 
KAP59 gggaagctttctgtacagcaggggtctgacg Jessica Scoullar 
KAP60 ggcggccgcaagcttcccatcaccaccatcaccattaacccgggctgcaggtcaacgg Jessica Scoullar 
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c 

KAP61 gccgttgacctgcagcccgggttagtgatggtgatggtgatgggaagcttgcggccgcc Jessica Scoullar 

KAP68 catgccatggcgaaaggaaataattatgaagctc 
Dr Charlene 

Kahler 
KAP74 tacctatcacctcaaatggttcgctgg Stephanie Bell 

KAP75 acagctatgaccatgattacgccaagc Stephanie Bell 

KAP983 gccaatcagcaacgactg 
Dr Charlene 

Kahler 
KAP112 ccaggcatcaaactaagcagaagg Jessica Scoullar 
KAP113 gccaactttgtacaagaaagctggg Jessica Scoullar 
KAP149 ctggatccgaaagaagcgcaagcaatgg Jessica Scoullar 
KAP150 cacctagggtcgggtttatggtttcattccc Jessica Scoullar 
KAP158 gacaaggcagggctggtcgaagggcaaaa Michele Squire 
KAP159 gactcactataggggaattgtgagc Michele Squire 
KAP160 ccctgccttgtcgtcgtcatcattcgaaccg Michele Squire 
KAP161 ggaattgtgagcggataacaattccc Michele Squire 
KAP162 gcaagcttttactgcgcggctttttgttcttcg Michele Squire 
KAP163 gacaaggctgagttgaacgaaggtgtgaac Michele Squire 
KAP164 ctcagccttgtcgtcgtcatcattcgaaccg Michele Squire 
KAP165 gcaagcttttattgcggctttttctgctcttcgc Michele Squire 
KAP166 gacaagtatgccctgacggaaggggaagac Michele Squire 
KAP167 ggcatacttgtcgtcgtcatcattcgaacc Michele Squire 

KAP168 gcaagcttctatttctgtacagcaggggtctgac Michele Squire 

KAP2674 agcggataacaatttcacacagga 
Dr Charlene 

Kahler 

KAP2685 gttttcccagtcacgac 
Dr Charlene 

Kahler 
KAP363 tgctaaagagggtagtggcg Dr Chiang Lee 
KAP364 caaaccatctaatgttgcacgt Dr Chiang Lee 
KAP384 ggaatgggtttatccaacac Dr Chiang Lee 
KAP385 gaagctcaaacatctgttgc Dr Chiang Lee 
KAP417 tttctgcaggctgcttcgacg Dr Chiang Lee 
KAP422 ggtacctctagacggaagagcgtgaacaaaccg Dr Chiang Lee 
KAP432 cagccctgccaaagatgtgg Dr Chiang Lee 
KAP433 gcacgttttgcctgcatacc Dr Chiang Lee 
KAP549 cggatttggcgggcgacgaa Dr Chiang Lee 

KAND gattacgaattcgagcgccgctacc 
Dr Charlene 

Kahler 

KANE gaggatcgcgcgctcattattcc 
Dr Charlene 

Kahler 
1 Also known as KANA 
2 Also known as KANC 
3 Also known as lacIq 
4 Also known as Reverse M15 primer (RP) 
5 Also known as Universal M15 primer (UP) 
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2.5.2 Polymerise chain reaction (PCR) 

DNA used in cloning or for sequencing was amplified in 50 l reactions.  The majority 

of amplification reactions were done using Taq polymerase (New England Biolabs) and 

Taq Extender (Stratagene).  These reactions consisted of 35.75 l autoclaved distilled 

water (PCR H20), 5l 10x PCR buffer (Roche), 2 l of each oligonucleotide primer (7.5 

pMol stock concentration), 1-2 l of template DNA or cell lysate, 1 l 10mM dNTP 

mix (Promega) and 0.25 l of Taq polymerase and Taq extender (5 U/l).  DNA 

fragments which were unable to be amplified using Taq were amplified using the 

Expand Long Template PCR system kit as per manufacturer’s instructions (Roche 

Applied Sciences).  These reactions contained 35.75 l PCR H20, 5 l 10x Expand PCR 

buffer 2 (Roche), 2 l of each oligonucleotide primer, 1-2 l of template DNA, 1 l 

10mM dNTPs (Promega) and 1.5 l Expand enzyme mix (Roche) and 0.25 l Taq 

extender (5 U/l) (Stratagene).  Template DNA for colony PCR was made by lysing a 

colony of cells in 20 l of PCR H20.  PCR conditions, depending on size of the 

fragment, the ease of amplification and the purity of the DNA template were done using 

either one of the programs listed below. 

Standard PCR conditions: 94°C for 2 min [94°C for 30 sec,  50-60°C for 30 sec,  

72°C for 3 min] x 35, 72°C for 5 min with a 14°C hold.   

Extended PCR conditions: 94°C for 2 min [94°C for 30 sec,  50-55°C for 30 sec,  

64°C for 4 min] x 10, [94°C for 30 sec,  50-55°C for 30 sec,  64°C for 4 min + 20 sec 

autoextend] x 25, 72°C for 5 min with a 14°C hold.   

 

2.5.3   Sequencing 

Sequencing reactions consisted of 50-150 ng of purified plasmid DNA, 1.7 l 10x PCR 

buffer (Roche), 0.5 l of oligonucleotide primer (7.5 pMol stock concentration) and 2 l 

Big Dye® Terminator mix v3.1 (Applied Biosystems) made up to 20 l in PCR H20.  

The sequencing PCR reaction consists of 96°C for 1 min, [96°C for 10 sec, 50°C for 5 

min, 60°C for 4 min] x 25 with a 14°C hold. 
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The sequencing reaction was then purified using the salt/ethanol precipitation method.  

The 20 l PCR reaction was added to 50 l of 95% analytical grade ethanol, 2 l of 3 M 

sodium acetate (pH 5) and incubated at room temperature for 30 min.  Then spun at 

maximum speed in a bench-top centrifuge (Minispin Plus, Eppendorf) causing the DNA 

to form a clear DNA pellet.  This pellet was then washed twice in 70% analytical grade 

ethanol to remove residual salt by spinning at maximum speed for 10-15 min.  The 

ethanol was removed and the pellet air dried.  The tubes containing the pellet were then 

submitted to the sequencing facility at the Department of Immunology, Royal Perth 

Hospital to obtain the sequence via an Applied biosystem 373A DNA sequencing 

system.  Results were analysed using the Sequencher 3.1.1 software. 

 

2.5.4   Agarose gel electrophoresis 

DNA from PCR and at each step of the cloning was visualized using a 0.8% agarose gel 

pre-stained with 0.2g/ml ethidium bromide (Sigma) or SybrGreen (Roche). Gels were 

run at 80-110V, buffered in 1xTAE (Appendix B (i)n) for 10-40 min.  DNA was 

visualized and images captured by exposure to UV light using a Lasgene 3000 (Bethold 

Australia Pty. Ltd.).  The concentration of DNA was estimated by comparison to a 

standardized  HindIII ladder (Appendix B (i)q) or the 1 kb ladder (Invitrogen Life 

Technologies, USA.) 

 

2.5.5   Plasmid extraction. 

Strains of E. coli containing the plasmid of interest were subcultured using the 16- 

streak method onto LB agar (Oxoid) containing the appropriate antibiotic and incubated 

at 37°C overnight.  The bacteria were removed from the plate using a sterile loop and 

resuspended in TE buffer (Appendix B (i)l).  Plasmids were extracted using the High 

Pure Plasmid Isolation Kit as per manufacturer’s instructions (Roche Applied Sciences).  

PCR H20 (pH 8.0) was used to elute plasmid DNA from the column in place of the 

commercial elution buffer as the commercial buffer can inhibit some enzyme reactions.  
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Plasmid DNA for low copy plasmids was concentrated using a Speedvac® plus (Savant 

Instruments Inc, USA).   

 

2.5.6   DNA purification 

DNA was purified using the QIAGEN QIAquick spin columns according to 

manufacturer’s instructions.  pH 8 PCR H20 (sterile distilled H2O containing 1l/ml of 

0.5 mM Tris pH 8) was used in place of the commercial elution buffer. 

 

2.5.7   Restriction digest of plasmid DNA 

Restriction enzymes were obtained from New England Biolabs (NEB) and reactions 

were performed using the supplied buffers and advised temperatures as per 

manufacturer’s instructions.  Digests were incubated for 2-4 hrs for plasmid digests and 

overnight for PCR products.  Digestion of plasmid was confirmed by comparison with 

the uncut plasmid by agarose gel electrophoresis (2.5.4).  DNA for cloning was purified 

prior to subsequent reactions (2.5.6) unless buffers were compatible with the required 

enzyme. 

 

2.5.8   Calf Alkaline Phosphatase (CAP) treatment. 

CAP removes the phosphate groups from the 5’ end of linearised DNA, preventing re-

ligation of the plasmid.  The CAP enzyme (Promega, USA)  is compatible with most of 

the NEB buffers so digests were not cleaned prior to addition of the CAP.  Two units of 

CAP was added to the restriction digest and incubated at 37˚C for 30  min.  The DNA 

was then purified for ligation reactions.  
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2.5.9   T4 DNA polymerase treatment 

T4 DNA polymerase (3000 U/ml)  was used to blunt end DNA fragments which possess 

sticky ends.  DNA restriction digests were purified prior to T4 DNA polymerase 

treatment unless they had been done using NEB buffer 2 which is compatible with T4 

DNA polymerase.    Reactions consisted of ≥10 ng of DNA, 2 l T4 DNA polymerase 

(New England Biolabs, USA), 2 l T4 DNA polymerase buffer (New England Biolabs, 

USA), 1 l of 10 mM dNTPs (Promega, USA) and made up to 20 l PCR H20.  Where 

reactions were done in NEB buffer 2 and so not cleaned, 2 l of T4 DNA polymerase, 

and 1l of 10 mM dNTPs (Promega) were added to 18 l of the restriction digest.  

Reactions were incubated at 15°C for 30 min.  The DNA was purified immediately 

following the 15°C incubation period. 

 

2.5.10   Ligation 

Ligations reactions contained ≥5 ng of insert and ≥10 ng of linearised vector, estimated 

by comparison to the  HindIII ladder marker.  For blunt end ligations 2 l of T4 DNA 

ligase (400000 U/ml) (NEB) was used, for sticky end ligations 1l of T4 DNA ligase 

(400000 U/ml) (NEB).  Each reaction contained 2 l of 10 x T4 DNA ligase buffer 

(NEB) and was made up to 20 l with PCR H20.  Ligations were incubated at room 

temperature overnight and were added directly to competent cells without further 

processing. 

 

2.5.1 Gateway® LR recombinase reaction. 

Gateway® LR recombinase reactions were done using the Invitrogen LR clonase® per 

maunfacturer’s instructions.  In brief, 150 ng of both entry (pCMK136) and destination 

(pCMK518) vector were mixed together and the solution made up to 8 l with TE 

buffer (pH 8).  2 l of LR clonase® was added and the reaction was incubated at room 

temperature for 1 hr.  1 µl of the Proteinase K solution (Invitrogen) was then added and 

the solution incubated at 37˚C for 10 min to terminate the reaction.  The reaction was 
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then transformed into ccdB sensitive E. coli strain DH5 using the chemical 

transformation method described in section 2.7.1. 

 

 

2.6   Real-time and reverse transcription PCR reactions. 

2.6.1   Isolation of total RNA. 

Meningococcal strains were grown overnight on plates containing the relevant antibiotic 

selection at 37ᵒC with 5% CO2.  The strains were harvested added to 1 ml killing buffer 

(Appendix B (i)s) at 4ᵒC and resuspended by vortexing.  Total RNA was isolated using 

High Pure RNA Isolation Kit as per manufacturer’s instructions (Roche Applied 

Sciences, Germany). The presence of contaminating genomic DNA was further 

removed using a DNA-free Kit as per manufacturer’s instructions (Ambion). 

2.6.2   Creation of cDNA. 

cDNA was created using the M-MuLV Reverse Transcriptase PCR Kit (New England 

Biolabs) as per manufacturer’s instructions.  In brief, reactions consisted of 0.5 g of 

total RNA, 2 l of primer at 40 M concentration, 2 l of 10mM dNTPs and was made 

up to 16 l with nuclease free water.  For the cDNA prepared for RT-PCR, Random 

Primer 6 (New England Biolabs, USA) was used.  For expression profiling of 

NmDsbA3, DAP466 was used as the reaction primer.  The samples were heated at 65-

80ᵒC for 3-5 minutes then placed on ice. 1l of M-Mul V reverse transcriptase (200000 

U/ml) and 1l of RNase inhibitor were added along with 2 l of NEB M-MulV 10x 

buffer.  The reaction was incubated for 1 hr at 42ᵒC.  The reverse transcriptase was then 

inactivated at 90ᵒC.  cDNA was then stored at -20ᵒC. 

2.6.3   Quantitative Real Time PCR (qRT-PCR) 

qRT-PCR was performed using the Light Cycler 480 SybrGreen 1 Master Kit (Roche 

Applied Sciences) as per manufacturer’s instructions.  Reactions were done in triplicate 



69 

 

and contained 35ng of cDNA and 1.4 l of each nested primer at 10M stock 

concentration.  qRT-PCR reactions were done using a Light Cycler 480 and the 

following program: 10 min 95ᵒC, [95°C for 10 sec,  60°C for 30 sec,  72°C for 35 sec] 

×45 cycles.  Melt curves were done as a quality check and comprise the following 

reaction: 55ᵒC for 1 sec, 65ᵒC for 1sec, taken up to 98ᵒC and cooled again to 50ᵒC for 1 

sec, cooling 45ᵒC for 10 sec.  Quantitative results were obtained using the Light cycler 

absolute quantisation program delta delta CT method (Pfaffl, 2001), with the rspE 

housekeeping gene used as the standardising value. 

2.6.4   Reverse transcriptase PCR. 

The PCR reactions were comprised of 6 l of cDNA, 2 l 10xPCR buffer, 0.2 l Taq 

polymerase, 0.5l of the two nested primers at 10M concentration, 0.25 l dNTPs 

(10mM stock ) and made up to 20l in PCR H2O.  Reactions were run on a Multi-gene 

PCR machine (Labref International) under the following program:  [95ᵒC for 30 sec, 

60ᵒC for 45 sec, 72ᵒC for 60 sec] × 30 cycles.  PCR results were visualised on a 0.8% 

agarose gel stained with SybrGreen. 

 

2.7   Transformations. 

2.7.1   Chemical transformation of E. coli. 

Chemical transformation of all E. coli strains was performed using ≥5 ng of DNA, 

according to the method describe by Chung and Miller (1989).  In brief, E. coli strains 

were grown to mid-log phase in LB broth, pelleted and resuspended in 1 ml TBS 

(Appendix B (i)j).  DNA was added to 200 l of the competent cells and incubated on 

ice for 1 hr.  The cells were then heat shocked at 37˚C for 10min before being added to 

5-10ml of LB broth and incubated at 37˚C for a further 1.5 hrs.  For low copy plasmids 

and ligations, the competent cells were pelleted and resuspended in 1 ml of LB broth 

prior to plating.  Transformants were selected on LB agar containing appropriate 

antibiotics and confirmed by colony PCR.  Transformants were glycerol stocked in 

750l LB broth and 250l of 80% glycerol and stored at -70°C. 
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2.7.2  Transformation of N. meningitidis serogroup NMB. 

N. meningitidis strains were plated out on GCGF agar containing the appropriate 

antibiotics and incubated at 37°C with 5% CO2 overnight.  Three to five colonies were 

selected using a sterile plastic loop and two patches created on non-selective media.  

Approximately 15 ng of DNA was added and mixed to one patch of growth while the 

other patch was used as a negative control.  The plate was then incubated at 37°C with 

5%CO2 for 3-5 hrs to allow DNA uptake and antibiotic marker expression.  The 

transformants are then spread plated using a plastic sterile loop onto selective GCGF 

plates.  The plates were then incubated at 37°C with 5% CO2 until colonies were large 

enough to pick.  Colonies were then patched onto fresh selective media and the 

transformation confirmed by colony PCR.  Correct transformants were glycerol stocked 

in 750 l GC broth and 250 l of 80% glycerol and stored at -70°C. 

 

2.7.3   Conjugation of plasmids from S17 (pir) to NMB. 

Conjugation of plasmids from E. coli S17 (pir) to N. meningitidis strain NMB were 

done as described in Webb et al., (2001).  In brief, the E. coli donor strain and the N. 

meningitidis recipient strain were grown overnight on solid media and used to inoculate 

separate flasks of 5 ml pre-warmed Mueller Hinton (MH) broth (Oxoid) with 50l of 

4.3% NaHCO3.  A standard inoculum (2x108 cells/ml), see equation 1, of 1ml of the N. 

meningitidis was then used to inoculate a 50 ml MH broth with 4.3% NaHCO3 at T0 and 

incubated for 5 hrs at 37˚C .  A standard inoculum (2x108 cells/ml), see equation 1, of 1 

ml of E. coli was used to inoculate a separate 50 ml MH broth containing 4.3% 

NaHCO3 and incubated for 1.5 hrs at 37˚C.  Broth incubations for this section were 

done under non-shaking conditions .  Following the initial incubation (5hrs for N. 

meningitidis and 1.5 for E. coli), 600 l of the N. meningitidis recipient strain and 100 

l of the E. coli donor strain were mixed in a 1ml eppendorf tube and centrifuged at 

maximum speed in a benchtop centrifuge (Minispin plus, Eppendorf) for 2 min.  The 

supernatant was removed and the pellet resuspended in 100 l MH broth.  This mating 
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mix was then pipetted onto GCGF plates and covered with a filter paper.  The plates 

were then incubated overnight at 37˚C with 5% CO2.   

The filter paper was lifted and placed in a 10 ml falcon tube with 5 ml MH broth and 

vortexed for 1 min.  The filter paper was then discarded and the solution centrifuged for 

10 min at 3200xg in a Eppendorf centrifuge 5810R.  The supernatant was then 

discarded and the pellet resuspended in 1 ml MH broth.  These solutions were the 

spread plated in 200 l aliquots on the control plates, GCGF Kan100, GCGF PolB15 

(polymyxin B 15g/ml), and the experimental plates, GCGF Kan100 PolB15, along 

with control strains, donor E. coli and recipient N. meningitidis wild-type.  Kanamycin 

was used to select for the plasmid marker while polymyxin B was used to select for N. 

meningitidis and suppress the growth of E. coli.  Transconjugants were selected from 

the experimental plates and screened for the presence of the plasmid by PCR. 

 

2.8   Phenotypic assays in N. meningitidis strain NMB. 

2.8.1   Polymyxin B sensitivity assay 

The polymyxin B sensitivity plate assay was done as described in Tzeng et al., (2004).   

In brief, GCGF plates were made with doubling concentrations of polymyxin B starting 

at 4g/ml up to 512g/ml.  Single colonies from the wild-type NMB and each of the 

mutant strains were patched onto the plates from highest to lowest polymyxin B 

concentration to ensure that lack of growth was due to polymyxin concentration rather 

that lack of cells.  Plates were incubated at 37°C with 5% CO2 for 18-20 hrs before 

results were recorded. 

The polymyxin B dilution assay was done following the method used for the DTT 

sensitivity assay in Paxman et al., (2009).  In brief, N. meningitidis strains were 

standardised to 2x108 cells (Equation 1) in MH broth then diluted serially diluted to 

range from neat to 10-5.  A standard volume of 5l for each dilution was then added to 

GCGF plates containing doubling concentrations of Polymyxin B starting at 4g/ml up 

to 512g/ml.  The spots were allowed to dry then incubated at 37°C with 5% CO2 for 24 
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hrs before results were recorded.  Images of the plates were taken using the Lasgene 

3000 (Bethold Australia Pty. Ltd.). 

 
Equation 1:  Equation used to standardise bacterial cultures to a concentration of 2x108 cells/ml 

 
   

2.8.2 Growth curves in liquid media 

Strains were grown on GCGF plates at 37°C with 5% CO2 for 18 hrs and then harvested 

in 5 ml of GC broth.  An OD560 reading was taken, using  a UV mini 1240 UV-Vis 

spectrophotometer, and Equation 1 was used to dilute the inoculum to 2x108cells/ml.  a 

standardised inoculum of 8x108cells was used to inoculate 50 ml GC broths containing 

1 ml glucose supplement, 1 ml of 4.3% NaHCO3 to maintain slightly anaerobic 

conditions, and 50 l of an iron supplement.  Cultures were shaken in an rotary shaker 

(Orbital Mixer Incubator) at 37°C for 8-12 hours until stationary phase was reached, 

with OD560 readings taken every 2 hrs.  Graphs were drawn with the GraphPad Prism 

program (GraphPad Software, USA)  using a Gaussian model. 

 

2.9   Microscopy 

2.9.1   Gram stain 

Gram stains were done according to standard protocol described in  Bergey et al., 

(1994).  Briefly, N. meningitidis  strains taken from overnight growth plates were added 

to a drop of water on a glass slide (Perth Scientific, Aust.).  The slides were air dried in 

a biological hazard cabinet and the cells heat fixed to the glass slide by passing the slide 

through a Bunsen flame.  Slides were stained sequentially with crystal violet (MERCK 

Chemicals), Gram’s iodine (MERCK Chemicals), 100% standard grade ethanol 

(Univar) then Carbol fuchsin (MERCK Chemicals).  Slides were then viewed using a 
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Motic BA300 microscope using the x100 oil immersion lens.  Images of Gram stained 

bacteria were taken using Moticam 200 2.0 MPixel USB2.0.  Images were processed 

using the Motic image program. 

 

2.9.2   Transmission electron microscopy (TEM) 

All reagents, fixing and imaging equipment, with the exception of ruthenium red 

(Sigma chemical company, USA), were supplied by the Centre for Microscopy, 

Characterisation and Analysis (CMCA), University of Western Australia and sourced 

from ProSciTech, Qld Australia. 

Samples of clumps and broth cultures were taken from the end-point (8 hr) growth 

curve (2.8.2) and fixed in 1:1 solution of culture media and fixative (5% glutaraldehyde 

in 0.2 M PBS). Samples were postfixed in 1% OsO4 in 0.1 M PBS, before being 

dehydrated in a graded ethanol series and embedded in Spurr’s resin.  Sections of 100 

nm-thickness were cut using a diamond knife, mounted on copper grids and stained 

with 5% uranyl acetate and lead citrate solution (Hanaichi et al, 1986). Sections were 

examined by TEM (JEOL 2000 FX) at 80kV. 

For plate cultures, strains were plated onto selective media containing the approximate 

antibiotic and grown at 37ᵒC with 5% CO2 for 10 hrs. A loopful of the bacteria was 

taken using a sterile loop and resuspended in 1:1 solution of sterile water and fixative 

solution.  In addition, ruthenium red was added to the fixatives to improve contrast of 

cell features under TEM.  In this case, the fixative comprised of 2.5% glutaraldehyde 

and 0.01 M ruthenium red (Sigma, USA) in 0.2 M sodium cacodylate.  Samples were 

postfixed in 1% OsO4 and 0.01 M ruthenium red in 0.1 M sodium cacodylate, before 

being dehydrated, embedded and sectioned as before.  Grids were examined under a 

JEOL 2000 FX TEM at 80kV.  
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2.9.3   Scanning electron microscopy (SEM) 

For SEM analysis, samples were fixed without ruthenium red, but otherwise as 

described above.  Droplets of fixed cell suspensions were put onto poly-l-lysine coated 

coverslips.  These samples were dehydrated through a graded ethanol series and critical 

point dried using a Polaron critical point dryer (ProSciTech, Qld Australia) with CO2 as 

the transitional fluid.  Dried samples were mounted on stubs with carbon tape, coated 

with 2nm Platinum (Pt) and imaged with a SEM (Zeiss, 1555VP FESEM) at 3 kV.   

 

2.10   Protein purification 

2.10.1   Protein expression using the Novagene Autoinduction 
Kit. 

A starter culture of 25ml of LB broth containing 50g/ml ampicillin was inoculated 

with the expression strain and grown up overnight at 37ºC.  This starter culture was then 

used to inoculate 500 ml of autoinduction media (Appendix B (i)u).  Inoculated 

autoinduction media was incubated on a rotary shaker for 48 hrs at 25ºC.  The lower 

temperature reduces protease activity and increases the yield of recombinant protein.  

Bacteria were harvested by pelleting in 250 ml lots by centrifugation at 4000 x g for 30 

min at 4ºC.  Pellets were resuspended into 10 ml of Buffer A (Appendix B(iv)) plus one 

Protease inhibitor tablet (Sigma) and lysed by sonication (3x30sec on ice).  Cell debris 

was pelleted by centrifugation at 4000 x g for 30 min a 4ºC.  The supernatant containing 

the expressed protein was collected and filtered through a 22 nm filter prior to FPLC 

purification to remove any excess membranous material. 

 

2.10.2 Purification of NmdsbA1S26-G44 and NmdsbA2S26-E45  
from the periplasmic fraction. 

E. coli BL21 strains containing either pCMK117 or pCMK119 were grown in 20 ml LB 

Amp50 in the presence of 1 mM IPTG for 5 hrs at 37 ˚C to induce protein expression.  

Cells were pelleted by centrifugation (Eppendorf centrifuge 5810R) at maximum speed 

for 10 min at 4˚C and resuspended in 4 ml storage buffer containing 1 mg/ml polymyxin 
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B.  The sublethal polymyxin concentration lyses the outer but not inner membrane of E. 

coli (Gales et al., 2001), releasing the soluble periplasmic contents into the supernatant.  

The cell suspension was incubated on a rotary platform for 1 hr at 4˚C  then cells were 

pelleted by low speed centrifugation at 4800 x g for 15 min.  The supernatant containing 

the periplasmic fraction was then removed and protein content visualised by 15% SDS-

PAGE gels stained with Coomassie Blue (Appendix B(i)x). 

 

2.10.3   Fast Liquid Protein Chromatography (FPLC) 

The NmDsbA proteins were purified from either the periplasmic fraction or a whole cell 

lysate by various columns using a ÄKTAFPLC system (GE Healthcare Life Sciences) 

as per manufacturer’s instructions.  All columns used were obtained from GE 

Healthcare Life Sciences.  Buffers A-E are listed in Appendix B(iv). 

HisTrapHP 5 ml column:  This column has a nickel based resin which preferentially 

binds the positively charged His6-tag.  This column was used as the first step of 

chromatography purification for all three NmDsbA proteins expressed from the 

pET45b+ vector.  Protein was induced, cells lysed and the cell debris removed as 

described above (2.10.1).  The supernatant solution was injected into the superloop and 

then passed over the column.  The elution gradient was run over 5CV with a 2CV 

gradient delay at a flow rate of 1 ml/min.  Fractions were collected in 2 ml aliquots over 

a 20 mM (Buffer A) – 250 mM (Buffer B) imazidole gradient.  Fractions showing high 

protein concentration by spectrometry OD280 readings were diluted to 5-10ml to prevent 

protein precipitation.  Fractions were analysed on 15% acrylamide SDS-PAGE gels.  

Protein was visualised by either Coomasie Blue staining or silver staining.   

Desalting column:  This column was used to remove Imazidole from the purified 

protein solution and for buffer exchange.  The column resin has large pores and the 

protein moves through the column at a higher speed than the salt.  Storage buffer or 

Buffer C was used as the wash buffer for this step.  60 ml of the wash buffer was run 

over the column during the desalting process. 
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MonoS HiTrap 1 ml:  This column contains a hydrophobic matrix consisting of 

polystyrene/divinyl benzene linked to a negatively charged ligand ending in a methyl 

sulphonate group allowing preferential binding of positively charged proteins.  The 

MonoS column was used for the purification of NmDsbA3.  The protein was bound to 

the column in Buffer C.  The solution containing NmDsbA3 was injected into the 

superloop and then run over the column.  Elution was achieved by an increasing salt 

gradient by gradual addition of Buffer D.  The positively charged Na+ ions 

competitively bind to the negatively charged resin thus releasing the NmDsbA3 protein 

for the beads.  The elution gradient was run over 5CV with a 2CV gradient delay at a 

flow rate of 1 ml/min.  Fractions were collected in 2 ml aliquots over a 0 mM (Buffer C) 

– 150 mM (Buffer D) NaCl2 gradient.  Fractions showing high protein concentration by 

spectrometry OD280 readings were diluted to 5-10ml to prevent protein precipitation.   

Fractions were analysed on 15% acrylamide SDS-PAGE gels.  Proteins were visualised 

by silver staining.  

MonoQ HiTrap 5 ml:  This column contains a hydrophobic matrix consisting of 

polystyrene/divinyl benzene linked to a positively charged quaternary ammonium group 

allowing preferential binding of negatively charged proteins.  The MonoQ column was 

used for the purification of NmDsbA1 and NmDsbA2.  The protein was bound to the 

column in Buffer D.  Elution was achieved by increasing salt gradient by gradual 

addition of Buffer E.  The positively charge Cl- ions competitively bind to the 

negatively charged resin and result in release of the NmDsbA1 or NmDsbA2 protein 

from the beads.  The solution containing NmDsbA1 or NmDsbA2 was injected into the 

superloop and then run over the column.  The elution gradient was run over 5CV with a 

2CV gradient delay at a flow rate of 1ml/min.  Fractions were collected in 2 ml aliquots 

over a 0 mM (Buffer C) – 150 mM (Buffer D) NaCl2 gradient.  Fractions showing high 

protein concentration by spectrometry OD280 readings were diluted to 5-10ml to prevent 

protein precipitation.   Fractions were analysed on 15% acrylamide SDS-PAGE gels.  

Protein was visualised by silver staining.  
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2.10.4   Concentration and quantification of purified protein and 
buffer exchange protocol. 

Buffer exchange and concentration of the protein sample was performed using Amicon 

Ultra-4 columns (4ml) or (15ml) as per manufacturer’s instructions (Amicon).  The 

protein sample was washed through with 4-5 column volumes for buffer exchange.  For 

protein concentration the column was centrifuged at 4000 x g for 10-15 min periods 

until the solution was at the required volume.   

The concentration of protein was determined using OD280 readings of a 1/20 or 1/10 

dilution of the protein sample, using a Varian Cary50-B10 UV-Visible 

spectrophotometer, and concentration was calculated using Equation 2 

Equation 2:  Equation used to estimate concentration of proteins 

 

 

2.10.5   SDS polyacrylamide gel electrophoresis (PAGE) gels. 

All SDS-PAGE gels were comprised of 15%(w/v) polyacrylamide for the resolving gel 

and 4%(w/v) for the stacking gel.  The components to this gel are shown in Table 17.  

Gels were made using a Bio-Rad Laboratories (USA) mini-PROTEAN 3 gel casting set.  

Polymerisation of the gels were catalysed by addition of 100mg/ml Ammonium 

persulphate (APS) (100l for resolving and 40l for stacking) and 2l TEMED (Sigma. 

USA) to activate polymerisation prior to pouring.  The resolving was overlayed with 

water to give a level surface and prevent drying.  Once set the water was removed and 

the stacking gel activated and overlayed onto the resolving gel.  Samples were prepared 

in SDS Reducing buffer (SRB) in a 1:1 ratio.  A sample volume of 10l was run on the 

gel.  For Coomassie Blue stained gels, 10l of Protean Blue non-stained Molecular 
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weight marker (Bio-Rad Laboratories , USA.) was used to estimate protein size.  For 

silver stained gels, 1l of marker was used.  Gels were run in SDS running buffer 

(Appendix B (i)x) using a Protean 3 SDS PAGE apparatus (Bio-Rad Laboratories , 

USA.) at 100-200 V through the stacking gel and 200-300 V for movement through the 

resolving gel. 

 

2.10.6   Visualisation of SDS-PAGE gels. 

Two staining methods were used in this study.  

Coomassie staining:  Coomassie Blue (BDH laboratory reagents, Aust.) staining was 

used for gels containing protein samples a concentrations higher that 30ng.  The gel was 

covered in Coomassie Blue stain and incubated on a rotary shaker at low speed 

overnight at room temperature.  The coomasie blue was then removed and the gel 

incubated in warm destain (Appendix B (i)x)  for 10 min.  This step was repeated twice 

with the destain changed each time.  The gel was then washed in milliQ water and dried 

between two piece of clear cellophane (Kmart). 

Silver staining:  The silver staining method was adapted from Blum et al. (1987) and 

was used for samples containing low protein concentrations (≤ 30ng).  Gels were fixed 

in destain (Appendix B (i)x) then washed 3 x 10min in warm milliQ water to remove 

the destain.  The gel was then incubated in the oxidant (Appendix B (i)x) for 30 

seconds, washed in milliQ water for 30 seconds and then incubated in the silver staining 

reagent (Appendix B (i)x) for 20min.  The gels were developed by incubation in 

developer (Appendix B (i)x) until protein bands became visible.  Development was then 

stopped by addition of destain.  The gel was then washed in milliQ water and dried 

between two pieces of clear cellophane. 

 



79 

 

2.10.7   Insulin Reduction Assay 

Oxidoreductase activity was measured by following the rate of precipitation of the 

insulin B chain from solution in the presence of dithiotheitol (DTT) as described in 

Holmgren, (1997).  Reactions were performed in 10 mM HEPES (pH 7.8), 150 mM 

NaCl2 containing 1 mM ethylenediamine tetra-acetic acid (EDTA). The reaction 

mixtures contained human insulin (100 μM) plus His6-NmNmDsbA (5 μM). The 

reaction was initiated by addition of DTT (2 mM) and the rate of precipitation was 

monitored from the increased turbidity of the reaction mixture measures at OD650 nm. 

Absorbance measurements were made in a 1 cm cell using a Cary50 spectrophotometer 

(Varian). The rate of insulin reduction by DTT in the absence of NmDsbA was 

measured as a control. 

 

2.10.8   Assessment of protein stability. 

Protein stability was assessed using a Light Cycler 480 (Roche Applied Sciences, 

Germany) as described by Bo-Keun and Boerma, (2008).  NmNmDsbA1 and 

NmNmDsbA2 were made up to 60 l at 2 M stock in the relevant buffer.  To this 

stock, 0.5l of SyberOrange (Roche Applied Sciences, Germany) was added to the 

protein solution immediately prior to aliquoting 20 l into to the 96 well plate.  Stability 

was assessed by analysis of fluorescence over time tracked over an increasing 

temperature gradient from 25-100ᵒC.  Denaturisation of the protein was determined by a 

drop in –(d/dt) fluorescence at 523-610 nm using a LightCycler Data Analysis software 

(Roche Applied Sciences, Diagnostics). 

 

2.10.9  Chemical oxidation/reduction of purified protein. 

DsbA proteins were chemically reduced in 500 l lots by addition of 100 mM DTT.  

The solution was then incubated at room temperature for 30 min.  Buffer exchange was 

then done to remove the DTT from the solution. DsbA proteins were chemically 

oxidised by addition of 1.7 mM copper(II) phenanthroline (Appendix B (i)dd).  The 
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solution was then incubated at room temperature for 30 min and the copper(II) 

phenanthroline was then removed by buffer exchange. 

 

2.10.10   Western blot and immunodetection protocol. 

E. coli cells containing various expression plasmids were grown to stationary phase in 

LB broth containing 1 mM IPTG, in a rotary shaker at 37˚C overnight.  A 1 ml aliquot 

of the stationary phase culture was then centrifuged at maximum speed for 1 min in a 

Eppendorf centrifuge 5810R.  The supernatant was discarded and the pellet resuspended 

in 100 l of dH20 and 25 l sample buffer (Appendix B (i)x).  The sample was heated at 

100˚C for 5min before being run on an SDS-PAGE gel (2.10.5).   

The Western blot protocol was done as described in Towbin et al., (1979).  The SDS-

PAGE gel, Hybond C nitrocellulose membrane (Amersham Life Sciences, UK Life 

Sciences, UK) and the filter paper were all equilibrated in transfer buffer (Appendix B 

(i)ff) for 30 min before being used in the Protean 3 western blot apparatus as per 

manufacturer’s instructions (Bio-Rad).  The transfer of proteins to the membrane was 

done using a Protean 3 Western blot apparatus (Bio-Rad) and run at 100V for 1hr at 

4˚C. 

Following the transfer of the proteins to the membrane, it was incubated in blocking 

buffer (Appendix  B (i)hh), shaking at room temp for 1-3hrs.  The membrane was then 

probed with the primary antibody, mouse anti-NmDsbA3 at a 1:500 dilution overnight, 

shaking at room temperature.  The membrane was then washed in Tris NaCl2 (pH7.4) 

(40 ml for 5 min, 4 washes) then probed with the secondary antibody, donkey anti-

mouse IgG conjugated to horse radish peroxidase (HRP) at a 1:1000 dilution, and 

incubated for 1hr, shaking at room temperature.  The membrane was then washed in 

Tris NaCl2 (pH7.4) (40 ml for 5 min, 4 washes) and then developed with the ECL™ 

detection kit Western blot analysis system (Amersham Life Sciences, UK Life Sciences, 

UK) as per manufacturer’s instructions.  The Western blot was then visualised using the 

chemoluminescence application on the Lasgene 3000 (Bethold Australia Pty. Ltd.) 

using an automatic optimal exposure time.  
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Chapter 3: Phenotypic analysis of NMBdsbA3::ermC 
mutation and the dsbA3 operon. 

 

3.1 Introduction 

Studies to date that have characterised the Neisserial DsbA proteins have so far failed to 

identify a biological role for NmDsbA3.  It is known that NmDsbA1 and NmDsbA2 are 

involved in pilin biogenesis and subsequently natural competency (Sinha et al., 2008; 

Sinha et al., 2004; Tinsley et al., 2004) and in oxidation of the disulphide bonds in the 

first stages of cytochrome C biogenesis (Kumar et al., 2011).  It is known that 

NmDsbA3 is not essential for cell viability in N. meningitidis or N. gonorrhoeae and 

there is no obvious phenotype associated with the loss of NmDsbA3 in any of the 

studies to date.  A survey of Neisseria sp. by Sinah et al. (2004) found NmdsbA3 

homologues using southern blotting techniques in the genomes of N. gonorrhoeae, N. 

lactamica, N. polysacchaerea, and N. cinerea (Sinha et al., 2004) but not in other 

Neisserial species tested (Table 9).   

Table 9:  Distribution of DsbA in Neisseria sp. 1  

 
1 Labelled probes for each Neisserial DsbA locus, NmdsbA1, NmdsbA2 and NmdsbA3 were used in 
southern  blots to detect the presence of each gene. Table taken directly from Sinha et al., 2004. 
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NmDsbA3 does not have the conserved CPHC active site characteristic of most 

oxidoreductases (Chivers et al., 1997). In many instances, DsbAs with non-canonical 

active sites recognise a restricted set of substrates and are often co-located on plasmids 

or on the chromosome with the genes encoding these specific substrates (see section 

1.7.1). However, none of the products of the genes co-located with NmDsbA3 are 

putative DsbA substrates since they are either localised to the cytoplasm or lack 

cysteine residues. They are however all postulated to be involved in the synthesis of the 

cell wall. Therefore, the localisation of NmdsbA3 to this gene cluster may be related to 

expression during binary fission, as the majority of genes in this location are involved in 

cell division, or may be implicated in a coordinated response to a environmental 

stimulus.  

In silico analysis of proteins known to be involved in the process of cell division, 

indicated that at least two proteins required for peptidoglycan synthesis and remodelling 

in the periplasm contain potential or confirmed disulphide bonds, suggesting that there 

may be a requirement for Neisserial oxidoreductases to fold them.  These proteins are 

Muramic lytic transglycosylase A (MltA) and a Penicillin Binding Protein 3 (PBP3) 

which are required for the construction of the peptidoglycan sacculus (Powell et al., 

2006) (Figure 20).  Peptidoglycan has an essential role in the cell, with composition and 

arrangement dictating cell shape (Zapun et al., 2008).  MltA (also known as LtgC or 

GNA33) encodes a Muramic lytic transglycosylase (Mlt)  which cleaves peptidoglycan 

during cell division enabling separation of daughter cells (Jennings et al., 2002).  MltA 

cleaves the -1,4-glycosidic bond joining the N-acetlymuramic acid (MurNAc) to the 

N-acetlyglucosamine (GlcNAc) within the peptidoglycan layer, allowing for 

peptidoglycan remodelling (Jennings et al., 2002).   Loss of MltA in N. meningitidis 

serogroup B strain MC58 (Adu-Bobie et al., 2004) and N. gonorrhoeae strain MS11 

(Cloud and Dillard, 2004) results in a retardation of cell division and reduction in 

viability in broth culture.  The loss of MltA also results in abnormal binary fission 

creating large clusters of up to 17 cells of various sizes with undifferentiated septae and 

a continuous outer membrane (Adu-Bobie et al., 2004) (Figure 21).  Adu-Bobie et al, 

(2004) also show that the MC58mltA mutation resulted in a leaky outer membrane that 

releases periplasmic proteins into the surrounding media.   
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Figure 20:  Structure of MltA and NmPBP3.  Panel A. A ribbon diagram of the crystal structure of the 
MltA protein from N. gonorrhoeae strain MS11 taken from Powell et al. (2006).  The position of the 
disulphide bond in domain 1 is circled in yellow.  Panel B.  Ribbon diagram of the crystal structure of E. 
coli called PBP4 (Kishida et al., 2006) ) is compared to a homology model of meningococcal homologue 
NmPBP3.  In both panels, cysteine residues are shown in space filling formation (indicated by red 
arrows) and the ribbon diagram is coloured according to secondary structure succession.  The N. 
meningitidis PBP3 structure is available as a homology model based on the 2ex2 structure in the SWISS-
MODEL Repository file Q9JY10.  The two structures shown above were generated in Swiss-Pdb viewer 
using the E. coli PBP4 crystal structure file 2ex2 (Kishida et al., 2006) and  file Q9JY10 from the RCBI 
protein databank.   
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Figure 21:  N. gonorrhoeae strain MS11 lacking the MltA protein has a cell division defect.  Panel A 
A TEM image of the strain MS11mltA showing the presence of large multicellular complexes.  Panel B.  
A higher magnification image of one of the large complexes of MS11mltA indicating cell division 
defect develops on loss of MltA.  Figure taken from  Cloud and Dillard (2004). 

Another group of proteins that play an essential role in peptidoglycan biosynthesis are 

the Penicillin binding proteins (PBP).  There are four of PBPs in Neisseria sp..  

NmPBP1 and NmPBP2 are essential for peptidoglycan synthesis, but do not contain 

disulphide bonds, as determined by a lack of cysteine pairs in the amino acid sequence.  

NmPBP3 and NmPBP4 are non-essential PBPs and there is no phenotype seen 

following mutation of each individual gene.  However mutation of both NmPBP3 and 

NmPBP4 homologues in N. gonorrhoeae, (NgPBP3 and NgPBP4, respectively) which 

has exactly the same PBP system as meningococci, results in a phenotype similar to that 

seen following mutation of MltA alone (Figure 22) (Stefanova et al., 2003).  NmPBP3 

is the only one of these proteins to contain a putative disulphide bond.  It is a 

homologue to the EcPBP4 of E. coli which contains two disulphide bonds (Kishida et 

al., 2006), one of which is likely to be conserved in NmPBP3. 

EcPBP4 hass both DD-carboxypeptidase and DD-endopeptidase activity and a high 

affinity to -lactamase (Kishida et al., 2006).  The active site serine is located in domain 

1 with domain 3 controlling steric access to this site (Figure 20) (Kishida et al., 2006).  

It has been suggested that domain 2 plays a role in binding of the EcPBP4 to the 

septation machinery but this has not been confirmed (Kishida et al., 2006).  Both 

domains 2 and 3 contain disulphide bonds (Figure 20).  Modelling of the structure of 

NmPBP3 based upon the solved structure of EcPBP4 suggests that the disulphide bond 

in domain 3 is conserved and hence may regulate substrate access to the active site 

(Figure 20).  NmPBP-3 has been shown to be a DD-carboxypeptidase and is involved in 

coordinating the cell division process (Zapun et al., 2008).   
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Figure 22:  N. gonorrhoeae lacking both PBP3 and PBP4 displays aberrant cell morphology.  SEM 
analysis of N. gonorrhoeae lacking NgPBP3 and NgPBP4 singly and in combination.  SEM was 
performed on cell harvested from broth cultures.  Arrows indicate the presence of cells displaying 
abnormal morphology. All figures shown above were taken from Stefanova et al. (2003).  Panel A.  Wild 
type strain N. gonorrhoeae FA19.  Panel B.  A FA19PBP3 mutant displays no significant change in cell 
morphology. Panel C.  A FA19PBP3PBP4 double mutant displays an aberrant cell morphology, 
indicated by arrows.   

Therefore, the aim of this section was to determine if (a) all Neisseria sp. carry 

NmDsbA3 homologues and (b) to examine whether NmDsbA3 is involved in cell wall 

biosynthesis or cell division via the folding and stabilization of proteins necessary for 

peptidoglycan synthesis. 

 

3.2 Results 

3.2.1 The dsbA3 gene cluster in N. meningitidis. 

NmDsbA3 is located in a gene cluster consisting of five genes (Figure 23). Of these, 

two genes encode homologues of BacA (NMB0408) and FtsN (NMB0406) which are 

known to be involved in cell division and cell wall biosynthesis.  The gene cluster also 

contains the gene ComM (NMB0405), thought to play a role in natural transformation 

and a conserved hypothetical protein (CHP) of unknown function (NMB0404) along 

with NmDsbA3 (NMB0407).  
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Figure 23:  The dsbA3 gene cluster from N. meningitidis serogroup B strain MC58.  Schematic 
diagram of the NmdsbA3 gene cluster, with arrows indicating direction of transcription, labelled by gene 
name (above the arrow) and the Comprehensive Microbial Resource (CMR) reference number (below the 
arrow).   

NMB_0404:  Conserved hypothetical protein (CHP).  The first gene in the NmdsbA3 

gene cluster is a conserved hypothetical protein of unknown function located in the 

cytoplasm.  The gene encodes a 106 amino acid protein containing a DUF526 domain 

and is a member of COG2960 (Uncharacterized protein conserved in bacteria, Function 

unknown) family of proteins.   

NMB_0405:  Competency related protein M (ComM).  This gene has been allocated 

the name comM as it encodes a protein with homology to the ComM protein of 

Haemophilus influenzae (Gwinn et al., 1998). ComM has two conserved domains, 

COG0606 which is conserved in the AAA+ family of ATP-dependent proteases 

(Marchler-Bauer et al., 2009) and c109099, a P-loop NTPase Super-family motif which 

has nucleoside triphosphate hydrolase activity also commonly seen in AAA+ family 

proteins (Marchler-Bauer et al., 2009).  ComM is a cytoplasmic protein which when 

inactivated in H. influenzae results in reduction of competency (Gwinn et al., 1998).  

This phenotype suggests that ComM is involved in the late stages of natural 

transformation and may be involved in recombination of the donor DNA into the 

recipient chromosome (Gwinn et al., 1998).   

NMB_0406:  Filamenting temperature-sensitive protein N. FtsN has a role in the 

septation process in E. coli.  It is an essential protein in E. coli and inactivation of ftsN 

results in failure of the septation process and formation of filaments and eventual cell 

death (Dai et al., 1993).  The amino acid sequence for this protein is not highly 

conserved amongst species having been found in enteric bacteria and Haemophilus 

(Errington et al., 2003), and now Neisseria, but in few others.  It is not required for cell 

division in Bacillus subtilis though this species does possess amidases showing some 

similar amino acid identity to FtsN (Errington et al., 2003).  Septation in E. coli occurs 

as the result of a multi-complex chain reaction and recruitment of more than 11 proteins 

(Bernard et al., 2007).  FstZ is the first protein to be recruited to the cytoplasmic 
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membrane.  This protein is a tubulin homologue and forms the Z-ring which is 

responsible for septum formation.  The other proteins involved in septum formation are 

then recruited sequentially in the following order:  FstZ, then ZipA and FstA together, 

FstEX, FstK, FstQ, FstB, FstL, FstW, FstI (EcPBP3) with FtsN, being the final protein 

to be recruited to the complex (Bernard et al., 2007).   

The actual role of FtsN in this process is unknown.  FtsN is a cytoplasmic trans-

membrane protein and in E. coli is known to interact with the peptidoglycan binding 

proteins EcPBP1 and EcPBP3 (NmPBP1 and NmPBP2) (Derouaux et al., 2008). In 

vitro it stimulates peptidoglycan synthesis by activating EcPBP1 and as such may have 

a role in coordinating peptidoglycan synthesis during cell division (Derouaux et al., 

2008).  FtsN is also required for the recruitment of non-essential components of the 

divisome AmiC and the Tol-Pal complex (Bernard et al., 2007).  It is currently thought 

that FtsN plays a role in recruiting proteins involved in cell separation by causing 

conformational changes in the divisome (Bernard et al., 2007).  Loss of FtsN can be 

complemented in E. coli by mutations in FstA (Bernard et al., 2007), and the lack of 

FtsN homologues in many species suggest that other systems can take over the role of 

this protein.  It is not known if FtsN is essential in Neisseria as it is in E. coli. 

NMB_0406:  Bacitracin resistance protein A (BacA) was so named as loss of the 

protein increased sensitivity to the antibiotic bacitracin which inhibits peptidoglycan 

synthesis by binding undecaprenyl pyrophosphate (C55-PP) (Cain et al., 1993), the 

precursor to the lipid carrier undecaprenyl phosphate (C55-P).  C55-P is a membrane-

associated carrier responsible for transporting the N-acetylmuramyl pentapeptide, a 

peptidoglycan precursor and other carbohydrate polymers such as O-antigen and 

capsule subunits across the inner membrane to the periplasm.  BacA is an undecaprenyl 

pyrophosphate phosphatase responsible for the dephosphorylation of C55-PP to C55-P 

and as such is essential in cell wall formation (El Ghachi et al., 2004).  For more 

information on BacA activity see discussion (3.8.2) and Figure 51.  BacA is the main 

undecaprenyl pyrophosphate phosphatase in E. coli and loss of the gene results in a 

significant decrease in an undecaprenyl pyrophosphate phosphatase activity in the cell. 

It is not however fatal as E. coli possesses two other undecaprenyl phosphatases, YbjG 

and PgpB, able to supplement the function of BacA (El Ghachi et al., 2005).  These 

redundant genes are not present in the genome of Neisseria and as attempts to create 



 
88

NmbacA knockout mutants have resulted in a fatal phenotype (Dr Kahler, personal 

communication), this gene appears to be essential for viability in Neisseria. 

 

3.2.2 dsbA3 is found in a conserved operon in all Neisseria 
species. 

NmDsbA3 homologues were identified using BlastN searches on the Neisserial 

genomes available on the NCBI database.  Two pathogenic species were assessed, 

N. meningitidis and N. gonorrhoeae and as there was little variation between strains 

within each of these species, with regard to NmdsbA3 gene sequence and arrangement, 

the results for only one example of each, N. meningitidis serogroup B strain MC58 

(Tettelin et al., 2000) and N. gonorrhoeae reference strain FA1090, are shown.  

Commensal species for which a full genome sequence was available were also analysed, 

and included N. polymyxia, N. lactamica, N. cinerea, N. mucosa, N. sicca, N. subflava 

and N. flavescens.  Again only one genome was used for each analysis.  BlastN searches 

were done initially with the NmdsbA3 nucleotide sequence from N. meningitidis strain 

MC58.  When BlastN searches with this sequence resulted in negative results, further 

searches were done using the NmdsbA3 sequence from one of the commensal species, 

or using the sequence of other genes in the cluster and searching the surrounding 

sequence manually for open reading frames (ORFs).   

The identity of each ORF identified manually was confirmed by comparison of amino 

acid identity to the other genes in the NmdsbA3 cluster.  Genes were identified as 

encoding NmDsbA3 homologues based on their location, whether they were in the 

dsbA3 cluster, and if the encoded protein produced the NmDsbA3 active site of CVHC 

as well as the high pI >9 which seems to be highly conserved in the DsbA3 proteins 

(Table 10) 

The different species were separated into three groups, based on the evolutionary 

relationship of the NmDsbA3 sequences, as determined by ClustalX program using the 

peptide sequence of the various Neisserial DsbA3 proteins (Figure 24).  This grouping 

placed the two pathogenic species N. meningitidis and N. gonorrhoeae as well as the 

commensal species N. polymyxia, N. lactamica and N. cinerea in Group 1.  Commensal 

species N. mucosa and N. sicca formed Group 2, with commensal species N. subflava 
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and N. flavescens formed Group 3 (Figure 24).  For individual sequence identity 

variations between the DsbA3 proteins from different species refer to Table 23 in 

Appendix D.  

Table 10: The features, genome references and location of NmDsbA3 in Neisseria sp.1   

Species Active 
site 

Theoretical 
pI 

Length 
(aa) 

NCBI accession 
no. 

Locus in genome 

N. meningitidis  MC58 CVHC 9.38 214 NC_003112 414509-415153 
N. gonorrhoeae FA1090 CVHC 9.44 214 AE004969 1522388-1521744 
N. polysacchaerea CVHC 9.28 214 ADBE01000024 9043-9687 
N. lactamica CVHC 9.28 214 ACEQ02000019 35215-35090 
N. cinerea CVHC 9.08 214 ACDY02000006 66269-66913 
N. mucosa CVHC 9.48 214 ACDX02000017 4570-5246 
N. sicca CIHC 9.52 214 ACKO02000005 69025-68379 
N. subflava CVHC 9.24 209 ACEO02000017 1970-1339 
N. flavescens CVHC 9.50 213 ACEN01000101 1555-914 

1 For each NmdsbA3, the protein was translated using the ExPasy Translate Tool and the active site 
composition and length of the protein were inferred. The theoretical pI of each protein was determined 
using the ExPasy ProtParam program. NCBI accession numbers for each analysed genome is listed as is 
the nucleotide position of NmdsbA3.   

The dsbA3 gene in the Group 1 cluster were discovered using the BlastN search with 

only the N. meningitidis strain MC58 NmdsbA3 sequence.  For the Group 2 and Group 3 

species it was necessary to search with the N. meningitidis strain MC58 comM sequence 

and then annotate the surrounding sequence.  Interestingly Group 3 species were the 

only members apart from N. meningitidis to possess a NmDsbA2 homologue (Sinha et 

al., 2004).  Group 1 and 2 species, with the exception of N. meningitidis which has all 

three, only possessed a NmDsbA1 and NmDsbA3 homologue (Sinha et al., 2004).  

Detection of the dsbA3 gene in N. subflava and N. flavescens supported the analysis of 

these species by Sinah et al. (2004).  While only N. meningitidis isolates carried 

NmdsbA1 and NmdsbA2 genes, all Neisserial species examined carried a NmdsbA3 

homologue.  In each case, the dsbA3 gene was located in a highly conserved gene 

cluster containing genes encoding a hypothetical protein, comM, ftsN, and bacA.  Of all 

the genomes examined, the only major change in this locus was the apparent disruption 

of ftsN in N. subflava  (Figure 24).   

The organization of the dsbA3 gene cluster was highly conserved in Group 1 containing 

the pathogenic Neisseria sp. and commensals N. polysaccharea, N. lactamica and N. 

cinerea.  The genomes represented in Group 2 show insertions into the gene cluster, 
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most notably in N. mucosa which has an extra conserved hypothetical gene as well as 

two insertion elements.   

 

Figure 24:  Arrangement of the dsb3 gene cluster in Neisseria sp.  Panel A. The arrangement of genes 
in the dsbA3 loci for different Neisserial species.  The colour key at the base of panel A gives the gene 
names and reference numbers.  Groups were determined by a phylogenetic analysis using ClustalW2 by 
using the full NmDsbA3 amino acid sequence for each species.  Panel B. The unrooted, unlabelled 
phylogenetic tree was generated using web based ClustalW2 program and gives an estimate of 
evolutionary relationship between the NmDsbA3 proteins.   

The conserved hypothetical gene inserted downstream of comM in N. mucosa is of 

unknown function and matches only to itself on a BlastN search of the non-redundant 

database. The first insertion element which is directly upstream of ftsN encoded a 

protein with 89% base pair identity to NMB0583 (IS1016C2 transposase).  The second 

insertion element, which had 89% identity base pair with NMB1468 (IS1160 
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transposase, degenerate) was located between dsbA3 and bacA.  N. sicca has a single 

insertion element with 83% base pair identity to NMB1463 (IS1106 Transposase 

degenerate) located between comM and ftsN.    

The representative genomes in Group 3 contained no insertion elements in this locus but 

contained variable ftsN loci.  In N. subflava, ftsN was disrupted by insertion of 526 bp 

DNA fragment from an unknown source.  This insertion created a new ORF labeled in 

Figure 24 as an unknown protein. The second half of the ftsN nucleotide sequence 

remained in the same reading frame with the unknown ORF but a stop codon prevented 

a translational fusion of the two.  The unknown ORF does not match any known gene in 

a BlastN search of the non-redundant NCBI nucleotide database and although it is 

denoted ftsN in the N. subflava genome, it did not match the ftsN nucleotide sequence of 

the other Neisserial ftsN genes. The unknown ORF contained a putative sporylation 

domain, which is also found in FtsN but whether the protein produced was a functional 

homologue of FtsN is not known.  N. flavescens does have an intact ftsN but also 

contains a non-coding region upstream of ftsN which has high sequence identity to the 

unknown ORF in the N. subflava genome. 

All nine Neisserial NmDsbA3 proteins showed greater than 58% amino acid sequence 

identity (Appendix D)  and retained the active site of CVHC with the exception of N. 

sicca which contained a CIHC site.  All NmDsbA3 proteins retained the high pI of 9-

9.5, which varies from that seen in NmDsbA1, NmDsbA2 and EcDsbA which have a pI 

of 5-6.  A ClustalW alignment of all nine amino acid sequences of the DsbA3 

homologues (Figure 25) shows the highest conservation of sequence identity around the 

active site and the first half of the -helical domain.  Based upon the EcDsbA 

crystallised with bound peptide (Paxman et al., 2009), the active site and active site -

helix (1), cis-proline and the loops between 2-3 and 4-6 and the 4 helix are 

likely to be involved in peptide binding.   
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Figure 25:  NmDsbA3 is conserved in all Neisserial genomes.  The amino acid alignment of the 
NmDsbA3 proteins from the Neisserial genomes was performed by ClustalW2 
(www.ebi.ac.uk/clustalw/, Chenna et al., 2003). The notation below the line signifies the degree of 
identity and are as follows: (*) represents a conserved residue, (:) is a conserved substitution; and (.) is a 
semi-conserved substitution. The position of secondary structures as determined by Vivian et al. (2008) 
are highlighted on the meningococcal sequence.  Blue is the signal peptide.  Green shows the active site 
and the position of the cis-Proline.  In yellow are the position of the -sheets and -helices are 
highlighted in red.   
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3.3 Identification of potential substrates for NmDsbA3. 

Since NmDsbA3 is located in a conserved operon with genes involved in cell wall 

peptidoglycan processing and cell division and since we had identified in silico 

candidate peptidoglycan biosynthesis proteins with disulfide bonds, we assessed the 

role of NmDsbA3 in cell division by introducing a knockout mutation into N. 

meningitidis. We compared the behavior of the NmDsbA3 mutant and other strains 

containing combinatorial mutations in NmDsbA1 and/or NmDsbA2.  We examined the 

growth of all strains in liquid culture and examined the sensitivity profile of these 

mutants to polymyxin B.  Polymyxin B is a cationic defensin which binds to the 

negatively charged surface of bacteria, enters the periplasm and forms pores within the 

cytoplasmic membrane to cause cellular lysis (Tsubery et al., 2002; Viljanen et al., 

1988). Therefore, bacterial sensitivity to this reagent is increased when there are 

perturbations in the outer membrane as this increases influx of the drug into the 

periplasm where it inserts into the inner membrane, creating pores and resulting in cell 

lysis, or alterations to some outermembrane proteins (Tsubery et al., 2002). More 

generalised alterations to cell division were assessed by measuring growth rates of the 

mutant strains in liquid media and an analysis of cell morphology was undertaken using 

SEM and TEM. 

Mutant meningococcal strains were constructed that contained antibiotic markers 

inserted within the chromosomal NmdsbA genes, both singly and in combination.  The 

genes were inactivated by the introduction of suicide plasmids into N. meningitidis 

which recombine into the chromosome introducing an antibiotic marker into the target 

site (refer to Section 2.6.2 for details).  The transformants containing the inactivated 

genes were selected for growth on the relevant antibiotic media. Plasmids used to create 

the knockout strains were constructed at Monash University in Prof. John Davies 

laboratory during my honours year and complete plasmid diagrams can be found in 

Appendix E.  Strains constructed in this study are found in Section 2.2. 
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3.3.1   Creation of CKNM103 (dsbA3::ermC) 

N. meningitidis strain NMB was transformed with plasmid pCMK113 (Figure 26) in 

order to introduce the erythromycin resistance cassette ermC into the chromosomal 

NmdsbA3 gene (Figure 27).  Transformants were selected on GCGF Erm3 agar.  

Selected colonies were screened for the insertion of ermC into NmdsbA3 using external 

primer pair, DAP265 and DAP267.  Standard or Extended PCR conditions worked 

equally well for screening and Taq polymerase was used for amplification of the 

NmdsbA3 locus (see Section 2.4.2).  Correct transformants were glycerol stocked and 

given the name CKNM103. 

 

 
Figure 26:  Restriction map of pCMK113.  This suicide vector contains a pSC101 low copy origin of 
replication and an internal fragment of NmdsbA3 into which the ermC marker has been introduced.  
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Figure 27:  Creation of CKNM103 (dsbA3) strain using suicide vector pCKM113.  Panel A. N. 
meningitidis strain NMB was transformed with pCKM113. Transformants in which the dsbA3::ermC 
cassette had recombined into the chromosomal NmdsbA3 locus were selected on media containing 3g/ml 
erythromycin.  Panel B.  Six putative CKNM103 (dsbA3) strains were screened for insertion of ermC 
into the chromosomal dsbA3 with external primer pair, DAP265 and DAP267. Whole cell lysate of 
parental strain NMB was used as a negative control.  Amplification of the NmdsbA3 locus in the mutant 
strains resulted in a 1.8kb fragment consistent with the acquisition of the ermC marker at this site.  
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3.3.2   Creation of CKNM101 (dsbA1::addA)  

N. meningitidis strain NMB was transformed with plasmid pCMK109 (Appendix E:(v)) 

in order to introduce the spectinomycin resistance cassette addA into the NmdsbA1 

gene.  Transformants were selected on GCGF Sp60 agar.  Selected colonies were 

screened for the insertion of addA into the chromosomal NmdsbA1 locus using external 

primer pair, DAP419 and DAP418, giving a product of 1.7 kb.  Due to the fact that the 

omega cassette containing addA forms flanking hairpin loops to prevent read-through 

transcription, extended PCR conditions were required and Expand long template PCR 

system was used instead of Taq polymerase (For details see methods Section 2.4.2).  

Correct transformants were glycerol stocked and given the name CKNM101. 

 

3.3.3   Creation of CKNM102 (dsbA2::tetM) 

N. meningitidis strain NMB was transformed with plasmid pCMK111 (Appendix E (vi)) 

in order to introduce the tetracycline resistance cassette tetM into the NmdsbA2 gene.  

Transformants were selected on GCGF Tet1 agar.  Selected colonies were screened for 

the insertion of tetM using external primer pair, DAP420 and DAP274.  Due to the size 

of the insert (7.5kb) extended PCR conditions were required and Expand long template 

PCR system was used instead of Taq polymerase.  Correct transformants were glycerol 

stocked and given the name CKNM102.  This strain is the only mutant in which a 

segment of the NmdsbA gene was not removed during insertion of the antibiotic marker 

due to the scarcity of restriction sites.   

 

3.3.4   Construction of CKNM105 (dsbA1/dsbA2) 

To construct the N. meningitidis strain NMB lacking both NmDsbA1 and NmDsbA2, 

strain CKNM101 (NmdsbA1::addA) was transformed with plasmid pCMK111 to 

introduce the NmdsbA2::tetM genotype into the chromosome.  Transformants were 

selected on GCGF Sp60 Tet1 agar.  Transformants were screened with primer pair, 

DAP419 and DAP418, to confirm maintenance of addA in the chromosomal NmdsbA1 

locus, while primer pair, DAP420 and DAP274, were used to confirm insertion of tetM 
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into the chromosomal NmdsbA2 locus.  Correct transformants were glycerol stocked 

and given the name CKNM105. 

 

3.3.5   Creation of CKNM106 (dsbA1/dsbA3) 

As the strains containing the NmdsbA3::ermC mutations showed a severe growth defect 

in liquid media, and also had the tendency to recover normal growth following multiple 

passages on agar, this mutation was always performed last to reduce the handling of the 

strain. To construct the N. meningitidis strain NMB lacking both NmDsbA1 and 

NmDsbA3, strain CKNM101 (NmdsbA1::addA) was transformed with plasmid 

pCMK113 to introduce the NmdsbA3::ermC genotype into the chromosome.  Due to the 

slow growth of CKNM101 and the stability of the NmdsbA1::addA insertion, selection 

for this transformant was performed on GCGF Erm3 agar without spectinomycin.  

Transformants were screened with primer pair, DAP419 and DAP418, to confirm 

maintenance of addA in the NmdsbA1 locus while, primer pair DAP265 and DAP267 

were used to confirm insertion of ermC into the NmdsbA3 locus.  Correct transformants 

were glycerol stocked and named CKNM106. 

 

3.3.6   Construction of strain CKNM107 (dsbA2/dsbA3) 

To construct the N. meningitidis strain NMB lacking both NmDsbA2 and NmDsbA3 

strain CKNM102 (NmdsbA2::tetM) was transformed with plasmid pCMK113 to 

introduce the NmdsbA3::ermC genotype. Double selection on GCGF Tet1 Erm3 agar 

was used to recover transformants which were screened with primer pair, DAP420 and 

DAP274, to confirm maintenance of the tetM cassette in the NmdsbA2 locus, while 

primer pair, DAP265 and DAP267, were used to confirm insertion of ermC into the 

NmdsbA3 locus.  Correct transformants were glycerol stocked and named CKNM107. 
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3.4   Phenotypic assays 

3.4.1  Polymyxin B sensitivity assays 

Two types of assays were used to assess polymyxin resistance of the meningococcal 

dsbA mutants.  Polymyxin B is a cationic defensin that attacks and lyses the cell 

membrane (Gales et al., 2001) and therefore an increase in polymyxin B sensitivity is 

indicitive of alterations in the cell membrane.  The first was a patch test where 

individual colonies of experimental and control strains were patched onto decreasing 

concentrations of polymyxin B in agar plates (Table 11).  A second assay was 

introduced to reduce variation in the assay due to differences in colony size.  The spot 

test, in which a standardised number of cells (2x108 cfu/ml neat) were plated onto 

decreasing concentrations of polymyxin B agar plates (Figure 28) was used to confirm 

the results of the patch assay (Sardesai et al., 2003).  Both assays were done on plates 

containing no other antibiotic selection and plates were incubated at 37˚C with 5% CO2 

for 20-24 hours.  In both assays, CKNM103 (dsbA3) and all strains lacking NmDsbA3 

showed a 8-16 fold increase in sensitivity to polymyxin B when compared to the wild-

type. Although strains CKNM101 (dsbA1) and CKNM102 (dsbA2) showed no 

increased sensitivity to polymyxin B, the double knock out CKNM105 

(dsbA1dsbA2) had a detectable two-fold increase in sensitivity to polymyxin B (data 

not shown). 

Therefore, these assays suggested that perturbation of outer membrane and cell wall 

biogenesis could be associated with inactivation of NmdsbA3, but not with loss of 

NmdsbA1 or NmdsbA2.  Loss of both NmdsbA1 and NmdsbA2 may have had a slight 

affect on polymyxin sensitivity but the assays done in this study were not sufficient to 

confirm this.   
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Table 11:  Inactivation of oxidoreductases in N. meningitidis strain NMB results in increased 
sensitivity to polymyxin B.  

 

Strain  Assay 1  Assay 2  Assay 3  Assay 4  

NMB  
 

>512  >512  >512  >512  

CKNM101 
(dsbA1) 

>512  >512  >512  N/A  

CKNM102 
(dsbA2) 

>512  >512  >512  N/A  

CKNM103 
(dsbA3) 

32  32  N/A  128  

CKNM105 
(dsbA1/2) 

512*  256  512*  128  

CKNM106 
(dsbA1/3) 

N/A  32  128  N/A  

CKNM107 
(dsbA2/3) 

16  16  64  N/A  

1 The minimal inhibitory concentration (MIC) of polymyxin B (g/ml) was determined by the patch 
method (for details see Section  2.7.1).  The table shows the results of four biological repeats. Growth was 
scored as follows: (*) denotes poor growth; N/A indicates that the strain was not tested in that biological 
repeat.   
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Figure 28:  Dilution series that examines the polymyxin B sensitivity of the NmDsbA null strains.   
A dilution series was used to examine polymyxin B sensitivity for each oxidoreductase mutant. For 
method  refer to Section 2.8.1.  A single biological assay was performed. 
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3.4.2 CKNM103 (dsbA3) shows a severe growth defect and 
sensitivity to osmotic stress. 

Since the polymyxin B sensitivity assays suggested a defect in outer membrane and cell 

wall biogenesis was associated with inactivation of NmdsbA3 in N. meningitidis, we 

compared the growth of the NmdsbA mutants of N. meningitidis in liquid media in order 

to rule out slow growth as a confounding factor in the MIC assays.  Inoculum for each 

strain was standardized to 8x108 cells and added to 50 ml of liquid media incubated at 

37ᵒC for 8 hours in a shaking incubator.  Strains CKNM101 (dsbA1), CKNM102 

(dsbA2) and CKNM105 (dsbA1/2) all showed wild-type growth (results not shown).  

CKNM103 (dsbA3) consistently showed a severe growth defect in broth with pellicle 

like clumps forming around mid log phase ( Figure 29).  To examine the nature of the 

growth defect of the CKNM103 (dsbA3) in liquid culture, the pellicles were harvested 

from the stationary phase broth cultures at the 8 hr time point, fixed and examined by 

Transmission Electron Microscopy (TEM).  TEM images showed that the recovered 

material consisted entirely of cellular debris with the absence of intact cells (Figure 30). 

 

Figure 29:  CKNM103 (dsbA3) has a growth defect in liquid culture.  Standardised inoculum of 
wild-type strain NMB and mutant strain CKNM103 (dsbA3) were added to GC broth media and 
incubated in a shaking incubator for 8 hrs with optical density readings taken at 2 hr intervals (for method 
see Section 2.7.2).  The curves show three strains in a single assay. These results were repeated in 
subsequent assays.  
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Figure 30:  In liquid culture, CKNM103 (dsbA3) forms pellicle like clumps consisting of 
membranous material.  After 8 hrs of incubation in liquid culture, CKNM103 (dsbA3) forms clumps. 
These clumps were harvested and fixed in 2.5% glutaraldehyde fixative and processed for TEM as 
described in Section 2.9.2.  The clumps were shown to consist entirely of membranous material with no 
evidence of intact diplococci. 

However, the growth defect of CKNM103 (dsbA3) was lost upon storage and 

subsequent subculture of the strain on solid media (Figure 31).  This suggested that the 

dsbA3 mutation may have been recovered, either through the loss of the ermC cassette 

from the chromosomal NmdsbA3 locus or the accumulation of mutations in secondary 

sites within the genome.  To test whether the differences in the phenotypes of the 

original and stocked strains of CKNM103 (dsbA3) were due to loss of the ermC 

cassette from the chromosomal NmdsbA3 locus, CKNM103 (dsbA3) was grown to 

stationary phase in liquid broth in a shaking incubator overnight and then plated out 

onto GCGF Erm3 agar and glycerol stocked as CKNM104 (dsbA3p). A growth curve 

of CKNM104 (dsbA3p) in liquid media revealed that this passaged strain had a 

recovered wild-type growth pattern when compared to CKNM103 (dsbA3) and wild 

type strain NMB (Figure 31).  PCR analysis of CKNM104 (dsbA3p) with primer pairs, 

DAP265 and DAP267, indicated that ermC was retained in the chromosomal NmdsbA3 

locus. In addition, PCR did not detect a NmdsbA3 wild-type locus of 1.2 kb in this 

sample (Figure 31) excluding the possibility that the NmdsbA3::ermC cassette was 

being excised leading to repair of NmdsbA3. These observations led to the conclusion 

that the restoration of wild-type growth in liquid media of CKNM103 (ΔdsbA3) was 

due to accumulation of mutation(s) in a site distinct from NmdsbA3. 
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Figure 31:  CKNM103 (dsbA3) recovers wild-type growth phenotype when passaged through 
liquid culture.  Panel A.  Standardised inoculum of wild-type strain NMB, CKNM103 (dsbA3) and 
CKNM104 (dsbA3p) was used to inoculate GC broth media which was incubated in a shaking incubator 
for 8 hrs with optical density readings taken at 2 hr time points (for method see Section 2.8.2).  The 
curves were generated from the average OD for each time point from three biological repeats plotted with 
the standard error of the mean.  Panel B.  The organisation of the NmdsbA3 locus in wild-type strain 
NMB, CKNM103 (dsbA3) and CKNM104 (dsbA3p). Arrows indicate direction of transcription of the 
genes while the location and direction of the small arrows (→) indicate primer locations.  Panel C. PCR 
analysis of the dsbA3 locus from samples recovered from wild-type strain NMB, CKNM103 (dsbA3) 
and CKNM104 (dsbA3p) after 8 hrs incubation in liquid broth. Colony PCR with primer pair, DAP265 
and DAP267, detected a 2.1 kb fragment, consistent with the retention of ermC in the NmdsbA3 locus.  
The absence of 1.2 kb fragments, indicated that there was no detectable reversion to an intact NmdsbA3 
locus.   
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3.5   Microscopic analysis of CKNM103 (ΔdsbA3) and 
CKNM104 (ΔdsbA3p). 

As the CKNM103 (dsbA3) mutant showed severe sensitivity to osmotic stress it was 

likely that there was a deleterious disruption to outer membrane and cell wall 

biogenesis.  Microscopy studies were performed to assess the ultrastructure of 

CKNM103 (dsbA3) and CKNM104 (dsbA3p).   

 

3.5.1  Cell morphology of CKNM103 (dsbA3) is aberrant under 
light microscopy. 

A Gram stain of mutant and parental meningococci was performed to assess cell 

morphology.  A subjective assessment of the Gram stain indicated that CKNM103 

(dsbA3) had more clumps of cells which appeared to be larger in size than the parental 

wild-type which appeared as typical diplococci (Figure 32). The recovered strain 

CKNM104 (dsbA3p) seems to have reverted to the wild-type morphology.  There were 

a few large clumps in the CKNM104 (dsbA3p) sample but for the most part the 

bacterial cells in the sample were indistinguishable from the wild-type strain.   
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Figure 32:  Gram stain of wild-type strain NMB, CKNM103 (dsbA3) and CKNM104 (dsbA3p).  
Bacterial cells were harvested from plate cultures grown overnight at 37ᵒC with 5% CO2 and Gram 
stained (see method Section  2.9.1). Images were taken at X100 magnification using oil immersion with a 
light microscope.  Fields of view shown above are all of identical size and taken at the same 
magnification and under the same conditions.  
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3.5.2  Electron microscopy of meningococcal NmdsbA3 null 
strain CKNM103 (dsbA3) and CKNM104 (dsbA3p) reveals 
aberrant cell division 

TEM microscopy was performed to assess the differences in cell morphology between 

NMB and CKNM103 (dsbA3) and CKNM104 (dsbA3p).  Strains CKNM101 

(dsbA1), CKNM102 (dsbA2) and CKNM105 (dsbA1,dsbA2) were also assessed. 

Strains were harvested from broth and agar plate grown cultures and fixed in 

glutaraldehyde fixative (Refer to Section 2.8.2). Initially, the bacteria were embedded in 

Spurr’s resin, sectioned into 100 nm thick slices and stained with lead citrate and uranyl 

acetate (Refer to Section 2.8.2).  However, to improve contrast and definition within the 

sections, this protocol was exchanged for a staining protocol using sodium cacodylate 

and ruthenium red (Refer to section 2.8.2). TEM of wild-type strain NMB harvested 

from solid media at following 10 hrs growth at 37˚C with 5% CO2 is shown in Figure 

33.  Cellular features including cytoplasm, chromosomal DNA, septum, and membranes 

are clearly visible under TEM using this embedding and staining protocol. 

 
Figure 33:  Features of the meningococcal cell revealed by TEM.  A TEM image of wild-type strain 
NMB harvested from 10 hr growth on GC plates, fixed in 5% glutaraldehyde and stained with sodium 
cacodylate and ruthenium red, as described in Section 2.8.2.  The wild-type cells show the characteristic 
diplococcal structure.  Membrane blebs or vesicles were being released from the outer membrane and is a 
common feature of healthy meningococcal cells.  The image was taken at x 40,000 magnification.   

In order to assess the CKNM103 (dsbA3) strain by microscopy it was necessary to 

harvest the cells from agar plates as the strain was not viable in liquid broth (Section 

2.9.2).  Initial samples were harvested from plates incubated overnight but this resulted 

in a high number of dead cells in all the samples, particularly in the wild type strain 

NMB control sample (results not shown).  A higher percentage of intact bacterial cells 

were obtained from plate cultures grown for 10-12 hours at 37 ᵒC (Figure 34).   
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Figure 34:  Ultrastructure of wild-type strain NMB.  Wild type strain NMB was harvested from solid 
agar media following 10 hr growth at 37ᵒC with 5% CO2, was fixed in 5% glutaraldehyde and stained 
with sodium cacodylate and ruthenium red, as described in Section 2.8.2.  Under these conditions, wild 
type strain NMB exhibits the normal diplococcoid structure. Image taken at X 5000 magnification. 

The low magnification images of thin sections of CKNM103 (dsbA3) revealed that the 

cells appear to be swollen with lighter patches, presumably chromosomal DNA 

localized around the membrane, and include a high incidence of ghost cells consisting 

of cells without any cytoplasmic material (Figure 34).    
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Figure 35:  Ultrastructure of CKNM103 (dsbA3). CKNM103 (dsbA3) was harvested from solid 
agar media following 10 hr growth at 37ᵒC with 5% CO2, was fixed in 5% glutaraldehyde and stained 
with sodium cacodylate and ruthenium red, as described in Section 2.8.2.  Under these conditions, 
CKNM103 (dsbA3) exhibits a mixture of morphological phenotypes. These include diplococcal cells 
containing vacuoles in addition to large multicellular clusters consisting of cells with irregular septum 
formation. Image at X 5000 magnification.  

On closer examination there are two distinct phenotypes were seen in CKNM103 

(dsbA3) (Figure 36).  One phenotype was characterised by the maintenance of a 

diplococcal cell morphology accompanied by a high prevalence of large polar vacuoles, 

the contents of which is unknown (Figure 36B). The second phenotype was 

characterised by the appearance of large multicellular complexes which consist of a 

variety of different cell sizes ranging from large swollen cells to very small cells (Figure 

36C).  At higher magnification, the grey lines running randomly through these 

complexes appeared to be septae and may indicate a deregulation of septum formation 

in these cells (Figure 37). The complexes appear to be surrounded by a continuous 

ruffled outer membrane and in some instances there appeared to be membranous 

structures inside the cytoplasm (Figure 37). 
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Figure 36:  CKNM103 (dsbA3) displays two different ultrastructure morphologies. Wild-type 
strain NMB and CKNM103 (dsbA3) were harvested from solid agar media following 10 hr growth at 
37ᵒC with 5% CO2, was fixed in 5% glutaraldehyde and stained with sodium cacodylate and ruthenium 
red, as described in Section 2.8.2. Panel A. Wild type strain NMB exhibits the normal diplococcal 
morphology. Panel B. Large diplococci with polar vacuoles in CKNM103 (dsbA3).  Panel C. Large 
multicelluar complexes in CKNM103 (dsbA3). Magnification at x 6000. 
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Figure 37:  Multicelluar complexes in CKNM103 (dsbA3) exhibit multiple septation forks and 
irregular cell sizes. Wild-type strain NMB and CKNM103 (dsbA3) were harvested from solid agar 
media following 10 hr growth at 37ᵒC with 5% CO2, was fixed in 5% glutaraldehyde and stained with 
sodium cacodylate and ruthenium red, as described in Section 2.9.2..  Panel A. High magnification of 
wild type strain NMB with labelled features. Image at X 10000 magnification. Panel B.  CKNM103 
(dsbA3) cell cluster exhibiting ruffled outer membrane, multiple sepatation forks and irregular cell 
shapes. Image at X 25000 magnification. 

In contrast, CKNM104 (dsbA3p) cells harvested from agar plates were more regular in 

shape than CKNM103 (dsbA3) and are surrounded by a membrane that is smooth, 

rather than ruffled (Figure 38).  Ghost cells were still present in the CKNM104 

(dsbA3p) sample and appeared to occur at a higher frequency than that of the wild-

type sample, though it is difficult to determine if these are really ghost cells or cross 

sections of the polar vacuoles.  Visually, cross sections of CKNM104 (dsbA3p) 
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suggest a significant increase in volume compared to parental wild-type strain NMB 

(Figure 38)  but this cannot be confirmed from a TEM sample due to the variance in 

cross section samples.  

 
Figure 38:  Ultrastructure of CKNM104 (dsbA3p). CKNM104 (dsbA3p) was harvested from solid 
agar media following 10 hr growth at 37ᵒC 5% CO2, was fixed in 5% glutaraldehyde and stained with 
sodium cacodylate and ruthenium red, as described in section 2.8.2.  CKNM104 (dsbA3p appears to 
exhibit a normal diplococcal shape containing vacuoles. Image taken at X 8000 magnification. 

In conclusion, TEM revealed significant differences in the architecture of CKNM103 

(dsbA3) compared to the wild-type strain NMB and revealed that the daughter cells of 

the mutant were not separating from the progenitor diplococci resulting in the formation 

of large-multicellular complexes. In contrast, CKNM104 (dsbA3p) cells were more 

regular and have a shape consistent with the diplococcus.  The CKNM104 (dsbA3p) 

cells appeared to be larger than the wild-type NMB, and contain large vacuole like 

structure adjacent to the membrane, which was not seen in the wild-type cells. 
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3.5.3 Examination of CKNM103 (ΔdsbA3) and CKNM104 
(ΔdsbA3p) by Scanning Electron Microscopy (SEM). 

Scanning Electron Microscopy (SEM) gives a high resolution view of the surface of the 

bacterial cell and allows visualisation and size comparisons of cellular complexes seen 

in the CKNM103 (dsbA3), CKNM104 (dsbA3p) and wild-type strain NMB. The 

same samples that were used for the TEM studies; half were set aside, fixed and 

prepared for SEM studies as outlined in Section 2.9.3.  As previously suggested by 

TEM, SEM images of CKNM103 (dsbA3) revealed that CKNM103 (dsbA3) formed 

multi-cellular complexes containing cells of irregular size and shape, indicating an 

apparent misplacement of septae resulting in a defect in of the separation of daughter 

cells from the progenitor mother cell (Figure 39).  Low resolution SEM of CKNM104 

(dsbA3p) supported the TEM images of this mutant and showed that this strain had 

recovered from the cell division defect exhibited by CKNM103 (dsbA3).  However 

high resolution SEM of CKNM104 (dsbA3p) revealed that the most dominant 

phenotype within this population was not diplococcoid as assumed from the TEM 

images (Figure 38) but was tetracoccoid (Figure 40).  Higher magnification SEM 

images showed that the population was comprised of a variety of tetrads with septa 

occurring in the plane perpendicular to the septal plane of the diplococcus (Figure 41) 

while larger clusters of cells were rare (Figure 41vii). 
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Figure 39:  SEM images of CKNM103 (dsbA3) showing diverse aberrant cell morphologies.  Wild-
type strain NMB and CKNM103 (dsbA3) were harvested from solid agar media following 10 hr growth 
at 37ᵒC with 5% CO2, was fixed in 5% glutaraldehyde and stained with sodium cacodylate and ruthenium 
red, as described in Section 2.9.3.  Panel A.   Wild-type strain NMB is a typical diplococcus.  Membrane 
blebs are indicated with blue arrows. Magnification 100 K X.  Panel B. CKNM103 (dsbA3) displays 
atypical structures including tetrads (panel i,ii, iii, iv, and v) and large multicellular clusters (vi, vii, viii). 
Magnification 60-100 K X.  Pilin like structures are visible in panels (v) and (viii) and indicated with red 
arrows.  This is in accordance with the results from Tinsley et al. (2004) and Sinha et al. (2008) that pilin 
production is not affected by loss of NmdsbA3. 
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Figure 40:  CKNM104 (dsbA3p) are tetrads.  CKNM104 (dsbA3p) was harvested from solid agar 
media following 10 hr growth at 37ᵒC with 5% CO2, was fixed in 5% glutaraldehyde and stained with 
sodium cacodylate and ruthenium red, as described in Section 2.8.3. The central low magnification SEM 
image was taken at 12,44 X K magnification.  Each expanded image was done in Microsoft PowerPoint 
and magnified 700 times to reveal tetrads in different optical planes. 
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Figure 41:  SEM images of CKNM104 (dsbA3p) exhibiting tetrads in diverse conformations.  
CKNM104 (dsbA3p) was harvested from solid agar media following 10 hr growth at 37ᵒC with 5% 
CO2, was fixed in 5% glutaraldehyde and stained with sodium cacodylate and ruthenium red, as described 
in section 2.8.3.  Panel A. Wild-type strain NMB showing normal diplococci. (Taken at magnification  
100 K X). Panel B. CKNM104 (dsbA3p) showing tetrads formed through diverse septal planes (i,iii, iv, 
v and vi) Taken at magnification 50-100 K X.  Diplococci were found rarely in the sample (ii) as were 
rare clusters of cells similar to those seen in the CKNM103 (dsbA3) sample (vi). Note that the cells in 
the cluster have a relatively uniform shape, but are defective in the ability to separate. 
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Therefore, the recovery of binary fission in CKNM104 (dsbA3p) has been only 

partially restored.  Although the images suggest that the cells of CKNM104 (dsbA3p) 

are larger than the wild-type strain NMB, the variable rotation of the cells in each image 

made it impossible to compare them statistically.  Lastly, the CKNM101 (dsbA1), 

CKNM102 (dsbA2) and CKNM105 (dsbA1,dsbA2) strains harvested at both 

stationary phase in liquid media (8 hr culture) and solid media (10 hr culture) were all 

assessed by TEM and SEM.  These mutants were indistinguishable from the wild-type 

strain NMB in cell size and morphology (Figure 42).   

 
Figure 42:  SEM images of CKNM101(dsbA1) CKNM102(dsbA2) and  CKNM105(dsbA1, 
dsbA2) reveal wild-type diplococcal architecture. All strains were harvested from solid agar media 
following 10 hr growth at 37ᵒC with 5% CO2, was fixed in 5% glutaraldehyde and stained with sodium 
cacodylate and ruthenium red, as described in section 2.8.3.  Panel A. Wild type strain NMB. Panel B. 
CKNM101(dsbA1). Panel C. CKNM102(dsbA2). Panel D. CKNM105(dsbA1, dsbA2). All images 
were taken at 80-90 X K magnification. 

 

3.6   Complementation of CKNM103 (ΔdsbA3)  

To confirm that the cell division defect in CKNM103 (dsbA3) was a result of the 

inactivation of NmdsbA3 alone and not due to any other change in the mutant isolate, 

we attempted to complement the mutation.  To do this, we used the plasmid pJKD2581, 
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an integrative vector designed with an expression system taken from the Hermes 8 

gonococcal expression vector (Kupsch et al., 1996), flanked by the sequence of the IgA 

protease (iga).  The NmdsbA3 gene was cloned downstream of the Ptrc promoter to 

create the expression cassette, iga::Ptrc-NmdsbA3-aadA, which enables induction of 

transcription by the addition of IPTG to the media.  Homologous recombination 

integrates the expression cassette into the non-essential iga locus in the chromosome of 

wild-type strain NMB.   

 

3.6.1  Creation of the complementation vector, pCMK101 
(pJKD2581+NmdsbA3). 

Meningococcal integration vector pJKD2581 was digested with BamHI.  The NmdsbA3 

gene was excised from plasmid pEx62 (Appendix E Figure 97) by digestion with NcoI 

to release a fragment containing NmdsbA3 with a Shine Dalgano sequence. Both digests 

were treated with T4 DNA polymerase, ligated and then transformed into E. coli strain 

JMI09. White colonies selected on LB Cm30 Xgal IPTG (Figure 43) were screened by 

standard PCR using primer pair, KAP98 and DAP485, to detect the introduction of an 

600 bp insert into the multiple cloning site of pJKD2581 (results not shown).  The 

presence of NmdsbA3 was confirmed by using NmdsbA3 specific PCR primers KAP68 

and KAP59 (Figure 43). The orientation of NmdsbA3 in the cloning site  was 

determined by colony PCR screening with primer pair, KAP68 and DAP455 (Figure 

43).  The plasmid containing NmdsbA3 in the correct orientation with respect to Ptrc was 

sequenced using KAP98 to confirm that no mutations had occurred in NmdsbA3 during 

the cloning process.  The correct plasmid was named pCMK101 and stocked as strain 

CKEC101.   
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Figure 43:  Creation of the dsbA3 expression plasmid, pCMK101. Panel A. Schematic plasmid map 
of pCMK101 showing the location and orientation of genes (coloured arrows) and primers (→). Panel B.  
The cloning of NmdsbA3 into pJKD2581 was detected using the primer pair, KAP58 and KAP59.  
Purified plasmid pEx96 (pTrc99A+NmdsbA3) was used as a positive control for the PCR amplification.  
Amplification of a 600 bp fragment was detected in colonies 3-5 and 7-12 indicating the presence of 
NmdsbA3 in the multiple cloning site.   Panel C. To determine the orientation of the cloned NmdsbA3 in 
pJKD2581, a colony PCR was conducted with primer pair, KAP68 and DAP485. Colonies which yielded 
a 2.2 kb fragment had NmdsbA3 cloned in the correct orientation with regards to the Ptrc promoter.   
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Because CKNM103 (dsbA3) was phenotypically unstable, it was not possible to 

transform pCMK101 into this mutant strain and examine complementation. Therefore, 

to examine complementation of the NmdsbA3::ermC mutation, pCMK101 was first 

recombined into the iga locus into wild-type strain NMB and then the NmdsbA3::erm 

mutation was recombined into the NmdsbA3 chromosomal locus in separate 

transformation reactions to produce strain CKNM123 (Figure 44).   

 
Figure 44  Confirmation of CKNM123 (dsbA3::ermC, iga::Ptrc-dsbA3-aadA).  Panel A. Schematic 
digram of the genotype of CKNM123. Primers used in the screening are indicated with small arrow 
heads. Panel B. Colony PCR to confirm the genotype of CKNM123. Six colonies of CKNM123 were 
screened for the presence of the dsbA3::ermC mutation by colony PCR with primer pair, DAP268 and 
DAP269, which results in a 1.6 kb band when the insert is present.  The same six colonies were also 
screened for the insertion of the iga::Ptrc-NmdsbA3-aadA cassette with primer pair, KAP98 and 
DAP485, which results in a 3.8 kb band when present.  CKNM103 (dsbA3) cell lysate was used as a 
control in both PCR reactions, as a positive control for screening of NmdsbA3::ermC and negative control 
for the iga::Ptrc-NmdsbA3-aadA cassette.  
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Transformants containing pCMK101 were plated onto GCGF Sp 60 agar and colonies 

screened by PCR for the presence of the iga::Ptrc-NmdsbA3-aadA expression cassette.  

Extended PCR conditions were used to screen for an insertion into the iga locus using 

primer pair, DAP480 and DAP479.  Five of the six colonies screened gave a product of 

the correct size (3.8kb) and were glycerol stocked as CKNM122.  CKNM122 was then 

transformed with pCMK113 to inactivate NmdsbA3 in the chromosomal locus.  

Transformants were plated onto GCGF Erm3 Sp60 agar and incubated 48 hours at 37ºC 

with 5% CO2.  Extended PCR conditions were used with primer pair, DAP265 and 

DAP267, to screen for the presence of the ermC cassette in the chromosomal NmdsbA3 

upstream of bacA. PCR primer pair, DAP485 and KAP98, were used to confirm the 

maintenance of an intact NmdsbA3 in the second site iga locus.  The resultant strain was 

named CKNM123 (dsbA3::ermC, iga::Ptrc-NmdsbA3-aadA). 

 

3.6.2  Complementation of CKNM103 (ΔdsbA3) with 
complementation vector, pCMK101. 

To assess complementation, growth curves of CKNM103 (dsbA3) were compared to 

complementation strain CKNM123.  CKNM123 (dsbA3::ermC, iga::Ptrc-NmdsbA3-

aadA) was grown in liquid media with and without 1 mM IPTG, in addition to 

CKNM103(dsbA3) and wild type strain NMB which were used as controls.  There was 

no difference in the growth phenotype of CKNM123 (dsbA3::ermC,iga::Ptrc-

NmdsbA3-aadA) with or without IPTG and CKNM103 (dsbA3) (Figure 45) in liquid 

culture.   
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Figure 45:  Complementation of CKNM103 (dsbA3) with NmDsbA3 in the iga locus.   Wild type 
strain NMB, CKNM103 (dsbA3) and CKNM123 (dsbA3::ermC, iga::NmdsbA3) were grown in broth 
culture (refer to section 2.7.2).  For induced expression of NmdsbA3 from the iga::Ptrc-NmdsbA3-aadA 
cassette, 1 mM IPTG was added at time zero.  Readings at OD560 were taken at two hour intervals until 
strain NMB reached stationary phase at the 8 hr time point.  Recovery of the CKNM103 (dsbA3) strain 
was likely due to partial recovery in glycerol stock. 

To understand whether the failure of the iga::Ptrc-NmdsbA3-aadA to complement the 

NmdsbA3::ermC mutation was a result of the failure of Ptrc mediated transcription of 

NmdsbA3 from the iga locus, quantitative real time PCR (qRT-PCR) was performed to 

determine the level of NmdsbA3 transcription (Figure 46). Growth of strain CKNM123 

(dsbA3::ermC, iga::Ptrc-NmdsbA3-aadA) with and without 1 mM IPTG and control 

strain NMBlpt6::ermC, were harvested from agar plates that had been incubated for 

18 hrs.  Total RNA was extracted and converted to cDNA using reverse transcriptase 

and random primer 6 (refer to section 2.5.2).  Primer pair, KAP385 and KAP384, was 

used to detect NmdsbA3 transcript.  Transcript levels were normalized to the signal 

detected from the 30S ribosomal protein S5 (rpoE) which was amplified by KAP 363 

and KAP364.  Normalization of the NmdsbA3 signal to rpoE was intended to take into 

account any variation in the amount of total cDNA derived from each individual reverse 

transcriptase reaction. 

In order to correct for any potential indirect effect of ermC expression on cell growth, 

NMBlpt6::ermC was used as the control strain in place of wild-type strain NMB.  

Lpt6 is a non-essential protein encoding a phosphoethanolamine (PEA) transferase that 

adds O-6 PEA groups to the inner core of the lipooligosaccharide (Kahler et al., 1996b).  

The expression of NmdsbA3 in this strain was normalized to 1 and the fold difference in 
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NmdsbA3 transcription in each test strain was calculated relative to this baseline.  In 

strain NMBlpt6::ermC the qRT-PCR detected the transcripts of the chromosomal 

NmdsbA3.  In CKNM123 (dsbA3::ermC, iga::Ptrc-NmdsbA3-aadA), the level of 

NmdsbA3 transcript was the sum of the expression of dsbA3 from the chromosomal 

locus and the amount of NmdsbA3 induced from the iga::Ptrc-NmdsbA3-aadA 

expression cassette. Without IPTG, the level of NmdsbA3 transcription in CKNM123 

was 1.2 fold higher than in NMBlpt6::ermC, and this increased to 1.6 fold when IPTG 

was added to the media.   

 
Figure 46:  Real time analysis of NmdsbA3 expression in strain CKNM123.  Panel A. The genotype 
of CKNM123 and NMBlpt6::ermC showing the location of the primer pair, KAP385 and KAP384 used 
for qRT-RT PCR. Panel B.  The graph shows the average fold levels of NmdsbA3 transcript in 
CKNM123 in the presence and absence of inducer IPTG, relative to the NmdsbA3 level in NMBlptA6. 
Results shown comprise of a single biological repeat with three technical repeats. 
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Therefore, it appears that NmdsbA3 was transcribed from pCMK101, although IPTG 

induction of expression from the plasmid Ptrc promoter was minimal. Although we did 

not perform a Western immunoblot on CKNM123 to examine NmDsbA expression, we 

had previously purified NmDsbA3 from E. coli containing pEx62 (pTrc99A+NmdsbA3) 

(Scoullar, 2004) which was the source of the NmdsbA3. We therefore, expected that 

once transcription of the NmdsbA3 transcript was present, that translation would 

proceed. From these experiments, we concluded that the provision of NmdsbA3 alone 

from a second locus was apparently unable to repair the growth defect of CKNM103 

(ΔdsbA3::ermC). 

 

3.6.3  NmdsbA3 is located in an operon  

Since the growth defect of CKNM103 (ΔdsbA3::ermC) in liquid media was not 

complemented by the provision of an intact copy of NmdsbA3 in a second site in the 

chromosome, this raised the question as to whether the NmdsbA3::ermC cassette had a 

polar effect on the expression of genes downstream of NmdsbA3.  

As indicated earlier, bacA is located downstream of NmdsbA3 and is proposed to 

encode the undecaprenyl pyrophosphate phosphatase involved in the recycling of C55-

PP to C55-P necessary for transporting peptidoglycan monomers to the periplasm. To 

determine whether there was polarity on the expression of bacA located downstream of 

NmdsbA3, an analysis of the transcripts from NMB404-comM-ftsN-NmdsbA3-bacA was 

done to determine if this locus was organised as an operon.  Total RNA was prepared 

from wild-type strain NMB as outlined in section 2.5.1.  cDNA was reverse transcribed 

using DAP466 primer located at the 3’ end of bacA. The cDNA was amplified using 

nested primers spanning intergenic regions between the genes to detect the presence of a 

common polycistronic transcript (Figure 47).  

A negative control in which the total RNA was not reverse transcribed but used as 

template in the PCR reaction was performed to test for chromosomal DNA 

contamination. This experiment detected the presence of intergenic transcripts from 

each intergenic region throughout the five gene cluster of NMB404-comM-ftsN-
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NmdsbA3-bacA (Figure 30). These results indicated that there was potentially a 

polycistronic transcript for all five genes, consistent with the organization of NMB404-

comM-ftsN-NmdsbA3-bacA as a transcriptional operon.    

 
Figure 47:  The genes in the dsbA3 gene cluster are transcribed as an operon.  Panel A. Show the 
position of the nested primers used in the PCR reaction.  DAP466 was used for the reverse transcriptase 
reaction.  C.  The PCR results of the reverse transcriptase reaction revealed a transcript for each gene in 
the operon.  The reverse transcriptase reaction and PCR were done as per section 2.6.4.   

To ascertain whether there was a polar effect on the expression of bacA in the 

CKNm103 (ΔdsbA3::ermC), quantitative real time reverse transcriptase (q-RT-RT) 

PCR was performed to assess the level of bacA transcripts in mutant and parental 

meningococcal strains.  CKNM103 (dsbA3) and CKNM104 (dsbA3p) and control 

strain NMBlpt6::ermC were harvested from agar plates that had been incubated for 18 

hrs.  Total RNA was extracted and converted to cDNA using reverse transcriptase and 

random primer 6.  The level of transcript for bacA was determined by qRT-RT-PCR 

using nested primer pair, KAP387 and KAP386.  The 30S ribosomal protein S5 (rpoE) 

was used as a positive control for expression with nested primer pair, KAP 363 and 

KAP364.  bacA levels from CKNM103 (dsbA3) and CKNM104 (dsbA3p) were 

normalized to the bacA levels obtained from NMBlpt6::ermC (Figure 48). 
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Figure 48:  Real time analysis of bacA transcription in CKNM103 and CKNM104 following the 
introduction of the NmdsbA3::ermC mutation.  Total RNA was harvested from meningococcal strains 
grown overnight on solid media at 37ᵒC with 5% CO2. Equal amounts of total RNA (0.5 ng) was used per 
reaction to assess the levels of bacA mRNA.  bacA levels from NMBlptA6E was normalised to 1 and the 
fold difference of expression in CKNM103 and CKNM104 was calculated.  Results shown comprise of a 
single biological repeat consisting of three technical repeats. 

The level of bacA expression in CKNM103 (dsbA3) was 1.25 times lower than 

parental wild-type. On the other hand, CKNM104 (dsbA3p) had levels of bacA 

transcription similar to the wild-type control.  The data suggested that the level of bacA 

transcript was not significantly different between the parental strain NMB and 

dsbA3::ermC mutants, CKNM103 and CKNM104 (dsbA3p). However, since the data 

was obtained from cells harvested from agar plates and most likely represented cells in 

the stationary phase, in which active remodeling of the cell wall and bacterial cell 

division have ceased, it was considered that changes in bacA expressed may not be 

detectable in this sample.  Since we were unable to grow the NmdsbA3::ermC mutant 

(CKNM103) in liquid media (Section 1.5.2), we were technically unable to assess the 

difference in the expression of bacA during mid-log and stationary phase growth in this 

mutant.   

 

3.6.4 Complementation of CKNM103 (dsbA3) with bacA. 

Because we have shown that NmdsbA3 and bacA are co-transcribed and that NmdsbA3 

in trans alone will not rescue the NmdsbA3::erm mutant (CKNM103), we attempted to 

complement this mutant with bacA to examine the contribution of this gene to the cell 

division defect of CKNM103. 
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3.6.5   Cloning of Neisserial bacA into pHSG576 to create 
pCMK102. 

N. meningitidis bacA (NMB0408) was amplified from NMB cell lysate using primer 

pair, KAP149 and KAP150.  The PCR product was treated with T4 DNA polymerase 

and cloned into the HincII site of the multiple cloning site of the E. coli low copy 

chloramphenicol resistance plasmid pHSG576.  Transformants were selected by blue-

white screening on LB agar containing Cm30 and 0.5 mM IPTG.  Transformants were 

screened by colony PCR with pHSG576 specific primer pair, RP and UP (Figure 49).   

 
Figure 49:  Creation of pCMK102.  Panel A. Restriction map of pCMK102. Panel B. Colony PCR for 
the detection of pMCK102 using primer pair RP and UP. Colony #1 contained a plasmid with the correct 
product of 922 bp. 

Potential clones were further screened for the presence of bacA with primers KAP149 

and KAP150 and sequenced with primers RP and UP to ensure no mutations had been 

introduced into NmbacA during the cloning process.  Of the twenty clones of that were 
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sequenced, only one contained an intact ORF and was designated pCMK102.  All of the 

clones that contained bacA were in the opposite orientation to the Plac promoter. 

 

3.7   Creation of complementation vector pJRS10 
(pJKD2581+bacA). 

NmbacA was excised from pCMK102 using BamHI and cloned into BamHI site of 

pJKD2581.  Clones with the NmbacA in the same orientation as the Ptrc promoter of 

pJKD2518 were analysed (Figure 50).  

 
Figure 50:  Creation of pJRS10.  Panel A. The expression cassette of pJRS10 indicating the position of 
the PCR primers. Panel B. Colony PCR for the detection of pJRS10 using the primer pair, KAP98 and 
KAP150. Clones # 1-3, 5-6 and 9-11 had bacA cloned downstream of Ptrc.  

Every clone that was retrieved and sequenced contained mutations in bacA. Therefore, 

it appears that expression of N. meningitidis bacA from non-induced promoter and 
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maintained on a low copy plasmid, pJKD2581, was apparently toxic to E. coli. As a 

result complementation of CKNM103 (dsbA3) with bacA was not technically possible. 

 

3.8   Discussion. 

3.8.1   The dsbA system in Neisseria sp. 

In silico analysis of multiple genomes of pathogenic and commensal Neisseria sp. 

(NCBI genome databases), reveals that dsbA3 is conserved in all species being in the 

same genetic location but being divergent in sequence composition. Every Neisserial 

species assessed possesses an intact dsbA3 located in a highly conserved operon with 

genes encoding factors involved in cell division.  While there is significant sequence 

variation between the DsbA3 proteins from the different species, the similarities in 

active site, pI, and genetic arrangement suggest that they are all NmDsbA3 homologues.   

The highest degree of amino acid sequence identity between the three groups is in the 

putative peptide binding region, suggesting a similar substrate range and function.  The 

conservation of these features suggest that the variant active site, highly negatively 

charged surface structure and composition of the peptide binding site are all important 

in DsbA3 function.  

 NmDsbA1 and NmDsbA2 were also briefly assessed by in silico analysis of the 

commensal genomes and were denoted as either dsbA1 or dsbA2 depending on the 

genetic location in the genome.  Results bore out those found by Sinha et al., (2008) 

confirming that the dsbA2 homologues found in N. subflava and N. flavenscens were 

both linked to genes encoding TonB dependent proteins, similar to the genetic 

arrangement of NmdsbA2 in the meningococcal genome.  The results also confirmed 

that the gene denoted as dsbA1 in the group 1 species was in a similar genetic location 

to that of NmdsbA1.  In addition, a dsbA1 homologue was found in N. mucosa and N. 

sicca (Table 12).  Neisserial genomes in Group 1 and 2 possess DsbA1 and DsbA3 

while those in Group 3 possess DsbA2 and DsbA3.  These results suggest that Neisseria 

sp. make use of a DsbA with a canonical CPHC active site (DsbA1 or DsbA2 or both), 

in addition to a variant DsbA with a CVHC active site and high pI (DsbA3).  The 

distribution of the NmDsbA homologues in other Neisserial species suggest that 
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NmDsbA2 has been the most recent DsbA acquired by N. meningitidis, as DsbA2 is on 

a 4.2 kb genetic island (Klee et al., 2000).   

Table 12:  An update of the DsbA pathway in Neisseria1 
 NmdsbA1 NmdsbA2 NmdsbA3 

probe* in silico probe* in silico probe* in silico 
N. meningitidis MC58 + + + + + + 
N. gonorrhoeae FA1090 + + - - + + 
N. polysaccharea  + + - - + + 
N. lactamica  + + - - + + 
N. cinerea  + + - - + + 
N. mucosa + + - - - + 
N. sicca  + + - - - + 
N. flava - N/A + N/A - N/A 

N. subflava  - - + + - + 
N. flavescens  - - + + - + 
E. coli  - - - - - - 

1. This is a compilation of the Sinha, et al. (2004) and the results obtained in this study.  Where the results 
vary are highlighted in grey.  The N. flava genome was not available at the time this study. 
* Results from Sinha et al. (2004). 

In this manner, Neisseria sp. are similar to other bacterial pathogens, such as S. 

Typhimurium, which possess multiple dsbA genes (Heras et al., 2010).  Mutational 

studies with E. coli DsbA (EcDsbA) have shown that alteration of the active site 

residues affect redox potential of the Cys-30 active site cysteine and alters the oxidative 

strength of the protein (Bouwman et al., 2003; Chivers et al., 1997; Heras et al., 2010).  

From these studies it has been proposed that the substrate specific recognition pattern of 

SeSrgA which only recognizes the PefA pilin subunit, may be the result of reduced 

oxidative efficiency that may enable substrate discriminating (Bouwman et al., 2003). 

Based upon this work in E. coli and Salmonella, we can postulate that meningococcal 

DsbA1 and DsbA2 may have a broader substrate recognition profile than 

meningococcal DsbA3.  To understand whether this was the case, we have attempted to 

characterise the phenotype of the NmDsbA3 mutation in strain NMB. 
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3.8.2   The role of the dsbA3 operon in cell wall biosynthesis. 

Previous studies on the NmDsbA proteins had not attributed a growth defect to the 

mutation of any individual NmDsbA, although a mutant in which all three genes were 

disrupted was temperature sensitive (Sinha et al., 2008; Sinha et al., 2004; Tinsley et 

al., 2004).  However, when an NmdsbA3::ermC cassette was introduced into strain 

NMB, the resultant mutant CKNM103 (ΔdsbA3) was unable to grow in liquid culture 

(Figure 28), and when observed by TEM and SEM, was shown to have a severe cell 

division phenotype which resulted in clusters of cells of irregular shapes and sizes when 

grown on agar plates (Figure 39).  In broth, this mutant lysed releasing membranous 

material (Figure 30), suggesting that the cells are fragile and susceptible to osmotic 

stress.  In addition to this, cross sections of the cells harvested from agar plates revealed 

abundant deregulation of septum formation and an inability to separate daughter cells.  

These biological defects in cell division were similar phenotypically to that seen in 

MltA (Adu-Bobie et al., 2004; Cloud and Dillard, 2004) and PBP mutants in Neisseria 

sp. (Stefanova et al., 2003) in which peptidoglycan remodeling has been disrupted.  An 

examination of the Neisserial MltA and PBP3 indicated that both proteins had the 

potential to contain disulphide bonds and hence could be candidate substrates of 

NmDsbA3.  However, the cell division defect in CKNM103 (dsbA3) was unstable, 

with the rapid reversion of CKNM103 (dsbA3) upon passage to wild-type growth in 

broth (Figure 31).  Examination of the restored strain termed CKNM104(dsbA3p) by 

SEM and TEM indicated that the cells from this strain predominantly consisted of 

tetrads with what appeared to be normal septae but which now contained large polar 

vacuoles adjacent to the membrane .  

The inability to complement CKNM103 with NmdsbA3 from a vector, may indicate that 

the cell division defect may result from a polar effect on the expression of bacA located 

downstream of NmdsbA3.  bacA encodes undecaprenyl pyrophosphate phosphatase 

which removes phosphate from C55-PP to generate C55-P (El Ghachi et al., 2004).  C55-

P is an essential lipid carrier, required primarily for the transport of peptidoglycan 

subunits across the inner membrane to the periplasmic space (Figure 51) but also for 

transport of non-essential components involved in synthesis of lipopolysaccharides 

(Wright et al., 1967), teichoic acids (Watkinson et al., 1971), osmo-regulated 

periplasmic glycans (Scher et al., 1968), capsular polysaccharides (Troy et al., 1975) 

and enterobacterial common antigen (Rick et al., 1998).  In N. meningitidis, C55-P is 
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required for peptidoglycan and capsule biosynthesis(Masson and Holbein, 1985) and for 

glycosylation of pilin (Faridmoayer et al., 2007).   

 
Figure 51:  BacA is an essential component of the peptidoglycan biosynthesis pathway.  Synthesis of 
peptidoglycan is dependent on trafficking of peptidoglycan subunits across the inner membrane into the 
periplasm by the lipid carrier C55-P.  C55-P is generated by dephosproylation of the precursor C55-PP by 
BacA (also known as UppP).  The peptidoglycan subunit is built sequentially on the C55-P carrier by 
addition of UDP-MurNAc-pentapeptide (Lipid I) by MraY, then the addition of UDP-GluNAc by MurG 
to create (Lipid II).  The subunit is then transported to the periplasm by the flippase, MurJ (formerly, 
MivN, Ruiz, 2008).  Following release of the peptidoglycan subunit the lipid carrier remains 
phosphorylated.  A second flippase then transfers the C55-PP to the cytoplasmic side of the inner 
membrane where it is recycled by BacA to the active carrier form C55-P.  As only a limited amount of 
C55-PP is synthesised, this recycling pathway is essential for the maintenance of sufficient C55-P for 
cellular function.  Figure adapted from Ruiz (2008) and El Ghachi et al. (2004). 

In all cases C55-PP is generated by an Undecaprenyl pyrophosphate synthase (UppS) 

and dephosphorylated to the active form by BacA (also referred to as UppP).  In E. coli 

the peptidoglycan subunit is built on the C55-P lipid carrier by the sequential reactions 

catalysed by MraY and MurG on the cytoplasmic face of the inner membrane then 

transferred across the membrane to the periplasmic face by flippase, MurJ (formerly 

MivN, Ruiz, 2008).  Once on the periplasmic side of the membrane, the subunit is 

removed from the lipid carrier reforming the inactive C55-PP which is then translocated 

back across the inner membrane by an unknown mechanism and dephosphorylated by 

BacA, effectively recycling the lipid carrier (Figure 50).  Without the continued 

generation of C55-P by BacA, pathways reliant on this lipid carrier are starved of 
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intermediates and hence eventually cease to function resulting in pleiotrophic effects 

such as the loss of cell wall integrity (El Ghachi et al., 2005) and capsule 

polysaccharide synthesis (Tatar et al., 2007).   

E. coli has three homologues with undecaprenyl pyrophosphate phosphatase (UppP) 

activity, which are BacA (UppP), YbjG and PgpB.  The individual loss of each gene has 

no effect until combined to result in lethality (El Ghachi et al., 2005).  A fourth 

homologue, LpxT (previously named YeiU), was recently shown to remove phosphate 

from C55-PP and donate it to lipid A of endotoxin (Touze et al., 2008) thereby 

reforming the active C55-P carrier (not shown in Figure 51).  However this activity was 

insufficient to replace that of BacA and overexpression of LpxT was unable to rescue an 

E. coli strain lacking BacA/YbjG/PgpB (Touze et al., 2008). An in silico analysis of the 

Neisserial genome reveals that strain NMB has only one homologue of these proteins, 

NMB0408 (bacA), and the failure of repeated efforts to inactivate this locus (C. Kahler, 

personal communication), suggests that this gene encodes the only enzyme with UppP 

activity in the Neisserial cell. Therefore since bacA is known to have a role in the 

synthesis of lipid II precursors for peptidoglycan synthesis in E. coli, we postulated that 

a polar effect on bacA expression in CKNM103 (dsbA3) may also result in a cell 

division defect.  

To address whether the NmdsbA3::ermC cassette had a polar effect on the expression of 

bacA, CKNM103 (ΔdsbA3) was complemented with an expression cassette, iga::Ptrc-

NmdsbA3-aadA, containing NmdsbA3 under the control of the promoter Ptrc, inserted 

into a second site in the genome (the iga locus).  Although NmdsbA3 was transcribed 

from Ptrc in an inducible manner (Figure 46), this did not result in restoration of the 

growth defect created by the NmdsbA3::ermC mutation.  Induction of dsbA3 from the 

expression cassette, iga::Ptrc-NmdsbA3-aadAwas approximately 1.6 fold, which is 

similar to levels seen in successful complementation using this expression cassette 

(Tzeng et al., 2002a). In addition, transcription analysis of the NMB404-comM-ftsN-

dsbA3-bacA gene cluster indicated that there was a polycistronic transcript encoding all 

genes in the cluster confirming that this region is organised as an operon. To determine 

if the introduction of the ermC cassette had a polar effect on NmbacA, qRT-RT-PCR 

was conducted on NmbacA expression in CKNM103 and CKNM104. CKNM103 had a 

slightly lower level of NmbacA transcription but this was not significantly different 

from wild-type cells (Figure 48).  Since the samples for analysis were taken from plate 
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grown cells in a mixed phase of growth it is not clear if this is a relevant result.  Ideally, 

an analysis of early-log, mid-log and stationary phase cells in a synchronized culture 

might reveal any changes to bacA transcription during the cell division cycle.  However, 

since CKNM103 (dsbA3) could not be grown in liquid media, this experiment was not 

attempted.  To overcome this technical limitation and to prove the involvement of 

NmbacA in the phenotype of CKNM103, the next step was to complement the strain 

with a NmbacA expression cassette. NmbacA was successfully cloned into a low copy 

pSC101 vector, pHSG576, but not the pSC101 derived shuttle vector, pJKD2581.  It 

could be possible that the stronger Ptrc promoter found in pJKD2519 led to a greater 

expression of the enzyme resulting in lethality in E. coli.  

Although our experimental work could not prove or disprove polarity on bacA 

expression in the NmdsbA3::ermC mutant, CKNM103, the examination of the recovery 

phenotype in CKNM104 (ΔdsbA3p) is suggestive of such an effect.  TEM of the thin 

sections of CKNM103 (dsbA3) cells revealed the presence of vacuoles in a minority of 

the population whereas the majority of CKNM104 cells contained this structure. 

Although the composition of the vacuoles was not studied here, vacuoles containing 

polysaccharide have been observed in Neisserial mutants defective in capsular 

polysaccharide transport (Figure 34), (Hobb et al., 2010).  N. meningitidis expresses 

group 2 polysaccharide which relies on an ABC transporter (CtrABCD) for surface 

localization of capsular polysaccharides (Vimr and Steenbergen, 2009)  The poly-sialic 

acid capsule polymers attached to the bacterial cell surface have a phosphodiester-

linked 1,2-dipalmitoyl (C16:0) glycerol moiety attached to the non-reducing end (Tzeng 

et al., 2005).  However, the phosphodiester-linked 1,2-dipalmitoyl (C16:0) glycerol is 

probably not the acceptor on which the polysialic acid chain is built in the cytoplasm.  

Tzeng et al. 2002, has shown that polysaccharide synthesis relies on the synthesis of 

keto-octulosonic acid (KDO) and that this may form a KDO-P-C55 acceptor for the 

initiation of polysaccharide synthesis as has been suggested in other bacterial species 

(Vimr and Steenbergen, 2009).  Studies in colonic acid polysaccharide producing E. coli 

have found that most of the spontaneous mutations to restore bacitracin resistance in 

strains lacking BacA result in loss of capsule production or export in the strain, and 

similar results have been seen in Xanthomonas campestris which produce Xanthan gum 

and members of the genus Sphingomonas which produces sphingans (Pollock et al., 
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1994).  All these are group I polysaccharides (Leigh and Coplin, 1992).  Since the work 

of Tzeng et al, 2002, suggests the involvement of C55-P in the group II capsular 

synthesis in N. meningitidis, we postulate that bacA expression could be important for 

capsule polysaccharide synthesis in Neisseria sp.   

In other bacterial model systems, sequestration of C55-PP by the antibiotic bacitracin 

results in the accumulation of soluble peptidoglycan monomers and cell death (Siewert 

and Strominger, 1967). Recovery of bacterial growth and resistance to bacitracin occurs 

through multiple pathways, one of which is the spontaneous mutation resulting in loss 

of the capsule which has been observed in multiple Gram negative bacteria including E. 

coli (Fiedler and Rotering, 1988; Pollock et al., 1994), Xanthomonas campestris and 

members of the Sphigomonas genus (Pollock et al., 1994).  In these cases, it is 

presumed that the secondary non-essential pathways requiring the C55-P carrier are 

inactivated to enable sufficient C55-P pools to be shunted into the essential pathway of 

peptidoglycan synthesis which thus restores normal cell division.  In our study, the 

recovery of growth in liquid culture of CKNM104 (dsbA3p) was accompanied by the 

formation of vacuoles which may indicate that spontaneous mutations within the 

capsular transport pathway has occurred to remove the requirement of C55-P for this 

pathway, thus increasing the availability of C55-P for peptidoglycan synthesis.  Similar 

vacuoles were seen on loss of the capsule secretion pathway when genes encoding 

putative elements required for the assembly of the transport machinery in the cytoplasm, 

such as LipAB and CtrG have been inactivated (Hobb et al., 2010) 

It is not clear whether the sensitivity of CKNM103 to polymyxin B is related to the cell 

division defect that we observed in this mutant. Because oxidoreductases have multiple 

substrates, it is possible that the sensitivity to polymyxin B was due to the loss of 

another protein, unrelated to cell division. Tzeng et al. (2005) identified a number of 

genes that encoded products that protected meningococci from polymyxin B. Firstly, 

inactivation the multiple transferable resistance (Mtr) efflux pump system (Hagman et 

al., 1997) which effluxes the peptide from the periplasm out of the cell, results in 

sensitivity.  However, there are no known disulphide bonds in the proteins of this 

complex and so it is not a DsbA substrate candidate. However, the loss of the Type IV 

pilin production resulted in loss of polymyxin B resistance, presumably by altering the 

permeability of the outer membrane. Two components of the pilin biogenesis machinery 

are known oxidoreductase substrates: PilE which is the major pilin subunit, and PilQ, 
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which is the secretin.  However, these proteins have been shown to rely on NmDsbA1 

and NmDsbA2 for stability, and are not candidate substrates for NmDsbA3. Lastly, the 

phosphoethanolamine (PEA) transferase, NmLptA, which adds PEA groups to the lipid 

A headgroup of lipopolysaccharide results in increased resistance to polymyxin B by 

reducing the negative charge on the bacterial cell surface (Tsubery et al., 2002).  

NmLptA does contain at five cysteine residue pairs which may form disulphide bonds. 

However, no structural model has been done for the protein and hence there is no 

definitive data to indicate whether disulphides form between the thiols of each cysteine 

residue pair. However, further work will be done to determine if it is a substrate for 

oxidoreductases. 

 

3.8.3 Future direction. 

The hypothesis that NmDsbA3 is involved in cell wall biosynthesis cannot be 

confirmed by the results of this study.   In S. enterica Typhimrium, two DsbA proteins 

with a non-canonical active sites, SeSrgA and SeDsbL, have been located in operons 

with their respective substrate, however this does not appear to be the case for 

NmDsbA3.  Although NmDsbA3 is located in an operon containing genes encoding 

factors known to be involved in cell division (FtsN) and cell wall synthesis (BacA), 

none of the proteins were putative DsbA substrates.  An examination of the enzymes 

involved in peptidoglycan synthesis in the periplasm identified two potential 

oxidoreductase substrate candidates, MltA and PBP3. However, it is not currently clear 

whether the loss of a disulphide bond in either protein would lead to a loss of function 

and hence result in a growth defect.  For example, the loss of the disulphide bond in E. 

coli bundle forming pilin (BfpA) results in the loss of piliation, not because the protein 

losses function but rather due to the increased rate of degradation of the protein in the 

periplasm (Donnenberg et al., 1997).  Therefore the appearance of any phenotype in the 

NmDsbA3 mutant in these circumstances is dependent upon the intrinsic protease 

activity within the periplasm, which at this time is currently unknown.  

The lack of an obvious phenotype in meningococci lacking NmDsbA3 means that the 

search for a substrate must move to biochemical methods.  Direct interactions between 
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oxidoreductases and substrate proteins can be identified using a substrate trapping 

version of oxidoreductases.  Kadokura et al., (2005) (see section 1.7) successfully 

created a trapping mutant of EcDsbA.  This was done by mutating the cis-Proline 

residue at position 151 to a larger threonine residue.  This mutation alters the active site 

dynamics allowing the disulphide bond donation reaction to initiate and form a mixed 

disulphide with the substrate protein, but does not allow it to resolve.  This results in a 

stable covalently linked DsbA-substrate complex that can then be purified and analysed 

(Kadokura et al., 2005). This method does have a high rate of false positives as a single 

cysteine residue in any protein can form a mixed disulphide with EcDsbA, which is a 

promiscuous binder.  Once identified by trapping, the bound protein can be identified as 

a substrate if there is a second cysteine residue in the protein, capable of forming a 

disulphide bond. Confirmation of interaction between the two proteins can be obtained 

by overexpression of the substrate protein in a wild-type and DsbA null E. coli strain 

and examining the redox state of the protein using “acid trapping”.  This method was 

successfully used by Kadokura, Nichols et al. (2005), to confirm the loss of disulphide 

bond formation in ß-lactamase (two disulphide bonds) in a DsbA null strain. 

Putative substrates can also be identified by use of a Far Western. In this instance, 

proteins from the cell lysate or purified periplasm are separated on an SDS-PAGE gel 

and transferred to a membrane. The membrane is incubated with purified DsbA protein 

and any interactions are detected using DsbA specific antibodies.  The reactive bands 

are excised and the proteins sequenced to identify them as potential substrates for 

DsbA. This method was successfully used to identify enolase, DnaK, and peroxiredoxin 

of N. meningitidis MC58 as plasminogen binding proteins (Knaust et al., 2007).  The 

interactions of the partners can be further confirmed by performing a trapping mutant 

study as outlined above.  

Both of these methods require an efficient protein expression system to express proteins 

in meningococci.  Therefore, we examined the utility of various plasmid systems 

developed in Neisseria sp. for protein expression in Chapter 4.    
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Chapter 4: Construction of a protein expression 
system in Neisseria meningitidis. 

4.1 Introduction 

Protein expression in bacteria is now a very common process and many systems for 

efficient expression of proteins in E. coli have been optimised and commercialised.  

These systems however do not necessarily transfer well to other organisms and E. coli 

vectors are not supported in N. meningitidis without adaptation.  In order to function in 

N. meningitidis, the plasmid requires a meningococcal origin of replication and must be 

transferrable either by transformation or conjugation into this host.  Many of the 

systems designed for use in Neisseria sp., are used in N. gonorrhoeae and have limited 

utility in meningococci.  To date none of these systems have been used to express two 

proteins simultaneously in N. meningitidis.   

The aim of this section of the project was to design a system which allows the co-

expression of a tagged NmDsbA protein and a tagged putative oxidoreductase substrate 

in the same cell in order to assess protein-protein interaction in vivo.  The desired 

outcome was a meningococcal host strain that would allow co-expression of an 

oxidoreductase and a putative tagged oxidoreductase substrate from a replicative vector 

(Figure 52).  Protein interactions between these two proteins would be explored using 

immunopreciptation and Western immunoblot as previously established by Kadokura et 

al. (2005).  The vector system that was envisaged would have the following attributes: 

(a) a system for high-throughput cloning of various genes into a unique site; (b) enable 

tagging of any protein with a poly-His (His6) tag for purification purposes; (c) 

transformation and stable maintenance in N. meningitidis strain NMB. We chose to use 

the Gateway® cloning system to modify two meningococcal shuttle vectors, pYT250 

and pMIDG101, for rapid acquisition of a gene expression cassette. 
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Figure 52:  Protein Co-expression System in N. meningitidis.  Panel A. Scheme for the expression of 
multiple tagged proteins in N. meningitidis.  An oxidoreductase, in this instance, NmDsbA3, would be 
cloned into the expression cassette of the suicide vector, pJKD2518. When introduced into N. 
meningitidis via transformation, the expression cassette integrates into the iga locus via homologous 
recombination.  A tagged putative oxidoreductase substrate would be cloned into a replicative shuttle 
vector and transformed or conjugated into this host strain. Induction by addition of IPTG to the media 
would result in co-expression of both proteins.  This will enable assays to assess DsbA-substrate 
interactions (Kadokura et al., 2005).  

 

4.2    Plasmids in Neisseria sp. 

N. meningitidis is naturally competent, taking up DNA from the surrounding 

environment via type IV pili and incorporating similar DNA into the genome via RecA-

mediated homologous recombination (Snyder et al., 2005).  Thus, transformation is a 

convenient method to manipulate the genome of Neisseria sp.. To change the genetic 

content by insertional inactivation of the genes, requires the construction of a cassette 

containing an antibiotic resistance marker flanked by homologous regions of DNA 

which are then incorporated into the chromosome via natural homologous 

recombination.  While this makes it easy to alter or remove genes it is less efficient for 

protein expression as it is difficult to introduce a protein expression system encoded on 

large DNA fragments as recombination efficiency decreases with size of the fragment.  

This means that expression systems usually rely on the existing gene promoter resulting 

in low to medium levels of expression compared to the LacIq expression systems 

(Dieckelmann et al., 2003).  Most vector systems used in Neisseria sp. are designed for 

N. gonorrhoeae as this species has a larger number of natural plasmids (Snyder et al., 
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2005).  Some of the commonly used expression systems in Neisseria sp. are shown 

below in Figure 53. 

 
Figure 53:  Integrative expression systems for use in Neisseria.  Panel A. The Hermes 8 vector system 
used for expression of proteins in N. gonorrhoeae (Kupsch et al., 1996).  The gene of interest is cloned 
into the multiple cloning site (MCS) of the Hermes 8 vector downstream of the Ptrc promoter.  The Ptrc 
repressor protein, LacIq, is controlled by the N. gonorrhoeae promoter, Popa.  Expression of the gene of 
interest can be induced by addition of IPTG to the growth media.  Hermes 8 is an E. coli replicative 
plasmid in which suicides in Neisseria sp.  The Hermes 8 expression locus is flanked by regions of DNA 
homologous to the destination vector, pTetM 25.2.  Following the uptake of Hermes 8 by the natural 
transformation into N. gonorrhoeae, RecA mediated homologous recombination between the homologous 
regions on Hermes 8 and pTeM.25.2 occurs to transfer the expression locus onto pTeM.25.2.  Strains with 
successful recombination events are then selected for by growth in media containing erythromycin.  
Panel B.  A modified Hermes 8 expression system for use in N. meningitidis.  Following introduction of 
the gene of interest into the MCS of pJKD2581, the plasmid is transformed into the naturally competent 
N. meningitidis and the expression locus recombines into the iga gene by RecA mediated homologous 
recombination.  Successful recombination events are selected for by growth in media containing 
spectinomycin. 
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Figure 54:  Non-integrative protein expression systems for use in Neisseria sp.  Panel A. The 
Neisserial shuttle vector pYT250 consists of a fusion between a gonococcal cryptic plasmid and the 
commercial E. coli vector pCR2.1 from Invitrogen.  This fusion forms a shuttle vector which replicates in 
both E. coli and N. meningitidis (Tzeng et al., 2002b).  The plasmid does not contain an expression 
system and a promoter needs to be provided with the gene of interest.  Panel B. The pMIDG100 vector is 
a conjugative plasmid developed by Webb et al. (2001). The system utilises the IncP/Q conjugative 
system.  The smaller IncQ plasmid pMIDG100 is mobilised by the larger IncP plasmid RP4.  The IncQ 
plasmid has a broad host range and is supported by N. meningitidis and maintained.  The IncP plasmid 
does not have a broad host range origin of replication and is lost on cell replication (Butler and 
Gotschlich, 1991). 
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4.2.1 Conjugative plasmids and Hermes 8. 

Conjugative plasmids occur naturally in N. gonorrhoeae.  A 39 kb plasmid, referred to 

in the literature simply as the 39 kb conjugative plasmid (Snyder et al., 2005), is 

capable of conjugal transfer between goncococci and is able to mobilize some -

lactamase carrying plasmids commonly found in gonococcal strains.  It was first 

discovered in 1974 but has since been isolated from strains stocked in the 1940s 

(Snyder et al., 2005).  This plasmid is only found in N. gonorrhoeae and some closely 

related strains of N. cinerea (Snyder et al., 2005).   

A second conjugative plasmid, pTetM plasmid, confers high levels of resistance to 

tetracycline (Morse et al., 1986).  It is found as a 25.2 MDa or 24.5 MDa plasmid 

(Morse et al., 1986). It is transferable between competent Neisserial species both by 

transformation and conjugation (Morse et al., 1986) and can be transferred to non-

competent Neisserial strains by conjugation (Kupsch et al., 1996).  Similar elements 

have been found in other microorganisms such as the group B streptococci, G. 

vaginalis, U. urealyticum and M. hominis that inhabit the urogenital tract   (Morse et al., 

1986).  The pTetM25.2 plasmid has been adapted for use as a shuttle vector expression 

system known as the Hermes system in N. gonorrhoeae (Kupsch et al., 1996).  The 

system is comprised of two plasmids, the pTetM25.2 plasmid in N. gonorrhoeae and the 

Hermes vector which is maintained in E. coli but suicides into pTetM25.2 when 

introduced into N. gonorrhoeae  (Figure 53A).  The gene of interest is cloned into the 

Hermes vector multiple cloning site (MCS), which is flanked by regions of pTetM2.5.2 

homologous DNA.  This vector is maintained in E. coli and is transformed into N. 

gonorrhoeae containing pTetM25.2.  Since the Hermes vector cannot replicate in 

Neisseria, RecA-mediated homologous recombination transfers the gene of interest to 

the pTetM25.2 plasmid which is tracked via an antibiotic resistance marker within the 

cassette (Figure 53A).  The Hermes plasmids are all derivatives of pEMK18 which 

consists of pTetM25.2 with a 3 kb deletion removing the ability of the plasmid to 

replicate in Neisseria.  pEMK18 has been further modified to contain a variety of 

origins of  replication for maintenance in E. coli, resistance markers for tracking 

homologous recombination into pTetM25.2 and a gonococcal DNA uptake signal to 

improve the rates of homologous recombination (Kupsch et al., 1996).  Hermes 8 

contains a system for inducible gene expression, consisting of the repressor, LacIq, 
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expressed from a Neisserial promoter Popa.  The genes for expression are cloned into the 

MCS upstream of an inducible Ptrc promoter (Amann et al., 1983).  In this system, the 

high level expression of LacI from Popa should result in repression of promoter activity 

from Ptrc.  The LacI repressor binds the Ptrc promoter located directly upstream of the 

MCS and thus provides inducible expression of the gene of interest in the presence of 

IPTG (Kupsch et al., 1996).  The Hermes/pTetM system has not been successfully 

transferred to N. meningitidis. This is most likely due to the fact that meningococcal 

isolates routinely used in laboratories for genetic manipulation studies have unique 

restriction/modification systems, similar to those seen in N. gonorrhoeae, which alter 

the frequency of uptake of replicative plasmids between host strains (Stein et al., 1988).  

 

4.2.2   Integrative plasmids and pJKD2581. 

pJKD2581 (Figure 53B) is an integrative vector designed for complementation of 

mutant phenotypes in N. meningitidis and has been successfully used in this way to 

complement the meningococcal inner core synthesis regulator (MisR) (Tzeng et al., 

2008). This plasmid was designed to contain the inducible expression cassette from 

Hermes 8 flanked by homologous regions of iga (NMB0700) which encodes an IgA-

specific serine endopeptidase. As pTetM25.2 is not maintained in N. meningitidis, the 

expression cassette was adapted to suicide into the iga gene of the N. meningitidis 

chromosome.   Although this system for gene expression has proven successful, the 

levels of induction are low with only two-fold increases in transcription usually detected 

(see section 3.6.3, (Tzeng et al., 2008)).  A number of factors may result in this 

outcome, including a lower permeability to IPTG by meningococci or a reduced 

expression from a single copy locus on the genome.  Due to the low levels of gene 

expression from pJKD2581, while useful for complementation studies, it is not the best 

system as a protein expression system.  

 

4.2.3    Cryptic plasmids and pYT250. 

Almost all strains of N. gonorrhoeae contain a ~4.2kb cryptic plasmid, referred to in the 

literature as the gonococcal cryptic plasmid, and to date no known phenotype has been 
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attributed to carriage of this plasmid (Snyder et al., 2005).  Other similar cryptic 

plasmids have been identified in gonococcal and meningococci strain (Snyder et al., 

2005).  pYT250 (Figure 54A) is a meningococcal shuttle vector constructed by Dr. Yih-

ling Tzeng (Tzeng et al., 2002a), and is comprised of a gonococcal cryptic plasmid of 

unknown sequence excised from pEG2 (Christodoulides et al., 2000) inserted into the 

unique HindIII site of the E. coli narrow host range, high copy (colE1 origin) vector 

,pCR2.1 (Invitrogen).  This plasmid has been successfully used in complementation 

studies in strain NMB (Tzeng et al., 2002a).   

 

4.2.4   R-factor -Lactamase plasmids and pMIDG100. 

Gonococci and meningococci also contain mobilisable, non-conjugative -lactamase 

plasmids which have been well characterised and sequenced (Backman et al., 2000).  

They are mobilized by the IncP conjugative vectors from one species to another, both 

from non-Neisserial species (Butler and Gotschlich, 1991; Dillon and Yeung, 1989) and 

within the Neisserial genus (Brett, 1989). 

One of the most common non-integrative vectors used in genetic manipulation of N. 

gonorrhoeae is the pLES2 vector (Stein et al., 1983).  This vector system is derived 

from the naturally occurring IncP and IncQ plasmids which have been shown to result 

in conjugal transfer of antibiotic resistance plasmids between E. coli and N. 

gonorrhoeae (Butler and Gotschlich, 1991).  The IncP plasmids are very large plasmids, 

(approximately >50kb) which are four to seven copies per chromosome in the cell 

(Butler and Gotschlich, 1991).  They are also remarkably stable and self-mobilisable. 

These plasmids include RK2, RP1 and R68 (Butler and Gotschlich, 1991).  They are 

found naturally in E. coli and a number of other species and are able to promote inter-

species mating and transfer of the IncP and IncQ plasmids to a broad range of recipients 

including various Neisseria species, Legionella pneumophila and Pseudomonas 

aeruginosa (Butler and Gotschlich, 1991).  The IncP plasmids are transferred to 

Neisserial species during conjugation but are not maintained in these hosts (Butler and 

Gotschlich, 1991).  In this system, they are simply used to promote conjugative transfer 

of shuttle vectors (IncQ) into Neisseria.  pLES2 is one of these IncQ plasmids.  It is a 
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derivative of one of the naturally occurring R-factor -lactamase plasmids from N. 

gonorrhoeae (Stein et al., 1983).  The IncP plasmid pUB307, a RP1 derivative, was 

used to promote transfer of the pLES plasmid from E. coli to N. gonorrhoeae (Stein, 

1989).   

The pMIDG meningococcal shuttle vectors are based on the conjugative vector pLES2.  

The plasmid was adapted for use in meningococci by replacing the -lactamase gene 

with aphA-3, encoding kanamycin resistance, creating the broad host range conjugative 

vector pMGC18.1 (Nassif et al., 1991).  It is mobilized from E. coli to Neisseria sp. by 

RP4 in the E. coli strain S17 (pir) (Simon et al., 1983). pMIDG100 (pJSK411) was 

designed to evaluate different meningococcal promoters (Webb et al., 2001).  A 

fragment containing a MCS, ribosome binding site and a promoterless GFP (GFPmut3) 

was cloned into pMGC18.1 to create the pMIDG series.  pMIDG100 (Figure 54B) is ~7 

kb, with a medium to low copy number in E. coli.  This plasmid is stable in the 

maintenance host E. coli DH5 Prior to conjugation, the plasmid must be transformed 

into the conjugative host E. coli S17 (pir). Conjugation using this method reportedly 

occurs at high levels for N. meningitidis strain MC58 with pMIDG vector pMIDG2830 

(O' Dwyer et al., 2005), and has been successful in this lab for strain NMB with 

pMIDG101 (pMIG100+Pner) (Stephanie Bartley, personal communication).   

 

4.2.5 The Gateway® vector system. 

The Gateway® system has been used successfully in E. coli for the rapid transfer of 

genes between multiple entry vectors to a single destination vector through phage 

mediated homologous recombination (Figure 54). This cloning system relies on two 

vectors, the entry and destination vector, and the transfer of genes between these 

plasmids is mediated by homologous recombination catalysed by LR Clonase®.  

The entry vector contains the promoterless gene of interest which is not expressed and 

is flanked by two attL sites, attL1 and attL2.  The destination vector contains two attR 

sites that flank a cassette consisting of an antibiotic cassette and a toxic ccdB gene 

which is fatal in E. coli hosts lacking an F-plasmid (Jaffe et al., 1985).   
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Figure 55:  The Gateway® vector system from Invitrogen.  The entry vector, containing the gene of 
interest is flanked by two attL sites. The destination vector will become the expression vector and 
contains a ccdB gene flanked by two attR sites.  The reaction with LR Clonase® exchanges the two att 
cassettes between the entry and destination vector to create the expression vector with the gene of interest 
between the att sites. The by-product of this reaction is the entry vector now containing the toxic ccdB 
gene.  Transformation into a ccdB sensitive E. coli strain will result in a viable clone for the expression 
vector, but will result in cell death if the vector containing ccdB is acquired. Figure adapted from 
Invitrogen Gateway® manual (http://tools.invitrogen.com/content.cfm?pageid=10072).  

The ccd (control of cell death) locus occurs naturally on the F-plasmid and encodes the 

toxic CcdB protein with the antidote, CcdA, which binds and inactivates CcdB and Lon, 

the protease responsible for degradation of CcdA.  Strains which either possess the F-

plasmid or an altered GyrA (gyrase A), the protein responsible for introducing negative 

super-coiling into chromosomal DNA in E. coli and the target of CcdB, are resistant to 

CcdB killing (Zielenkiewicz and Ceglowski, 2001).   

For the purposes of this project, an entry vector, pCMK133 was designed for the 

creation of His-tagged proteins. The destination vector, pCMK536, was modified from 

a Neisserial shuttle vector and enabled the transfer of the genes from pCMK133 into the 

expression cassette from Herme8 utilising LR Clonase® mediated recombination. 
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4.3 Results 

4.3.1   Construction of the entry vector, pCMK133.  
 

The entry vector is the plasmid in which all the cloning and genetic manipulation is 

done prior to transfer of the gene to the Destination vector.  pENTR4 (Invitrogen) 

(Figure 56) was chosen as the base vector and possesses a kanamycin resistance marker, 

a pUC origin of replication and a cassette within a multiple cloning site flanked by att 

sequences and containing the ccdB gene, derived from the ccd locus of the F-plasmid 

(Zielenkiewicz and Ceglowski, 2001).  Since there is no promoter present upstream of 

the cloning site, little to no protein is expressed from the cloned insert.  

 

 

Figure 56:   The Invitrogen entry vector pENTR4.  pENTR4 is a high-copy vector carrying aphA-3 
(kanamycin resistance) and ccdB flanked by att sites. Multiple cloning sites are located within the attL 
flanked region.  Transcription terminators rrnB T1 and rrnB T2 are located upstream of the MCS to 
prevent transcription of the insert from promoters in the origin.  This results in little to no transcription of 
the gene of interest in the entry vector.   

 

4.3.1.1    Creation of a His6-tag fusion cassette for the entry vector, pCMK133.  

To enable identification of any gene product cloned into the entry vector, we designed a 

fusion cassette which allowed the fusion of the translated gene product with a Histidine 

tag (His6), which can be detected using commercial anti-His antibody.  We designed a 

His6 tag preceded by a HindIII site.  In later steps the HindIII site would allow the in-

frame insertion of any ORF in which the stop codon had been replaced with a HindIII to 
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produce a His-tagged fusion protein.  The His6 tag was flanked by unique restriction 

sites for cloning into pENTR 4 (Figure 57).   

 
Figure 57:  Insertion of the His6 tag into pHSG576 to create pCMK128.  Panel A. Organization of the 
His6 tag. Panel B. Restriction map of pCMK128 showing the position of restriction sites relevant to this 
study and the position of the RP and UP primers used to confirm the His6 sequence.  

This cassette was synthesized as two complementary oligomers, KAP60 and KAP61.  

The single stranded primers were annealed together using a gradient annealing program 

to form a blunt ended 50 bp double stranded DNA fragment.  The fragment was treated 

with T4 DNA polymerase and ligated into the HincII and SmaI sites of pHSG576 

(Figure 95).  Chloramphenicol resistant transformants were selected by blue-white 

screening and the presence of the His6 tag cassette was confirmed by sequencing with 

oligonucleotide primer pair, RP and UP.  This plasmid was named pCMK128 (Figure 

57). 



 
148

 

4.3.1.2   Linkage of the His6 tag to the aphA-3 gene  in pCMK131.  

A resistance marker was cloned next to the His6-tag fusion cassette for the following 

purposes: to track the cloning of the cassette into the destination vector which did not 

have blue/white screening capabilities. The promoterless kanamycin resistance marker 

aphA-3 was cloned into the SmaI site downstream of the His6 tag to create pCMK131 

(Figure 58).   

 
 

Figure 58:  Construction of pCMK131.  Panel A.  A schematic map of pCMK131 showing the position 
of the SmaI sites used for the insertion of the aphA-3 gene.  Panel B.  Colony PCR to confirm the 
orientation of aphA-3 in pCMK131. Primer pair, KANA and UP (refer to Panel A) were used to amplify a 
300 bp product indicating that the aphA-3 gene was in the correct orientation with respect to the His6 tag.  

The aphA-3 was PCR amplified from the vector pUC18K using primer pair, KAND and 

KANG, under standard PCR conditions.  The product was then digested with SmaI and 

cloned into the SmaI site downstream of the His6 tag in pCMK128.  Correct clones were 

selected for on LB Kan50.  Acquisition of kanamycin resistance was taken as evidence 

of a functional aphA-3 and sequencing of the gene was deemed unnecessary.  
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Orientation of the cassette in pCMK128 was confirmed by directional PCR with primer 

pair, KANA and UP, under standard PCR conditions.  Plasmids in which the aphA-3 

cassette was in the correct orientation were named pCMK131 (Figure 58). 

4.3.1.3   Introduction of the His6–aphA-3 fragment into pENTR4.  

The His6-aphA-3 fragment was excised from pCMK131 by restriction digestion with 

endonuclueases NotI and HincII and directionally cloned into the NotI and EcoRV sites 

of commercial Gateway® entry vector pENTR4 (Invitrogen) (Figure 56).  KanRCmS 

transformants were confirmed by PCR using primer pair, KAP112 and KAP113, which 

amplified a 1.56 kb product.  Correct plasmid was stocked and named pCMK133 

(Figure 59). 

 

Figure 59:  Creation of Gateway entry vector pCMK133.  Panel A. Cloning strategy for the creation 
of pCMK133.  The His6-aphA-3 fragment was excised with HincII and NcoI and cloned into the NcoI  
and EcoRV site of pENTR4.    Panel B.  Restriction map of pCMK133 showing relevant restriction sites 
and the position of primers used in PCR screening.  Panel C.  Colony PCR was used to identify clones 
carrying pCMK133. Colony PCR with primer pair, KAP112 and KAP113, will generate a 1.56 kb 
fragment, compared to the negative control template pENTR4 which produces a 800 bp band (Lane C).  
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4.3.2   Creation of Neisserial destination vectors, pCMK135 and 
pCMK518. 

Three destination shuttle vectors were created based upon Hermes 8, pYT250 and 

pMIDG101.  Adaptation of pYT250 proved unsuccessful and is not shown. 

4.3.2.1   Creation of pCMK135 from Hermes 8. 

Hermes 8 was digested with restriction endonuclueases NcoI and BamHI, treated with 

T4 DNA polymerase and ligated with the linear attR cassette (Invitrogen, product 

number 52919).  Transformants were selected on LB Cm30 agar and the presence of the 

insert was determined by sequencing from the purified plasmid with the primer KAP98.  

Sequencing results also confirmed insertion of the cassette in the correct orientation to 

the Ptrc promoter and the plasmid was given the name pCMK135 (Figure 60). 

 

Figure 60:  Creation of gonococcal destination vector pCMK135.  Panel A.  Cloning strategy for the 
creation of pCMK135.  B.  Restriction map of pCMK135. 
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4.3.2.2   Creation of pCMK518 from pMIDG100. 

The plasmid pMIDG100 (sectoin 4.2.4) was adapted to become a destination vector by 

insertion of the attR cassette downstream of Ptrc.  The expression cassette was excised 

from pCMK135 by digestion with restriction endonuclueases XhoI and HindIII and 

blunt ended with treatment with T4 DNA polymerase.  The cassette was then ligated 

into pMIDG100 cut with NheI and XbaI, and treated with T4 DNA polymerase to polish 

the overhangs (Figure 61).  Correct transformants were confirmed by restriction digest 

(results not shown).  The resultant plasmid was named pCMK518. 

 

 
Figure 61:  pMIDG100 based destination vector pCMK581.  The pCMK581 vector contains the attR 
fragment downstream of Ptrc on the pMIDG101 backbone.   

 

4.3.1   Creation of the pCMK536 for the expression of NmdsbA3 
in meningococci 

 

To test the ability of the destination vector to express proteins in Neisseria and E. coli 

hosts, NmdsbA3 was cloned into the entry vector (pCMK136), transferred to the 

destination vector (pCMK536) and expression of the protein detected by Western 

immunoblot utilizing a specific anti-NmDsbA3 antibody (the kind gift of Prof. Rino 

Rappuoli, Novartis) and an anti-His6 antibody (Sigma).   
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4.3.1.1   Creation of NmdsbA3-His6 fusion in pCMK133 
 

The NmdsbA3 gene was amplified by colony PCR from E. coli strain EXEC62 

(pTrc99A containing NmdsbA3) using primer pair, KAP68, which contained a NcoI site 

at the 5’ end, and KAP59 which replaced the stop codon with a HindIII site.  The PCR 

product and pCMK133 were digested overnight with NcoI and HindIII.  The ligation 

was transformed into CcdB sensitive E. coli strain DH5 (Figure 62.   

 

 

Figure 62: Creation of the NmdsbA3-His6 entry vector, pCMK136.  Panel A. Cloning strategy for the 
creation of pCMK136.  NmdsbA3 was PCR amplified with primer pair, KAP68 and KAP59, digested 
with NcoI and HindIII then ligated into pCMK133.  Panel B. Restriction map of the pCMK136. Panel  
C. Colony PCR to detect clones carrying pCMK136. Colony PCR with primer pair, KAP112 and 
KAP113, will generate a 1.86 kb fragment, compared to the negative control template pCMK133 which 
produces a 1.56 kb band (Lane C).  

Potential kanamycin resistant transformants were screened with primer pairs, KAP112 

with KAP113, and KAP68 with KAP69, to confirm the presence of NmdsbA3-His6 in 

pCMK133.  The clones that gave the correct PCR pattern were sequenced with 

oligonucleotide primers KAP68 and KANA to confirm the in frame fusion of NmdsbA3 

with the His6 tag (Figure 62).  The correct plasmid was named pCMK136. 
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4.3.1.2 Creation of pCMK536 

The NmdsbA3-His6 cassette was transferred from pCMK136 into the destination vector 

by LR® recombination (see section 2.5.1) to create the expression vector pCMK536 

(Figure 63).  Correct transformants were confirmed by PCR with primer pair, KAP68 

and KAP75, and restriction disgest with NcoI and HindIII (results not shown). 

 

Figure 63:  Creation of the NmdsbA3-His6 shuttle vector, pCMK536.  Panel A. Cloning strategy for 
the creation of pCMK536 using LR Clonase® mediated homologous recombination. The NmdsbA3-His6 - 
aphA-3 cassette from pCMK136 was recombined into the destination shuttle vector, pCMK518. Panel B. 
Restriction map of pCMK536.  The plasmid contains NmdsbA3-His6 under IPTG inducible control of Ptrc  

   

4.3.2 Assessment of pCMK536 stability in N. meningitidis strain 
NMB 

pCMK536 was transformed into E. coli strain S17 (pir) and conjugated into N. 

meningitidis strain NMB which contains no natural plasmids.  Transconjugants were 
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selected for growth on polymyxin B at 512 g/ml which allows for meningococcal 

growth, but inhibits E. coli, and kanamycin 50 g/ml to select for carriage of 

pCMK536.  The presence of pCMK536 in strain NMB was confirmed by plasmid 

extraction and digestion (Figure 64).  The transconjugant was renamed CKNM124.  

Restriction digest revealed an apparent loss of size in the pCMK536 plasmid extracted 

from meningococci of approximately 3 kb.  This size decrease could either be caused by 

a deletion in the plasmid or by a rearrangement resulting in formation or duplication of 

restriction sites.   

 
Figure 64:  Strategy for the introduction of pCMK536 into N. meningitidis strain NMB to create 
CKNM124.  Panel A.  Strategy for the conjugation of pCMK536 from the E. coli S17 (pir) host to N. 
meningitidis strain NMB. Transconjugants were selected on GCGF Pol512 Kan50 for resistance to 
polymyxin and the acquisition of kanamycin resistance.  Panel B.  Restriction maps of the plasmids 
retrieved from the meningococcal transconjugants. Plasmids were extracted from the transconjugants and 
digested with PstI and SmaI. Plasmids of the correct size should produce a linear fragment of 9.9 kb. 
However, these plasmids produced a linear fragment of 6 kb. 

The reduction in size is seen following digest with two different restriction 

endonucleases and no smaller bands were seen in either digest suggesting a deletion was 
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the most likely cause.  However due to the poor yields of plasmid obtained during 

purification it may be that smaller bands were not visible in the gel. 

In order to select for plasmids expressing NmDsbA3-His6, the dsbA3::ermC mutation 

was introduced into the chromosome of the host strain CKNM124 by transformation.  

pCMK113 plasmid was transformed into CKNM124 and transformants which were 

erythromycin resistant were stocked as CKNM125 (NMBdsbA3+pCMK536).  

However, the dsbA3::ermC could equally integrate into either pCMK536 or the 

chromosomal dsbA3 locus. Therefore, pCMK536 was extracted and restriction mapped 

to confirm that dsbA3::ermC was not present in the plasmid.  In addition, the presence 

of NmdsbA3-His6 in the plasmid was confirmed by PCR using the primer pair, KAP59 

and KANA. The insertion of the dsbA3::ermC into the chromosome was confirmed by 

PCR across the wild-type dsbA3 locus with primer pair, KAP59 and KAP68.  From 

these experiments, it was confirmed that a correct insertion of dsbA3::ermC into the 

chromosomal locus (results not shown) had occurred. Purification of pCMK536 for 

restriction mapping proved difficult. Therefore, we conducted PCR analysis of the 

purified plasmid to ascertain whether the NmdsbA3-His6 - aphA-3 cassette was 

maintained in the plasmid (Figure 65).  Of the plasmids extracted from strain NMB, 

only one (plasmid #1) produced a positive result with primer pair, KAP68 and KANA, 

indicating the presence of the NmdsbA3-His6 gene in the plasmid and no size increase to 

suggest insertion of ermC. However, all other combinations of primers on this plasmid 

gave negative results, much like the other plasmids that were tested (Figure 65).   

These results suggest loss of the cassette in three of the four pCMK536 plasmids (#4,7 

and 16) passaged through NMB and a rearrangement event in one of the plasmids (#1).  

This is consistent with the alteration in size seen in the original digest which suggested a 

deletion or rearrangement event had taken place.  Strain NMB contains no resident 

replicative plasmids so the plasmids isolated are known to be all variants of the 

introduced pCMK536.  The lack of a PCR product for the two primers outside of the att 

cassette (KAP74 and KAP75) indicate at least part of the fragment outside this region 

has also been lost or rearranged.  KAP75 was located directly downstream of attB2, so it 

may have been moved or disrupted if attB2 was altered.   
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Figure 65:  Screening of plasmids from CKNM125 #1, #4, #7 and #16. Panel  A.  PCR results on 
pCMK536 plasmids passaged through NMB.  As cell lysates of the NMB strains had previously given 
false negatives the plasmids were transformed into E. coli DH5 strains for maintenance and PCR done 
on plasmids purified from these maintenance strains.  Lanes 1-4 refer to plasmids isolated from NMB 
transformants #1, #4, #7 and #16 respectively.  The control reaction was done using the original 
pCMK536 isolated from E. coli strain DH5.  Panel B.  The position of primers used in the PCR on the 
pCMK536 plasmid. 

 

To conclusively ascertain the nature of the passaged pCMK536 plasmid that returned 

the positive PCR results (plasmid #1), it was extracted from the host strain NMB and 

transformed into E. coli DH5 to create strain CKEC149.  This strain and the original 

host strain, CKEC536, were inoculated into LB broth, induced by 1mM IPTG and 

grown at 37ᵒC for five hours.  The cells were harvested and whole cell lysates were run 

on an SDS PAGE and transferred to a nylon membrane (see Section 2.10.10).  The 

membrane was blocked and incubated with anti-NmDsbA3 antibodies to assess the 

levels of IPTG induced NmDsbA3-His6 expression in these strains (Figure 66).   
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Figure 66: Western blot of NmDsbA3-His6 expression from pCMK536 in meningococci and E. coli 
DH5.  Eqivalent amounts of whole cell lysates (see Section 2.10.10 for preparation) were loaded in the 
following order: Lane 1: CKEC536, containing the shuttle destination vector, pCMK536: Lane 2: 
CKEC149 containing pCMK536 passaged through meningococci; and Lane 4: 1.25 g of purified 
NmDsbA (positive control). Lane 3 contained a rainbow coloured protein molecular weight marker 
(Amersham).  The proteins were transferred to a nylon membrane and a Western blot performed to detect 
the NmDsbA3-His6 protein (see section 2.8.8). A molecular weight band of 24 kDa consistent with the 
purified NmDsbA3-His6 protein was detected in CKEC536, but was absent from the plasmid propagated 
in meningococci. 

The original E. coli host CKEC536 containing pCMK536 plasmid expresses 

NmDsbA3-His6 in detectable amounts.  However, after passage through strain NMB, 

and despite the retention of the dsbA3 gene fragment confirmed by PCR, pCMK536 had 

lost the ability to express NmDsbA3-His6 suggesting that the plasmid had undergone 

mutation to inactivate the expression cassette whilst retaining the plasmid replicon.  

 

4.4   Discussion. 

Protein expression in Neisseria meningitidis has always proven difficult and the tools 

with which to do so are few.  This situation is not improved by the rarity of 

meningococcal shuttle vectors.  Those that do exist are not well characterised or fully 

sequenced.  The aim of this section of the study was to develop an easy to use vector 

system for high throughput expression of multiple proteins in N. meningitidis. The 

integrative vector, pJKD2581, was intended to be used for the expression of NmDsbA 

and this chapter focuses on construction of the replicative vector that was to be the 

expression vector for putative oxidoreductase substrates.   
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Two vectors make up the high throughput cloning system for the expression of tagged 

oxidoreductase substrates. The first plasmid, the entry vector pCMK133, was designed 

for the rapid construction of His6-fusion proteins flanked by the att sites. The intention 

was to build a library of tagged putative oxidoreductase substrates in pCMK133 and 

transfer these expression cassettes into the destination shuttle vector using the LR 

clonase® reaction. Once made, this library of plasmids was to be conjugated or 

transformed into N. meningitidis for expression.  The Gateway® system was chosen as it 

would allow rapid introduction of the different tagged substrates into the Neisserial 

destination shuttle vector in a single reaction, allowing for high-throughput cloning.  

The destination shuttle vector, pCMK518, was successfully created from pMIDG100 

(Figure 61) and the LR Clonease® reaction was used to transfer the NmDsbA3-His6 

cassette from the entry vector into pCMK518 to create pCMK536. Western immunoblot 

(Figure 66) confirmed that the fusion protein was being expressed in the E. coli host. 

However, passage of pCMK536 through meningococci resulted in deletions or 

rearrangements of the plasmid (Figure 65) which when transformed back into E. coli 

proved to have lost the capacity to express the fusion protein (Figure 66). 

pMIDG100 has been used successfully to over-express proteins in N. meningitidis strain 

MC58 (O'Dwyer C et al., 2004) and this was the reason this vector was chosen as the 

destination shuttle vector.  Previous to this project, we had confirmed that pMIDG101 

(pMIDG100 + Pner promoter upstream of GFP) could be conjugated into strain NMB 

and was maintained upon passage of meningococci by the tracking of the expression of 

GFP (data not shown).  The only difference between the original pMIDG100 and 

pCMK536 was the introduction of the Ptrc/Popa expression cassette containing the att 

cloning sites.  The Ptrc/Popa expression system was designed for the expression of 

proteins in N. gonorrhoeae and has been used successfully in this host (Gunesekere et 

al., 2006a; Gunesekere et al., 2006b; Rudel et al., 1995; Scheuerpflug et al., 1999).  

However, the extent of leaky expression from Ptrc is determined by the presence of other 

sugars in the media, in particular lactose, and hence expression from this promoter can 

occur when cells are grown in complex media. Because of this high level of background 

expression, induction of expression from this cassette can often be quite minimal 

(Gunesekere et al., 2006b).  However, Western immunoblots indicated that the 

expression cassette was resulting in sufficient levels of NmDsbA3-His6 in E. coli 

(Figure 66). 
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There are a number of reasons that could explain the retrieval of reorganised or mutated 

replicons from the meningococcal transconjugatants.  First, pMIDG101 (O'Dwyer C et 

al., 2004) which expresses GFP from a very strong Pner promoter is unstable in culture 

in E. coli S17-1 (pir) with rapid loss of GFP expression noted upon subculture and 

storage (Stephanie Bartley, personal communication).  In practical terms, this means 

that although conjugation is occurring between E. coli S17 (pir) and N. meningitidis 

strain NMB, many conjugation events may involve plasmids that have been mutated in 

E. coli  S17 (pir).  In an attempt to overcome this issue, pCMK536 was transformed in 

E. coli  S17 (pir) and used immediately in a conjugation reaction after a single passage 

on agar plates.  It has since been shown that the pMIDG plasmids can be taken up by 

strain NMB by chemical transformation which may prove to be a way to avoid plasmid 

alterations in S17 (pir) (Stephanie Bell, personal communication).  Plasmids are less 

likely to be degraded when transferred by conjugation than transformation since they 

bypass the restriction modification systems (Stein et al., 1988).  In this case, due to the 

instability of the plasmid in the conjugative E. coli host strain, it may prove more 

successful to transform this plasmid into meningococci in future studies.  

Secondly, the pMIDG-derived plasmids could be unstable in N. meningitidis strain 

NMB which may indicate a difference between the host strains MC58 and NMB.  

Unstable maintenance occurs when the host strain contains more than one plasmid from 

the same incompatibility group (Novick, 1987).  However, strain NMB does not contain 

any replicative plasmids. Plasmid instability is also increased with plasmid size as larger 

plasmids are more likely to contain unstable regions, repeat elements or sections which 

allow for integration into the host genome (Oliveira et al., 2009).  At 9.9 kb, pCMK536 

is one of the larger vectors used in our laboratory. It does contain repeated regions 

within the plasmid: two aphA-3 markers in addition to the two att sites. Homologous 

recombination between these two sites would both result in the loss of the expression 

cassette (Figure 63) and would be consistent with the reduction of the size of the 

plasmid and the lack of reactivity with the primers to this region. If this is the cause of 

instability in the plasmid, it can be solved by replacing the aphA-3 in the att cassette 

with a different marker.  However, removal of the att sites would negate the ability for 

high through put cloning. If recombination between the att sites was mediated by RecA, 

the introduction of the plasmids into a RecA minus host strain could overcome this 
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issue. However, recombination between the att sites could also be mediated by a 

chromosomally encoded integrases.  

The LR recombinase itself is derived from a  phage intergron.  Meningococci contain a 

number of phages and intergrases including but not limited to (a) the IS1106 element, a 

1137 bp sequence, flanked by 36 bp inverted repeats (Knight et al., 1992), (b) IS1655, a 

1080 bp long element with 25 bp imperfect inverted repeats and a member of the IS30 

family (Kiss et al., 2007),  (c) Mu-like prophage, (Masignani et al., 2001; Morgan et al., 

2002), or (d) the meningococcal disease-associated (MDA) island which contains a 

filamentous phage (Bille et al., 2005).  A study by Kawai, Uchiyama et al., 2005 found 

11 filamentous phages in four different Neisserial genomes with the number per strain 

tested ranging from 4-7 (Kawai et al., 2005). In addition, Neisseria sp. have numerous 

large horizontal transfer islands, many of which contain phages, or phage-like elements 

(Dunning Hotopp et al., 2006).  A search through the N. meningitidis MC58 genome for 

transposases under common name search gave 53 hits.  Most of these appear to be 

duplications of the transposases from a limited number of transposons discussed above 

but a number have not been characterised. Not all of these are functional, many are 

degenerate or mutated and are the remnants of earlier transposition events.  However, 

due to the variability of the carriage of transposons and integrases between isolates of 

meningococci, it is not known if these differences could contribute to a situation 

whereby an integrase could recognize the att sites and promote deletions from the 

plasmid in a strain specific manner.  

Lastly, the instability of the pCMK536 in Neisseria sp. and E. coli hosts may be due to 

unsustainable levels of expression of proteins resulting in toxicity. In this scenario, the 

expression cassette is deleted with the retention of the amplicon.  Although the 

expression system from Hermes 8 works well in E. coli and N. gonorrhoeae, it has been 

shown to be inefficient in N. meningitidis (Tzeng et al., 2008). In our hands, real-time 

PCR indicated less than 2-fold increase in expression of NmdsbA3 from Ptrc when 

inserted into the chromosome (Figure 46).  On the other hand, we were unable to clone 

Neisserial bacA (section 3.6.4) into pJKD2518 since expression of this protein was 

toxic to E. coli.  The ideal solution would be to engineer a destination shuttle vector 

with a promoter that restricts expression in E. coli, to enhance stability in the 

construction stage, whilst retaining medium to strong expression in Neisseria sp.  A 

promising promoter that might overcome these issues is the meningococcal pilE 
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promoter.  This promoter has been used to express pilin subunits for purification and 

while it did not produce the protein to the levels seen with the LacIq system in E. coli, it 

did produce protein at a sufficient level to be detected by a western immunoblot 

(Dieckelmann et al., 2003).  The pilE promoter also shows promise over the Pner 

promoter as it can be adapted for low expression levels in E. coli with no significant 

alteration to expression levels in N. meningitidis (Fyfe et al., 1995).  Fyfe, et al. (1995), 

identified three regions of the pilE promoter.  P1 was required for expression in 

Neisseria, P2 was required for expression in E. coli and P3 appeared to repress 

expression in E. coli following mutation to P2 (Figure 67).  Use of these adapted pilE 

promoters may help in negating the toxic effect of some of the meningococcal proteins 

during the E. coli cloning stage without compromising protein expression in N. 

meningitidis. 

 
Figure 67:  Schematic of the pilE promoter region showing the position and sequence of P1, P2 and 
P3 regions.  Alteration of the P2 region from TTAAAT to ATCGAT results in wild-type expression from 
this promoter in N. meningitidis but a significant decrease in expression from the promoter in E. coli.  
Figure taken from Fyfe, et al. (1995). 

In conclusion we were unable to successfully construct a protein expression system for 

N. meningitidis strain NMB using plasmids derived from pMIDG101 and containing the 

att recombination sites. The plasmid pCMK536 was successful in E. coli for the 

inducible expression of a Neisserial protein, but when passaged through strain NMB, it 

was mutated.  Future work will focus upon optimising different methods for the 

introduction of plasmids into N. meningitidis strain NMB including natural and 

chemical transformation methods, changing the base vector to utilise different cryptic 

plasmids (such as that found in pYT250) and to use a different series of Neisserial 

promoters for high/medium/low expression of the cloned gene.  In addition we will 

assess the performance of pCMK536 in other Neisserial hosts to ascertain if the 

instability we observed for this vector in N. meningitidis strain NMB is host specific. 
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Chapter 5: Expression and purification of the 
meningococcal oxidoreductases. 

5.1   Introduction. 

The structure of E. coli DsbA (EcDsbA) was first published by Martin et al. (1993) and 

since then twelve other DsbA like structures from ten different bacterial species have 

been added to that list (Table 13). 

Table 13: A list of DsbA and DsbA like proteins for which the crystal structure has been solved1.   
Species Protein 

name 
PDB 
Identity 
no. 

Active site 
sequence 

aa Sequence 
identity (%) 
to EcDsbA  

Reference 

E. coli K-12 EcDsbA DSB1 CPHC 100 (Martin et al., 1993) 
S. enterica 
Typhimurium 

SeDsbA 3L9S CPHC 85 (Heras et al., 2010) 

V. cholerae VcDsbA 
(TcpG) 

1BED CPHC 40 (Hu et al., 1997) 

S. enterica 
Typhimurium 

SeSrgA 3L9V CPPC 35 (Heras et al., 2010) 

P. aeruginosa 
PAO1 

PaDsbA 3H93 CPHC 30 (Shouldice et al., 2010) 

N. meningitidis 
MC58 

NmDsbA1 3A3T 
and 
3DVW 

CPHC 23 This study, (Vivian et al., 
2009), (Lafaye et al., 
2009)  

N. meningitidis 
MC58 

NmDsbA3 3DVX 
and 
2ZNM 

CVHC 22 This study, (Vivian et al., 
2008), (Lafaye et al., 
2009) 

X. fastidiosa XfDsbA 2REM CPHC 19 (Rinaldi et al., 2009) 
W. pipientis 
wMel 

WpDsbA1 3F4R CYHC 10 (Kurz et al., 2008) 

S. enterica 
Typhimurium 

SeDsbL 3L9U CPFC 26 (Heras et al., 2010) 

E. coli CFT073 EcDsbL 3C7M CPFC 24 (Grimshaw et al., 2008) 
S. aureus SaDsbA 3BCI CPYC 16 (Heras et al., 2007) 
B. subtilis 168 BsDsbA 

(BdbD) 
3GH9 CPSC 15 (Crow et al., 2009) 

1Gram negative bacteria are highlighted in pink, Gram positive in purple. Proteins highlighted in blue are 
those where there are known to be multiple DsbA proteins in the cell and ones highlighted in orange 
belong to the newly discovered DsbL family which do not utilise DsbB (Totsika et al., 2009). Active site 
sequences are highlighted in green where they vary from the E. coli DsbA active site.  This table is 
adapted from Shouldice et al., (2011). 

All the DsbA structures show the trade mark DsbA tertiary structure consisting of a 

catalytic thioredoxin domain and a second domain consisting entirely of -helices. It  

exists as a monomer which distinguishes them from the dimeric DsbC isomerases.  This 

structure is highly conserved despite significant sequence differences amongst 
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oxidoreductases from Bacteria, Archeae and Eukarya domains (Philipps and 

Glockshuber, 2002).  A good example is the comparison between EcDsbA and 

WpDsbA where there is up to 90% sequence variation, yet both proteins form the DsbA 

tertiary structure and show catalytic activity as disulphide oxidases (Kurz et al., 2008).  

Thus it is difficult to know where sequence variation has a functional impact on protein 

activity and binding based upon the primary sequence. 

The active site of DsbA has been well characterisied with alterations to the CPHC active 

site resulting in alterations to the oxidative strength of the protein (Chivers et al., 1997; 

Heras et al., 2010) and is seen most commonly in DsbA proteins which have a narrow 

substrate range, for example SeSrgA, SeDsbL (Heras et al., 2010) and EcDsbL 

(Grimshaw et al., 2008).  This trend is mirrored in NmDsbA3 with the protein showing 

an inability in vivo to efficiently oxidise DsbA substrates such as EcFlgI (Sinha et al., 

2004), NmPilE (Tinsley et al., 2004) and N. meningitidis cytochrome C (Kumar et al., 

2011b).  The majority of DsbA structures also contain a hydrophobic groove, shown to 

be required for binding to DsbB (Inaba et al., 2006).  The three S. Typhimurium DsbA 

proteins, SeDsbA, SeSrgA and SeDsbL all show significant differences in surface 

features between the three proteins, more so than in tertiary structure, suggesting that 

surface charge and the position of hydrophobic residues have a significant impact on 

substrate specificity (Heras et al., 2010). 

 The three meningococcal DsbA proteins appear to show variations in preference for 

FlgI, alkaline phosphatase and MalF in E. coli (Sinha et al., 2004; Tinsley et al., 2004) 

and PilE and PilQ (Sinha et al., 2008; Tinsley et al., 2004) and cytochrome C (Kumar et 

al., 2011b) in meningococci.  All three proteins are located in the periplasm and share 

the primary features that characterise oxidoreductases such as a CXXC active site and 

cis-Pro residue at position 151 which forms the other half of the active site pocket.  

However it is impossible to determine from a DsbA primary amino acid sequence what 

effect variations in sequence will have on the final tertiary structure and the location and 

charge of surface features.  As it appears that these factors influence substrate 

specificity and activity, it was deemed necessary to resolve the tertiary structure of each 

NmDsbA protein before a full comparison of the proteins could be made. 

The aims of this section were (a) to design vectors for over-expression of the NmDsbA 

proteins in E. coli, and (b) to purify the three NmDsbA proteins for biochemical and 
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crystallographic studies.  This chapter deals only with the creation of expression strains 

and purification process.  Subsequent crystallography studies and biochemical 

characterisation of the proteins using the processes outlined in this chapter were done 

during my visit to Dr Martin Scanlon’s laboratory at Monash University and are 

published as Vivian et al., (2008) and Vivian et al., (2009) (see Appendix G). 

 

5.2   Strategies for the expression of NmDsbA1 and 
NmDsbA2 from E. coli.  

During my honours, I successfully expressed the soluble periplasmic oxidoreductase, 

NmDsbA3 from the high copy vector pTrc99A (Scoullar, 2004) and the protein was 

purified from the periplasmic fraction. A similar strategy was adopted for the expression 

of NmDsbA1 and NmDsbA2.     

 

5.2.1 Creation of vectors for periplasmic expression of 
NmDsbA1 and NmDsbA2 in expression vector pTrc99A. 

Wild-type NmdsbA1 and NmdsbA2 were amplified from strain NMB genomic DNA 

using primer pair, KAP7 and KAP8 for NmdsbA1, and primer pair KAP11 and KAP12 

for NmdsbA2. KAP7 and KAP11 introduces a 5’ NcoI site while KAP8 and KAP12 

introduce a 3’ XbaI site, for cloning into the maintenance vector, pHSG576.  The PCR 

products were treated with T4 DNA polymerase and ligated into the HincII site of 

pHSG576 to create, pCMK114 and pCMK118 for NmdsbA1 and NmdsbA2, 

respectively. These plasmids were digested with NcoI and XbaI and ligated between the 

NcoI and XbaI sites of pTrc99A, to form pCMK116 (containing NmdsbA1) and 

pCMK120 (containing NmdsbA2).  Expression studies indicated that the yield of 

proteins was too low for protein purification and this avenue for the expression of the 

oxidoreductases in E. coli was discontinued (Dr Martin Scanlon, data not shown).   
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5.2.2 Creation of plasmids expressing NmdsbA1S26-G44 and 
NmdsbA2S26-E45 lacking the unstructured region. 

Because, NmDsbA1 and NmDsbA2 are both lipidated proteins anchored to the 

cytoplasmic membrane (Figure 68), it was postulated that the sub-localisation of the 

proteins in this compartment of the periplasm could be detrimental to E. coli viability 

and protein yield.  An examination of the structure of both proteins indicated that there 

was an unstructured region between the signal peptide sequence and the oxidoreductase 

domain. It was postulated that the removal of the unstructured domain may relieve the 

toxicity effects of the protein on the E. coli host. To circumvent this issue, the proteins 

were engineered to remove the unstructured region, consisting of residues S26-G44 in 

NmDsbA1 and S26-E45 in NmDsbA2 shown in blue in figure 68, but retained the signal 

peptide for transportation to the periplasm. It was envisioned that the signal sequence 

would be cleaved upon export into the periplasm, leading to the release of soluble 

oxidoreductases which could be purified from the periplasmic fraction.   

 

Figure 68:  Clustal X alignment of the three NmDsbA proteins.  Amino acid conservation is indicated 
below the alignment as shown: (*) means identical sequence; (:) indicates conservative replacements; (.) 
indicates semi-conserved substitutions and a blank spot indicates no conservation of residues.  Domains 
are coloured with the signal peptide in grey, a region unknown structure region in blue which contains the 
membrane anchor, thioredoxin domain in yellow, -helical domain in red and the active site and cis-Pro 
residue in green.  
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 NmDsbA1 and NmDsbA2 without the membrane anchor were built using a two step 

PCR process known as Splice Overlap Extension (SOE) PCR (Figure 69).  The 

unstructured region comprises 18 aa residues (residues 26-44) between the signal 

peptide required for export and the functional domains of the protein in both NmDsbA1 

and NmDsbA2.  The first round SOE-PCR amplified the fragments of the NmdsbA gene 

either side of the unstructured region with primers 2 and 3 containing a 12 bp overlap 

on the 3’ end.  During the second round PCR, the 12 bp overlap aligned and formed the 

two fragments into a single template which was then amplified by primer pair 5 and 6, 

fusing the two components into a single open reading frame (ORF) and creating a dsbA 

sequence lacking the unstructured region (Figure 69), termed NmdsbA1S26-G44 and 

NmdsbA2S26-E45. 

For creation of NmdsbA1S26-G44 primer pair, KAP3 with KAP4, and KAP5 with 

KAP6, were used to amplify two fragments from strain NMB cell lysate in the first 

round PCR amplification. The two fragments were cleaned and used together as 

template for the second round of PCR with primer pair, KAP7 and KAP8.  Standard 

PCR reactions (Section 2.4.2) were used for the first round PCR while extended 

conditions (Section 2.4.2), were used for the second round PCR.  PCR products were 

blunt ended with T4 DNA polymerase and cloned into the HincII site of maintenance 

vector pHSG576. The correct transformants were selected by blue-white screening and 

the correct clones were confirmed by sequencing with RP and UP primers, both for 

correct sequence and orientation with respect to the Plac promoter.  The SOE-PCR 

product NmdsbA1S26-G44 was inserted into plasmid pHSG576 to create pCMK115 and 

was stocked in strain CKEC115.  
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Figure 69:  Scheme for the creation of NmDsbA1 and NmDsbA2 without the unstructured region.  
The first round PCR consisted of two reactions with primer pairs, 1 with 2, and 3 with 4.  The PCR 
products from these reactions were cleaned and then mixed in equal ratios. They were used as template 
for the second round of PCR amplification with primer pair 5 and 6.  This second round reaction fuses the 
two PCR products giving a single ORF consisting of the signal peptide and the NmdsbA sequence lacking 
the unstructured region.  Primer 5 contains a Shine Dalgano sequence for optimal translation in E. coli 
and a 5’ NcoI site.  Primer 6 contains a 5’ XbaI site. 

For NmdsbA2S26-E45 , primer pair DAP292 with KAP9,  and KAP10 with DAP286 

were used to amplify two fragments from strain NMB cell lysate in the first round PCR 

amplification. The two fragments were cleaned and used together as template for the 

second round of PCR with primer pair, KAP7 and KAP8.  PCR products were blunt 

ended with T4 DNA polymerase and cloned into the maintenance vector, pHSG576. 

The correct transformants were selected by blue-white screening and the clones 

confirmed by sequencing with RP and UP primers.  The SOE-PCR product 

NmdsbA2S26-E45 was inserted into plasmid pHSG576 to create pCMK119 which was 

stocked in E. coli strain JM109 CKEC119.   
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5.2.3   Introduction of NmdsbA1S26-G44 and NmdsbA2S26-E45 into 

expression vector pTrc99A. 

The NmdsbA1S26-G44 and NmdsbA2S26-E45 ORFs were excised from pCMK115 and 

pCMK119 using restriction endonuclueases NcoI and XbaI and cloned into the NcoI and 

XbaI sites of pTrc99A.  The ligation reactions were transformed directly into the 

expression host strain BL21.  Correct transformants were selected on LB Amp50 and 

screened by PCR with pTrc99A specific primers DAP381 and DAP382 and the correct 

insert sequence confirmed by sequencing with primer pair, DAP381 and DAP382.  This 

resulted in expression plasmids pCMK117 (containing NmdsbA1S26-G44) and 

pCMK121 (containing NmdsbA2S26-E45).   

The expression vectors containing the NmdsbA1S26-G44 and NmdsbA2S26-E45 in E. 

coli strain BL21 were sent to Dr Martin Scanlon at the Faculty of Pharmacy and 

Pharmaceutical Sciences, Monash University in Melbourne, for preliminary expression 

trials.  These were done under the same conditions used successfully for expression of 

native NmDsbA3 (see Section 2.10.2).  In liquid culture in the presence of 1 mM IPTG, 

the E. coli strains carrying pCMK117 and pCMK121 grew normally (Susannah Piek, 

data not shown). However, the level of recombinant protein was low under all 

conditions tested and were deemed unsuitable for high-level production of the 

oxidoreductases for crystallisation trials (Dr Martin Scanlon, personal communication).  

 

5.3    Creation of cytoplasmic expression vectors for all three 
meningococcal DsbA proteins. 

Overexpression in the periplasm of NmDsbA1 and NmDsbA2 proved impractical in E. 

coli due to toxicity issues.  A similar problem was encountered by Kurz et al. (Kurz et 

al., 2008) when purifying the membrane bound DsbA proteins from the insect symbiote 

Wolbachia pipientis.  Kurz et al. overcame this problem by removing the signal peptide 

trapping the protein in the cytoplasm, which has a far greater tolerance for the over-

expression of proteins.   
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To express the three meningococcal proteins as cytoplasmic proteins, SOE-PCR was 

used to replace the signal peptide with a N-terminal His6-tag and the proteins were 

expressed from the high copy commercial expression vector, pET45(b)+ (Figure 70) 

 
Figure 70: The pET45(b)+ expression vector.  This vector is a high copy E. coli vector containing an 
ampicillin resistance marker (bla).  The vector contains a His6-tag and enterokinase cleavage site (ECS) 
in the sequence downstream of an IPTG inducible T7 promoter. 

This vector contains the bla cassette which supplies ampicillin resistance and a multiple 

cloning site of the gene of interest to be fused to an N-terminal His-tag.  The gene of 

interest is expressed from the T7 phage promoter.  T7 RNA polymerase is incorporated 

into the genome of the host expression strain, BL21, and is under control of the IPTG 

inducible Plac promoter (Dubendorff and Studier, 1991; Studier and Moffatt, 1986).  

This system has very low basal levels of protein expression in the absence of IPTG but 

very high levels following induction of T7 RNA polymerase when IPTG is present 

(Dubendorff and Studier, 1991).   

 

5.3.1   Introduction of the meningococcal dsbA genes into the 
expression vector pET45(b)+ 

The signal peptide in the three DsbA genes was removed to prevent export to the 

periplasm and the His6-tag, the region containing the enterokinase cleavage site (ECS) 
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and new start codon (ATG) was then fused to the N-terminal region of the gene 

(NmdsbA).  This was done by SOE-PCR (Figure 71) and the pairs of primers used for 

each reaction are summarised in Table 14.  In brief, His6-ECS-ATG was amplified from 

pET45(b)+ template using primer pair (1) and (2). Primer (1) remains consistent, while 

primer 2 is specific for each NmdsbA gene.  Each NmdsbA gene is amplified from strain 

NMB template DNA using primer pair (3) and (4), which is specific for each of the 

three genes. The two fragments generated from the  first round PCR are used as 

template for the second round using primer pair (5) and (6), in which primer 5 remains 

the same and primer (6) is specific for each meningococcal gene. 

To create His6-NmdsbA1, the fragment containing the His6-ECS-ATG was amplified 

from the pET45(b)+ template using primer pair KAP159 and KAP160.  NmdsbA1 was 

amplified from NMB chromosomal template using KAP158 and KAP263. The 

fragments were cleaned and used as template for the second round PCR amplification 

with primer pair, KAP161 and KAP162. Similarly His6-NmdsbA2, the fragment 

containing the His6-ECS-ATG was amplified from the pET45(b)+ template using 

primer pair KAP159 and KAP158.  NmdsbA2 was amplified from NMB chromosomal 

template using KAP163 and KAP201. The fragments were cleaned and used as template 

for the second round PCR amplification with primer pair, KAP161 and KAP165. Lastly, 

His6-NmdsbA3, the fragment containing the His6-ECS-ATG was amplified from the 

pET45(b)+ template using primer pair KAP159 and KAP167.  NmdsbA3 was amplified 

from NMB chromosomal template using KAP166 and KAP269. The fragments were 

cleaned and used as template for the second round PCR amplification with primer pair, 

KAP161 and KAP168. 
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Figure 71:  SOE-PCR to create His6-NmdsbA.  The first round PCR amplified the His6 fragment from 
pET45(b)+ and the NmdsbA gene from NMB chromosomal DNA in two seperate reactions.  Primers 2 
and 3 have a 5’ six base pair overlap.  This overlap aligns the two templates in the second round PCR.  
The His6-NmdsbA fusion was amplified by primers 5 and 6 with primer 6 possessing a 5’ HindIII site.  
The final PCR product was digested with NcoI and HindIII and cloned into the NcoI and HindIII sites of 
pET45(b)+.  Lanes 1, 2 and 3 on the gel pictures correspond to the fragments from the NmdsbA1, 
NmdsbA2 and NmdsbA3 cloning, respectively. 
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Table 14:  Primers 1-7 for the creation of each NmDsbA expression vector. 
Primer no All dsbA1 dsbA2 dsbA3 

1 KAP159    

2  KAP160 KAP164 KAP167 

3  KAP158 KAP163 KAP166 

4  DAP263 DAP201 DAP269 

5 KAP161    

6  KAP162 KAP165 KAP168 

7 KAP168    

The PCR product from the second round of PCR amplification was then digested with 

NcoI and  HindIII and cloned into the NcoI and HindIII sites of expression vector 

pET45b(+) to create the expression vectors  pCMK138 (pET45b(+) + His6-NmdsbA1), 

pCMK139 (pET45b(+) + His6-NmdsbA2) and pCMK140 (pET45b(+) + His6-NmdsbA3) 

(Figure 72).  The presence of the insert was confirmed by colony PCR with primers 1 

and 7 and the open reading frame confirmed free of errors by sequencing with primer 1 

(Table 14). 

 
Figure 72:  Organisation of the His6-NmDsbA expression vector.  The His6-NmdsbA fusion fragment 
was then ligated into the NcoI and HindIII sites of pET45(b)+ to create the pET45(b)+ His6-dsbA 
expression vector.  The clones were checked for orientation of the insert and sequenced with KAP159 to 
confirm the inserted fragments contained no errors in the sequence. 



 
174

 

5.3.2  Optimisation of oxidoreductase expression in the 
cytoplasm 

The plasmids were sent to Dr Noelene Quinsey, Department of Biochemistry and 

Molecular Biology, Monash University, for analysis of expression under different 

conditions and in different host strains of E. coli.  Results are shown in Appendix F.   

Expression was undertaken using the autoinduction method (Studier, 2005) and 

delivered high protein yields at low temperatures. His6-NmDsbA1 and His6-NmDsbA3 

exhibited optimal expression in cultures maintained at 20C over 48 hrs and His6-

NmDsbA2 exhibited optimal expression at 28C at 24 hrs.  Proteins were initially 

purified using a Nickel-NTA-based His-Trap column (see 2.9.2).  Fractions were 

analysed by SDS PAGE and those containing NmDsbA were pooled and concentrated 

in storage buffer giving a total of 7.9 mg of His6-NmDsbA1, 9.82 mg of His6-

NmDsbA2 and 9.85mg of His6-NmDsbA3.  Mass spectroscopy analysis showed the 

proteins purified were His6-NmDsbAs. 

 

5.4   Activity profiles of purified His6-DsbA from the cytoplasmic 
fraction. 

Before going into full scale purification the proteins were tested for biological activity 

to ensure the product was active. As the proteins used in the assays possessed an 

uncleaved His6 tag the oxidoreductase activity of each His6-NmDsbA protein was 

determined in vitro by determining the ability to reduce insulin (see Section 2.10.7). 

The insulin reduction assay follows precipitation of the insulin B-chain which results 

from reduction of the inter-chain disulphide. Oxidoreductase enzymes such as DsbA are 

capable of catalysing the reduction of insulin in the presence of DTT, which increases 

the rate of insulin precipitation from solution (Holmgren, 1979).  This test is used 

frequently to assess the activity of oxidoreductase proteins. Each purified enzyme 

increased the rate of precipitation by 1.5-2 fold higher than that caused by DTT alone in 

the absence of enzyme (Figure 73).   
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Figure 73:  Insulin reduction by meningococcal His6-NmDsbA proteins.  The reduction of insulin was 
measured by increase in absorbance over time at OD280.  The blue line indicates the rate of reduction of 
insulin in the presence of DTT alone (Control 1 and Control 2).  The pink line indicates the rate of 
reduction of insulin by His6-NmDsbA1 and the yellow line shows the rate of insulin reduction by His6-
NmDsbA2 (Panel A).  The green line shows the rate of insulin reduction by His6-NmDsbA3 (Panel B).  
The data is displayed on separated graphs as the reactions were measured on different days and the 
controls are not comparable due to variations in room temperature.   
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5.5   Large scale purification of the meningococcal His6-NmDsbA 
proteins. 

The purification of the oxidoreductases consisted of two rounds of Fast Liquid Protien 

Chromotography (FPLC), a nickel column purification which is specific for the His6-tag 

and a second round FPLC using ion exchange chromatography that separates the 

proteins based on surface charge.  For ion exchange chromatography, the choice of a 

suitable resin for protein purification is dictated both by the pI of the protein and the pH 

of the buffer in which the purification is performed. Together pH and pI dictate the net 

charge on the protein, which affects affinity for different anion- and cation-exchange 

resins. His6-NmDsbA1 and His6-NmDsbA2 have a pI between 5.54-5.32.  This gives 

both proteins a net positive charge at physiological pH.  The MonoQ column, which 

binds positively charged proteins was used for the second round FPLC.  His6-NmDsbA3 

has an unusually high pI of 9.38, with most periplasmic proteins having a pI between 5-

6.  This give the protein a net negative charge at physiological pH and allows for 

purification of high purity samples using the MonoS column which binds negatively 

charged proteins in the second round of FPLC. Throughout the purification, protein 

concentration was estimated by measuring the absorbance of solutions at 280 nm 

(OD280). Extinction coefficients for each of the proteins were calculated based on the 

protein sequence using the program ProtParam (Gasteiger et al., 2005). 

In the course of purification it was observed that the proteins had a tendency to 

aggregate as they became more concentrated. Aggregation occurred at a concentration 

of between 5-7 mg/ml for His6-NmDsbA1 and His6-NmDsbA2, and 7-10 mg/ml for 

His6-NmDsbA3.  Therefore samples were kept dilute during the purification process to 

prevent loss of protein through aggregation. 
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Figure 74:  Biochemical features of the NmDsbA1 protein.  The values listed above were calculated 
from the primary amino acid sequence using the online Protparam program (Gasteiger et al., 2005).  The 
longer than average estimated half life and the instability index under 40 indicates that the protein is 
stable.  The extinction coefficient was used to estimate protein concentration in solution based on 
absorption at 280 nm.  The pI of 5.54 indicates an overall positive surface charge at physiological pH.  
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Figure 75:  Biochemical features of the NmDsbA2 protein.  The values listed above were calculated 
from the primary amino acid sequence using the online Protparam program (Gasteiger et al., 2005).  The 
longer than average estimated half life and the instability index under 40 indicates that the protein is 
stable.  The extinction coefficient was used to estimate protein concentration in solution based on 
absorption at 280 nm.  The pI of 5.32 indicates an overall positive surface charge at physiological pH.  
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Figure 76:  Biochemical features of the NmDsbA3 protein.  The values listed above were calculated 
from the primary amino acid sequence using the online Protparam program (Gasteiger et al., 2005).  The 
longer than average estimated half life and the instability index under 40 indicates that the protein is 
stable.  The extinction coefficient was used to estimate protein concentration in solution based on 
absorption at 280 nm.  The pI of 9.38 indicates an overall negative surface charge at physiological pH.  

 



 
180

5.5.1   Purification of His6-NmDsbA1. 

His6-NmDsbA1 protein was purified from E. coli BL21 (RB) pET45(b)+His6-NmdsbA1 

using the Novagen autoinduction method (see Section 2.10.1).  Cells were lysed by 

sonication and the resulting cell lysate was collected and filtered prior to FPLC (see 

Section 2.9.2).  The crude cell lysate was run through the His-Trap column and eluted 

with an increasing imazidole gradient ( Figure 77). 

 

Figure 77:  Chromatogram of first round purification of His6-NmDsbA1 from E. coli RP 
pET45(b)+His6-NmdsbA1.  The cytoplasmic fraction was filtered and run through a nickel based His- 
Trap column by FPLC. The green line shows the increasing percentage of buffer B to buffer A and so 
corresponds to an increasing imazidole concentration.  The solid blue line shows the absorbance of the 
solution eluting from the column at an OD280 and can be used to predict protein concentration in the 
relevant fraction.  Fraction X1 was collected in 40 ml and contains the flow through consisting of proteins 
that did not bind to the column matrix.  Fractions A1-B7 were collected in 4 ml aliquots.  Fractions 
shown to contain His6-NmDsbA1 by SDS-PAGE are highlighted in red. 

Fractions A2-A3 and A6-A11 were diluted to 10 ml with storage buffer to prevent 

protein aggregation as the chromatogram suggested these fractions had the highest 

concentration of eluted protein.  Fractions A6-B12 were shown to contain His6-

NmDsbA1 (Figure 78). These fractions were pooled and run through a Superdex 

desalting column to remove the imazidole.    
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Figure 78:  Visualization of protein fractions from first round purification of NmDsbA1 from E. 
coli RP pET45(b)+His6-NmdsbA1. The flow through (F1 and F2) and fractions A1-B8 were collected 
from the His-Trap column and run on a 15% acrylamide SDS PAGE (see Section 2.10.5). Protein content 
of the fractions were visualised by Coomassie staining (see Section 2.10.6). The F1 and F2 fractions 
contained proteins that did not bind to the column. The lane marked C contains pelleted cellular debris 
collected following cell lysis and was not run through the column. Fractions A6-B5 contained a protein of 
the correct size for His6-NmDsbA1 and these fractions were pooled for further purification. 

The protein was then further purified on the MonoQ column (Figure 79) and eluted by 

an increasing NaCl2 gradient which competitively competes for binding sites with the 

protein bound to the column.   

 

Figure 79:  Chromatogram of second round purification of His6-NmDsbA1 from E. coli RP 
pET45(b)+His6-NmdsbA1.  The pooled fractions from the His-Trap purification were run over a MonoQ 
column by FPLC. The green line shows the increasing percentage of buffer D to buffer C and so 
corresponds to an increasing NaCl2 concentration.  The solid blue line shows the absorbance of the 
solution eluting from the column at an OD280 and can be used to estimate protein concentration in the 
relevant fraction.   
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Fractions 1-4 were collected in 15 ml aliquots and contains the flow through consisting 

of proteins that did not bind to the column matrix.  Fractions 1-31 were collected in 2 

ml aliquots.  Fractions shown to contain pure His6-NmDsbA1 by SDS-PAGE analysis 

are highlighted in red in figures 78 and 79.  Fractions 12-15 were diluted to 5 ml to 

prevent protein aggregation as the chromatogram suggested these fractions had the 

highest concentration of eluted protein.  The fractions were visualized using SDS-

PAGE (Figure 80).  Fractions 11-16 contained pure His6-NmDsbA1 (Figure 80).  These 

fractions were pooled and buffer exchanged into storage buffer (see Appendix B (i)aa).  

The OD280 reading for this sample was 1.9 (indicating 1.9 mg/ml protein), giving a total 

of 9.46 mg of purified His6-NmDsbA1. 

 
Figure 80:  Visualization of protein fractions from second round purification of His6-NmDsbA1 
from E. coli RP pET45(b)+His6-NmdsbA1. Fractions 10-16 collected from the MonoQ column were run 
on a 15% acrylamide SDS PAGE gel.  Protein content of the fractions was visualized by Coomassie 
staining. Fractions 11-16 contain pure His6-NmDsbA1 and were pooled and concentrated. 

 

5.5.2   Purification of His6-NmDsbA2. 

His6-NmDsbA2 protein was purified from E. coli BL21 (RP) pET45(b)+His6-NmdsbA2 

using the Novagen autoinduction method.  Cells were lysed by sonication and the 

resulting cell lysate was collected and filtered prior to FPLC. The crude cell lysate was 

loaded onto a HisTrap column and fractions were eluted with an increasing imidazole 

gradient (Figure 81).  Fractions A2-A3 and A7-A11 were diluted to 10 ml to prevent 

protein aggregation as the chromatogram suggested these fractions had the highest 

concentration of eluted protein.  Fractions were visualized on an SDS-PAGE (Figure 

82) and fractions A7 and A11 were shown to contain His6-NmDsbA2. 
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Figure 81:  Chromatogram of first round purification of His6-NmDsbA2 from E. coli RB 
pET45(b)+His6-NmdsbA2.  The cytoplasmic fraction was filtered and run through a nickel based His- 
Trap column by FPLC. The green line shows the increasing percentage of buffer B to buffer A and so 
corresponds to an increasing imazidole concentration.  The blue line indicates estimated protein 
concentration by OD280 reading as the sample was eluted from the column.  Fraction X1 was collected in 
40 ml volume and contains the flow through consisting of proteins that did not bind to the column matrix.  
Fractions A1-B7 were collected in 4 ml aliquots.  Fractions shown to contain His6-NmDsbA2 by SDS-
PAGE are highlighted in red. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 82:  Visualization of protein fractions from first round purification of His6-NmDsbA2 from 
E. coli RB pET45(b)+His6-NmdsbA2. The flow through (F1 and F2) and fractions A1-B8 were collected 
from the His-Trap column and run on a 15% acrylamide SDS PAGE gel. Protein content of the fractions 
were visualised by Coomassie staining. The F1 and F2 fraction comprises the flow through, which 
contains proteins that did not bind to the column. Fractions A7-A12 contained a protein of the correct size 
for His6-NmDsbA2 and these fractions were pooled for further purification. 

Imazidole was removed from the sample by running the pooled fraction through the 

desalting column.   The protein was then further purified by running the sample over a 

MonoQ HR5/5 column.  The protein was eluted by an increasing NaCl2 concentration 

(Figure 83).  Fractions 12-15 were diluted to 5 ml to prevent protein aggregation as the 
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chromatogram suggested these fractions had the highest concentration of eluted protein.  

Fractions were visualized using SDS-PAGE (Figure 84) and fractions 12-16 were 

shown to contain His6-NmDsbA2. 

 
Figure 83:  Chromatogram of second round purification of His6-NmDsbA2 from E. coli RB 
pET45(b)+His6-NmdsbA2.  The pooled fractions from the His-Trap purification were run over the  
MonoQ column by FPLC. The green line shows the increasing percentage of buffer D to buffer C and so 
corresponds to an increasing NaCl2 concentration.  The solid blue line shows the absorbance of the 
solution eluting from the column at an OD280 and can be used to estimate protein concentration in the 
relevant fraction.  Fractions 1-4 were collected in 15 ml volume and contains the flow through consisting 
of proteins that did not bind to the column matrix.  Fractions 1-31 were collected in 2 ml aliquots. 

 

 
Figure 84:  Visualization of protein fractions from second round purification of His6-NmDsbA2 
from E. coli RB pET45(b)+His6-NmdsbA2. Fractions 10-16 collected from the MonoQ column were run 
on a 15% acrylamide SDS PAGE gel.  Protein content of the fractions were visualized by Coomassie 
staining. Fractions 12-16 contain pure His6-NmDsbA2 and were pooled and concentrated. 

Fractions 12-16 were pooled and concentrated giving an OD280 reading for this sample 

at 1.374, corresponding to 1.55 mg/ml protein and giving a total of 7.75 mg of purified 

His6-NmDsbA2. 
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5.5.3   Purification of His6-NmDsbA3 

His6-NmDsbA3 protein was purified from E. coli strain C43 pET45(b)+His6-NmdsbA3 

using the Novagen autoinduction method.  Cells were lysed by sonication and the 

resulting cell lysate was collected and filtered prior to FPLC.  The entire 25 ml of 

supernatant was run through a His-Trap column and 2 ml fractions were collected 

(Figure 85).   

 
Figure 85:  Chromatogram of first round purification of His6-NmDsbA3 from C43 pET45(b)+His6-
NmdsbA3.  The cytoplasmic fraction was filtered and run through the His-Trap column by FPLC. The 
green line shows the increasing percentage of buffer B to buffer A and so corresponds to an increasing 
imazidole concentration.  The solid blue line shows the absorbance of the solution eluting from the 
column at an OD280.  Fraction X1 was collected in a 40 ml volume and contains the flow through 
consisting of proteins that did not bind to the column matrix.  Fractions A1-B7 were collected in 4 ml 
aliquots.  Fractions A10-A12 were diluted to 10 ml to prevent protein aggregation as the chromatogram 
suggested these fractions had the highest concentration of eluted protein.  Fractions shown to contain 
His6-NmDsbA3 by SDS-PAGE are highlighted in red. 

Fractions were analysed by SDS-PAGE to determine the protein content and as the 

OD280 reading from the column suggested low protein concentrations in the fractions 

silver staining was used.  Fractions A6-A12 and B1-B4 showed the presence of His6-

NmDsbA3 (Figure 86).  These fractions were pooled and the buffer was exchanged to 

10 mM HEPES containing 1 mM EDTA buffer.  The His6-NmDsbA3-containing 

fractions were loaded onto a MonoS HR5/5 column and eluted by an increasing NaCl2 

gradient (Figure 87).  Aliquots of 2 ml were collected and analysed by SDS-PAGE 

(Figure 88).   
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Figure 86:  Visualization of protein fractions from first round purification of His6-NmDsbA3 from 
C43 pET45(b)+His6-NmdsbA3. The flow through (F) and fractions A1-B8 were collected from the His-
Trap column and run on a 15% acrylamide SDS PAGE gel.  Protein content of the fractions was 
visualized by silver straining (see Section 2.10.6). The F fraction comprises the flow through, which 
contains proteins that did not bind to the column. Fractions A6-B5 contained a protein of the correct size 
for His6- NmDsbA3 and these fractions were pooled for further purification. 

 

 

 
Figure 87:  Chromatogram of first round purification of His6-NmDsbA3 from C43 pET45(b)+His6-
NmdsbA3.  The cytoplasmic fraction was filtered and run through a MonoQ column by FPLC. The green 
line shows the increasing percentage of buffer B to buffer A and so corresponds to an increasing 
imazidole concentration.  The solid blue line shows the absorbance of the solution eluting from the 
column at an OD280.  Fraction X1 was collected in a 40 ml volume and contains the flow through 
consisting of proteins that did not bind to the column matrix.  Fractions A1-B7 were collected in 4 ml 
aliquots.  Fractions A10-A12 were diluted to 10 ml to prevent protein aggregation as the chromatogram 
suggested these fractions had the highest concentration of eluted protein.  Fractions shown to contain 
His6-NmDsbA3 by SDS-PAGE are highlighted in red. 
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Figure 88:  Visualization of protein fractions from first round purification of His6-NmDsbA3 from 
C43 pET45(b)+His6-NmdsbA3.  The flow through and fractions A1-B8 were collected from the MonoQ 
column and run on a 15% acrylamide SDS PAGE gel.  Protein content of the fractions were visualized by 
silver strained.. Fractions A6-B5 contain a protein of the correct size for His6-NmDsbA3 and these 
fractions were pooled for further purification 

Fractions B4-B7 and C2-C4 containing His6-NmDsbA3 were pooled and the amount of 

protein was quantitated.  An OD280 reading of 0.331 gave a concentration of 0.325 

mg/ml and a total of 11.36 mg DsbA3-His protein.  NmDsbA3 was chemically oxidised 

(see Section 2.10.9) to activate the protein, concentrated and buffer exchanged into 

storage buffer at a concentration of 1.55 mg/ml.    

 

5.6   Assessment of storage buffers for the His6-NmDsbA 
proteins. 

The His6-NmDsbA proteins in the absence of the membrane anchor all form stable 

soluble monomers. Preliminary crystallography structures with His6-NmDsbA3 

indicated that the His6-NmDsbA proteins formed uniform crystals suitable for X-ray 

crystallography at low concentrations and without any special treatment.  Assays were 

done to determine how stable the proteins were in a variety of buffers in order to 

maximise concentration and crystallography work. 

Concentrating His6-NmDsbA1 and His6-NmDsbA2 to the level preferred for 

crystallography (≥20 mg/ml) proved difficult as the proteins tended to aggregate at 

concentrations greater than 5 mg/ml.  This tendency was more pronounced for His6-

NmDsbA1 and His6-NmDsbA2 compared to His6-NmDsbA3.  Enterokinase cleavage 

was done to remove the His6 tag from His6-NmDsbA1 and His6-NmDsbA2, however 

these cleaved proteins aggregated as much lower concentrations than the His6 tagged 
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proteins.  As biological assays had proven the His6 tagged proteins to be active 

oxidoreductases and that this form of the protein was more stable in solution, 

subsequent crystallisation trials were done with His6-tagged proteins.  

The stability of His6-NmDsbA1 and His6-NmDsbA2 were assessed in different buffers 

to try to maximise solubility and so that the protein concentration could be increased 

(see Section 2.10.8).  The melting curves of both His6-NmDsbA1 and His6-NmDsbA2 

were assessed in three different buffers of varying pH, with different concentrations of 

NaCl2.  These buffers were the sodium acetate buffer (pH 4) with varying salt 

concentrations of 150 mM and 250 mM NaCl2,  and two HEPES based buffers which 

were the storage buffer (pH 6.8), and Buffer C (pH 8) which was used for ionic 

exchange FPLC of NmDsbA1 and NmDsbA2.  Both HEPES based buffers were tested 

at 50 mM, 150 mM and 250 mM NaCl2 concentrations.  Differing salt concentration had 

no significant impact on the stability of the proteins in each buffer.  There was a slight 

increase in protein stability in the HEPES based buffers  compared to the sodium 

acetate buffer, with the best results obtained for the storage buffer (Figure 89).  

 

 
Figure 89: Melting curves for His6-NmDsbA1 in varying buffers containing 150mM NaCl2 at 
varying pH levels.  Melt curves for the proteins were conducted in sodium acetate buffer (pH 4), HEPES 
buffer (pH 6.8) and HEPES buffer (pH 8).  The vertical lines mark the temperature at which the protein 
denatured in each buffer, indicated as the peak drop in florescence.  A higher melt-temperature indicates 
that the protein has increased stability in the relevant solution. 

The high temperature at which the proteins denature (58-68ᵒC) is indicative of a highly 

stable protein, matching the predicted stability index calculated based on primary 

sequence.   
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As His6-NmDsbA1 and His6-NmDsbA2 were shown to be most stable in the HEPES 

buffer (pH 6.8), which is close to physiological pH all further concentrations and 

storage of the proteins were done in this storage buffer. 

 

5.7   Discussion. 

5.7.1 Purification of the three meningococcal DsbA proteins. 

All three meningococcal DsbA proteins were successfully expressed and purified from 

E. coli as cytoplasmic proteins with a N-terminal His6 tag.  Redox state was controlled 

chemically by oxidisation with copper phenthroline or reduction with DTT.  

Recombinant protein activity was confirmed by reduction of insulin and indicated that 

the His6-tag did not  interfere with biological activity.  The recombinant proteins were 

shown to be very stable in a variety of buffers.  Buffer conditions were optimised and 

suitable crystals were obtained for His6-NmDsbA1 (Vivian et al., 2009) and His6-

NmDsbA3 (Vivian et al., 2008), but not for His6-NmDsbA2. 

It was interesting to note during the process of protein expression optimisation, that 

expression of the oxidoreductases to the periplasm were toxic to E. coli. This was 

unexpected as Sinha et al. (2008), expressed all three NmDsbA proteins from a high 

copy pGEM-T (Promega) plasmid.  There are two possible explanations for this 

variation.  Firstly as we were expressing protein for purification rather than 

complementation assays, an E. coli Shine Dalgarno site was added to the primers 

amplifying the genes to optimise expression of the meningococcal oxidoreductases 

when cloned into pTrc99A.  Therefore, increased translation efficiency may have 

resulted in the observed toxicity of the meningococcal oxidoreductases in the E. coli 

host.  Alternatively the E. coli strains used by Sinha et al. (2004) may have adjusted the 

expression levels of the oxidoreductases to reduce the toxic effects, for example, by 

increasing the rate of degradation of the oxidoreductase. This was seen with periplasmic 

expression of NmDsbA1 and NmDsbA2 from pTrc99A.  When a strain expressing 

NmDsbA2 wild-type was finally constructed, it was found to express low levels of 
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protein be Western immunoblot which was not enough for purification purposes (data 

not shown). 

Toxicity to the E. coli host is a common outcome when attempting to over-express 

proteins and is a particular problem when expressing proteins in the periplasm. In this 

case expression in the periplasm resulted in poor yields, especially for NmDsbA1 and 

NmDsbA2 even when the membrane anchor was removed.  The periplasm, being a 

smaller compartment, reaches saturation at far lower yields than larger cytoplasmic 

compartment (Kurz et al., 2008; Stefanova et al., 2003).  Since we observed that the 

oxidoreductases tended to form aggregates at high concentration, it is highly likely that 

these aggregates were forming in the periplasm, disrupting cell function and hence 

causing lysis of the host cell. This toxic effect was overcome by expression of the 

oxidoreductases in the cytoplasm which has a higher tolerance to the presence of 

recombinant protein (Kurz et al., 2008). Higher yields were also obtained by low 

temperature induction which reduces the stress response and thus protease activity in 

the cell (Kosinski et al., 1992).  

 

5.7.2 Structural analysis of His6-NmDsbA1 and His6-NmDsbA3 

The crystal structure of His6-NmDsbA3 revealed, that despite only retaining 25% amino 

acid identity with EcDsbA, His6-NmDsbA3 has a typical DsbA tertiary structure 

consisting of the thioredoxin and -helical domain (Vivian et al., 2008) (Figure 90).  

His6-NmDsbA1, which has 53% amino acid identity to EcDsbA, also forms the 

standard DsbA tertiary structure (Figure 90) and both are stable monomers. 

The active site CXXC is located at the interface between the two domains on the 1 

helix and within proximity to the cis-Pro residue at position 151 in EcDsbA.  This area 

shows structural differences between the three proteins. The 1 helix in EcDsbA is 

split into two helices while in NmDsbA1 the corresponding region is a single helix. In 

His6-NmDsbA3 the active site is no longer part of the 1 helix but is located on an 

extended loop between 1 and 2.  These changes in the 1 helix, as well as 

extended loops seen in His6-NmDsbA3 between -2 and -3, -4 and -6, may result in 

differences in the flexibility of the active site and thus may influence the substrate range 

of these enzymes. 
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Figure 90:  The crystal structures of the His6-NmDsbA1 and His6-NmDsbA3 proteins 

compared to that of EcDsbA.  Molecular models were generated using the program 

Swiss-pdb viewer 4.0.1.  Panel A. EcDsbA in a reduced form, generated from the pdb 

file 1A2I.  Panel B.  NmDsbA1 in an oxidised form generated from the pdb file 3A3T.  

Panel C.  His6-NmDsbA3 in a reduced form generated from the pdb file 2ZNM.  All 

three proteins are shown as ribbon diagrams.  The -helices are indicated in red with -

sheets in yellow.  The active sites are shown as full residues with the cysteine residues 

coloured yellow, the proline (or valine in His6-NmDsbA3) in green and the histidine in 

blue.  In EcDsbA and His6-NmDsbA1 all active site residues are included in the -1 

helix.  In His6-NmDsbA3 they are located on an extended loop adjacent to the  -1 

helix.The -7 helix which has been shown to be the binding site for DsbB is shorter in 

His6-NmDsbA3 than in His6-NmDsbA1 or EcDsbA but biochemical studies show that 

this does not impair the ability of the protein to be reoxidised by EcDsbB in vitro 

(Vivian et al., 2008).  In contrast, the DsbA from the Gram positive bacterium, S. 

aureus (SaDsbA) has a positively charged -7 helix in place of the hydrophobic one 

seen in DsbA proteins from E. coli, N. meningitidis, S.Typhimurium and V. cholerae 

and is not able to be re-oxidised by EcDsbB (Heras et al., 2008).  The S. aureus Dsb 

system lacks a DsbB protein so there is no need for a DsbB binding site on SaDsbA.  

The absence of a hydrophobic -7 helix is also seen in DsbL which cannot be 

reoxidised by DsbB and requires a separate re-oxidant DsbL (Heras et al., 2010).  

Therefore, it would appear that the hydrophobicity of the -7 helix may be required for 

DsbB interactions. 
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There was some question as to whether NmDsbA3 was an oxidoreductase or an 

isomerase.  The cis-Pro loop has a Thr residue preceding the cis-Pro rather than a Val as 

seen in the EcDsbA and VcDsbA. Interestingly, a Thr residue at this location is a 

feature seen in the E. coli disulphide isomerases EcDsbC and EcDsbE (Missiakas et al., 

1994).  However this feature is seen in all three meningococcal DsbA proteins as well 

as in SaDsbA so is not a reliable indicator of isomerase activity. The molecular model 

showed that the protein existed as a monomer which is common for oxidoreductases 

rather than the dimers which characterise the isomerases.  Biochemical analysis also 

showed that His6-NmDsbA3 was more efficient as an oxidoreductase than an isomerase 

(Vivian et al., 2008).  The crystal structure of His6-NmDsbA1 and His6-NmDsbA3 and 

a homology model of NmDsbA2 (Figure 90) have been generated and show that all 

three meningococcal proteins have a typical DsbA tertiary structure (Vivian et al., 

2009).  They all show a clearly defined DsbA active site, thioredoxin domain and -

helical domain as well as the conserved surface structures such as the hydrophobic 

patch, hydrophobic groove and acidic patch (Vivian et al., 2009) (Figure 91).  However, 

there are variations in surface structure between the three meningococcal proteins and 

the EcDsbA which may provide an insight into the mechanisms of substrate recognition.  

 
Figure 91:  Comparison of the electrostatic features of the meningococcal DsbA proteins.  Molecular 
models of NmDsbA1 (Panel A), EcDsbA (Panel B), NmDsbA3 (Panel C) and NmDsbA2 (Panel D). Each 
model is represented using a space filling model. White areas indicate residues with neutral charge, red 
indicate residues with a negative electrostatic potential while blue denotes a positive electrostatic 
potential. In each panel, the top view shows the active site face of the protein with the hydrophobic patch 
and grove indicated. The bottom view is rotated 180 degrees and shows the face with the acidic patch.  
Models for EcDsbA (Panel B) and NmDsbA3 (Panel C) were based on their respective crystal structures, 
while NmDsbA2 (Panel D) was constructed as a homology model.  The homology model was generated 
using MODELLER,27 and electrostatic potentials were calculated using APBS.  Figure taken from 
Vivian et al., 2009. 
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The hydrophobic patch which forms part of the peptide binding site is the same 

dimension in all four proteins, but shows that sequence variation results in changes in 

surface charge. Thus the hydrophobic patch is slightly basic in NmDsbA1 and slightly 

acidic in NmDsbA2 and NmDsbA3 as well as in EcDsbA (Vivian et al., 2009). 

Similarly, the acidic patch is conserved in NmDsbA1 and NmDsbA2 but the region is 

slightly basic in NmDsbA3.   

The most obvious differences between the oxidoreductases is the overall surface charge 

with the net surface charge of EcDsbA, NmDsbA1 and NmDsbA2 being acidic at 

physiological, with a pI between 5-6, and NmDsbA3 having a net basic charge at 

physiological pH with a pI of 9.39 (Vivian et al., 2009).  This is likely to have a 

significant role on the interaction of NmDsbA3 with other proteins in the periplasm, 

though the biological significance of this feature is yet unknown.  The conservation of 

the high pI despite the high level of amino acid sequence variation of the proteins within 

the Neisseria genus suggests this feature has a functional role in the biochemistry of the 

protein. 

The redox potential is similar for all three meningococcal proteins [NmDsbA1 (-89.5 

mV), NmDsbA2 (-88.7 mV) and NmDsbA3 (-87 mV)], but different when compared to 

EcDsbA (-125mV) (Vivian et al., 2009).  This makes the meningococcal DsbA proteins 

more oxidizing in vitro than EcDsbA, with NmDsbA3 being the most oxidizing of the 

three meningococcal enzymes.  Therefore, the alteration of the active site to CVHC 

instead of the typical CPHC has not reduced the oxidizing power of the enzyme.  This 

shows that it is not oxidising power alone that determines biological efficiency.  The 

limitations on the substrate range of NmDsbA3, therefore, is not due to a reduced 

oxidative potential. In conclusion, there seems to be little difference between the 

activities of the three purified meningococcal proteins in in vitro assays, as they have 

similar redox potentials, oxidise peptides at a similar rate, reduce insulin at a similar 

rate and are reoxidised by EcDsbB at a similar rate (Vivian et al., 2009).  Therefore, it is 

still unclear why these enzymes appear to have different substrate ranges in vivo.   

However, some clues as to how oxidoreductases bind their substrates can be gleaned 

from the recent study by Paxman et al. (2009) which identified the peptide binding site 

of EcDsbA. This study examined the crystal structure of a peptide derived from the S. 



 
194

flexneri Secretory Immunoglobin (SigA)  bound to EcDsbA (Figure 92).  SigA contains 

a single disulphide bond, known to be oxidised by EcDsbA, between Cys-569 and Cys-

575.  The peptide used to reveal the EcDsbA binding site was constructed based on the 

sequence around these two cysteine residues (NNNC569PIPFLC575QKD) (Paxman et al., 

2009).  The study revealed that the peptide binding site is comprised of the loops that 

form the junction between the thioredoxin domain and the -helical domain.  The 

peptide binding site includes the active site at the N-terminal end of the 1-helix, the 

two loops (the 2-3 loop and the 4-6 loops) which make up the hinge region 

between the thioredoxin and -helical domains, and residues in the -3 helix of the -

helical domain (Figure 92 and Figure 93).  These areas show low sequence conservation 

between the three NmDsbA proteins (Figure 93) which may suggest that these regions 

play a role in dictating interactions with substrates. 

 
Figure 92:  The peptide binding site of the EcDsbA protein.  Panel A. A ribbon diagram of the 
EcDsbA protein with -helices and -sheets numerically labelled.  The blue region donates the 
thioredoxin domain and the purple is the -helical domain.  The coloured circles indicate areas of the 
protein shown to interact with the SigA peptide. Panel B.  A view of the peptide (stick) across the face of 
the oxidoreductase. The active site (circled in black) at the peak of alpha-helix 1 (1), the cis-proline 
which makes part of the extended loop between the 4 and 6 (circled in red) and, the loop between 2 
and 3 (circled in green) interact with the peptide. In addition, these two loops make up the hinge region 
between the two domains.  The other area involved in binding is the 3 helix (circled in blue).  Panel C. 
Binding of the SigA peptide (stick) to EcDsbA (solid) showing the position of the peptide on the surface 
of the protein.  Figure adapted from Paxman et al. (2009). 
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Figure 93:  Alignment of the three NmDsbA proteins showing the position of the tertiary structural 
features.  Alignment was generated using ClustalX.  Signal peptide and membrane anchors not shown as 
they are not present in the mature proteins used to generate  the crystal structures.  Amino acid 
conservation is indicated below the alignment as shown: (*) means identical sequence; (:) indicates 
conservative replacements; (.) indicates semi-conserved substitutions and a blank spot indicate no 
conservation of residues. The active site and cis-Pro residues have been highlighted in green in all 
sequences.  Yellow shows the position of -sheets and red indicates the position of the -helices 
according to the crystal structures.  The blue boxes indicate the areas in which correspond to those in 
EcDsbA to which the SigA peptide bound. 

The opposite is seen when three varieties of NmDsbA3 homologues are compared from 

different Neisseria species (Figure 94).  For this alignment three NmDsbA3 

homologues were compared, NmDsbA3 from group 1, the NmDsbA3 homolouge from 

N. sicca from group 2 and the NmDsbA3 homologue from N. subflava from group 3.  

Despite sequence identity dropping as low as 58%, the areas around the predicted 

peptide binding site are highly conserved and show little variation in amino acid 

composition.  These observations supports the hypothesis that the 2-3 loop and the 

4-6 loop identified by Paxman et al. (2009) as the site for binding peptides could be 

involved in protein function in vivo as well as binding small peptides in vitro.  The 

conservation of the peptide binding region and high pI also suggest a conserved 

function for DsbA3 across the Neisseria genus.   
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Figure 94:  Alignment of NmDsbA3 with NmDsbA3 homologues from N. sicca and N. subflava.  For 
this comparison NmDsbA3 was compared with a NmDsbA3 homologue from groups 2 and 3 (see 
Chapter 3.2.1) as this gave the greatest sequence variation.  Signal peptide removed from the sequence. .  
Amino acid conservation is indicated below the alignment as shown: (*) means identical sequence; (:) 
indicates conservative replacements; (.) indicates semi-conserved substitutions and a blank spot indicates 
no conservation of residues. The active site and cis-Pro residues are marked in green.  Areas of sequence 
have been highlighted in the NmDsbA3 sequence where they correspond to tertiary structure based on the 
crystal structures.  Yellow shows the position of -sheets and red indicates the position of the -helices 
seen in the NmDsbA3 crystal structure.  The blue boxes indicate the areas which correspond to those in 
EcDsbA to which the SigA peptide bound. 

 

5.7.3   Other factors that may influence the substrate range of 

oxidoreductases: Chaperones and formation of complexes. 

There are many different factors that can influence substrate range.  The structural 

differences seen in each DsbA may play a role, impacting on the chemical composition 

of the substrate binding region and active site flexibility but this is likely to be only part 

of the story.  The NmDsbA proteins are also compartmentalised, with NmDsbA1 and 

NmDsbA2 being bound to the membrane whilst NmDsbA3 is free in the periplasm. 

Therefore it is possible that these different subcellular locations of the Neisserial 

oxidoreductases may influence which substrates they can come into contact with. In 

addition to this theory, it may be possible that the substrates may be delivered to the 

different oxidoreductases by chaperones in a system somewhat akin to that established 

in eukaryotes. The ERp57 eukaryotic oxidoreductase is substrate specific in vivo but 

shows no substrate specificity when purified.  The substrate specificity of ERp57 was 

subsequently shown to be determined by the formation of a complex with chaperone 

proteins which has a specificity for glycoproteins (Zapun et al., 1998).  Recently 

Kadokura and Beckwith, (2009), showed that EcDsbA and the foldases begin to act on 
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unfolded peptides as they are being transported into the periplasm suggesting that 

EcDsbA protein may form part of the translocation complex even if only transiently.   

His6-NmDsbA3 was consistently purified with a >75 kDa protein (Figure 88) when 

purified from whole cell lysates of E. coli.  A slightly smaller protein of approximately 

50 kDa was also co-purified with NmDsbA3 from the periplasmic extract (Scoullar, 

2004).  Both are non-native interacting partners as they have been co-purified from E. 

coli.  In addition, the >75 kDa protein is an interacting partner when NmDsbA3 was 

expressed in the unnatural compartment, the cytoplasm. However, the existence of these 

proteins suggest that NmDsbA is capable of forming a strong complex with another 

proteins. To further examine the possibility that the meningococcal oxidoreductases 

may form complexes, these proteins need to be expressed in the meningococcus and 

interacting partners identified by mass spectrometry.  

It is not known if the DsbA proteins interact with chaperones or form complexes with 

other proteins involved in protein transport and folding as some of the PDI proteins 

have been shown to do, though EcDsbA has been identified as forming at least a 

transient association with the Sec Transport machinery (Kadokura and Beckwith, 2009).  

This interaction with the Sec pathway does not appear to influence substrate selection, 

as EcDsbA has a very generic substrate range, but it is becoming clearer that protein 

complexes play a major role in cell processes and protein function and efficiency and 

the roles of accessory proteins must be taken into account when studying a protein in 

vivo. 

In conclusion, the NmDsbA proteins were successfully tagged with an N-terminal His6 

tag and purified from E. coli cells using Nickel NTA purification and ionic exchange by 

FPLC.  Purified samples were obtained and shown to be biologically active.  The 

purified protein was concentrated and subsequently used for crystallography and 

biochemical studies.  These showed that there were structural differences between the 

three NmDsbA proteins in the overall surface charge, the active site conformation, and 

substrate binding sites.  The biochemical assays showed that the meningococcal DsbA 

proteins were highly oxidising, slightly more than EcDsbA (Vivian et al., 2009) and 

surprisingly that NmDsbA3 had the highest redox potential despite variation of the 

active site residues.  There was little difference between the three His6-NmDsbA 
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proteins in the in vitro biological assays suggesting that the substrate specificity seen in 

vivo has a more complex aetiology, likely to be influenced by cellular location, substrate 

composition and the interaction of the NmDsbA with chaperones and other foldases in 

the periplasm as well as the structural variations between the three proteins.  



199 

 

Chapter 6: Conclusion. 

When this project was initiated, there were many observations in many bacterial 

pathogens indicating that oxidoreductases were important for virulence.  Initially, based 

upon the model of E. coli, it was generally considered that only a single oxidoreductase 

was necessary to introduce disulphide bonds into all of the proteins expressed by the 

cell. However, as more bacterial genomes and virulence plasmids were sequenced, it 

became apparent that many bacterial pathogens contained multiple oxidoreductases 

which appeared to be specifically required for the introduction of disulphide bonds into 

a small range of substrate proteins.  

Because Neisseria sp. contained three chromosomally encoded oxidoreductases with 

different substrate recognition profiles, we decided to examine the structure of these 

proteins to determine if there were any obvious features that could explain their 

biochemical properties. The expression and purification of the three meningococcal 

proteins in E. coli was a success and the crystal structures of His6-NmDsbA1 and His6-

NmDsbA3 were obtained.  Biochemical assays showed His6-NmDsbA3 was an active 

oxidoreductase and proved to have a higher oxidative potential to that of EcDsbA.  All 

three meningococcal DsbA proteins exhibited a standard thioredoxin fold despite high 

sequence variation to EcDsbA, confirming previous findings that it is the tertiary 

structure rather than primary sequence that is essential in producing functional DsbA 

proteins (Philipps and Glockshuber, 2002).   

The main differences between the three proteins and that of EcDsbA are found in the -

1 helix which contains the active site, the composition of the CXXC motif of the active 

site, length and composition of the loops between -2 and -3, and -4 and -6.  These 

two loops make up the hinge region between the thioredoxin domain and the -helical 

domain and both are implicated in peptide binding in the model produced by Paxman et 

al., (2009).  All these changes not only alter the composition of amino acids in the 

peptide binding region but alter the flexibility of the hinge region thereby altering the 

ease of accessibility to the active site.   

Other differences, likely to be equally important in substrate recognition and binding are 

alterations to surface features including the hydrophobic patch and acidic patch as well 
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as overall surface charge or pI.  For example the hydrophobic patch is slightly acidic in 

NmDsbA2, NmDsbA3 and EcDsbA yet is slightly basic in NmDsbA1, while the acidic 

patch, conserved in NmDsbA1 and NmDsbA2 is slightly basic in NmDsbA3.  

NmDsbA3 also differs from NmDsbA1 and NmDsbA2 in having an overall net basic 

charge overall at physiological pH, a feature conserved in all DsbA3 homologues across 

the Neisserial genus.  This conservation, as well as the conservation of the variant active 

site in all DsbA3 proteins in Neisseria species suggests that these play a functional role. 

Based on the current knowledge of how oxidoreductases identify and bind substrate 

proteins we propose that substrate binding and recognition is influenced by the 

following factors: 

1. Availability.   

The substrate protein and DsbA must be able to be physically co-localised, which 

means that both proteins must be directed to the same compartment of the periplasm.  In 

addition to this, there may be permanent or transient sequestration of DsbA by substrate 

transport complexes. In E. coli, EcDsbA is transiently associated with the Sec transport 

machinery (Kadokura and Beckwith, 2009).  However, in eukaryote cells, the formation 

of chaperone complexes, for example Erp57 binding to calnexin or calreticulin, results 

in specificity for glycoproteins (Zapun, et al., 1998).  Since NmDsbA1 and NmDsbA2 

are both lipidated, membrane bound proteins and NmDsbA3 is free in the periplasm, 

these different sub-localisations may affect the range of proteins each oxidoreductase 

encounters.  The high pI of NmDsbA3 may not be able to bind a specific substrate, but 

rather to allow it to bind to a complex which brings it into contact with its substrate, but 

that is speculation at this point. 

2. The composition of the CXXC motif. 

It is not clear why this has an impact on substrate range, but variations in the CPHC 

active site motif seem to be associated with DsbA proteins which show a narrow 

substrate range.  This is seen in SrgA (CPPC), DsbL (CPFC) as well as NmDsbA3 

(CVPC).  It has been proposed that alterations to the active site alter the oxidative 

strength of the protein and initially was proposed to always lower it (Guddat et al., 

1997).  Indeed SrgA is a weaker oxidant than that the SeDsbA (Bouwman et al., 2003) 

and alterations of the EcDsbA active site to CPPC reduced its oxidative power (Guddat 
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et al., 1997).  However DsbL and NmDsbA3 are both stronger oxidants that EcDsbA 

(Heras et al.,  2010; Vivian et al., 2009).  The stronger oxidative strength of DsbL is 

thought to be required for oxidation of its substrate ASST as it has a steriochemically 

unfavourable disulphide bond (Tostsika et al., 2009) and thus the oxidative strength of 

DsbL is linked to its substrate specificity. 

3. The flexibility and composition of the hinge region. 

This site has been confirmed to be involved in peptide binding by Paxman et al. (2009) 

although it is not known what effect the composition of the hinge loops has on substrate 

recognition or if increased flexibility in this site increases or decreases substrate range. 

4. Hydrophobicity or charge of the hydrophobic groove and acidic patch. 

Hydrophobicity or charge of the hydrophobic groove and acidic patch vary between 

DsbA proteins. NmDsbA3, SeDsbL and SeSrgA all lack the acidic patch, suggesting 

that it has a role in the narrow substrate of these proteins, but the exact role of this 

feature is unknown. 

The recognition of substrates by DsbA proteins is a complex matter, not specifically 

related to any one feature of the protein but dependent on numerous features both in 

tertiary structure, active site and surface charge, as well as in the protein transport 

pathways as a whole and likely the interaction of DsbA with chaperones and complexes 

in the cell.  Therefore, to further investigate the role of the Neisserial oxidoreductases, 

will require the expression of tagged proteins in N. meningitidis to detect protein 

interactions using immunopreciptiation strategies. This study tested a range of known 

shuttle vectors for this purpose. Although the shuttle vectors worked well in E. coli and 

resulted in the detection of the expressed oxidoreductases by Western immunoblot, the 

vectors were unstable when transferred into N. meningitidis.  Further investigations into 

improving the stability of the shuttle vectors by reducing copy number and the regulated 

expression of these proteins using native neisserial promoters may overcome these 

technical problems.  
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Appendix A:   Abbreviations and Symbols. 

 

A(i)   Units. 
aa – amino acid 

bp – base pairs 
◦C – Degrees Celsius. 

g – Grams 
h – Hour 

kb – Kilobase 
kDa – KiloDalton 

min – Minute 

g – Microgram 

m – micrometre 

 – Micromolar 
mg – Milligram 
mM – Milimolar 

MIC – Minimum Inhibitory Concentration. 
M – Molar 

ng – Nonogram 
nm – Nanometre 

OD260 – Optical density at 260 wavelength (used for measuring DNA) 
OD280 – Optical density at 280 wavelength (used for measuring protein) 

OD560 – Optical density at 560 wavelength (used for measuring N. meningitidis cells) 
OD600 – Optical density at 600 wavelength (used for measuring E. coli cells) 

rmp – Revolutions per minute 
sec – Seconds 

t – Time 
w/w – Weight per weight 

w/v – Weight per volume 
v/w – Volume per weight 

v/v – Volume per volume 
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V – Volts 

UV – ultraviolet 
VIS – Visible spectrum 

 

A(ii) Nucleotides. 

A - adenine 

C - cytosine 
G - guanine 

T - thymine 
U - uracil 

 

A(iii)   Amino acids. 

Table 15  Amino acids, abbreviations and characteristics. 
Amino acid Three 

letter  
Single 
letter  

Codon 
DNA 

Codon 
RNA 

Characteristics 

Alanine Ala A GCT, 
GCC, 
GCA, 
GCG 

GCU, 
GCC, 
GCA, 
GCG 

Nonpolar, hydrophobic 

Arginine Arg R GCT, 
CGC, 
CGA, 
CGG 

CGU, 
CGC, 
CGA, 
CGG 

Positively charged, 
hydrophilic 

Asparagine Asn N AAT, 
AAC 

AAU, 
AAC 

Polar, hydrophilic 

Aspartic acid Asp D GAT, 
GAC 

GAU, 
GAC 

Negatively charged, 
hydrophilic 

Cysteine Cys C TGT, 
TCG 

UGU, 
UGC 

Polar, hydrophilic, 
contains sulpher 

Glutamic acid Glu E GAA, 
GAG 

GAA, 
GAG 

Negatively charge, 
hydrophilic 

Glutamine Gln Q CAA, 
CAG 

CAA, 
CAG 

Polar, hydrophilic 

Glycine Gly G GGt, 
GGC, 
GGA, 
GGG 

GGU, 
GGC, 
GGA, 
GGG 

Nonpolar, hydrophobic 

Histidine His H CAT, 
CAC 

CAU, 
CAC 

Positively charged, 
hydrophilic 

Isoleucine Ile I ATT, 
ATC, 
ATA 

AUU, 
AUC, 
AUA 

Nonpolar, hydrophobic 

Leucine Leu L TTA, UUA, Nonpolar, hydrophobic 



233 

 

TTG, 
CTT, 
CTC, 
CTA, 
CTG 

UUG, 
CUU, 
CUC, 
CUA, 
CUG 

Lysine Lys K AAA, 
AAG 

AAA, 
AAG 

Positively charged, 
hydrophilic 

Methionine Met M ATG AUG Nonpolar, hydrophobic, 
contains sulphur 

Phenylalanine Phe F TTT, 
TTC 

UUU, 
UUC 

Nonpolar, hydrophobic 

Proline Pro P CCT, 
CCC, 
CCA, 
CCG 

CCU, 
CCC, 
CCA, 
CCG 

Nonpolar, hydrophobic 

Serine Ser S TCT, 
TCC, 
TCA, 
TCG 

UCU, 
UCC, 
UCA, 
UCG 

Polar, hydrophilic 

Stop   TAA, 
TAG, 
TGA 

UAA, 
UAG, 
UGA 

 

Threonine Thr T ACT, 
ACC, 
ACA, 
ACG 

ACU, 
ACC, 
ACA, 
ACG 

Polar, hydrophilic 

Tryptophan Trp W TGG UGG Nonpolar, hydrophobic 
Tyrosine Tyr Y TAT, 

TAC 
UAU, 
UAC 

Polar, hydrophilic 

Valine Val V GTT, 
GTC, 
GTA, 
GTG 

GUU, 
GUC, 
GUA, 
GUG 

Nonpolar, hydrophobic 

 

 

A(iv)   Chemical abbreviations 

For amino acids and nucleotides see Table 15. 

Amp – Ampicillin 

APS - ammonium persulfate 

ATP – adenosine triphosphate. 

Cm – Choloramphenicol 

CuCl2 - Copper(II) chloride 

Desferal – Desforoxamine 
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DMF - Dimethylformamide 

DNA – Deoxyribose nucleic acid 

dNTPs – Deoxynucliotide triphosphate 

DPN - Dinitrophenol 

dH20 – deionised water 

DTT - Dithiothreonine 

Erm – Erythromycin 

EDTA – Ethylenediamninetetra-acetate 

Fe(NO3) – Ferric Nitrate 

HEPES - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

H2O - water 

IPTG – Isopropyl--D-thiogalactopyranoside 

LOS – Lipooligosaccharide 

LPS – Lipopolysaccharide 

miliQ H2O – dionised water filtered through a 22nm filter 

NaCl2 – Sodium chloride 

NaHCO3 – Sodium bicarbonate  

SDS – Sodium dodecyl sulphate 

Sp – Spectinomycin 

Tet – Tetracycline 

Tris – tris(hydroxymethyl)aminomethane 

TEMED – Tetramethylethylenediamine 

X-gal – 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside 

   

A(v) Other. 

 – alpha 

 – beta 

 - deletion 
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FPLC – Fast Protien Liquid Chromatography 

gene::gene – first gene inactivated by insertion of second gene 

 - lambda 

LOS – Lipooligosacharide 

MCS – Multiple Cloning Site 

ORF – Open reading frame 

PCR – Polymerise Chain Reaction 

qRT – Quantitative Real Time 

T2SS – Type II secretion system 

T3SS – Type III secretion system 
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Appendix B: Solutions and reagents. 

B(i) Bacteriological reagents. 

B (i)a LB agar 
Tryptone  (Oxoid, Aust.)  10g 
Yeast Extract (Oxoid, Aust.)    5g 
NaCl2 (Univar, Aust.)   10g 
Bacteriological agar (Oxoid, Aust.) 10g 
Dissolved in 1L of dH20 and autoclaved at 121ᵒC for 20 min. 

 

B (i)b LB broth 
Tryptone    10g 
Yeast Extract   5g 
NaCl2    10g 
Dissolved in 1L of dH20 and autoclaved at 121ᵒC for 20 min. 

 

B (i)c   GC agar 
Gonococcal agar    36g 
Dissolved in 1L of dH2O and autoclaved at 121ᵒC for 20 min.   
Solution is cooled to 55ᵒC and 1ml iron supplement  and 1ml glucose supplement added 
to make (GCGF) agar immediately prior to pouring. 

 

B (i)d   GC broth 
Peptone  15g 
NaCl2     5g 
KH2PO4    1g 
K2HPO4    4g 
Dissolved in 1L of dH2O and autoclaved at 121ᵒC for 20 min.   
Solution is cooled to 55ᵒC and 1ml iron supplement and 10ml glucose supplement 
added (GCGF) agar. 

 

B (i)e Glucose supplement. 
D-glucose  400g 
Dissolve in 700ml of H2O (may require heating) 
Once cool add: 
L-glutamine   10g 
co-carboxylase  20mg 
(also known as: thiamine pyrophosphate chloride) 
Filter sterilise using 22m filter. 
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B (i)f Iron supplement 
Fe(NO3)3  1.25g 
Dissolve in 250ml of H2O and filter sterilise using 22m filger. 

 

 

B (i)g MH Broth. 
Mueller Hinton Broth powder   21g 
Dissolved in 1L, autoclaved for 20 min at 121ᵒC for 20 min. 

 

B (i)h   80% Glycerol 
Glycerol   8ml 
dH2O     2ml 
Mixed well and autoclaved for 20 min at 121ᵒC for 20 min. 

 

B (i)i   Glycerol broth  
Bacteriological broth (LB or GC)   800l. 
80% Glycerol     200l. 
Mixed in glycerol stocked tubes and bacterial culture added from plate culture.  Mixed 
by vortexing and stored at -80ᵒC.  For broth cultures 800l of broth culture used in 
place of the sterile bacteriological broth. 

 

B (i)j   TSB (Used in chemical tranformations.) 
LB broth (1% glucose) 50ml 
PEG-4000   5g 
1M MgCl2    500l  
1M MgSO4   500l  
Aliquot into 1ml lots and sterilise by autoclaving at 121ᵒC for 20 min. 
50l of DMSO added to 1ml prior to use. 
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B (i)k Antibiotics 

Table 16:  Antibiotics used in this study and concentrations used for E. coli and N. meningitidis. 
Antibiotic stocks Composition E. coli  N. meningitidis  
Ampicillin 100mg/ml  500mg ampicillin dissolved in 5ml of 

dH20 and filtered through a 22nm filter 
50g/ml Not used. 

Chloramphenicol 30mg/ml  300mg chloramphenicol dissolved in 
10ml 100% analytical grade ethanol 

30g/ml Not used. 

Kanamycin 50mg/ml 500mg kanamycin dissolved in 10ml 
100% analytical grade ethanol 

50g/ml 100g/ml 

Erythromycin 50mg/ml  500mg erythromycin dissolved in 10ml 
100% analytical grade ethanol 

300g/ml 3g/ml 

Spectinomycin 50mg/ml  500mg spectinomycin dissolved in 10ml 
dH2O and filtered through a 22nm filter 

50g/ml 60g/ml 

Tetracyline 5mg/ml  50mg dissolved in 2.5ml sterile dH2O 
and made up to 10ml in !00% analytical 
grade ethanol 

30g/ml 1g/ml 

 

B(ii)   DNA manipulation 

B (i)l   TE buffer 
100mM  Tris HCl  
  10mM  EDTA  
Made up to IL in dH20 at pH7.4 and sterilise by autoclaving at 121ᵒC for 20 min. 

 

B (i)m   0.5M EDTA pH8 
0.5M   EDTA  
100mM  NaCl2  
pH to pH 8 with sodium hydroxide.  Sterilise by autoclaving at 121ᵒC for 20 min. 

 

B (i)n   TAE buffer (x50) 
Tris    242g 
Glacial acetic acid  57.1g 
0.5M EDTA pH8  100ml 
Made up to 1L in dH2O. 

 

B (i)o   Agarose gel 
Agarose  0.4g  
Made up to 50 ml in TAE buffer.  Heated to melt agarose.  2l of sybrgreen dye was 
added prior to pouring gel into gel cast. 
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B (i)p   Stop mix 
Sucrose    5g 
EDTA    186mg 
Bromophenol Blue        5mg 
Make up to 1L in dH2O and autoclaved at 121ᵒC for 20 min. 

 

B (i)q   HindIII digest of bacteriophage  DNA 
 DNA    250g 
HindIII buffer        187l 
HindIII enzyme   40l 
Sterilised dH2O   1163l  
Incubated and digested overnight at 37ᵒC.   
625l stop mix added to stop the digestion reaction.   

 

B (i)r KGB buffer 
Potassium glutamate   200mM 
Tris-acetate (pH 7.5)   50mM 
Magnesium acetate   20mM 
Bovine serum albumin 100g/ml 
-mecaptoethanol   1mM 
Sterilised by filtration through a 22 µm filter.  Samples stored at -20ᵒC. 

 

B (i)s Killing buffer (for RNA extraction) 
Sucrose    20%  wt/vol 
Tris HCl (pH 7.3)    20 mM 
MgCl2      5 mM 
NaN3      20 mM 
Chloramphenicol    400 μg/ml 
The NaN3 and Sucrose were filter sterilised though a 22nm filter.  All other reagents 
were autoclaved at 121˚C for 20 min prior to mixing. 

 

B(iii)  Protein expression and purification. 

B (i)t   Autoinduction media  
Reagents sterilised prior to mixing 
LB broth     500ml 
Autoinduction solution 1    25ml 
Autoinduction solution 2   10ml 
1M MgSO4     500l 
100mg/ml Ampicillin   500l 
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B (i)u   Autoinduction solution 1 (x 20) 100ml 
dH20        90ml 
(NH4)2SO4   6.6g 
KH2PO4  13.6g 
14.2g Na2HPO4  14.2g 
pH to 6.75.  Sterilise by autoclaving at 121ᵒC for 20 min 

 

B (i)v   Autoinduction Solution 2 (x 50) 100ml 
Glycerol     25ml   
Glucose     2.5g   
-lactose (may require heating to dissolve)  10g   
dH20      7.3ml    
Sterilised by 22nm filter. 

 

B (i)w   1M Magnesium sulphate 
MgSO4•7H20   24.65g    
dH20   100ml    
Sterilised by autoclaving at 121ᵒC for 20 min. 

 

 

B (i)x   Solutions for SDS-PAGE 

Table 17:  Solution composition for SDS-PAGE reagents. 
Solution Composition 
Resolving gel 37.5% v/v 40% Acrylamide/Bis, 25% 1.5M Tris HCl pH 8 and 0.1%w/v 

SDS  
Stacking gel 25% v/v 40% Acrylamide/Bis, 25% 1.5M Tris HCl pH 6.8 and 0.1%w/v 

SDS  
Commassie blue stain 30% ethanol, 10% v/v acetic acid and 0.1% coomassie blue G250  
Destain 10% v/v acetic acid and 30% methanol. 
Silver staining reagent 2g/L AgNO3 
Oxidant 0.2g/L Na2S2O3•5H2O 
Developer 6g/100ml Na2CO3, 50l/ml Formaldehyde and 4mg/100ml 

Na2S2O3•5H2O  
SDS-Reducing buffer 12.5% v/v 0.5M Tris HCl (pH6.8).  25% v/v glycerol. 2% w/v SDS, 

0.01% w/v bromophenol blue and 5% v/v-Mercaptoethanol 
SDS running buffer 14.4g/L Glycine, 1g/L SDS, 4.04g/L Tris. 
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B(iv)  Buffers used in protein purification and assays. 

All buffers used for FPLC were filter sterilised and degassed prior to use. 

 

B (i)y  Nickel column purification 

Buffer A:  300mM NaCl2, 50mM Sodium phosphate, 20mM Imidazole, pH 8. 

Buffer B:  300mM NaCl2, 50mM Sodium phosphate, 250mM Imidazole, pH 8. 

 

B (i)z   MonoS and MonoQ column purification 

Buffer C:  10mM HEPES, pH 6.8 

Buffer D:  10mM HEPES, 1M NaCl2, pH 6.8 

 

B (i)aa   Storage buffer 

10mM HEPES, 150mM NaCl2, 1mM EDTA, pH6.8 

 

B (i)bb   Potassium phosphate buffer 

100mM Potassium phosphate, 2mM EDTA, pH7. 

 

B (i)cc   McLlvaine buffer 

0.2M disodium hydrogen phosphate, 0.1M citric acid, pH7. 

 

B (i)dd   Oxidising solution:  copper-phenthroline 
100mM CuCl2    300l 
1M Phenthroline   84 l 
dH20    610l 

 

B (i)ee   Reducing solution 

100mM DTT. 
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B(v)   Western blot solutions. 

B (i)ff   Transfer buffer 
Tris base   3.03g 
Glycine   14.4g 
menthanol  200l 
Make up to 500ml with dH20.   

 

B (i)gg  Tris NaCl2  
1.2g Tris Base 
8.7g NaCl2 
Make up to 500ml with dH20.  pH to 7.4  

 

B (i)hh   Blocking buffer 
1g Proalbuim (BSA) powder  
Dissolve in 50ml of Tris NaCl2. 
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Appendix C: Phenotypes and substrates linked to DsbA 
in multiple Gram negative bacteria. 

This section contains the completed version of Table 1 from the literature review and 

contains phenotypes displayed by DsbA null strains in E. coli and a range of other Gram 

negative bacteria as well as the substrates identified where they are known. 

Table 18:  List of known DsbA substrates in different Gram negative bacteria affected by loss of 
DsbA and the releated phenotype.   

Bacteria Substrate Function Phenotype Reference 
     

E. coli Direct 
response 
to loss of 

DsbA 

Maintenance of 
oxidative environment 

in the periplasm 

Increased sensitivity to 
DTT/reductive stress 

(Bardwell et al., 
1991; Findlay and 

Hirst, 1994) 

multiple Multiple Inability of E. coli K1 to 
cause invasive disease in 

the infant rat model 

(Gonzalez et al., 
2001) 

Agp periplasmic acid 
phosphatase 

Not stated in study (Berkmen et al., 
2005) 

PhoA Alkaline phosphatase Loss of AP activity (Bardwell et al., 
1991; Kamitani et 

al., 1992) 
AppA periplasmic acid 

phosphatase, phytase 
Not stated in study (Berkmen et al., 

2005) 
Gene 

name not 
mentioned 

-lactamase Loss of resistance to 
Penicillin 

(Bardwell et al., 
1991) 

BfpA Bundle forming pilin Rapid degradation of 
pilin subunits and no 

pilin present on surface 
of cell. 

(Donnenberg et al., 
1997) 

C9 Human complement 
protein 

DsbA converts C9 from 
a non-toxic to toxic from 

resulting in cell death.  
Cells lacking DsbA are 
resistant to C9 killing. 

(Wang et al., 2000) 

CirA outer membrane colicin 
1 receptor protein 

Loss of protein (Vertommen et al., 
2008) 

CcmC Cytochrome C Reduced growth rate (Metheringham et 
al., 1996; Sambongi 
and Ferguson, 1996) 

Cu,ZnSO
D 

Cu,Zn superoxide 
disumutase 

Non – functional 
enzyme.  Increased 

sensitivity to oxidative 
stress (?) 

(Battistoni et al., 
1999) 

DegP 
(HtrA) 

Heat Shock Chaperone Reduced tolerance to 
stress.  DegP present in 

the reduced form 
resulting in increased 
protease activity and 
decreased chaperone 

(Hiniker and 
Bardwell, 2004; 

Skorko-Glonek et 
al., 2006; Skorko-

Glonek et al., 2008) 
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activity. 
DppA Dipeptide binding 

protein 
Loss this protein resulted 

in loss of ability of 
proline auxotroph to 

utilise Pro-Gly peptide as 
source of proline and 

disruption for 
chemotaxis towards 

dipeptides 

(Hiniker and 
Bardwell, 2004; 
Kadokura et al., 

2005; Olson et al., 
1991) 

FlgI Flagella subunit Loss of motility (Bardwell et al., 
1991; Hiniker and 
Bardwell, 2004) 

FimC Chaperone protein for 
type I fimbrae/pilin 

subunits 

Reduction in type I 
fimbrae on cell surface 

and reduced biofilm 
formation 

(Genevaux et al., 
1999) 

EaeA Intimin Increased sensitivity of 
Intimin to protease 

degradation. No longer 
capable of causing A/E 

lesions. 

(Bodelon et al., 
2009; Yu and Kroll, 

1999) 

End 1 Endonuclease Loss of protein (Vertommen et al., 
2008) 

Etx Heat labile toxin Non-functional toxin (Stenson and Weiss, 
2002) 

(Skorko-Glonek et 
al., 2006) 

LamB the outer membrane 
component of the 

maltose 
transport system. 

Inability to metabolise 
maltose in the absence of 

both DsbA and DsbC, 
resulting in pink rather 

than red colonies on 
maltodextrin 

MacConkey agar 

(Vertommen et al., 
2008) 

LptD Inserts LPS into the 
outer membrane. 

Reduction in membrane 
integrity. 

(Denoncin et al., 
2010) 

MepA penicillin 
insensitive murine 

endopeptidase 

Loss of protein (Vertommen et al., 
2008) 

MerP Mercury (Hg2+) 
binding protein 

Increased sensitivity to 
Hg2+ 

(Powlowski and 
Sahlman, 1999; 

Stafford et al., 1999) 
LivJ High affinity Leucine 

transport protein 
Disruption to Leucine 

uptake 
(Adams et al., 1990; 

Hiniker and 
Bardwell, 2004; 
Kadokura et al., 

2005) 
OmpA Outer membrane 

protein 
Reduced frequency of 

conjugation. 
(Kadokura et al., 

2005) 
PapD Pilus protein chaperone P-pilin not assembled (Jacob-Dubuisson et 

al., 1994) 
PulK Component of type II 

secretion system 
Loss of type II secretion 

system 
(Pugsley et al., 

2001) 
RNaseI Degrades RNA Loss of activity (Hiniker and 

Bardwell, 2004) 
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STp Heat stable enterotoxin 
I 

Non-functional toxin (Batisson and der 
Vartanian, 2000; 
Yamanaka et al., 

1994) 
STII Heat Stable enterotoxin 

II 
Degradation of toxin in 

the periplasm 
(Okamoto et al., 

1995; Okamoto et 
al., 2001) 

Unknown Unknown Altered LOS structure 
(additions) 

(Genevaux et al., 
1999) 

Unknown F-pilus component Resistance to F-pilus 
specific bacteriophages 

(Bardwell et al., 
1991) 

Unknown Unknown Increased sensitivity to 
Cadmium (Cd2+) 

(Rensing et al., 
1997; Stafford et al., 

1999) 
Unknown Unknown Increased sensitivity to 

Zinc (Zn2+) 
(Rensing et al., 

1997) 
     

Pseudomonas 
aeruginosa 

Direct 
response 
to loss of 

DsbA 

Maintenance of 
oxidative environment 

in the periplasm 

Increased sensitivity to 
DTT 

(Ha et al., 2003; 
Malhotra et al., 

2000) 

Unknown Alkaline phosphatase Loss of activity (Urban et al., 2001) 
KatC Temperature dependent 

catalase isoenzyme 
Loss of bd cytochrome/ 

Cyanide insensitivity 
chromosome (C10) 

activity 

(Mossialos et al., 
2006; Tinsley et al., 

2004) 
 

LasB Elastase Inability of protein to 
mature to active protein 

and accumulation of 
inactive elastase 
intracellularly 

(Braun et al., 2001) 

LipA Extracellular lipase 75% reduction in lipase 
activity 

(Urban et al., 2001) 

Unknown Type III secretion 
system component 

Loss of type III secretion 
system 

(Royet and 
Reichhart, 2003) 

Unknown Unknown Loss of mucoid 
conversion of colonies 

(Malhotra et al., 
2000) 

Unknown Unknown Reduced lethality in 
infection of Drosophila 

melanogaster 

(Lau et al., 2003) 

Unknown Unknown Reduction in pilA 
transcription 

(Royet and 
Reichhart, 2003) 

 Unknown Unknown Loss of induction system 
for expression of TypeII 

secretion system 
Unknown Flagella machinery/ 

biosynthesis or 
regulation 

Loss/Reduction in 
swimming motility 

(Royet and 
Reichhart, 2003; 

Urban et al., 2001) 
PilA Type IV pilin subunit Reduction in twitching 

motility 
(Ha et al., 2003; 
Malhotra et al., 

2000) 
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Pseudomonas 
fluroescens 

Unknown unknown Reduction in 
colonisation efficiency in 
mixed culture with wild-

type strain but not 
considered significant to 

be out competed by 
native soil microflora 

(Mavrodi et al., 
2006) 

 

     
Rhodobacter 
capsulatus 

Unknown 
 

Unknown 
 

Defective respiration/ 
loss of motility and 

increased sensitivity to 
osmotic stress 

(Onder et al., 2008) 
 

     
Shigella 
flexneri 

Direct 
response 
to loss of 

DsbA 

Maintenance of 
oxidative environment 

in the periplasm 

Increased sensitivity to 
DTT 

 

(Yu et al., 2000) 
 

More vulnerable to 
acidification by 

endocytic vesicles. 

ST Shiga toxin Increased degradation of 
toxin by proteases and  

reduced activity 

(Garred et al., 1997) 

Spa33 Component of type-III 
secretion system 

Inability to secrete Ipa 
proteins required for 

invasion and intracellular 
spread 

(Watarai et al., 
1995; Yu, 1998) 

Avirulent in Guinea pigs (Yu et al., 2000) 
Unable to form plaques 

on CaCo-2 cell 
monolayer 

     
Vibrio 

cholerae 
Ctx Cholerae toxin Non-functional toxin (Findlay et al., 1993; 

Yu et al., 1992) 
Unknown Protease Loss of activity (Yu et al., 1992) 

TcpA Subunit of Type IVb 
pilin 

Degradation of TcpA and 
loss of Type IV pilin 

(Manning, 1997) 

Unable to colonise 
human intestinal 

epithelia 

(Craig et al., 2003) 

Resistant to CTXФ 
which carries the cholera 

toxin gene 

(Craig et al., 2003) 

     
Bodetella 
pertussis 

pHF Pertussis toxin Non-functional toxin (Stenson and Weiss, 
2002) 

Unknown Possibly type II 
secretion system 

Defect in pertussis toxin 
secretion 

(Stenson and Weiss, 
2002) 

     
Burkholderia 

cepacia 
Gene not 
named 

Alkaline phosphatase Loss of activity (Hayashi et al., 
2000) 

 Gene not 
named 

Extracellular protease Loss of activity 

Unknown Flagella machinery/ 
biosynthesis or 

regulation 

Loss of motility 
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Unknown Unknown Loss of Type II secretion 
system 

Unknown Unknown Increased sensitivity to 
heavy metals (cd2+ and 

Zn2+) 
Unknown Unknown Increased sensitivity to 

multiple antibiotics and 
SDS 

     
Klebsiella 
oxytoca 

PulA Pullulanase No effect on protein 
activity.  Reduction in 

secretion efficiency 

(Sauvonnet and 
Pugsley, 1998) 

PulK Pseudopilin subunit Loss of type II secretion 
system 

(Pugsley et al., 
2001) PulS Secretin 

     
Haemophilus 
influenzae Rd 

HpbA Haem transport protein Reduction in oxidised 
HbpA in the cell and 

reduction in bacteraemia 
in the mouse model. 

(Rosadini et al., 
2008) 

Unknown Unknown Reduction in bacteraemia 
beyond what is shown by 

a HpbA mutant/ 
reduction in serum 

resistance and increased 
senstivity to reducing 

agent DTT 

Unknown Unknown Reduction in competence (Tomb, 1992) 
     

Erwinia 
carotovora 
Astropetica 

Multiple General stress response Upregulation of heat 
shock proteins including 

DegP, DnaK and 
GroL/S. 

(Coulthurst et al., 
2008) 

Nip Necrosis Inducing 
protein 

Significantly reduced 
levels in the cell 

OutK Type II secretion 
system pseudopilin 

Loss of secretion system 
and proteins dependent 

on it.  Loss of non-
disulphide carrying 

major cellulase CelV 

OutS Type II secretion 
system secretin 

PehA Endo-
polygalacturonase 

Significantly reduced 
levels in the cell 

PehX Exo-polygalacturonase Significantly reduced 
levels in the cell 

PelA/B/C/
Z, pel-3, 

ECA2552 

Pectin lysate isoforms Missing or significantly 
reduced. 

Svx Secreted virulence 
protein 

Significantly reduced 
levels in the cell 

Unknown Flagella machinery/ 
biosynthesis or 

regulation 

Loss of swimming 
motility and down-

regulation of the flagella 
proteins. 
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Erwinia 
chrysanthemi 

EGZ Endoglucanase Z 
cellulase 

Disulphide bond loss in 
cellulose binding 

domain. 

Accumulation and 
eventual degradation of 

cellulase EGZ in 
periplasm 

(Shevchik et al., 
1994) 

Unknown Major Ecc Cellulase 
(CelV) regulator 

2-3 fold increase in 
cellulase activity 

(Vincent-Sealy et 
al., 1999) 

 PelC Pectate lysase Loss of activity and 
downregulation 

 Endopolygalacturonase Reduced activity 
Unknown Flagella machinery/ 

biosynthesis or 
regulation 

Loss of swimming 
motility 

Unknown Unknown Loss of Type II secretion 
system 

(Bortoli-German et 
al., 1994) 

Unknown Unknown Loss of Type III 
secretion system 

(Shevchik et al., 
1995) 

     
Yersinia 

pestis 
Caf1M Capsule subunit (Caf1) 

chaperone 
Reduced levels of Caf1M 

in the cell 
(Zav'yalov et al., 

1997) 
YscC Essential component of 

type III secretion 
system 

Inability to secrete Yop 
and V antigen 

(Jackson and Plano, 
1999) 

Inv Invasin Loss of invasin (Yu and Kroll, 
1999) 

     
Salmonella 

enterica 
Typhi 

Agp Glucose 1 phosphatase Poor growth in minimal 
media with Glucose-1 
phosphate as the sole 

carbon source 

(Agudo et al., 2004) 
 

AI-2 Quorum sensing signal 
molecule in LuxS 

system 

Unknown affect.  Known 
to reduce flagella 

synthesis in EHEC 
OmpC Outer membrane 

protein 
Loss of protein. 

Unknown Essential chaperone/ 
biosynthesis 

component for  FliC 
production (FlicC 

contains no disulphide 
bonds) 

Loss of flagella 

     
Salmonella 

enterica 
Typhimurium 

DsbA 

SpiA 
(SscC) 

Salmonella 
pathogenicity island 2 

encoded type III 
secretion system 

Loss of intracellular 
survival in macrophages 
and systemic infection in 

mice 

(Miki et al., 2004) 

Unknown Flagella machinery/ 
biosynthesis or 

regulation 

Loss of swimming 
motility 

(Turcot et al., 2001) 
 

Unknown Unknown Increase in colony 
mucoidy 

Unknown Unknown Increased sensitivity to 
cationic peptides 

Gene 
name not 

mentioned 

Alkaline phosphatase Inability to produce 
active alkaline 
phosphatase 

Unknown Salmonella 
pathogenicity island 1 

Inability to invade 
epithelial cells and 

(Miki et al., 2004) 
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encoded type III 
secretion system 

reduced inflammation in 
the intestinal mucosa 

Salmonella 
enterica 

Typhimurium 
DsbA 

homologue 
SrgA 

PefA Plasmid encoded 
fimbrae 

Loss of plasmid encoded 
fimbrae on cell surface 

(Bouwman et al., 
2003) 

SpiA 
(SscC) 

Salmonella 
pathogenicity island 2 

encoded type III 
secretion system 

Loss of intracellular 
survival in macrophages 
and systemic infection in 

mice 

(Miki et al., 2004) 

     
Neisseria 

meningitidis 
DsbA1 and 

DsbA2 

Unknown Unknown Increased sensitivity to 
oxidative stress caused 
by paraquat and copper 

but not H2O2. 

(Kumar et al., 
2011b) 

Unknown Proteins involved in 
competency other than 

PilQ. 

~10% transformation 
frequency of parent 

strain with no alteration 
in PilQ levels. 

PilE Type IV pilin subunit Non-functional pilin 
 

(Tinsley et al., 2004) 
 

PilQ Outer membrane 
component of Type IV 

pilin biosynthesis 
pathway. 

Inefficient folding of 
PilQ and reduction in 

levels in the cell. 

(Sinha et al., 2008) 
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Appendix D: The sequence identity of the DsbA3-like 
proteins of Neisseria sp. 

Table 19 shows the percentage of amino acid sequence identity (score) between the 

amino acid sequence of each of the DsbA3 proteins from each species (pairwise). The 

table was generated using web based ClustalW2 program 

Table 19:  Table of sequnce identity between the Neisserial DsbA3 proteins. 
 
SeqA Name              Len(aa)  SeqB Name             Len(aa)  Score 
================================================================= 
1    meningitidis     214       2    gonorrhoeae     214       95    
1    meningitidis     214       3    polysaccharea    214         96    
1    meningitidis      214       4    lactamica         214         92    
1    meningitidis      214       5    cinerea           214         87    
1    meningitidis      214       6    mucosa            214         60    
1    meningitidis      214       7    sicca             214         58    
1    meningitidis      214       8    subflava          209         60    
1    meningitidis      214       9    flavescens       213         59    
2    gonorrhoeae      214      3    polysaccharea    214         93    
2    gonorrhoeae      214      4    lactamica         214         90    
2    gonorrhoeae      214      5    cinerea           214         86    
2    gonorrhoeae      214      6    mucosa            214         59    
2    gonorrhoeae      214      7    sicca             214         57    
2    gonorrhoeae      214      8    subflava          209         58    
2    gonorrhoeae      214      9    flavescens        213         57    
3    polysaccharea    214      4    lactamica         214         92    
3    polysaccharea    214      5    cinerea           214         90    
3    polysaccharea    214      6    mucosa            214         60    
3    polysaccharea    214      7    sicca             214         58    
3    polysaccharea    214      8    subflava          209         59    
3    polysaccharea    214      9    flavescens        213         59    
4    lactamica          214       5    cinerea           214         89    
4    lactamica          214       6    mucosa            214         60    
4    lactamica          214       7    sicca             214         58    
4    lactamica          214       8    subflava          209         59    
4    lactamica          214       9    flavescens        213         59    
5    cinerea            214       6    mucosa            214         59    
5    cinerea            214       7    sicca             214         58    
5    cinerea            214       8    subflava          209         57    
5    cinerea            214       9    flavescens        213         59    
6    mucosa             214       7    sicca             214         95    
6    mucosa             214       8    subflava          209         69    
6    mucosa             214       9    flavescens        213         68    
7    sicca              214       8    subflava          209         66    
7    sicca              214       9    flavescens        213         65    
8    subflava           209       9    flavescens        213         95    
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Appendix E: Plasmids not shown in the text. 

This section shows plasmids used or constructed in this study that are not shown in the 

main body of the thesis.  

E(i)  pHGS576 

 

Figure 95:  Restriction map of low copy E. coli vector pHSG576.  Figure shows the position of the 
most commonly used restriction enzymes and the RP and UP primer positions. It carries the cat 
(chloramphenicol resistance, lacIq (Plac repressor) and lacZ containing a MCS for blue white screening.  
Expression of the cloned gene is under control of the Plac promoter and is induced by addition of IPTG to 
the media.  Plasmid specific primers RP and UP are for screening across the MCS. Reference for 
pHSG576 is Takeshita et al., (1987) 
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E(ii)  pTrc99A. 

 

Figure 96:  Restriction map of high copy vector pTrc99A. The figure shows the positon of unique 
restriction sites in the cloning site.  pTrc99A is a high copy expression vector with a pBR322 origin of 
replication. It also encodes bla (ampicillin resistance) and the lacIq (Ptrc repressor). Expression of the 
cloned gene is under the control of the Ptrc promter and is induced by addition of IPTG to the growth 
media.  rrnBT1 and T2 transcriptional terminators prevent induction of genes downstream of the MCS.  
Reference for this plasmid is Amann et al., (1988) 
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E(iii)   EXEC62  (pTrc99A+dsbA3) 

 

Figure 97:  Restriction map of pEX62 (pTrc99A+NmdsbA3).  EXEC62 was originally constructed as 
an expression plasmid for wild-type NmDsbA3..  NmdsbA3 has been amplified with an E. coli  SD site at 
the 5’ end to aid efficient translation and the gene is flanked by NcoI sites.  Restriction sites shown in red 
are unique, in black are in multiple places in the plasmid.  Reference for this plasmid is Scoullar (2004). 
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E(iv)   CKEC100 (pYT250+attR) 

 

Figure 98:  Restriction map of the pCMK100, a derivative of pYT250 containing the attR-cat-ccdB 
cassette.  The attR-cat-ccdB cassette is flanked by EcoRV sites. The orientation of the attR-cat-ccdB 
cassette in the plasmid has not been confirmed. 
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E(v)   pCMK109 (pHSG576+dsbA1::addA) 

 

Figure 99:  Plasmid map of pCMK109.  The dsbA1 locus was amplified from N. meningitidis strain 
MC58 with primer pair, DAP275 and DAP263, and cloned into the HincII site of pHSG576. The 
orientation of insert with respect to lacZ has not been confirmed. The aadA (spectinomycin antibiotic 
resistance marker) is inserted between the two BssHII sites which are destroyed. The orientation of the 
addA cassette within dsbA1 was confirmed with addA and dsbA1 specific primer pairs. This plasmid was 
used for all dsbA1 inactivation in strain NMB. 
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E(vi)   pCMK111 (pHSG576+dsbA2::tetM) 

 

Figure 100:  Plasmid map of pCMK111.  The dsbA2 locus was amplified from N. meningitidis strain 
NMB with primer pair, DAP285 and DAP201, and was inserted into the HincII site of pHSG576.  The 
orientation of the insert with respect to lacZ was not confirmed.  tetM was excised from pJKD3401 by 
EcoRV restriction digest and inserted into the blunted internal NotI site in NmdsbA2..  The orientation of 
tetM with respect to NmdsbA2 was confirmed by directional PCR. The putative siderophore receptor is 
present in the strain NMB but not strain MC58 chromosome.  This plasmid was used for inactivation of 
dsbA2 in strain NMB. 
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Appendix F: Optimisation of expression strain for use 
of the pET45(b)+NmDsbA vectors. 

Initial laboratory expression experiments with BL21 gave very low expression levels of 

recombinant proteins.  As consequence the plasmids were sent to Dr Noelene Quinsy at 

Monash University for a high throughput analysis with different expression host strains.  

As a result of this study BL21(DE3) RP was used for expression of NmDsbA1 and 

NmDsbA2, while BL21 (DE3) C43 was used for expression of NmDsbA3.  The 

optimisation study also revealed that optimal protein yields were obtained at low 

temperatures, 20-25˚C over a 24 to 48 hr period and this was factored into the 

expression method.  
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Appendix G:   Protein crystalisation papers. 

Vivian, J.P., Scoullar, J., Robertson, A.L., Bottomley, S.P., Horne, J., Chin, Y., Wielens, J., Thompson, 
P.E., Velkov, T., Piek, S., et al. (2008). Structural and biochemical characterization of the oxidoreductase 
NmDsbA3 from Neisseria meningitidis. J Biol Chem 283, 32452-32461. 

Vivian, J.P., Scoullar, J., Rimmer, K., Bushell, S.R., Beddoe, T., Wilce, M.C., Byres, E., Boyle, T.P., 
Doak, B., Simpson, J.S., et al. (2009). Structure and function of the oxidoreductase DsbA1 from 
Neisseria meningitidis. J Mol Biol 394, 931-943. 
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Appendix H:  The paper relating to N. meningitidis 
DsbD. 

Kumar, P., Sannigrahi, S., Scoullar, J., Kahler, C.M., and Tzeng, Y.L. (2011). Characterization of DsbD 
in Neisseria meningitidis. Mol Microbiol. 
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