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Abstract.
The Gram-negative bacterial outer membrane (OM), consisting of phospholipids,
lipopolysaccharide (LPS) and proteins, forms a selective permeability barrier to the
external environment and plays a key role in virulence. Disulfide bond (Dsb) proteins
are required for the correct biogenesis of the protein components of the Gram-negative
OM as they catalyse the formation of stabilising disulfide bonds. Recently, Dsb proteins
have also been implicated in LPS biogenesis in E. coli, suggesting a much larger role of
Dsb proteins in OM biogenesis and virulence of Gram-negative bacteria [7].
While E. coli has been established as the model organism for periplasmic protein
folding, this pathway is fundamentally different in N. meningitidis. E. coli contains a
single DsbA enzyme (EcDsbA) which introduces disulfide bonds into a wide range of
unrelated substrates, while N. meningitidis contains three DsbA enzymes, termed
NmDsbA1, NmDsbA2 and NmDsbA3, which recognise a small cohort of specific
proteins. This study aimed to identify features of these specialised meningococcal DsbA
enzymes responsible for the differences in function. The crystal structures of the
meningococcal DsbAs, NmDsbA1 [179] and NmDsbA3 (Appendix F (II)), were solved
by our collaborator, Dr Martin Scanlon. In addition, our group proposed a model for the
binding of substrates to EcDsbA. DsbA consists of two domains, the -domain inserted
into a thioredoxin domain containing the active site, CXXC. The -domain is flanked
by two flexible hinge regions, H1 and H2, and it was these residues which also
interacted with the bound substrate in our structure model (Appendix F (I)).
To further examine the relevance of these observations, a series of chimeric
oxidoreductases in which the H2 region was modified were studied for changes in
substrate recognition profile. In these assays, the chimeric proteins were expressed in an
E. colidsbA mutant and assessed for the ability to oxidise the flagellum motor protein,
FlgI, and thus restore motility. The ability to restore DTT resistance to the E. colidsbA
mutant was used as a phenotype that indicated that the oxidoreductase was functional. It
was shown that a chimeric protein consisting of the -domain with the flanking hinge
regions of NmDsbA1 within the thioredoxin domain of EcDsbA, resulted in an enzyme
with oxidoreductase activity as determined by the ability to restore DTT resistance, but
was unable to oxidise FlgI. An in silico model of the chimera based upon the known
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crystal structures of both proteins implicated residues in the H2 region as being
responsible for this change in function. To test this further, the H1 and H2 residues of
the NmDsbA1 were changed to those of the EcDsbA in a series of chimeric proteins.
The expression of NmDsbA1 in the E. colidsbA mutant was unable to restore any
phneotype, whilst changes to the H2 region but not the H1 region, created a chimera
that did restore motility. While this work was in progress, Lafaye et al. [178] showed
that residues in the H2 region were involved in the interaction of NmDsbA1 with the
EcDsbB, in vitro, which is necessary for the re-oxidation of NmDsbA1 after the
donation of disulfide bond to the substrate protein. Together with the results of this
study, we can conclude that the H2 region is important in enabling the interaction of
NmDsbA1 with EcDsbB in the heterologous host.
The second aim of this study was to identify substrate proteins for each of the
meningococcal oxidoreductases. Substrates of EcDsbA can be trapped in a covalent
complex when the cis-Pro151 residue was mutated to a threonine, (P151T) thus
preventing the completion of the donation of the disulfide bond to the substrate.
Therefore, a shuttle vector system for the expression of these oxidoreductases that
would enable cloning and maintenance in E. coli, and the transfer and stable expression
at a non-toxic, but detectable level by Western immunoblot in N. meningitidis, needed
to be constructed. A high throughput cloning system for the expression of Hisx6-tagged
proteins was developed using the Gateway® technology to mediate rapid introduction of
Hisx6-tagged substrates into a destination vector in a single reaction. A library of Hisx6tagged oxidoreductase genes was built in the entry vector pCMK133 and maintained in
E. coli. An initial attempt to use the conjugative shuttle vector based upon pMIDG100
to express oxidoreductases in E. coli and N. meningitidis was unsuccessful due to a
number of factors including the expression of toxic levels of protein that were lethal to
E. coli and the subsequent instability of the plasmid in N. meningitidis strain NMB.
However, a second attempt using a transformable shuttle vector series based upon
pYT250 enabled the expression of a “trapping” oxidoreductase, NmDsbA1 P151T, in
N. meningitidis. However, the NmDsbA1 P151T did not interact with NmDsbB and no
trapping of substrates occurred. Therefore, this study provided evidence that cis-Pro151
also influences the interaction NmDsbA1 with NmDsbB but does not result in trapping
of substrates as it does in E. coli. Therefore, the biochemistry of the interacting redox
pair NmDsbA1 and NmDsbB is fundamentally different from that seen for EcDsbA and
EcDsbB, highlighting the fact that these redox pairs are optimised to each other.
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Lastly, this study identified a component of the meningococcal lipooligosaccharide
(LOS) biosynthesis machinery as a substrate for the protein oxidation pathway. The
phosphoethanolamine (PEA) transferase, NmLptA, which catalyses the transfer of PEA
to the lipid A headgroups of meningococcal LOS was shown to contain stabilising
disulfide bonds. When expressed in E. coli, NmLptA catalysed the addition of a single
PEA to lipid A of E. coli LPS resulting in an increased resistance to CAMPs. It was
shown that in the absence of EcDsbA, NmLptA was degraded, hence proving a role for
the disulfide bonds in the protection of the protein to periplasmic proteases. In addition,
it was shown that NmLptA consisted of two domains, a transmembrane domain and a
globular domain containing the active site and five disulfide bonds. The removal of the
transmembrane domain from NmLptA did not affect the ability of the enzyme to react
with a chromogenic substrate, para-nitrophenol phosphoethanolamine, but prevented
the enzyme from transferring PEA to the lipid A headgroup of E. coli LPS. As a result,
this study has further established that the meningococcal DsbA enzymes as key players
in the pathogenesis of N. meningitidis and has provided additional evidence of the role
of DsbA enzymes in the biogenesis of the LPS component of the OM of Gram-negative
bacteria.

v

Declaration of contribution.
This thesis contains published work and/or work prepared for publication, which has
been co-authored. The bibliographical details of the work and where it appears in the
thesis are outlined below.
Appendix F contains two publications relating to Chapter 3 (listed below). My
contribution to the first paper (1) involved the construction and expression of chimeric
DsbA enzymes in E. colidsbA strain JCB571 and phenotypic analysis for the
functional characterisation of DsbA. These results appeared in the background and
results Sections of Chapter 3 (Sections 3.1 and 3.2.1, respectively). My contribution to
the second paper (2) involved the expression of NmDsbA3 in E. colidsbA strain
JCB571 and phenotypic analysis. These results formed part of the background to
Chapter 3 (Section 3.1).
1. Jason J. Paxman, Natalie A. Borg, James Horne, Philip E. Thompson, Yanni
Chin, Pooja Sharma,Jamie S. Simpson, Jerome Wielens, Susannah Piek,
Charlene M. Kahler, Harry Sakellaris, Mary Pearce, Stephen P. Bottomley,
Jamie Rossjohn, and Martin J. Scanlon. The Structure of the Bacterial
Oxidoreductase Enzyme DsbA in Complex with a Peptide Reveals a Basis for
Substrate Specificity in the Catalytic Cycle of DsbA Enzymes. JBC. 2009, 284
(26);17835–17845.
2. Julian P. Vivian, Jessica Scoullar, Amy L. Robertson, Stephen P. Bottomley,
James Horne, Yanni Chin, JeromeWielens, Philip E. Thompson, Tony Velkov,
Susannah Piek, Emma Byres, Travis Beddoe, Matthew C. J. Wilce, Charlene
M. Kahler, Jamie Rossjohn, and Martin J. Scanlon. Structural and Biochemical
Characterization of the Oxidoreductase NmDsbA3 from Neisseria meningitidis.
JBC. 2008, 283 (47); 32452–32461.
There are also two manuscripts being prepared for publication relating to Chapter 5
(listed below). My contribution to the first paper (1) involved the construction of
expression vector and phenotypic analysis in E. coli as well as construction and
characterisation of meningococcal dsbA mutants. My contribution to the second paper

vi

(2) involved the construction of the truncated NmlptA and cloning into the expression
vector.
1. Susannah Piek, Jhuma Ganguly, Anandhi Anandan, Martin Scanlon, Alice
Vrielink, Russell Carlson, and Charlene M. Kahler. Resistance to antimicrobial
cationic

peptides

is

dependent

upon

oxidoreductase

activity

in

Neisseria meningitidis.
2. Anandhi Anandan, Susannah Piek, Charlene M. Kahler & Alice Vrielink.
Cloning, expression, purification and crystallization of an endotoxin
biosynthesis enzyme from Neisseria meningitidis.
Lastly, there is a manuscript being prepared for publication relating to Chapters 3 and 4.
My contribution to this paper involved the construction and expression of chimeric
DsbA enzymes in E. coli and N. meningitidis and phenotypic analysis.
1. Susannah Piek, Martin Scanlon and Charlene M Kahler. Residues of the cisproline loop between 6 and 4 of specialised oxidoreductases determine the
ability to interact with the redox partner DsbB.
This thesis also contains some unpublished work provided by others:
Extraction of LPS and characterisation of PEA substitution on lipid A of E. coli by
MALDI-TOF MS (as described in Chapter 5, Sections 5.2.2.2 and 5.2.4) was conducted
by Jhuma Ganguly and Russell Carlson of the Complex carbohydrate Research Centre,
Atlanta, USA.
Jessica Scoullar transformed pCMK534 into N. meningitidis strain CKNM103. She then
analysed the vector for re-arrangements in the meningococcal host by passage through
E. coli and restriction digest as described in Section 4.2.3.2.

Student signature: ........................................................................................

Coordinating supervisor signature: .............................................................

vii

Conference Presentations.
Oral Presentations.


Susannah Piek, Jhuma Ganguly, Anandhi Anandan, Christopher Wanty,
Martin Scanlon, Alice Vrielink, Russell Carlson, and Charlene Kahler.
Resistance

to

cationic

antimicrobial

peptides

is

determined

by

oxidoreductases in Neisseria meningitidis. Presented at BacPath 11:
Molecular Analysis of Bacterial Pathogens, in Wyong, NSW, in September
2011.


Susannah Piek, Jason Paxman, Natalie Borg, James Horne, Jamie
Rossjohn, Phil Thompson, Harry Sakellaris, Martin Scanlon and Charlene
Kahler. An Insight into the Basis of Substrate Specificity of the
Oxidoreductase DsbA. Presented at the Australian Society of Microbiology
annual general meeting in Perth, WA, in July of 2009.



Susannah Piek, Jason Paxman, Natalie Borg, James Horne, Jamie Rossjohn, Phil
Thompson, Harry Sakellaris, Martin Scanlon and Charlene Kahler. An Insight
into the Basis of Substrate Specificity of the Oxidoreductase DsbA. Presented at
the Australian Society of Medical Research (ASMR) annual general meeting in
Perth, WA, in June of 2009.



Susannah Piek, Jason Paxman, Natalie Borg, James Horne, Jamie Rossjohn, Phil
Thompson, Harry Sakellaris, Martin Scanlon and Charlene Kahler. An Insight
into the Basis of Substrate Specificity of the Oxidoreductase DsbA. Presented at
the ASMR annual general meeting in Perth, WA, in June of 2008.



Susannah Piek, Jason Paxman, Natalie Borg, James Horne, Jamie Rossjohn, Phil
Thompson, Harry Sakellaris, Martin Scanlon and Charlene Kahler. An Insight
into the Basis of Substrate Specificity of Meningococcal Oxidoreductases.
Presented at the Post-Graduate Research Forum for the School of Biomedical,
Biomolecular and Chemical Sciences (BBCS), in Perth, WA, in November of
2007 (Invited participant).

viii

Poster Presentations


Susannah H Piek, Jhuma Ganguly, Anandhi Anandan, Christopher Wanty,
Martin J Scanlon, Alice Vrielink, Russell W Carlson, and Charlene M Kahler.
Resistance to cationic antimicrobial peptides is determined by oxidoreductases
in Neisseria meningitidis. Presented at the Combined Biological Sciences
Meeting (CBSM) in Perth, WA, in August of 2011. Australian Society of
Microbiology poster prize winner.



Susannah Piek, Jason Paxman, Natalie Borg, James Horne, Jamie Rossjohn, Phil
Thompson, Harry Sakellaris Martin Scanlon and Charlene Kahler. An Insight
into the Basis of Substrate Specificity of the Meningococcal Oxidoreductase
NmDsbA1. Presented at the CBSM in Perth, WA, in August of 2009.



Susannah Piek, Jason Paxman, Natalie Borg, James Horne, Jamie
Rossjohn, Phil Thompson, Harry Sakellaris, Martin Scanlon and Charlene
Kahler. An Insight into the Basis of Substrate Specificity of Meningococcal
Oxidoreductases. Presented at the International Pathogenic Neisseria
Conference (IPNC) in Rotterdam, Holland, in September of 2008. Susannah
was awarded a £300 student travel prize from the IPNC committee to
attend this conference.



Susannah Piek, Jason Paxman, Natalie Borg, James Horne, Jamie Rossjohn, Phil
Thompson, Harry Sakellaris, Martin Scanlon and Charlene Kahler. An Insight
into the Basis of Substrate Specificity of the Oxidoreductase DsbA. Presented at
the CBSM in Perth, WA, in August of 2008.

ix

Acknowledgements.
There are many wonderful people in my personal and professional life, without whom,
this thesis would never have eventuated. The first person I must mention is my
coordinating supervisor A/Prof Charlene Kahler. I can honestly say that I would have
been unlikely to continue my studies this far without Charlene‟s influence as a
professional mentor and friend. I first met Charlene during my third year of
undergraduate studies at UWA when I commenced a short research project in her
laboratory. I then went on to complete a vacation scholarship and honours in her
laboratory followed by the commencement of my PhD studies. I think the fact that I
have been in Charlene‟s laboratory for almost 7 years now, speaks volumes for
Charlene‟s ability as a supervisor and mentor. She has been supportive, flexible and
understanding and has helped me achieve my full potential as a young scientist. I am
now looking forward to commencing my first post-doctoral position with her. I consider
myself extremely fortunate to have found my way into Charlene‟s laboratory, all those
years ago, as I can now see that it was the start of a positive and successful working
relationship that will hopefully continue for years to come.
I would like to dedicate this thesis to my wonderful husband, Morne, to thank him for
his love and support over the last ten years, which has seen me through my entire
tertiary education. I don‟t know how I will ever repay you for your loving patience and
understanding, and for all of the hours you have worked to support me through my
studies. Thank you for providing me with this amazing opportunity. I love you from the
bottom of my heart and I look forward to sharing many more happy years with you.
I consider myself extremely fortunate to have not only been blessed with a wonderful
husband, but to have the unconditional love and support of an amazing family. I would
not be where I am today if it were not for my parents, Allan and Kate. You provided me
with the strong grounding from which to build my life and the freedom to follow my
dreams. Thank you for being such a stable and unwavering presence in my life. Thank
you for being my parents. Two people that I am honoured to acknowledge are my inlaws, Annette and Freek, who migrated here from South Africa last year to help with the
care of our daughter while I returned to my PhD studies. You have been instrumental in
providing a loving and stable home life for our daughter during these early years of her
life, and for that I will be forever grateful. We are truly blessed to have you here with
us. Thank you. Last, but definitely not least, I would like to thank my beautiful baby
x

daughter, Hazel, for her love and patience during the first couple of years of her life,
while I have been completing my doctorate. You are an amazing child and an incredible
shining light in my life. I am truly blessed to have you as my daughter and I will love
and cherish you always.
I would like to thank the other members of the Kahler laboratory; Stephanie Bell, Dr
Chiang Lee, Dr Lea-Ann Kirkham and Jessica Scoullar for their assistance in the
laboratory and friendship over the years. I also need to thank my external supervisors,
Professor Alice Vrielink and A/Prof Martin Scanlon for their feedback and guidance
during my studies. I would also like to thank and acknowledge the members of the
Vrielink laboratory; Anandhi Anandan, Christopher Wanty and James Walshe as well
as Dr Keith Stubbs for their work on the LptA project that forms part of the discussion
Section of Chapter 3. I look forward to continuing our collaboration on this project. I
would also like to thank Dr Steve Webb, Royal Perth Hospital, for his time taken to
discuss the background to my project and for donation of the pMIDG vector series and
Dr Yih-ling Tzeng, Emory University, for providing the pYT250 vector. Both vectors
were use in expression experiments in Chapter 4. I must also thank Dr James Bardwell,
University of Michigan, for the kind donation of the E. coli strains JCB571 and JCB570
used in Chapter 3. I also need to acknowledge the Ada Bartholomew Research trust
grant, the National Health and Medical Research council and the UWA small grant for
providing funding for this project and the Amanda Young Foundation for the donation
of funds for equipment. Lastly, I would like to thank all of the other members of
Microbiology and Immunology at UWA that have helped make my PhD by research an
enjoyable and rewarding experience. Thank you all.

xi

xii

Table of contents.

Abstract.......................................................................................................................iii
Declaration of contribution..........................................................................................vi
Conference presentations...........................................................................................viii
Acknowledgements......................................................................................................x
Table of contents.......................................................................................................xiii
List of Figures.................................................................................................................xxi
List of Tables..............................................................................................................xxvii

Chapter

1:

Gram-negative

bacterial

outer-membrane

biogenesis...................................................................................................2
1.1 The Gram-negative cell envelope............................................................................2
1.2 The Gram-negative cell envelope of E. coli............................................................3
1.2.1 Periplasmic oxidoreductases and their role in OM biogenesis in E. coli............3
1.2.1.1 Oxidation pathway of periplasmic protein folding in E. coli...................4
1.2.1.2 Alternatives to the classical oxidation pathway of periplasmic protein
folding in E. coli..................................................................................................11
1.2.1.3 Isomerisation pathway of periplasmic protein folding in E. coli............12
1.2.1.4 The role of periplasmic oxidoreductases in virulence of E. coli.............17
1.2.2 Biosynthesis and transport of LPS to the OM in E. coli and role in
pathogenesis...............................................................................................................19

xiii

1.2.2.1 Conserved pathway for biosynthesis of Kdo2-lipid A in E. coli............19
1.2.2.2 Biosynthesis of E. coli LPS from Kdo2-lipid A.......................................20
1.2.2.3 Transport of LPS to the OM: LPS transport (Lpt) pathway in E. coli....24
1.2.2.4 Modifications of E. coli LPS and role in pathogenesis...........................27
1.3 The Gram-negative cell envelope of N. meningitidis..........................................29
1.3.1

Periplasmic

oxidoreductases

and

role

in

OM

biogenesis

of

N. meningitidis.......................................................................................................30
1.3.1.1

Oxidation

pathway

of

periplasmic

protein

folding

in

N. meningitidis.....................................................................................................30
1.3.1.2

Isomerisation

pathway

of

periplasmic

protein

folding

in

N. meningitidis.................................................................................................32
1.3.2 Biosynthesis and transport of LOS to the OM of N. meningitidis.....................33
1.3.2.1 Biosynthesis of meningococcal LOS....................................................34
1.3.2.2 Transport of LOS to the OM: Lpt pathway in N. meningitidis................36
1.3.2.3 Periplasmic modifications of meningococcal LOS.................................37
1.3.2.4 Role of LOS in pathogenesis of N. meningitidis.................................37
1.4 The interrelationship of the protein folding pathway on LPS transport and OM
biogenesis........................................................................................................................39
1.5 Aims of this study...................................................................................................39

Chapter 2: Materials and Methods..........................................42
2.1 Media and Culture conditions................................................................................49
2.1.1 Media supplements...........................................................................................51
xiv

2.2 Recombinant DNA techniques...............................................................................52
2.2.1 Solutions required for recombinant DNA techniques........................................54
2.2.2 Polymerase chain reaction (PCR)......................................................................56
2.2.3 PCR Purification..............................................................................................57
2.2.4 Automated Sequencing Reactions................................................................57
2.2.5 Plasmid Extraction.............................................................................................58
2.2.6 Gateway® Cloning..........................................................................................58
2.2.7 Restriction digestion of DNA............................................................................58
2.2.8 T4 DNA Polymerase treatment........................................................................58
2.2.9 Calf Alkaline Phosphatase (CAP) treatment.....................................................59
2.2.10 DNA Ligation..................................................................................................59
2.2.11 Transformation into E. coli...........................................................................59
2.2.12 Blue/white screening of transformants........................................................59
2.2.13 Transformation into N. meningitidis................................................................60
2.2.14 Conjugation into N. meningitidis.....................................................................60
2.2.15 Visualisation of bacteria expressing green fluorescent protein (GFP)...........60
2.2.16 Agarose gel electrophoresis............................................................................61
2.3 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS PAGE)
and Western blot analysis of protein expression....................................................61
2.3.1 Buffers and solutions required for SDS PAGE and Western blot analysis.......61
2.3.2 SDS-PAGE Method........................................................................................62

xv

2.3.2.1 Sample preparation for SDS-PAGE........................................................63
2.3.2.2 Staining of SDS-PAGE...........................................................................63
2.3.3 Western blot analysis.......................................................................................63
2.3.4 AMS gel shift assays..............................................................................................64
2.4 Phenotypic assays...................................................................................................65
2.4.1 Growth curves in broth.....................................................................................65
2.4.2 DTT assays.......................................................................................................65
2.4.3 Motility Assays.................................................................................................66
2.4.4 Colistin resistance assays..................................................................................66
2.5 Purification of lipooligosaccharide and analysis by matrix assisted laser
desorption ionization time of flight mass spectrometry (MALDI-TOF-MS)...........66

Chapter 3: Examination of the structural features of
meningococcal

DsbA

proteins

involved

in

substrate

recognition and discrimination.................................................70
3.1 Background...........................................................................................................70
3.2 Results......................................................................................................................79
3.2.1 A Valine addition prior to the H2 region of chimeric protein
EcTDNm1H2QLRGV, but not EcTDNm3H2QLRGV, influences FlgI oxidation when
expressed in E. coli.....................................................................................................79
3.2.2 Altering the H2 residues of NmDsbA1 (QIDGT) to that of EcDsbA (QLRGV)
influences NmDsbA1 mediated oxidation of FlgI when expressed in E. coli............84

xvi

3.2.3 Altering the H2 residues of NmDsbA1 (QIDGT) to that of EcDsbA (QLRGV)
increases in vivo oxidation by EcDsbB......................................................................91
3.3 Discussion............................................................................................................96

Chapter 4: Identification of meningococcal DsbA protein
substrates within Neisseria meningitidis.................................104
4.1 Background............................................................................................................104
4.2 Results.....................................................................................................................108
4.2.1 Construction of a library of Gateway® entry vectors containing (Hisx6-tagged)
wild-type and trapping meningococcal dsbA genes..................................................108
4.2.1.1 Construction of meningococcal dsbA trapping genes............................110
4.2.1.2 Construction of Gateway® compatible entry vectors pCMK515,
pCMK516 and pCMK517 containing meningococcal dsbA trapping genes
NmdsbA1 P151T, NmdsbA2 P151T and NmdsbA3 P151T, respectively..........118
4.2.1.3 Construction of Gateway® compatible entry clones pCMK576,
pCMK577 and pCMK137 containing wild-type meningococcal dsbA genes
NmdsbA1, NmdsbA2 and NmdsbA3, respectively.........................................118
4.2.2 Construction of the Gateway® compatible destination vector pCMK518 for
expression of proteins in N. meningitidis..................................................................122
4.2.2.1 Construction of control vector pCMK534..........................................126
4.2.3 Gateway® cloning and expression of oxidoreductase genes from meningococcal
expression vector pCMK518 in E. coli and N. meningitidis..................................126
4.2.3.1 Construction of the expression vector pCMK536 by Gateway® cloning of
NmdsbA3::Hisx6-aphA-3 from entry vector pCMK137 into destination vector
pCMK518, and expression in E. coli.................................................................129

xvii

4.2.3.2 The NmDsbA3 expression vector pCMK536 and control vector
pCMK534 are not stable within the meningococcal host strain NMB..........129
4.2.3.3 Gateway® cloning of trapping dsbA genes into destination vector
pCMK518 was not successful...........................................................................132
4.2.4 Construction of the transformable meningococcal expression vector
pCMK561...........................................................................................................133
4.2.5 Cloning of oxidoreductase genes from the library of entry clones into the
transformable meningococcal expression vector pCMK561 and expression in E. coli
and N. meningitidis..............................................................................................133
4.2.5.1 Cloning of dsbA genes into meningococcal expression vector pCMK561
and expression in E. coli DH5........................................................................135
4.2.5.2 Transformation and expression of NmDsbA1 P151T from meningococcal
expression vector pCMK573 in N. meningitidis strain CKNM105...................135
4.2.6 The cis-Pro151 of NmDsbA1 influences oxidation by NmDsbB in
N. meningitidis but does not result in covalent trapping of substrate proteins.......138
4.3 Discussion...............................................................................................................138

Chapter 5: Investigation into the role of DsbA catalysed
disulfide bonds in folding and stability of the meningococcal
transferase NmLptA, which is necessary for resistance to
defensins in N. meningitidis.....................................................148

xviii

5.1 Background............................................................................................................148
5.2 Results.....................................................................................................................149
5.2.1 Development of a system to detect NmLptA activity in an E. coli host..........149
5.2.1.1 Construction of the NmLptA expression vector pCMK526..................150
5.2.1.2 Expression of NmLptA::Hisx6 in E. coli increases resistance to
colistin...........................................................................................................154
5.2.2 Detection of EcDsbA oxidation of NmLptA within an E. coli host.................154
5.2.2.1 Co-expression of EcDsbA and NmLptA increases the resistance of
E. coli to colistin................................................................................................157
5.2.2.2 NmLptA::Hisx6 catalyses the addition of PEA groups to E. coli
lipid A................................................................................................................158
5.2.3 The stability of NmLptA is dependent upon the presence of EcDsbA in an
E. coli host..........................................................................................................159
5.2.4 The integral membrane domain of NmLptA is required for transfer of PEA to
lipid A in a biological system..................................................................................166
5.2.5 Interactions of NmLptA with meningococcal oxidoreductases.......................169
5.2.5.1 Co-expression of the meningococcal oxidoreductases with NmLptA in
E. coli.................................................................................................................169
5.2.5.2 CAMP sensitivity profiling of meningococcal oxidoreductase mutants
indicates that all three oxidoreductases can oxidise NmLptA...........................170
5.3 Discussion...............................................................................................................172

Chapter 6: Conclusions............................................................182

xix

Chapter 7: References..............................................................186
Appendices................................................................................203
Appendix A: Abbreviations and Symbols............................................................203
A (I): Nucleotides.................................................................................................203
A (II): Units....................................................................................................203
A (III): Symbols.................................................................................................203
A (IV): Amino acids, single letter abbreviations and characteristics.................204
A (V): Abbreviations............................................................................................205
Appendix B: HindIII digested  DNA molecular weight standard for
determination of DNA concentration...................................................................207
Appendix C: Equation used to dilute bacterial cultures to 2x108 cells/ml......208
Appendix D: Location of primers used for PCR and automated sequencing
reactions.............................................................................................................209
Appendix E: Multiple sequence alignment of PEA transferases from
N. meningitidis, E. coli and S. enterica serovar Thyphimurium.........................211
Appendix F: Publications relating to Chapter 3..................................................213
F (I): The Structure of the Bacterial Oxidoreductase Enzyme DsbA in Complex
with a Peptide Reveals a Basis for Substrate Specificity in the Catalytic Cycle of
DsbA Enzymes..................................................................................................213
F (II): Structural and Biochemical Characterization of the Oxidoreductase
NmDsbA3 from Neisseria meningitidis.............................................................215

xx

List of Figures

List of Figures for Chapter 1: Gram-negative bacterial outer-membrane
biogenesis.
Figure 1.1 General structure of the Escherichia coli cell envelope..................................3
Figure 1.2 Periplasmic protein folding in Escherichia coli; Oxidation and isomerisation
pathways......................................................................................................................4
Figure 1.3 Three-dimensional structure of oxidised EcDsbA (PDB1FVK).....................5
Figure 1.4 EcDsbA catalysed disulfide bond transfer....................................................6
Figure 1.5 The substrate binding surface of EcDsbA.....................................................8
Figure 1.6 The EcDsbB binding surface of EcDsbA……………………………………9
Figure 1.7 Models for re-oxidation of EcDsbA by EcDsbB..........................................10
Figure 1.8 Model for oxidation of the N-terminal cysteine pair of EcDsbB by EcDsbB
bound UQ.....................................................................................................................11
Figure 1.9 Structiural comparison of SeSrgA, SeDsbA, and SeDsbL from S. enterica
serovar Thyphimurium....................................................................................................13
Figure 1.10 Three-dimensional structure of EcDsbC.....................................................14
Figure 1.11 EcDsbD mediated reduction of EcDsbC.....................................................16
Figure 1.12 The role of EcDsbA in biosynthesis of virulence factors in E. coli............18
Figure 1.13 The basic structure of E. coli LPS..........................................................21
Figure 1.14 Overview of biosynthesis and transport of LPS to the OM in E. coli……22
Figure 1.15 Biosynthesis of Kdo2-lipid A in E. coli; The Raetz pathway……………23
Figure 1.16 Structures of the known core types of E. coli LPS………………………24
xxi

Figure 1.17 Structure and biosynthesis of the E. coli R1 core………………………26
Figure 1.18 Modifications of lipid A of E. coli LPS…………………………………28
Figure 1.19 Periplasmic protein folding in N. meningitidis; oxidation and isomerisation
pathways..................................................................................................................31
Figure 1.20 The three dimensional structures of the meningococcal DsbA enzymes
compared to EcDsbA......................................................................................................33
Figure 1.21 The chemical structure of N. meningitidis LOS........................................35
Figure 1.22 Structure and biosynthesis of LOS from N. meningitidis...........................36
Figure 1.23 Lipid A phosphoforms of LOS from N. meningitidis.................................38

List of Figures for Chapter 3: Examination of the structural features of
meningococcal

DsbA

proteins

involved

in

substrate

recognition

and

discrimination.
Figure 3.1 Multiple amino acid sequence alignment of wild-type and chimeric DsbA
proteins............................................................................................................................72
Figure 3.2 Amino acid identity pairwise comparisons of the thioredoxin and -domains
of EcDsbA, NmDsbA1, NmDsbA2 and NmDsbA3.......................................................73
Figure 3.3 Modelling of EcDsbA overlayed with NmDsbA1 chimeric DsbA proteins
reveals conformational changes in substrate binding regions.........................................78
Figure 3.4 Construction of EcTDNm1H2QLRGV by SOE PCR.....................................80
Figure 3.5 Construction of EcTDNm3H2QLRGV by SOE PCR.....................................81
Figure 3.6 Restriction digest maps of pCMK501 and pCMK502..................................82
Figure 3.7 EcTDNm1H2QLRGV is able to restore DTT resistance and motility to the
E. colidsbA mutant strain JCB571 but EcTDNm3H2QLRGV cannot............................83
Figure 3.8 Restriction digest map of expression vector pCMK553...............................86
xxii

Figure 3.9 Construction of NmdsbA1EcH2 by SOE PCR.............................................87
Figure 3.10 Restriction digest map of expression vector pCMK555.............................88
Figure 3.11 Construction of NmdsbA1EcH1 by SOE PCR............................................89
Figure 3.12 Construction of NmdsbA1EcH1+H2 by SOE PCR.....................................90
Figure 3.13 Restriction digest maps of expression vectors pCMK554 and
pCMK556.................................................................................................................92
Figure 3.14 The NmDsbA1 hinge mutants did not restore resistance to DTT to the
E. colidsbA mutant strain JCB571..............................................................................93
Figure 3.15 NmDsbA1EcH2 and NmDsbA1EcH1+2 restored motility to the
E. colidsbA mutant strain JCB571 but NmDsbA1 and NmDsbA1EcH1 did not..........94
Figure 3.16 NmDsbA1EcH2 but not NmDsbA1 is maintained in the oxidised „active‟
form in the E. coli periplasm....................................................................................97

List of Figures for Chapter 4: Identification of meningococcal DsbA protein
substrates within Neisseria meningitidis.
Figure 4.1 EcDsbA P151T trapping mutant…………………………………………104
Figure 4.2 Position of cis-Pro151 relative to the active site of EcDsbA, NmDsbA1 and
NmDsbA3.................................................................................................................106
Figure 4.3 Non-integrative expression systems for use in Neisseria............................107
Figure 4.4 The Gateway® vector system from Invitrogen............................................109
Figure 4.5 Construction and cloning of NmdsbA1 P151T by SOE PCR......................111
Figure 4.6 Restriction digest map of pCMK511..........................................................112
Figure 4.7 Amplification of NmdsbA1 P151T with a HindIII restriction site replacing
Stop codon..................................................................................................................113
Figure 4.8 Construction of NmdsbA2 P151T by SOE PCR..........................................114
xxiii

Figure 4.9 Construction of NmdsbA3 P151T by SOE PCR..........................................115
Figure 4.10 Restriction digest map of pCMK512, pCMK513 and pCMK514............116
Figure 4.11 Scheme for cloning of dsbA genes into entry vector pCMK133...............119
Figure 4.12 Restriction digest maps of pCMK515, pCMK516 and pCMK517...........120
Figure 4.13 Restriction digest maps of pCMK574 and pCMK575..............................123
Figure 4.14 Restriction digest maps of entry vectors, pCMK576 and pCMK577.......124
Figure 4.15 Construction of the NmDsbA3::Hisx6 entry vector, pCMK136................125
Figure 4.16 Construction of the Gateway® compatible meningococcal shuttle
destination vector pCMK51 and restriction digest map..............................................127
Figure 4.17 Construction of the control vector pCMK534..........................................128
Figure 4.18 Gateway® cloning of NmdsbA3 into the destination vector pCMK518 to
form pCMK536.............................................................................................................130
Figure 4.19 NmDsbA3 is expressed from pCMK536 in E. coli but not after passage
through N. meningitidis strain CKNM103 while expression of NmDsbA3 P151T is not
detected.........................................................................................................................131
Figure 4.20 Construction of meningococcal expression vector pCMK561...............134
Figure 4.21 Construction of meningococcal expression vector pCMK573 containing
NmdsbA1 P151T::Hisx6 downstream of the Pner promoter............................................136
Figure 4.22 NmDsbA1 P151T is expressed in both E. coli strain CKEC573 and
N. meningitidis strain CKNM207 from the expression vector pCMK573................137
Figure 4.23 NmDsbA1 is present mainly in the reduced form when expressed in
N. meningitidis……………………………………………………………………...…139
Figure 4.24 Multiple sequence alignment of EcDsbB and NmDsbB...........................144
Figure 4.25 Modelling of P151T mutation in EcDsbA, NmDsbA1 and NmDsbA3 the
impact on the active site...............................................................................................145
xxiv

List of Figures for Chapter 5: Investigation into the role of DsbA catalysed
disulfide bonds in folding and stability of the meningococcal transferase NmLptA,
which is necessary for resistance to defensins in N. meningitidis.
Figure 5.1 Amino acid sequence of NmLptA from N. meningitidis strain MC58
(NMB1638)…………………………………………………………………………...149
Figure 5.2 Restriction digest maps of pCMK519, pCMK521 and pCMK522.............151
Figure 5.3 Construction of pCMK524 and restriction digest map..............................153
Figure 5.4 Construction of pCMK526 and restriction digest map...............................155
Figure 5.5 Expression of NmLptA::Hisx6 increases E. coli resistance to colistin.........156
Figure 5.6 NmLptA::Hisx6 will only increase the colistin resistance of E. coli∆dsbA
when co-expressed with EcDsbA..................................................................................158
Figure 5.7 NmLptA::Hisx6 transfers PEA to lipid A of E. coli LPS…………............160
Figure 5.8 Construction of NmlptAMA by SOEPCR.................................................162
Figure 5.9 Restriction digest map of pCMK523..........................................................163
Figure 5.10 Construction of pCMK525 and restriction digest map............................164
Figure 5.11 Construction of pCMK527 and restriction digest map.............................165
Figure 5.12 NmLptA::Hisx6 is oxidised in the presence of EcDsbA and degraded in its
absence.......................................................................................................................167
Figure 5.13 NmLptAMA::Hisx6 does not increase colistin resistance in E. coli........168
Figure 5.14 NmLptAMA::Hisx6 does not add PEA to E. coli lipid A…………….168
Figure 5.15 Individual insertional inactivation of each of the meningococcal dsbA
genes does not significantly influence the colistin resistance profile of the
N. meningitidis strain NMB........................................................................................173

xxv

Figure 5.16 Insertional inactivation of all three meningococcal dsbA genes results in a
16-fold decrease in the colistin MIC of N. meningitidis strain NMB…………………174
Figure 5.17 Crystal structure of the globular domain of NmLptA confirms the presence
of disulfide bonds and identifies the active site………………………………………176
Figure 5.18 Enzymatic assay for NmLptAMA activity..............................................177

List of Figures for Appendices.
Figure B1 HindIII digested  DNA molecular weight standard for determination of
DNA concentration.......................................................................................................207
Figure D1 Location of vector screening primers..........................................................209
Figure D2 Location of primers used in PCR and sequencing of meningococcal genes,
NmdsbA1, NmdsbA2, NmdsbA3 and NmlptA.............................................................210
Figure E1 Multiple sequence alignment of PEA transferases from N. meningitidis,
E. coli and S. enterica serovar Thyphimurium.............................................................211
.

xxvi

List of Tables

List of Tables for Chapter 2: Materials and methods.
Table 2.1 Chemicals and Enzymes used in this study....................................................42
Table 2.2 Plasmids used or constructed in this study....................................................44
Table 2.3 E. coli strains used or constructed in this study.............................................47
Table 2.4 N. meningitidis strains used or constructed in this study................................49
Table 2.5 Culture media used in this study.....................................................................50
Table 2.6 Antibiotics used in this study..........................................................................50
Table 2.7 Table of oligonucleotide primers used in this study…………………….…53
Table 2.8 Antibodies used in this study.........................................................................64

List of Tables for Chapter 3: Examination of the structural features of
meningococcal

DsbA

proteins

involved

in

substrate

recognition

and

discrimination.
Table 3.1 Phenotypic analysis of wild-type DsbA enzymes...........................................74
Table 3.2 Phenotypic analysis of DsbA chimeras..........................................................76
Table 3.3 Phenotypic analysis of NmDsbA1 chimeras..................................................84
Table 3.4 Phenotypic analysis of NmDsbA1 hinge mutants...........................................95

xxvii

Chapter 1

1

1 Gram-negative bacterial outer membrane biogenesis.
1.1

The Gram-negative cell cnvelope.

The Gram-negative bacterial cell envelope consists of an inner membrane (IM) that
surrounds the cytoplasm, and an asymmetrical outer membrane (OM) that forms a
protective barrier to the external environment. The two membranes are separated by an
aqueous compartment known as the periplasm which contains a thin peptidoglycan
layer that contributes to cell structure and resistance to osmotic stress (Figure 1.1).
Unlike the cytoplasmic compartment, the periplasm is an oxidising environment that is
devoid of ATP and comprises 10% of the cell volume (reviewed [1]). The Gramnegative OM coordinates interactions with the external environment, preventing the
entry of toxic molecules while still allowing intake of nutrients and excretion of toxic
waste products. The OM consists of lipopolysaccahride (LPS), outer membrane proteins
(OMPs) and lipoproteins [2]. LPS is a glycolipid that forms 70% of the outer leaflet of
the OM and is responsible for the highly efficient barrier function of the OM [3] while
OMPs known as porins selectively allow intake of nutrients and expel of toxic waste
[4]. OMPs can also have enzymatic functions and act as adhesins. OM lipoproteins
usually face the periplasm (as in the case for E. coli) and form complexes with OMPs
and periplasmic machinery. However, in N. meningitidis, OM lipoproteins can face the
external environment as in the case of the LbpB and TbpB components of the lactoferrin
and transferrin receptors, respectively [5]. As a result, the OM is essential to the
survival and virulence of Gram-negative bacteria.
Oxidative protein folding mediated by periplasmic oxidoreductases is required for the
correct biogenesis of the protein components of the Gram-negative OM [6].
Oxidoreductases, known as Disulfide bond (Dsb) proteins, catalyse disulfide bond
formation in membrane and secreted proteins as they transit through the periplasm to
the OM. Disulfide bonds are covalent linkages formed between thiol groups of two Cys
residues and are necessary for the stability and/or activity of proteins. Recently,
periplasmic oxidoreductases have been implicated in LPS biogenesis of Escherichia
coli, suggesting a much larger role of these enzymes in OM biogenesis [7]. While
periplasmic protein folding and LPS biogenesis has been extensively studied in E. coli,
which acts as the archetypal model for Gram-negative OM biogenesis, recent studies in
Neisseria meningitidis has revealed important differences in these fundamental
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processes. As a result, this review will focus on periplasmic protein folding and LPS
biogenesis and their contribution to OM biogenesis in both E. coli and N. meningitidis.

Figure 1.1 General structure of the E. coli cell envelope. The cell envelope of E. coli consists of a
periplasmic compartment that contains the peptidoglycan layer, enclosed by an IM and an OM. The IM is
composed of a symmetric phospholipid bilayer, integral proteins with characteristic -helical
transmembrane domains and lipoproteins. The OM is an asymmetric lipid bilayer containing
phospholipids in the inner leaflet and lipopolysaccharide (LPS) in the outer leaflet. The OM also contains
integral proteins folded in -barrel conformations and lipoproteins. This figure was taken from Ruiz et al.
[1].

1.2

The Gram-negative cell envelope of E. coli.

1.2.1 Periplasmic oxidoreductases and their role in OM biogenesis in
E. coli.
Periplasmic protein folding catalysed by Dsb proteins is best characterised in E. coli
K12. Dsb proteins ensure correct disulfide bond formation through two independent but
parallel pathways of periplasmic protein folding known as the oxidation and
isomerisation pathways (Figure 1.2). The oxidation pathway (DsbA/DsbB system) is
primarily responsible for the catalysis of disulfide bond formation between adjacent Cys
residues of protein substrates while the isomerisation pathway (DsbD/DsbC system) reshuffles any incorrectly formed disulfide bonds, which is important if the native protein
contains multiple disulfide bonds between non-consecutive Cys residues.
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Figure 1.2 Periplasmic protein folding in E. coli; Oxidation and isomerisation pathways. The
oxidation pathway consists of a soluble oxidoreductase EcDsbA which catalyses disulfide bond formation
between adjacent Cys residues of secreted proteins. EcDsbA is re-oxidised by the IM bound DsbB. Under
aerobic growth conditions, electrons flow from EcDsbB to molecular oxygen via quinone (Q) and
cytochromes. The isomerisation pathway consists of the isomerise, EcDsbC, which re-shuffles any
incorrect disulfide bonds and is kept in the reduced state by the IM bound EcDsbD which in turn is
reduced by passing electrons to thioredoxin in the cytoplasm. The substrate specific isomerases, EcDsbE
and EcDsbG, which are also dependent on EcDsbD, are not shown. This figure was taken from Frand et
al. [8].

1.2.1.1 Oxidation pathway of periplasmic protein folding in E. coli.
The oxidation pathway is required for the correct folding of a number of virulence
proteins of E. coli. In fact, there are approximately 300 disulfide-containing proteins
that transit through the periplasm of E. coli [9, 10] and are therefore substrates of the
oxidation pathway of periplasmic protein folding. Central to this pathway is the
oxidoreductase EcDsbA; the primary disulfide donor that interacts with these substrates
[11]. EcDsbA is kept in an oxidised and active state by the membrane bound EcDsbB
[12], which in turn is re-oxidised by passing electrons via quinones (Q) to the electron
transport pathway in the cytoplasmic membrane [13, 14]. There are a number of
features of both EcDsbA and EcDsbB that drive the flow of electrons from the reduced
substrate through to the electron transport pathway.
EcDsbA is a monomeric 21 kDa periplasmic enzyme that belongs to the thioredoxin
superfamily (Figure 1.3) [15]. Features common to this superfamily include an active
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site motif consisting of two Cys residues separated by two amino acids (CXXC)
embedded in a thioredoxin-like fold [16]. EcDsbA differs from other members of the
thioredoxin superfamily in that it contains an extra alpha ()-domain (65 residues
forming four -helices) inserted into the centre of the thioredoxin domain. The domain forms a globular-like cap over the active site (C30PHC33) located at the Nterminus of the first -helix of the thioredoxin domain [15]. Oxidised EcDsbA contains
a disulfide bond between the two Cys residues of the active site which is donated to an
unfolded protein substrate during protein oxidation. EcDsbA-substrate disulfide
exchange proceeds as a biomolecular nucleophilic substitution reaction (Figure 1.4).

Figure 1.3 Three-dimensional structure of oxidised EcDsbA (PDB1FVK)[15]. EcDsbA consists of a
thioredoxin domain containing the thioredoxin-like fold and -domain made up entirely of -helices. The
-helices (blue), -sheets (red), cis-Pro151 (purple) and sulfur atoms of the active site Cys residues
(yellow) are indicated. Only the sulfur atom of C30 is surface exposed. This figure was taken from
Kadokura and Beckwith [6].

EcDsbA is an extremely efficient oxidising disulfide catalyst that rapidly oxidises
substrate proteins. With a standard redox potential of ~ -120 mV, EcDsbA is one of the
strongest thiol oxidants [17], which can be explained in part by the biophysical
properties. The active site C30 is surface exposed and has an unusually low pKa of ~3.3
(the normal pKa of Cys is ~9) [17, 18]. As C30 is a thiolate anion at physiological pH,
the oxidised form of EcDsbA is less stable than the reduced form and is therefore more
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reactive. This drives the thermodynamic flow of electrons from the substrate to EcDsbA
and the transfer of the disulfide from the EcDsbA active site to the substrate.

Figure 1.4 EcDsbA catalysed disulfide bond transfer. The reaction is initiated by nucleophilic attack
by the substrate protein on the surface exposed C30 of the EcDsbA active site (1) (left panel). This results
in the formation of an intermediate mixed disulfide complex between EcDsbA and the substrate protein
(central panel). This complex is resolved by nucleophilic attack from a second substrate thiolate (2)
resulting in oxidised substrate and reduced EcDsbA (right panel). This figure was taken from Shouldice et
al. [19].

Stabilisation of the thiolate anion form of C30 is achieved through a number of
electrostatic interactions that were revealed upon solving the reduced and oxidised
crystal structures of EcDsbA [20]. The residue H32 of the active site motif of EcDsbA is
central to stabilising the thiolate as it is hydrogen bonded to C30 in the reduced but not
oxidised form of EcDsbA. The reduced EcDsbA crystal structure also revealed potential
hydrogen bond interactions between the thiolate anion of C30 and the backbone amides
of H32 and C33 and the thiol of C33. These interactions were not detected in oxidised
EcDsbA. As the active site is located at the N-terminal of the first -helix of the
thioredoxin domain, the thiolate is also stabilised by the partial positive charge from the
dipole of the helix [20]. All of these electrostatic interactions contribute to stabilisation
of the reduced thiolate anion form of C33 and the subsequent oxidising power of
EcDsbA.
6

Another important structural feature of EcDsbA is the highly conserved cis-Pro151
residue located in the loop between 6 and 4 of the thioredoxin domain. This residue
impacts directly on the active site motif in the three-dimensional structure of EcDsbA
(Figure 1.3) and forms the other half of the active site in most members of the
thioredoxin superfamily [16, 21]. Replacement of the cis-Pro151 of EcDsbA with Ala
alteres stability and activity while having little effect on the biophysical properties of
the active site disulfide [22]. In a separate study, mutating the cis-Pro151 to a Thr
resulted in accumulation of mixed-disulfide intermediate complexes, suggesting a role
of cis-Pro151 in EcDsbA substrate release [23].
Recently, the residue immediately preceding cis-Pro151 has been shown to be central to
the activity of thioredoxin proteins, including EcDsbA. This residue in EcDsbA (V150)
modulates redox potential and coordinates interactions with EcDsbB and substrate
proteins. Specifically, changing this residue to a Thr resulted in an increase in redox
potential from ~-120mV to ~-92mV and increased substrate oxidation. However,
interaction with EcDsbB was decreased and the enzyme was less active in vivo,
presumably as a result of sub-optimal re-oxidation by EcDsbB [24]. It appears that V150
of EcDsbA mediates a balance between optimal substrate oxidation and re-oxidation by
EcDsbB. Supporting these findings are crystallographic studies that have implicated the
loop immediately preceding the cis-Pro151 in substrate and EcDsbB interactions [25,
26].
The substrate binding surface of EcDsbA is formed by the residues, V145QLRGV150, in
the loop between 6 and 4 immediately preceding the cis-Pro151 and the residues,
F63MGG66, of the type IV  turn between 3 and 2 (Figure 1.5, Panel A) (Appendix F
(I)) [26]. These regions constitute the flexible hinges at the interface of the - and
thioredoxin domains. The substrate binding surface was revealed when the crystal
structure was solved for EcDsbA in a complex with a nine residue peptide derived from
the auto-transporter protein SigA of Shigella flexneri. Interestingly, the residues
immediately preceding the cis-Pro151 (R148GV150) bind the peptide in an anti-parallel
fashion via the formation of backbone hydrogen bonds (Figure 1.5, Panel B). The use of
backbone hydrogen bonds instead of side chain linkages could explain how EcDsbA is
able to interact with a range of substrates [26]. Interestingly, these regions, in addition
to the hydrophobic groove that runs below the active site, are believed to constitute the
surface of EcDsbA that interacts with EcDsbB [25].
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Figure 1.5 The substrate binding surface of EcDsbA. (Panel A) Surface view of the interaction
between EcDsbA and the SigA peptide. The SigA peptide is in an orange stick representation. The
position of H32 on the surface of EcDsbA is highlighted in magenta. (Panel B) Stick representation of the
anti-parallel interaction between the SigA peptide and the cis-Pro151 loop of EcDsbA. Polar interactions
are shown as black dotted lines between the peptide (in orange) and EcDsbA (in blue). This figure was
taken from Paxman et al. (Appendix F (I)) [26].

EcDsbB (20 kDa) consists of four trans-membrane -helices connected by two
periplasmic loops that contain two intra-molecular disulfide bonds, between C41 and C44
in the first periplasmic loop, and C104 and C130 in the second periplasmic loop, that are
essential to EcDsbA oxidation [27, 28]. Co-crystallisation of the EcDsbA (C33A) in a
covalently linked complex with EcDsbB (C130S) revealed the residues P100FATCDF106
of the second periplasmic loop of EcDsbB is accommodated in the hydrophobic groove
of EcDsbA (Figure 1.6) [25]. This structure also revealed that the EcDsbB residues
C104DF106 interact with the residues R148GV150 of EcDsbA to form a short anti-parallel
-sheet, similar to the interaction between EcDsbA and substrates [26]. It appears that
the relative specificity of reduced EcDsbA for EcDsbB could be a result of the
additional interactions of EcDsbB with residues located within the hydrophobic groove
of EcDsbA. Recent NMR analysis of the EcDsbA homologue in Vibrio cholorae
(VcDsbA) revealed greater interdomain flexibility resulting in the widening of the
hydrophobic groove in the reduced form of the enzyme [29]. This suggests that the
reduced form of EcDsbA could be in a more open conformation allowing EcDsbB
interaction with the hydrophobic groove.
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Figure 1.6 The EcDsbB binding surface of EcDsbA. (Panel A) Surface view of the interaction between
EcDsbA and EcDsbB. The position of H32 on the surface of EcDsbA is highlighted in magenta [26].
(Panel B) Ribbon representation of the EcDsbB-EcDsbA complex. Structure is viewed in stereo, parallel
to the membrane plane. TM1 (residues 14–36), TM2 (residues 43–64), TM3 (residues 71–96), and TM4
(residues 144–162) of EcDsbB are shown in blue, cyan, yellow, and red, respectively, whereas the
horizontal helix (residues 112–126) is shown in orange. The EcDsbA region is shown in cyan. The
segment that connects the horizontal helix and TM4 lacks any electron density and is shown as a dotted
curve. The positions of C104 and C130 of EcDsbB are indicated by a filled orange circle. The C30 (EcDsbA)
- C104 (EcDsbB) and EcDsbB C41-C44 disulfide bonds are circled. UQ is shown by ball-and-stick
representation (black; carbon atoms, red; oxygen atoms) near the N-terminus of TM2. The figure in
Panel A was taken from Paxman et al. [26], while the figure in Panel B was taken from Inaba et al. [25].

The transfer of electrons from EcDsbA to EcDsbB is an energetically unfavourable
reaction as the standard redox potential values for the EcDsbB Cys pairs (-210 mV for
C41-C44 and -220 mV for C104-C130) [30] are much lower than that of EcDsbA (-122 mV
for C30-C33) [31]. To overcome this barrier, disulfide exchange is initiated by interaction
of the second periplasmic loop of EcDsbB with the open hydrophobic groove of
reduced EcDsbA. This interaction induces a conformational change in the second
periplasmic loop of EcDsbB so that C104 and C130 are separated spatially, with C130
situated closer to the C41-C44 disulfide of EcDsbB. It is thought that EcDsbA induced
separation of the C104-C130 disulfide of EcDsbB is what makes transfer of the disulfide
bond from EcDsbB to EcDsbA an energetically favourable reaction [28, 32, 33]. The
solved EcDsbA (C33A) – EcDsbB (C130S) crystal structure revealed a possible role of
M64 of EcDsbA in separation of the C104-C130 disulfide as it appeared to intervene
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between C104 and the serine at position 130 [25]. Interestingly, this residue was also
implicated in EcDsbA interactions with substrates [26]. Upon separation of the C104 and
C130 residues of EcDsbB, the thiolate anion C30 of reduced EcDsbA attacks C104 of
EcDsbB forming a mixed disulfide bridge [34]. This mixed disulfide is then resolved by
one of two possible pathways (Figure 1.7). In the rapid pathway, oxidised EcDsbA is
released prior to oxidation of EcDsbB and in the slow pathway, oxidised EcDsbA is
released simultaneously with oxidised EcDsbB [35]. In both pathways, C44 of EcDsbB
is transiently reduced, which leads to the formation of a charge transfer complex
between EcDsbB and ubiquinone (UQ) [25, 36].

Figure 1.7 Models for re-oxidation of EcDsbA by EcDsbB. Upon separation of the C104-C130 disulfide
of EcDsbB induced by interaction with the hydrophobic groove of EcDsbA, the reduced thiolate anion of
C30 of reduced EcDsbA attacks C104 of EcDsbB forming the mixed disulfide complex (State II). In the
rapid pathway, the mixed disulfide is resolved by nucleophilic attack by C 30 of EcDsbA resulting in
release of oxidised EcDsbA. The C104-C130 disulfide is reformed when C130 attacks the C41-C44 disulfide
[30]. In the slow pathway, C130 attacks C41 resulting in the formation of an interloop disulfide between
C41 and C130 [28, 32]. In both pathways C44 is transiently reduced, leading to the formation of the C44- UQ
charge-transfer complex (state III). Finally, electrons are accepted by UQ and the oxidized forms of both
EcDsbA and EcDsbB are regenerated (state IV). This figure was taken from Inaba et al. [25].

It has been proposed that under aerobic conditions, oxidation of the C44-C41 residues of
EcDsbB is initiated by transfer of a partial charge to the benozoquinone ring of UQ by
the thiolate anion C44 of reduced EcDsbB. This is followed by C44 nucleophilic attack of
UQ to form a charge-transfer complex between UQ and EcDsbB that is stabilised by R48
of EcDsbB (Figure 1.8) [37-39]. The existence of a charge transfer complex is
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supported by quantum chemical simulation by Inaba et al. [37], and the observation that
EcDsbB elicits a characteristic red shift of bound UQ during the EcDsbA oxidation [37,
40]. The EcDsbA (C33A) – EcDsbB (C130S) crystal structure supports this model for
sequential disulfide exchange as the six redox-active Cys residues are arranged in a
straight line. This structure also shows C44 of EcDsbB well positioned to form a charge
transfer complex with UQ [25].

Figure 1.8 Model for oxidation of the N-terminal Cys pair of EcDsbB by EcDsbB bound UQ. The
thiolate anion of reduced C44 of EcDsbB transfers partial charge to the benzoquinone ring of UQ resulting
in the formation of a charge-transfer complex, which is stabilised by R148 of EcDsbB. Nucleophilic attack
on the UQ by C44 results in the formation of a covalent adduct between UQ and EcDsbB. Subsequently,
C41 may attack C44 of EcDsbB generating the C41–C44 disulfide bond and the reduced form of UQ [35,
37]. Figure was taken from Inaba et al. [35].

1.2.1.2 Alternatives to the classical oxidation pathway of periplasmic protein
folding in E. coli.
The classic protein oxidation pathway represented by EcDsbA and EcDsbB has been
shown to be responsible for introducing disulfide bonds into the vast majority of
proteins in E. coli [41]. However, exceptions to this classic or generalist pathway have
increasingly been found and are characterised by oxidoreductases which are specialised
for the recognition of a specific or a small array of substrates. Pathways which contain
specialised oxidoreductases fall into two separate categories. The first category consists
of specialist oxidoreductases, which are partnered with a specific redox partner. As an
example, uropathogenic E. coli (UPEC) and Salmonella enterica serovar Typhimurium
contain a second functional redox pair, DsbL and DsbI, which are structurally analogous
to EcDsbA and EcDsbB, respectively. DsbL specifically oxidises the substrate
arylsulfate sulfotransferase (ASST), for which there is no virulence phenotype [42, 43].
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The genes encoding DsbL, DsbI and ASST are organized in a tricistronic operon, that is
found throughout Salmonella and in a subset of Enterobacteriacea [42]. Interestingly,
DsbL and DsbI act as a specific redox pair that is independent and does not interact with
the classic pathway (in other words, DsbL cannot ultilise EcDsbB as a redox partner).
The crystal structure of SeDsbL reveals a shortened, more basic hydrophobic groove,
which has been proposed to mediate specificity of SeDsbL for SeDsbI [42]. However, it
currently remains unknown whether the DsbB redox partners also contain features
which lead to this specific interaction and excludes other oxidoreductases from
partnering with it.
The second category of specialist oxidoreductases do not have a specialist redox partner
but have a reduced substrate repertoire. In this example, S. enterica serovar
Typhimurium contains a virulence plasmid encoding a third DsbA-like protein, SeSrgA
(SdiA-regulated gene) [44], in addition to the chromosomally encoded specialist
oxidoreductase, SeDsbL, and the generalist oxidoreductase, SeDsbA. SeSrgA has a
narrow substrate range as it only efficiently oxidises two substrates, PefA (plasmid
encoded fimbrae) [44], and SpiA, a component of the Type III secretion system [45].
Interestingly, SeSrgA does not have its own redox partner but is dependent on SeDsbB
of the classic oxidation pathway [44]. SeDsbL and SeSrgA contain the active site
residues of CPFC and CPPC, respectively, corresponding to C31PHC33 in EcDsbA, and
have very different redox potentials of ~-95 mV and ~-154 mV, respectively, compared
to ~-120 mV of EcDsbA. The solved crystal structures of SeDsbA, SeDsbL and SeSrgA
revealed an altered orientation of the interdomain loop between 4 and 6 (Figure 1.9,
Panel A and B) that forms part of the substrate binding surface of EcDsbA, which has
been proposed to influence the substrate binding spectrum of these proteins (Figure 1.9,
Panel C) [46].
1.2.1.3 Isomerisation pathway of periplasmic protein folding in E. coli.
The isomerisation (EcDsbC/EcDsbD) pathway is responsible for the re-shuffling of
incorrect disulfide bonds introduced by EcDsbA into the periplasmic proteins of E. coli
(Figure 1.2) [47]. Incorrect disulfide bond formation may occur if the bonds need to
form between non-consecutive Cys residues [48]. As membrane and secreted proteins of
prokaryotes rarely contain multiple disulfides [10], the formation of a single disulfide
bridge between two adjacent Cys residues is often sufficient for correct protein folding.
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As a result, the oxidation pathway plays a much larger role in periplasmic protein
folding of E. coli than the isomerisation pathway [49].

Figure 1.9 Structural comparison of SeSrgA, SeDsbA, and SeDsbL from S. enterica serovar
Typhimurium. (Panel A) Ribbon representation of the secondary structure elements of SeSrgA, SeDsbA,
and SeDsbL. The thioredoxin domains are shown in salmon and the -domains in gray. The CXXC
catalytic Cys residues in each protein are shown in yellow and secondary structural features are labelled.
(Panel B) Close-up view of the SeSrgA (left) and SeDsbL (right), active site and peptide binding grooves.
(Panel C) Putative peptide binding grooves on SeSrgA, SeDsbA, and SeDsbL shown as pink and
transparent surface with visible ribbon diagram inside. The figure, generated using MacPyMol was taken
from Heras et al. [46].
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EcDsbC is the major protein disulfide isomerase central to the isomerisation pathway
and is kept in the reduced ‘active form’ by the IM membrane bound EcDsbD which in
turn is reduced by thioredoxin/thioredoxin reductase and NAPDH [50, 51]. EcDsbC is a
V-shaped homodimer consisting of two 23 kDa monomers (Figure 1.10). The
monomers consist of a C-terminal thioredoxin domain and an N-terminal dimerisation
domain connected by a linker sequence [52]. The active site residues C98GYC101 (redox
potential of -130 mV [53]) are located in the thioredoxin domain and are positioned so
as to face the inside of the V-shaped homodimeric structure [52]. This surface is
occupied primarily by hydrophobic residues which presumably aids interaction with a
variety of substrates. In addition, EcDsbC displays periplasmic chaperone activity that
would facilitate substrate interactions [54]. While dimerisation of the EcDsbC
monomers does not appear to be necessary for isomerase activity of the enzyme, it is
important for protection of the active site Cys residues from oxidation by EcDsbB [55].
Therefore, it has been suggested that the dimeric structure of EcDsbC evolved to limit
cross talk between the oxidation and isomerisation pathways of periplasmic protein
folding.

Figure 1.10 Three-dimensional structure of EcDsbC. (A) Ribbon diagram of the EcDsbC homodimer
viewed normal to the molecular two-fold axis. The monomers are shown in red and blue and the active
site sulfur atoms are shown as yellow spheres. (B) Secondary structure elements of the EcDsbC
monomers, -helices and -sheets are shown in red and blue, respectively. This figure was generated
using MOLSCRIPT34 and taken from McCarthy et al., [52].

There are two models for EcDsbC mediated protein disulfide isomerisation both of
which begin with nucleophilic attack of the incorrect disulfide bond in the substrate by
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C98 of reduced EcDsbC resulting in the formation of an EcDsbC-substrate mixed
disulfide intermediate complex. The intermediate complex is resolved by either attack
of the mixed disulfide by a third Cys of the substrate resulting in correct disulfide bond
formation in the substrate and oxidised EcDsbC or by attack of the disulfide by C101 of
EcDsbC resulting in reduced substrate, that could then be correctly oxidised by EcDsbA
[50, 56, 57]. Either way, EcDsbC must be maintained in the reduced form to initiate
disulfide bond isomerisation.
In addition to EcDsbC, E. coli contains two substrate specific periplasmic disulfide
isomerases, known as EcDsbG [58] and EcDsbE [59]. EcDsbC and EcDsbG share 24%
amino acid identity, exhibit a conserved tertiary structure and are both maintained in a
reduced state in the periplasm by the membrane bound EcDsbD [58, 59]. However, the
V-shaped cleft is much wider in EcDsbG and more acidic when compared to that of
EcDsbC [60]. It was recently shown that EcDsbG preferentially interacts with
periplasmic transpeptidases that cross link the major OM lipoprotein to peptidoglycan
of E. coli [61]. These enzymes contain a single Cys that is essential for enzymatic
activity and which when attacked by oxygen radicals, will form a sulfenic acid adduct
that inactivates the enzyme. It therefore appears that EcDsbG plays a role in protecting
proteins with a single Cys residue from sulfenylation in the periplasm. The large,
hydrophilic binding cleft of EcDsbG could result in preferential binding of this
isomerase to large folded proteins with a single oxidised Cys residue which cannot be
accessed by EcDsbC. EcDsbE (also known as CcmG) is required for cytochrome C
biogenesis [59]. For simplicity this review will focus on EcDsbD reduction of EcDsbC.

The IM membrane bound oxidoreductase EcDsbD mediates trans-membrane electron
transfer from cytoplasmic thioredoxin to periplasmic EcDsbC therefore maintaining
EcDsbC in the reduced ‘active’ form [50]. EcDsbD consists of a periplasmic N-terminal
domain with an immunoglobulin-like fold (EcDsbD), a hydrophobic core (EcDsbD)
and periplasmic C-terminal domain (EcDsbD) with a thioredoxin-like fold (Figure
1.11) [62-64]. Each domain of EcDsbD contains two Cys residues; C103 and C109 in
EcDsbD(redox potential ~-229 mV); C163 and C285 in EcDsbD redox potential ~246 mV); and C461 and C464 in EcDsbD (redox potential ~-241 mV) [65]. These Cys
residues are essential for reduction of EcDsbC [66].
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Figure 1.11 EcDsbD mediated reduction of EcDsbC. Oxidised EcDsbC is reduced by the Cys pair of
EcDsbD (C103-C109) which in turn is reduced by the Cys pair of EcDsbD (C461-C464). The Cys pair of
the transmembrane domain EcDsbD (C163-C285) reduces EcDsbD, which in turn is reduced by the Cys
pair of thioredoxin (Trx) in the cytoplasm (C32-C35). The figure was taken from Rozhkova et al. [67].

EcDsbD mediated reduction of EcDsbC occurs through a disulfide bond cascade from
EcDsbC to thioredoxin in the cytoplasm (Figure 1.11) [66, 68]. EcDsbDconsists of
eight trans-membrane domains (TM1-TM8) with C163 and C285 present in the C-terminal
regions of TM1 and TM4, respectively. Recent studies by Cho et al. [64, 69] suggest
EcDsbD exhibits an hourglass-like structure with inverted symmetry in which the
surfaces displaying C163 and C285 face the cytoplasm and periplasm, respectively. This
arrangement appears to allow C163-C285 interaction with thioredoxin in the cytoplasm
and EcDsbDin the periplasm and therefore facilitate trans-membrane transfer of
electrons [62, 63, 66, 68]. In addition, examination of the redox potentials of each of the
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Cys pairs involved in reduction of EcDsbC reveals transfer of electrons from
thioredoxin to EcDsbC to be a thermodynamically favourable reaction [65].
1.2.1.4 The role of periplasmic oxidoreductases in virulence of E. coli.
Periplasmic oxidoreductases are required for the correct biogenesis of the protein
component of the OM of Gram-negative bacteria. As such, they are responsible for the
correct folding of virulence proteins that are expressed on or around the OM. EcDsbA is
central to the virulence of pathogenic E. coli as it is required for the correct biogenesis
of machinery involved in adhesion to host cells, cellular spread and secretion of effector
molecules [70]. Recently, the DsbA proteins of E. coli have been implicated in the
correct biogenesis of the LPS component of the OM [7].
EcDsbA is required for the correct biogenesis of virulence factors involved in adhesion
and movement of pathogenic E. coli. The correct biogenesis of the P fimbriae of
uropathogenic E. coli (UPEC) is dependent on EcDsbA (Figure 1.12, Panel A) [71].
Without functional P fimbriae, UPEC is unable to attach to urinary epithelial cells and is
avirulent. P fimbriae consist of six subunit proteins that form a rod-like structure [72,
73]. The major P fimbrial rod subunit is PapA with PapG forming the adhesin while
PapK, PapE and PapF are the adaptor proteins. The PapC usher protein, which is
integrated in the OM and acts as a scaffold protein, coordinates the polymerization of
the fimbriae subunits. The periplasmic chaperone PapD binds to the individual subunits
and targets them to the PapC usher protein in the OM [72, 73]. EcDsbA is required for
the correct folding of the chaperone protein PapD and the adhesion protein PapG [71].
In addition, the formation of the Type IV pili or bundle forming pili (BFP) of
Enteropathogenic E. coli (EPEC) is dependent on EcDsbA. The BFP mediates adhesion
and colonisation of intestinal epithelial cells and a form of movement referred to as
twitching motility [74]. EcDsbA is required for the formation of a single intramolecular
disulfide bond in BfpA, the major subunit of BFP [75, 76]. In the absence of EcDsbA,
BfpA is rapidly degraded in the periplasm, resulting in an inability of EPEC to form
functional BFP [75]. Lastly, flagella are complex cell surface organelles that mediate
bacterial motility. In E. coli, EcDsbA catalyzes the formation of a disulfide bond in
FlgI, the flagellar P ring motor protein (Figure 1,12, Panel B) [77]. This critical
disulfide is required for the biogenesis of functional flagella [78]. As a result, EcDsbA
is required for the cellular spread of pathogenic E. coli and attachment to host cells.
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Figure 1.12 The role of EcDsbA in biosynthesis of virulence factors in E. coli. (Panel A) The role of
EcDsbA in the biosynthesis of P fimbriae. EcDsbA catalyses the formation of a disulfide bond in the
PapD chaperone, which transports the P fimbriae subunits from the Sec translocon in the IM to the usher
protein PapC in the OM, which coordinates the assembly of the P fimbriae. (Panel B) The role of EcDsbA
in the biosynthesis of flagella. EcDsbA catalyses the formation of a disulfide bond essential in the FlgI, a
component of the P-ring motor required for assembly of functional flagella. (Panel C) The role of
EcDsbA in biogenesis of the Type III secretion. EcDsbA catalyses the formation of a disulfide bond in
the OM secretin. These figures were taken from Shouldice et al. [19].

The Type III secretion system is required for secretion of effector proteins into host
cells [79, 80]. The Type III secretion system of Gram-negative bacteria is comprised of
more than 20 proteins. It consists of a basal body anchored in the IM, linked to a needle
that extends from the bacterial surface. The secretin, that is integrated in the OM forms
a major structural component of the Type III secretion system and consists of 12-14
subunits arranged in an oligomeric ring like structure [81]. In E. coli, EcDsbA is
required for the correct folding of the secretin and therefore the correct biogenesis of the
Type III secretion system (Figure 1.12, Panel C) [82]. An example of an effector protein
in E. coli is the heat labile enterotoxin from enterotoxigenic E. coli (ETEC), that results
in the acute diarrhoea associated with an ETEC infection. The heat labile toxin is an
AB5 toxin that contains a critical disulfide bond in the B monomer that is required for
oligomerisation of the subunits [83, 84].
Recently, the oxidoreductases EcDsbA and EcDsbC have been shown to be essential for
the correct biogenesis of E. coli LPS. Specifically, the highly conserved and essential
OMP, LptD, contains a critical disulfide bond that is required for its role in integration
of newly synthesised LPS in the OM of E. coli [7]. LPS constitutes 70% of the outer
leaflet of the OM and plays a significant role in the virulence of E. coli. The
establishment of this link between periplasmic oxidoreductases and LPS biogenesis
suggests a much larger role for oxidoreductases in OM formation in E. coli. The
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processes involved in LPS biogenesis and the role of LPS in virulence of E. coli have
been extensively studied.

1.2.2 Biosynthesis and transport of LPS to the OM in E. coli and role in
pathogenesis.
The outer leaflet of the Gram-negative OM is composed mainly of LPS which forms a
highly protective barrier to the external environment. The structure of the archetypal
model of LPS of E. coli consists of three distinct regions; lipid A which forms the
hydrophobic membrane anchor, core oligosaccharide (OS) and repeating polysaccharide
or O-antigen (Figure 1.13) [3]. The lipid A can be attributed with the toxic effects of
bacterial LPS [85] while the O antigen provides a variable hydrophilic surface layer that
can mask underlying antigenically-conserved core epitopes [86]. The conserved OS
core region of LPS consists of two L-glycero-D-manno-heptose (Hep) and two 3-deoxyD-manno-octulosonic

acid (Kdo) residues attached to lipid A. Various sugars can be

added to the Hep2-Kdo2-lipid A structure to complete the formation of the inner OS core
(lipid A proximal) and outer OS core (attachment site for O antigen) regions of LPS.
These additions are the basis of core typing in E. coli while the composition of the O
antigen attached to the outer core of LPS is the basis of antigenic variation. Biosynthesis
of E. coli LPS (summarised in Figure 1.14) is initiated in the cytoplasm with the
synthesis of the core OS – lipid A region. The O-antigen is ligated to the core OS – lipid
A structure at the periplasmic face of the IM forming LPS [87, 88], which is extracted
from the IM, transported across the periplasm and translocated across the OM by the
LPS transport (Lpt) pathway where it forms the outer leaflet of the OM [89].
1.2.2.1 Conserved pathway for biosynthesis of Kdo2-lipid A in E. coli.
The pathway for biosynthesis of Kdo2 – lipid A region of LPS is conserved among
Gram-negative bacteria and is the minimum structure required for growth in E. coli [3].
Construction of the Kdo2-lipid A region of LPS has been extensively studied in E. coli
[3], the model for which is outlined below (Figure 1.15). The first step of Kdo2-lipid A
biosynthesis occurs in the cytoplasm and is catalysed by the soluble UDP-Nacetylglucosamine (GlcNAc) O-acyltransferase, LpxA. Using the thioester R-3hydroxymyristoyl acyl carrier protein (ACP) as the donor substrate, LpxA catalyses the
fatty acylation of UDP-GlcNAc to form UDP-3-O-(acyl)-GlcNAc [90]. The
cytoplasmic zinc metalloenzyme, LpxC, deacylates UDP-3-O-(acyl)-GlcNAc [91, 92]
thus providing a free amino group for addition of a second R-3-hydroxymyristate chain
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by LpxD which results in the formation of UDP-2,3-diacylglucosamine [93]. The
peripheral

IM

protein

LpxH

cleaves

the

phosphate

linkage

of

UDP-2,3-

diacylglucosamine to form 2,3-diacylglucosamine 1-phosphate [94], a membrane
associated glycolipid also known as lipid X [95]. The peripheral inner membrane
disaccharide synthase, LpxB, condenses one molecule of lipid X with one molecule of
UDP-2,3-diacylglucosamine to form the disaccharide 1-phosphate backbone of lipid A
[96]. The integral inner membrane kinase LpxK phosphorylates the 4’– position of the
disaccharide 1-phosphate backbone resulting in the lipid A precursor lipid IV A, which is
anchored in the IM with the hydrophilic moiety exposed to the cytoplasm [97-99]. Two
Kdo residues from CMP-Kdo are then incorporated into lipid IVA to form Kdo2-lipid
IVA by the integral inner membrane protein KdtA (also known as WaaA) [100]. The
Kdo2 - lipid IVA structure of LPS is conserved among Gram-negative bacteria. In
E. coli, the integral inner membrane enzymes, LpxL and LpxM, catalyse the addition of
the second lauroyl and myristoyl residues to the 2’ and 3’ positions of the distal
glucosamine unit, respectively, using acyl-ACP as donors. The product has an
asymmetric acylation pattern characteristic of Enterobactereaceae [101].
1.2.2.2 Biosynthesis of E. coli LPS from Kdo2-lipid A.
The conserved inner OS core-lipid A structure of E. coli LPS consists of Hep3-Kdo2lipid A with the HepI and HepII residues phosphorylated at the 4’ - positions [3]. To
construct the Hep3-Kdo2-lipid A structure, the 1,5 heptosyltransferase, WaaC, transfers
a heptose residue to KdoI of Kdo2-lipid A to form Hep1-Kdo2-lipid A [102, 103]. The
1,3 heptosyltransferase, WaaF, then catalyses the transfer of the second heptose
residue to HepI to form the basic conserved LPS inner core structure of Hep2-Kdo2-lipid
A [102, 103]. The LPS kinase, WaaP, then phosphorylates the 4’ - position of HepI
which is necessary for any further modification of the core structure [104, 105]. In fact,
mutants in waaP exhibit a deep rough phenotype and are avirulent [106, 107]. Upon
phosphorylation of HepI by WaaP, the LPS kinase, WaaY catalyses the transfer of
phosphate to HepII. This is followed by the addition of a heptose residue to HepII by
the 1,7 heptosyltransferase, WaaQ [104]. This step completes the formation of the
conserved inner OS core-lipid A of E. coli LPS.
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Figure 1.13 The basic structure of E. coli LPS. E. coli LPS consists of a lipid A membrane anchor, a
core oligosaccharide and repeating polysaccharide or O-antigen. The core OS can be further subdivided
into the inner and outer core, with the inner region proximal to the lipid A domain comprised of the Kdo
and heptose sugars. PhoP-regulated modifications effecting lipid A acylation are shown in blue.
Modifications that are regulated by the presence of Ca+2 are shown in green. This figure was adapted from
Trent et al. [108].

There are five known core types (R1, R2, R3, R4 and K-12) based on the variable
regions of the inner and outer OS core regions of E. coli LPS [3] (Figure 1.16). An
interesting example of a variable addition to the inner OS core region is the addition of a
third Kdo residue to the 4’ - position of KdoII of the inner OS core of E. coli core types
R2 and K-12 catalysed by the -2,4 Kdo transferase, WaaZ [109]. However, the core
types are based mainly on the more variable outer core OS regions of E. coli LPS. The
first addition to the outer core OS that is common to all core groups is the addition of
glucose to the 3’ position of HepII by the 1,3-glucosyltransferase, WaaG [110, 111].
The E. coli LPS core type R1 has been extensively studied and the enzymes involved in
the construction identified (Figure 1.17) [3, 112]. The outer core OS region of the R4
core type differs from that of R1 by the presence of a 1,3 linked galactose residue on
GlcII instead of a 1,3 linked glucose from which the polysaccharide O antigen extends
(Figure 1.16). These residues are transferred to the 3’ position of GlcII by the 1,3
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galactoyltransferase, WaaX, and the 1,3 glucosyltransferase, WaaV, respectively
[113]. WaaX and WaaV are therefore important R4 and R1 core determinants. The site
of polysaccharide O antigen attachment to the outer OS core also differs between core
types. The ABC transporter MsbA mediates translocation of completed OS core-LPS
across the IM to the site of O-antigen ligation in the periplasm (Figure 1.14) [114-116].

Figure 1.14 Overview of biosynthesis and transport of LPS to the OM in E. coli. Biosynthesis of LPS
is initiated in the cytoplasm with synthesis of the core OS region attached to lipid A which is transported
across the IM by MsbA. The O-antigen is assembled separately on undecaprenyl diphosphate at the
cytoplasmic surface of the IM. The O-antigen subsunits are translocated across the IM by the transporter,
Wzx, and polymerized by Wzy and Wzz. The O-antigen is ligated to the OS core-lipid A structure by
WaaL. The completed LPS is transported across the periplasm to the outerleaflet of the OM by Lpt
proteins (LptABCDEFG). This figure was taken from Wang and Quinn [117].

The polysaccharide O antigen forms the most structurally diverse region of E. coli LPS
with 164 groups currently identified. The O antigen can exist as homopolymers or
heteropolymers, they can be linear or branched, and can differ in anomeric
configuration and linkage positions of the different sugar residues. Generally the O
antigen of E. coli LPS consists of 10-25 repeating subunits containing 2-7 sugar
residues [86]. Biosynthesis of O antigen begins in the cytoplasm with the synthesis of
the O antigen subunits.

22

Figure 1.15 Biosynthesis of Kdo2-lipid A in E. coli; The Raetz pathway. Biosythesis of Kdo2-lipid A
begins with the fatty acylation of UDP-GlcNAc in the cytoplasm and ends at the cytoplasmic surface of
the IM. All of the intermediates of the pathway are named and a single enzyme (red) catalyses each
reaction. Although the whole OS core is attached prior to transport across the IM by MsbA, only Kdo
sugars are shown here for simplicity. Acyl-ACP serves as the donor substrate for all acylation events.
This figure was taken from Trent et al. [108].

The O-antigen subunits are synthesised on the lipid carrier undecaprenyl diphosphate by
glycosyltransferases using sugar nucleotides as donors [88]. In E. coli, there are two
synthesis models for polymerisation and delivery of the O-antigen polymer to the site of
ligation to OS core-LPS at the periplasmic surface of the IM. These are known as the
Wzy dependant and the ABC transporter dependant pathways, which vary in the
machinery used, location of O-antigen polymerization and manner of translocation
across the IM [118]. In the Wzy dependant pathway of O antigen synthesis (Figure
1.14), the O antigen subunits are flipped across the IM by the putative transporter Wzx
[119, 120]. Polymerisation of the O-antigen subunits occurs on the periplasmic surface
of the IM by the polymerase Wzy which transfers the nascent polymer to the reducing
end of the new subunit [121, 122] while Wzz determines the chain length modality
(extent of polymerisation) [123, 124]. In the ABC transporter dependant pathway,
polymerization occurs at the cytoplasmic surface of the IM by sequential addition of
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glycosyl residues to the non-reducing terminus of the growing polymer [122]. The O
antigen is then transported across the IM by the ABC transporter composed of Wzm and
Wzt [125, 126]. O antigen polymers synthesised by the Wzy dependant pathway are
more common and tend to be heteroploymers with branched repeating structures while
O antigens produced by the ABC transporter pathway are generally simpler linear
polymers [86]. At the periplasmic side of the IM the rough LPS and polymerised Oantigen ligate to form LPS, a reaction catalysed by the ligase, WaaL [87]. The LPS is
then ready for transport to the OM, during which certain modifications to the inner core
and lipid A components may occur that impact on pathogenesis of the microorganism.

Figure 1.16 Structures of the known core types of E. coli LPS. (A) The outer OS core regions for each
of the five core types are shown, together with one heptose residue of the inner OS core (red). The
ligation sites for O-polysaccharides (O-PS) are indicated where known. (B) The conserved base structure
of the inner OS core is shown in red with type-specific nonstoichiometric additions to the inner core
identified by dotted lines. This figure was taken from Raetz and Whitfield [3].

1.2.2.3 Transport of LPS to the OM: LPS transport (Lpt) pathway in E. coli.
Unlike the LPS biogenesis pathway, transport of LPS through the periplasm to the OM
is much less understood. Seven Lpt (LPS transport) proteins (A through G) have been
implicated in transport of LPS across the periplasm to the OM (Figure 1.14). It is
believed that LPS is extracted from the IM by the ATP binding cassette (ABC)
24

transporter complex comprised of LptB, LptC, LptF and LptG [127] and transferred to
the periplasmic protein LptA [128, 129] which facilitates transfer across the periplasm
to the OM assembly site composed of LptD and LptE [130, 131]. The essential IM
associated ABC transporter protein, LptB, has been implicated in extraction of LPS
from the IM [128, 132]. LptB (26.6 kDa) is predicted to contain the ATP binding fold
but unlike other members of the ABC transporter superfamily is soluble and does not
contain a transmembrane domain, suggesting that there are other proteins that interact
with LptB to form the ABC transporter complex. In addition, LptB, was found in a ~140
kDa IM complex with interacting partners of unknown identity [133]. Bioinformatic
exploration identified LptF and LptG as the probable interacting partners [134] and
LptF, LptG and LptB were co-purified with the IM protein LptC [127] also implicated
in LPS transport [89]. In this study the purified LptB/C/F/G complex was also
confirmed to have ATP hydrolytic activity in vitro [127]. LptC has been shown to bind
LPS in vitro suggesting that LptC contains a LPS binding motif [135]. Once LPS is
extracted from the IM it is proposed that LptC transfers LPS to the periplasmic protein
LptA which facilitates transfer of LPS to the OM assembly site LptD/E [128, 129].
LptA is an essential soluble periplasmic protein that has been implicated in LPS
transport [89, 128]. LptA interacts specifically with the lipid A region of LPS and
relieves LptC of LPS in vitro [129, 135] supporting the role in LPS transport from LptC
in the LptB/C/F/G transporter in the IM to the OM assembly site LptD/E. The highly
conserved and essential OMP LptD (formally known as Imp) is required for LPS
transport to the cell surface [136, 137] and interacts with the lipoprotein LptE forming
an OM complex [130, 131]. In E. coli, depletion of either LptD or LptE prevents newly
synthesised LPS reaching the outer leaflet of the OM of E. coli [131] and LptE has been
shown to interact specifically with LPS [130]. In E.coli, LptD is transported to the OM
assembly site (the Bam complex, formerly the YaeT complex) by the periplasmic
chaperone SurA where it is inserted into the OM [7, 131].
There are two models proposed for the mechanism by which LptA facilitates the
transfer of LPS from the IM ABC transporter LptB/C/F/G to the OM assembly site
LptE/F. In one model, LptA acts as a molecular chaperone that forms a soluble complex
with LPS to shuttle it from the IM to the OM. This model is analogous with the Lolmediated lipoprotein transport system where the ABC transporter complex LolCDE
facilitates the release of lipoproteins from the IM to the periplasmic LolA that transfers
the lipoproteins to the OM assembly site LolB [138]. The fact that LptA binds lipid A in
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vitro supports the role of LptA as a periplasmic chaperone [129]. In the second model,
oligomers of LptA form a proteinaceous bridge spanning the periplasm by which LPS is
transported from the IM to the OM assembly site. This bridge may or may not be
located at membrane adhesion patches known as Bayers patches. The fact that LptA
forms filaments when crystallised in the presence of LPS supports this theory [139] as
does

the

presence

of

a

conserved

OstA

domain

(Pfam

database

http://www.sanger.ac.uk//cgibin/Pfam/, accession no. PF03968) in LptA that is present
in the periplasmic N-terminal of LptD [132]. In addition, it has been shown that LPS
transport to the OM continues in spheroplasts when most of the periplasmic contents
were lost [140]. Most recently, all seven Lpt proteins have been co-purified in a
membrane fraction containing both IM and OM fractions [141]. All of these data
support the theory that the Lpt machinery forms a trans-envelope bridge to facilitate
LPS transport from the IM to the OM.

Figure 1.17 Structure and biosynthesis of the E. coli R1 core. Glycosyltransferases that form the inner
OS core backbone are denoted by the yellow boxes, and enzymes that modify the structure are in purple.
Green boxes identify outer core glycosyltransferases, and the ligase enzyme is in pink. This figure was
adapted from Raetz and Whitfield [3].
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1.2.2.4 Modifications of E. coli LPS and role in pathogenesis.
Periplasmic modifications to E. coli LPS basic structure can play an important role in
adaptation and pathogenesis of the microorganism [108, 142]. At this stage, it is not
known how these processes interact with the model for transport of LPS across the
periplasm. Periplasmic alterations to E. coli LPS include changes to the acylation
pattern and phosphate groups of lipid A (Figure 1.18). The phosphate groups attached to
the disaccharide backbone of lipid A of E. coli LPS can be modified by addition of
phosphate, phosphoethanolamine (PEA) or 4-amino-4-deoxy-L-arabinose (L-Ara4N)
[143, 144], which play a major role in susceptibility to Cationic Anti-Microbial Peptides
(CAMPs). CAMPs are important components of innate immunity as they are ubiquitous
and have a broad spectrum of bacterial killing. They bind the OM of Gram-negative
bacteria through electrostatic interactions with the negatively charged phosphate
headgroups of lipid A, upon which they transit across the periplasm and intercalate into
the IM, forming pores and resulting in lysis [145]. As a result, modification of the
phosphate groups attached to the disaccharide back bone of LPS can significantly
influence interaction with and susceptibility to CAMPs.
The addition of PEA and L-Ara4N to the phosphate headgroups of lipid A reduces the
surface negative charge, increasing resistance to polymyxin B, a model CAMP. In
S. enterica serovar Typhimurium and E. coli the substitution of lipid A headgroups is
under the control of the PmrA/PmrB, a two component histidine kinase/ response
regulator pair [146-148] which responds to mild acidic conditions [143, 144, 149, 150].
Transfer of PEA and L-Ara4N to E. coli lipid A headgroups is catalysed by the IM
bound periplasmic enzymes, EptA (E. coli PEA transferase A) and ArnT (L-Ara4N
transferase), respectively. EptA (formally known as PmrC in Salmonella) is a member
of the alkaline phosphatase super-family that have conserved core structures and active
site residues [147, 151-153]. It preferentially transfers PEA to the 1- position of the
disaccharide backbone of lipid A [143, 147]. EptA can also catalyse the transfer of PEA
to the 4’ - position of lipid A [143, 148], however, this has recently been shown to only
occur once decoration of the 1 - phosphate group with PEA has occurred [154] and is
enhanced in the absence of ArnT [148]. Interestingly EptA has recently been found in a
protein complex with the cell division protein ZipA suggesting a role for EptA in E. coli
cell division [133]. In addition, an EptA homologue in Campylobacter jejuni has
recently been found to transfer PEA to the flagellar rod promoting assembly and
subsequent motility [155] suggesting a larger role for this family of proteins in the
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decoration of bacterial surfaces. ArnT (also known as PmrK in Salmonella)
preferentially transfers L-Ara4N to the 4’ - position of lipid A [143, 148, 156]. Similar
to EptA, ArnT has the ability to catalyse transfer of L-Ara4N to both phosphate
headgroups [143, 148]. It should also be noted that addition of L-Ara4N to the lipid A of
Salmonella LPS is more prevalent than PEA addition [148] and has greater influence
over resistance to CAMPs [157].

Figure 1.18 Modifications of lipid A of E. coli LPS. The enzymes involved in modification of the lipid
A headgroups and fatty acyl chain conformation of E. coli LPS are shown in blue and black, respectively.
When present, the L-Ara4N (dark blue) moiety is located mainly at the 4’ - position, whereas the PEA
(light blue) is mostly at the 1 - position. Partial covalent modifications are indicated with the dashed
bonds. Modifications of E. coli lipid A under the control of PmrA are blue, whereas modifications
primarily under the control of PhoP are red. This figure was adapted from Raetz and Whitfield [3].

Transfer of an additional phosphate group to the 1 - position of the disaccharide
backbone of E. coli lipid A to form the 1-diphosphate structure (1-PP) is catalysed by
the undecaprenyl phosphotransferase, LpxT [158]. LpxT phosphorylation of the 1 position of lipid A increases the negative charge of LPS and competitively inhibits
transfer of PEA to the same position by EptA therefore increasing susceptibility to
CAMPs [154]. Growth conditions that promote PmrA activation inhibit LpxTdependent phosphorylation of lipid A suggesting that PmrA/B regulates LpxT
expression, although this effect does not involve the control of LpxT transcription [154].
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Modification of fatty acyl chain conformation of lipid A of E. coli LPS can greatly
affect bacterial virulence. The OM palmitoyltransferase PagP transfers palmitate from
phospholipids in the OM to the 2’ position of the proximal glucosamine residue
resulting in a hepta-acylated structure [159]. Increased lipid A acylation resulting from
increased PagP expression is an important mechanism for resistance to CAMPs [160]
and attenuation of the inflammatory response mediated by the TLR4 signal transduction
pathway resulting in immune evasion [161-163]. The expression of PagP is under the
control of the PhoP/Q two component histidine kinase/ response regulator system in
S. Typhimurium [164] which is activated by the presence of CAMPs, low pH and Mg+2
and Ca+2 limitation [165-167]. In E. coli, a third acyltransferase, termed LpxP, is
expressed at low temperatures (12°C) and adds palmitoleate to the 2’ position of the
distal glucosamine residue of lipid A. This enzyme effectively replaces LpxL activity
and results in the addition of an unsaturated fatty acyl chain to lipid A, presumably to
aid in the adjustment of the fluidity of the OM during cold shock [168].
The inner core OS of E. coli LPS can be modified by addition of PEA to the phosphate
group attached to HepI and/or the 7’ position of KdoII as shown in Figure 1.17 [157,
169, 170]. The PEA transferase EptB (E. coli PEA transferase B) catalyses the transfer
of PEA to the phosphate group attached to HepI when grown in the presence of Ca+2
[169, 170]. In turn, addition of PEA to KdoII of LPS appears to play a role in tolerance
to elevated levels of calcium presumably by decreasing membrane permeability to the
cation [169]. The OS inner core of E. coli LPS can be modified by the addition of PEA
to the 7’ position of KdoII [104]. In S. enterica Serovar Typhimurium, the PEA
transferase, CptA, under control of the PmrA/B is responsible for this addition [157].
While PEA modification of KdoII of LPS increases in polymyxin B resistant strains of
S. enterica Serovar Typhimurium [171], a cptA mutant was found to be only slightly
more susceptible to polymyxin B [157]. Therefore, the function of PEA addition to
KdoII of E. coli and S. enterica Serovar Typhimurium LPS is yet to be determined.

1.3

The Gram-negative cell envelope of N. meningitidis.

N. meningitidis has a Gram-negative envelop which is structurally analogous to that of
E. coli. However, there are some fundamental differences in the biology of these two
pathogens. For example, unlike E. coli and other Gram-negative bacteria, LPS deficient
strains of N. meningitidis are viable [172] which has led to significant advancements in
the understanding of the machinery involved in LPS biosynthesis, transport and
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assembly in the OM. Conversely, it has been recently shown that the protein
isomerisation pathway in N. meningitidis is essential for cell viability [173], whilst this
is not the case for E. coli. These observations suggest there are some important
differences to be found in the genesis of the OM in Neisseria sp. Therefore, the
following Sections will detail the differences in the oxidation –isomerisation pathways
and LOS biosynthesis pathway in Neisseria sp.

1.3.1 Periplasmic

oxidoreductases

and

role

in

OM

biogenesis

of

N. meningitidis.
In E. coli, the oxidation pathway is a generalist one recognising all chromosomally
encoded proteins that require disulfide bonds (Section 1.2.1.1) and is supplemented with
specialist protein oxidation pathways usually encoded on genetic islands or plasmids
(Section 1.2.1.2), while the isomerisation pathway contains a generalist isomerase
EcDsbC and two substrate specific isomerases, EcDsbG and EcDsbE (Section 1.2.1.3).
In contrast, N. meningitidis appears to have adopted a specialist protein oxididation
pathway which is partnered with a diversified protein isomerisation pathway containing
a wide variety of partners that interact with NmDsbD (Figure 1.19). Specifically,
N. meningitidis contains three DsbA homologues (NmDsbA1, NmDsbA2 and
NmDsbA3) as well as a single copy of NmDsbB, NmDsbC and NmDsbD [174-176].
These pathways have been shown to make important contributions to the virulence,
pathogenesis and viability of this microorganism.
1.3.1.1 Oxidation pathway of periplasmic protein folding in N. meningitidis.
While the presence of at least one DsbA is required for normal growth of
N. meningitidis only NmDsbA1 and NmDsbA2 are known to play a central role in
meningococcal virulence at this stage [174, 176]. The presence of NmDsbA1 or
NmDsbA2 is required for formation of functional Type IV pilin and normal growth of
N. meningitidis in the presence of reducing agents [174, 176]. Type IV pili is a key
virulence determinant of N. meningitidis as it initiates attachment to host cells and
mediates DNA binding and uptake during natural transformation. Both NmDsbA1 and
NmDsbA2 have been shown to introduce disulfide bonds into PilQ, the secretin which
forms the pore through which the Type IV pili are extruded [174]. In addition, both
oxidoreductases have been implicated in oxidation of the Type IV pili filament subunit,
PilE [176]. No phenotype has been attributed to NmDsbA3 which is unable to
compensate for the loss of NmDsbA1 and NmDsbA2 [174, 176]. The meningococcal
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DsbA enzymes were also found to preferentially interact with different EcDsbA
substrates when used to complement the E. coli∆dsbA mutant strain JCB571 [175].
While all three enzymes were able to restore resistance to the reducing agent
dithiothreitol (DTT) only NmDsbA1 restored motility to JCB571 and only NmDsbA2
restored alkaline phosphatase activity [175]. However, NmDsbA3 was able to oxidise
FlgI and restore motility when over-expressed [177]. All three of the oxidoreductases
have been shown to have oxidoreductase activity in vitro [177-179].

Figure 1.19 Periplasmic protein folding in N. meningitidis; oxidation and isomerisation pathways.
Direction of electron flow is depicted by arrows. The oxidation pathway consists of three
oxidoreductases; two IM bound lipoprotiens (NmDsbA1 and NmDsbA2) and a soluble periplasmic
enzyme (NmDsbA3). NmDsbA1 and NmDsbA2 oxidise the Type IV pilin subunits, PilQ and PilE, while
no substrate is known for NmDsbA3 at this stage. The three oxidoreductases are oxidised by the
membrane bound NmDsbB, which in turn is oxidised by passing electrons to molecular oxygen via Q and
cytochromes. The isomerisation pathway consists of a soluble periplasmic NmDsbC, for which there is
no known substrate and an IM bound NmDsbD, which has also been implicated in the reduction of TlpA
and MsrAB. NmDsbD is reduced by thioredoxin in the cytoplasm.

Unlike EcDsbA, NmDsbA1 and NmDsbA2 are membrane bound lipoproteins which
share 78% amino acid identity with each other. In contrast, NmDsbA3 is a soluble
periplasmic oxidoreductase sharing 57% and 51% amino acid identity with NmDsbA1
and NmDsbA2, respectively [175, 176, 180]. All three of the meningococcal
oxidoreductases share around ~20% amino acid identity with EcDsbA [175]. Crystals of
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the soluble domain of NmDsbA1 (PDB3A3T [179] and PDB 3DVW [178]) and
NmDsbA3 (PDB 2ZNM [177] and PDB 3DVX [178]) have been solved revealing a
similar tertiary structure to EcDsbA with a thioredoxin domain containing the
thioredoxin-like fold and the active site motif CXXC with an inserted -domain (Figure
1.20). Uniquely, NmDsbA3 contains an active site motif of CVHC in an open loop
conformation [177] while NmDsbA1 and NmDsbA2 (modelled on NmDsbA1, Figure
1.20) contain the canonical active site of CPHC located at the N-terminus of the first helix of the thioredoxin domain, which is a similar in arrangement to EcDsbA [178,
179]. All three enzymes are extremely oxidising with a standard redox potential of ~-80
mV [177-179] compared to that of EcDsbA (~-120 mV) [17]. The Thr residue
immediately preceding cis-Pro residue corresponding to position 151 in EcDsbA, has
been shown to confer this higher oxidising power of these enzymes [24, 178]. The
solved crystal structures of NmDsbA1 and NmDsbA3 reveal subtle differences in the
orientation of the  - domain and conformation of the loops connecting the  - and
thioredoxin domains that form the peptide binding surface in EcDsbA [26, 177-179]. It
is currently unclear if these subtle changes in enzyme conformation contribute to the
observed substrate specificities of the meningococcal enzymes. An alternative
explanation for the apparent substrate-specificity of these enzymes may lie in subcompartmentalisation within the periplasm. Since NmDsbA1 and NmDsbA2 are both
lipoproteins, they are constrained to the periplasmic face of the inner membrane where
the lipoprotein, PilE, accumulates before it is processed and assembled into the Type IV
pilin shaft.
1.3.1.2 Isomerisation pathway of periplasmic protein folding in N. meningitidis.
Unlike E. coli, the isomerisation pathway of N. meningitidis is essential suggesting a
fundamental difference in this biochemical pathway [173]. In addition, the expression of
dsbD but not dsbC or other dsb genes is positively regulated by the two component
histidine kinase/ response regulator pair, MisS/MisR [173, 181]. The MisS/MisR system
has been proposed to be analogous to the PhoP/PhoQ system of E. coli [182]. However,
evidence for responses to different environmental cues suggest a different role [173]. In
contrast to E. coli, which encodes more than 30 two component systems [183, 184],
N. meningitidis contains only four predicted two component systems which is a feature
common to obligate host pathogens from restricted environments [185, 186].
Inactivation of the MisS/MisR two component system in N. meningitidis increases
sensitivity to CAMPs [182, 187], reduces haem utilisation [188] and causes attenuation
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in a mouse model of meningococcal infection [189]. Together, these results imply a key
role of the isomerisation pathway of periplasmic protein folding in meningococcal
lifestyle and virulence.

Figure 1.20 The three dimensional structures of the meningococcal DsbA enzymes compared to
EcDsbA. The solved crystal structures of oxidised EcDsbA (PDB1DSB), NmDsbA1 (PDB3A3T) and
NmDsbA3 (PDB2ZNM) reveal a similar tertiary structure with slight differences in the conformation of
the loops connecting the - and thioredoxin domains (black boxed areas). Notably, the active site helix
(red boxed area) of NmDsbA3 is ‘unwound’. *Crystal structure of NmDsbA2 is modelled in NmDsbA1.
Images provided by M. Scanlon, VCP, Monash University [177, 179].

Neisseria gonorrhoeae contains a periplasmic thioredoxin-like protein, TlpA, which
influences susceptibility to oxidative stress and the ability to survive in cervical
epithelial cells [190]. It has been suggested that TlpA is kept in the reduced state by
DsbD [190]. The substrate of TlpA is not known but is thought to be the methionine
sulfoxide reductase (MsrAB), which repairs methioinine residues which have been
attacked by reactive oxygen species. MsrAB is unusually located in the OM of
N. gonorrhoeae, instead of in the cytoplasm as it is in other Gram-negative bacteria
[191]. However, other work in this area has proposed that MsrAB is itself a direct redox
partner of NmDsbD [192]. Therefore, in Neisseria sp. there has been a diversification of
redox partners for NmDsbD, all of which relate to the repair of proteins damaged due to
oxidative stress.

1.3.2 Biosynthesis and transport of LOS to the OM of N. meningitidis.
In contrast to E. coli LPS, N. meningitidis does not produce an endotoxin with repeating
O-antigen and is therefore more appropriately named lipooligosaccharide (LOS) [193,
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194]. Meningococcal LOS consists of an inner OS core region attached to lipid A and a
variable outer OS core region (-chain) (Figure 1.21). The inner OS core consists of
two Hep residues and two Kdo residues that can be decorated with variable sugar
additions. Biosynthesis of meningococcal LOS is initiated in the cytoplasm with
synthesis of the inner OS core attached to lipid A. The variable -chain is then
synthesised by sequential addition of sugars to HepI of the inner core and the completed
LOS is then translocated to the periplasmic surface of the IM by the ABC transporter
MsbA [3, 114, 115] were it can be decorated with PEA. Similar to E. coli LPS, LOS is
extracted from the IM and transported across the periplasm by the Lpt proteins and
integrated into the OM [89].
1.3.2.1 Biosynthesis of meningococcal LOS.
Biosynthesis of the Kdo2-lipid A region of N. meningitidis LOS is similar to the
biogenesis of E. coli LPS (Figure 1.13) (Section 1.2.2.1) except that one lauroyl residue
is transferred to the 2’ position of each glucosamine unit resulting in a symmetrical
molecule [195, 196]. Meningococcal LOS is synthesised by sequential transfer of sugars
to the Kdo2-lipid A structure at the cytoplasmic surface of the IM. There are many
enzymes known to facilitate this process (Figure 1.22).
The basic OS core region of meningococcal LOS consists of Glc1,4 (GlcNAc1)-Hep2Kdo2 attached to lipid A [197]. Transfer of a ADP-Hep to KdoI of the conserved Kdo2lipid A structure, mediated by the 1,5 heptosyltransferase, RfaC, forms Hep1-Kdo2lipid A. The 1,3 heptosyltransferase, RfaF, then catalyses the transfer of the second
ADP-Hep to HepI to form Hep2-Kdo2-lipid A [197] which forms the minimum LOS
structure required for invasion of nasopharyngeal epithelial cell lines [198]. The
structure of meningococcal LOS then diverges from the E. coli model by addition of
GlcNAc to the 2’ position of HepII and glucose to the 4’ - position of HepI [199]. The
transfer of UDP-GlcNAc to position 2’ of HepII is catalysed by the 1,2 Nacetylglucosamine transferase, RfaK. This step results in the formation of GlcNAc1Hep2-Kdo2-lipid A and is a necessary prerequisite for further LOS biosynthesis [200].
The transfer of UDP-Glc to the 4’ - position of HepI is mediated by the 1,4
glycosyltransferase, LgtF, resulting in the conserved core region of meningococcal
LOS, Glc1,4 (GlcNAc1)-Hep2-Kdo2-lipid A [199]. From the terminal glucose of this
structure the variable -chain can extend.
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Figure 1.21 The chemical structure of N. meningitidis LOS. Meningococcal LOS consists of a lipid A
membrane anchor, an inner core OS and a variable outer core OS (-chain). The inner core consists of
two Hep and two Kdo residues. The -chain is attached to HepI of the inner OS core and can be short
(glucose with one or two galactose residues) or long (composed of lacto-N-neotetraose (LNT) (depicted
above)). This image is adapted from John et al. [201].

Meningococcial LOS can express a long -chain composed of lacto-N-neotetraose
(Gal1,4GlcNAc1,3Gal1,4 or LNT) or a short -chain composed of either
Gal1,4Gal1,4 or Gal1,4 and is dependant on expression of genes in the
lipooligosaccharide glycosyltransferase (lgtABCE) locus [202]. Specifically, switching
between the -chains is achieved by high frequency mutation within the poly-G tract of
lgtA and lgtC, a process referred to as phase variation [203, 204]. First, the 1,4
galactosyltransferase, LgtE, catalyses transfer of UDP-Galactose to the terminal glucose
attached to HepI. LNT formation then depends on the phase variable expression of the
1,3 N-acetylglucosamine transferase, LgtA, that transfers UDP-GlcNAc to the 3’
position of the terminal galactose of Gal1,4Glc1,4HepI of LOS. The 1,4
galactosyltransferase, LgtB, then transfers UDP-Galactose to the 4’ - position of the
GlcNAc resulting in the LNT structure [202, 205]. In the absence of lgtA expression, the
-chain can terminate at Gal1,4 or depending on the phase variable expression of
lgtC, the 1,4 galactosyltransferase LgtC can transfer UDP-Galactose to the 4’ 35

position of the terminal galactose residue resulting in the formation of the short -chain,
Gal1,4Gal1,4 [206].

Figure 1.22 Structure and biosynthesis of LOS from N. meningitidis. The variable -chain is shown in
red and the inner OS core shown in black with the - and - chain extensions shown in blue and green,
respectively. Relevant enzymes involved in LOS biosynthesis are identified, and the basis for the
structural variations is described in the text. This figure was adapted from Raetz and Whitfield [3].

Variable additions to the LOS inner OS core can occur prior to transport across the IM.
The terminal GlcNAc attached to the 2’ position of HepII can be O-acetylated by the
phase variable lipooligosaccharide O-acetyltransferase, Lot, forming the -chain
extension [207] and the O-3 position of HepII can be modified by transfer of a glucose
residue mediated by the 1,3 glycosyltransferase, LgtG [208]. The lgtG gene is phase
variable [203] and is modulated by the MisS/MisR two component system [182] but is
part of a small genetic island that is absent in some isolates [203].
1.3.2.2 Transport of LOS to the OM: Lpt pathway in N. meningitidis.
Meningococcal LOS is transported across the IM by the IM ABC transporter MsbA
[114-116] to the periplasm and is targeted to the OM by Lpt proteins similar to that in
E. coli. One notable difference is that in N. meningitidis, LptE is not essential to LOS
biogenesis and has been suggested to have a chaperone-like role in LptD biogenesis
[209]. Interestingly, unlike E. coli where the periplasmic chaperone SurA is required for
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transport of LptD to the OM [7, 210], SurA appears not to play a role in OM biogenesis
of N. meningitidis [211]. Upon integration into the OM, meningococcal LOS can be
modified by the transfer of N-acetylneuraminic acid (NANA) to the 3’ position of the
terminal galactose of LNT by the LOS 2,3 sialyltransferase, Lst, resulting in an chain extension of NANA1,3Gal1,4GlcNAc1,3Gal1,4 [212, 213].
1.3.2.3 Periplasmic modifications of meningococcal LOS.
The lipid A and inner core regions of meningococcal LOS can be modified by the
addition of PEA during transit through the periplasm to the OM. The OS core of
meningococcal LOS can be modified by addition of PEA to the 3’ or 6’ positions of
HepII catalysed by the enzymes, Lpt3 (LOS PEA transferase 3) and Lpt6 (LOS PEA
transferase 6), respectively (Figure 1.19) [214-216]. Transfer of PEA to the 3’ carbon of
HepII by Lpt3 can be competitively inhibited by the addition of 1-3 glucose to the
same position by LgtG in the cytoplasm before transport into the periplasm [208, 214].
In addition, acetylation of the terminal GlcNAc attached to the 2’ position of HepII in
conjunction with an -chain of LNT can inhibit PEA addition to the 3’ position of
HepII [207]. Unlike E. coli and Salmonella, the lipid A phosphate headgroups of
meningococcal LOS are not decorated with arabinose but exist as a mixture of
‘phosphoforms’ (Figure 1.23). The basal diphosphorylated species of meningococcal
LOS can be modified by the addition of a single PEA to the 4’ - headgroup or by
addition of PEA to both ends of the disaccharide backbone (never at the 1 - position
alone). The lipid A can also contain an additional phosphate residue at the 1 - headgroup
with or without PEA [195, 217]. In N. meningitidis, the PEA transferase NmLptA
catalyses the transfer of PEA to the lipid A of LOS [217]. While inactivation of NmlptA
results in a total loss of PEA substitutions to lipid A, it is not known whether NmLptA
transfers one or both of the PEA groups to the lipid A headgroups [217].
1.3.2.4 Role of LOS in pathogenesis of N. meningitidis.
The length and composition of the LOS -chain is a major virulence determinant of
N. meningitidis. Invasive isolates of N. meningitidis express an -chain of LNT that
mimics human paragloboside, increasing resistance to serum bactericidal activity [218,
219]. An -chain of LNT is therefore required for survival in the blood stream and the
establishment of bacteraemia [220-222]. Sialylation of the -chain further increases
resistance to serum bactericidal activity [223]. In contrast, a short -chain consisting of
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Gal1,4Gal1,4 or 1,4 Gal allows colonisation and invasion of the
nasopharynx by invasive isolates [220]. The ability to switch between carriage and
invasive modes by the phase variable expression of -chain biosynthesis genes lgtA and
lgtC is therefore a major virulence determinant of N. meningitidis.

Figure 1.23 Lipid A phosphoforms of LOS from N. meningitidis. Structures for the various
hexaacylated lipid A ions observed in the MALDI-TOF MS spectrum for the lipid A isolated from
N. meningitidis strain NMB are shown. Lipid A can be decorated with one or two PEA residues and up to
three phosphate residues (P). Various combinations of each are shown. Data provided by R. Carlson,
(University of Georgia, unpublished results).

Periplasmic modifications of the lipid A and OS core of meningococcal LOS by PEA
can mediate resistance to defensins at the site of colonisation and attachment to host
cells as well as influence survival in the blood stream and the potency of lipid A as an
inducer of the host inflammatory immune response [223-226]. NmLptA catalysed
addition of PEA to lipid A of meningococcal LOS is essential for resistance to CAMPs
[225] and the ability to attach to nasopharyngeal epithelial cell lines [226]. NmLptA
mediated addition of PEA groups to lipid A of LOS of the closely related pathogen
N. gonorrhoeae results in increased resistance to complement mediated killing by
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normal human serum [227], suggesting a possible role of PEA addition to lipid A in
meningococcal serum resistance. In addition, the level of PEA decoration of lipid A can
influence the potency of lipid A as an inducer of the host inflammatory immune
response [228]. Variable sugar additions to the carbons of HepII of the inner OS core of
meningococcal LOS can influence resistance to complement mediated lysis and
therefore play an integral role in meningococcal pathogenesis. The PEA groups attached
to HepII of meningococcal LOS are a target for complement component C4b resulting
in enhanced killing by the classical pathway of complement. Furthermore, the O-6
linked PEA groups is more efficient at binding the complement component, C4b, than
the O-3 linked PEA [224]. As a result modification of the inner OS core of
meningococcal LOS, particularly decoration with PEA, is central to pathogenesis of
N. meningitidis.

1.4

The interrelationship of the protein folding pathway on LPS
transport and OM biogenesis.

LPS biogenesis of Gram-negative bacteria is complex and diverse and involves a wide
range of enzymes, some of which contain multiple Cys residues that have the potential
to form disulfide bonds. Recently, the OM LPS transporter LptD of E. coli has been
shown to contain multiple non-consecutive disulfide bonds and to be dependent on
periplasmic oxidoreductases EcDsbA and EcDsbC for function (Section 1.2.1.4) [7].
This establishes for the first time a link between periplasmic oxidoreductases and LPS
biogenesis. As there are many more candidate proteins involved in LPS biogenesis of
both E. coli and N. meningitidis that are potential DsbA substrates, disulfide bond
formation by periplasmic oxidoreductases could be more important to LPS biogenesis
and hence OM composition and function than previously imagined.

1.5

Aims of this study.

Although oxidoreductases have been implicated in the biogenesis of meningococcal
Type IV pili, there is likely to be a much larger role of the oxidoreductases in the
virulence of N. meningitidis. Of particular interest is the role of oxidoreductases in
meningococcal LOS biogenesis. In addition, N. meningitidis offers a unique opportunity
for studying the basis of substrate recognition and discrimination of DsbA enzymes as it
contains three substrate specific enzymes with similar redox potentials.
Therefore, the aims of this study were to:
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1. Determine the regions of the meningococcal DsbA enzymes involved in
substrate recognition and discrimination.
2. Further elucidate the role of meningococcal oxidoreductases in virulence of
N. meningitidis by identifying DsbA substrates.
3. Identify DsbA substrates involved in meningococcal LOS biogenesis.
Specifically, determine the role of oxidoreductases in the stability and function
of the meningococcal LOS PEA transferase NmLptA.
At the conclusion of this study we will have a greater understanding of the role of
oxidoreductases in meningococcal virulence, specifically the role of oxidoreductases in
meningococcal LOS biogenesis. In addition, this study will investigate the basis of
substrate specificity of the DsbA enzymes of N. meningitidis and provide insight into
the specificity of functional DsbA-DsbB redox pairs. This information will contribute to
the development of novel antimicrobials that could be used in the treatment of Gramnegative bacterial infections.
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2 Materials and Methods.
All chemicals and enzymes used in this study are listed in Table 2.1 and were used and
stored as per manufacturer’s instructions. Equipment used is listed in the text. Plasmids
used or constructed in this study are listed in Table 2.2. E. coli strains used or
constructed in this study are described in Table 2.3 and N. meningitidis strains used or
constructed in this study are described in Table 2.4.
Table 2.1 Chemicals and Enzymes used in this study.
Chemical/enzyme
Acetone
30% Acrylamide/Bis solution (37.5:1)
4-acetamido-4’-maleimidyl-stilbene-2,2’disulfonic acid (AMS)
Alkaline phosphatase calf intestinal (CAP)
Ammonium persulfate 98% (APS)
Ampicillin sodium salt
5-bromo-4-chlor-3-indoly--Dgalactopyranoside (X-gal)
Glacial acetic acid
Agarose Ultra Pure ™
DNA grade
Molecular grade
Bacteriological agar No. 1
Big Dye® Terminator v3.1
Bovine Serum Albumin (BSA)
Albumin from Bovine Serum (BSA)
Bromophenol Blue Dye
Chloramphenicol
Colistin E strips
Dimethylformamide
Di-methyl-sulfoxide (DMSO)
DNTP mix
Ultra PureTM DTT (DL-dithiothreitol)
Clelands Reagent
DTT (DL-dithiothreitol) for molecular
biology 99% titration
ECL™ detection kit Western Blotting
Analysis System
Expand long template PCR system
Ethanol
Ethidium bromide
Ethylenediaminetetra-acetic acid (EDTA)
Erythromycin approx 98%
Gateway ® LR clonase TM II Enzyme Mix
Gonococcal (GC) agar base
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Supplier
MERCK chemicals (Aust)
BioRad Laboratories (USA)
Invitrogen life technologies (USA)
Promega (USA)
Sigma chemical company (USA)
Calbiochem (Germany)
Progen Industries Ltd (USA)
AnalaR BDH (Aust)
Invitrogen life technologies (USA)
SeaKem LE (USA)
Bio-Rad (USA)
Oxoid (Aust.)
Applied Biosystems
New England Biolabs (USA)
Sigma chemical company (USA)
Sigma chemical company (USA)
Sigma chemical company (USA)
Biomerieux (France)
Sigma chemical company (USA)
Sigma chemical company (USA)
Promega corporation Ltd (Aust)
Invitrogen life technologies (USA)
Sigma chemical company (USA)
Amersham life sciences (UK)
Roche applied sciences (Germany)
AnalaR BDH (Aust)
Sigma chemical company (USA)
AnalaR BDH (Aust)
Sigma chemical company (USA)
Invitrogen life technologies (USA)
Oxoid (Aust)

D-glucose (C6H12O6)
L-glutamine 98%
200 mM L–glutamine
Glycerol
Glycine
High Pure Plasmid Isolation Kit
Hydrochloric acid (HCl)
Iron (III) nitrate (Fe(NO3)3.9H2O)
Isopropylthio-1’-D-galactoside (IPTG)
Kanamycin sulphate from Streptomyces
kanamyceticus, animal component free
Lambda () DNA
lysozyme
MagneHis ™ Ni particles
Magnesium acetate
Magnesium chloride (MgCl)
Magnesium sulphate (MgSO4)
Methanol-analytical grade
Mueller Hinton (MH) broth
N, N, N’, N’-tetra methylethylene diamene
(TEMED)
Mercaptoethanol
New England buffer 2 (NEB 2)
100x non essential amino acids
Penicillin-streptomycin liquid
Poly ethylene glycol (PEG-4000)
Polymyxin B sulfate salt
Peptone Tryptone
Potassium chloride (KCl)
Potassium glutamate
Potassium phosphate dibasic (K2HPO4)
Potassium phosphate monobasic (KH2PO4)
QIAquick PCR purification Kit
Rainbow coloured protein molecular weight
markersTM
Restriction
BamHI
endonucleases
DpnI
HincII
HindIII
KpnI
MscI
NcoI
NheI
PstI
SmaI
SacI
XbaI
XhoI
Saponin

Unilab (Aust)
Sigma chemical company (USA)
Invitrogen life technologies (USA)
Univar (Aust)
Univar (Aust)
Roche applied sciences (Germany)
AnalaR BDH (Aust)
Univar (Aust)
Progen Industries limited (USA)
Sigma chemical company (USA)
Promega corporation (Aust)
Sigma chemical company (USA)
Promega corporation (Aust)
Univar (Aust)
Univar (Aust)
AnalaR BDH (Aust)
Scharlau Chemicals (Spain) and Labscan
Analytical sciences (USA)
Oxoid (Aust)
Bio-Rad Laboratories (USA)
Sigma chemical company (USA)
New England Biolabs (USA)
Invitrogen life technologies (USA)
Invitrogen life technologies (USA)
Chem supply Pty. Ltd. (Aust)
Sigma chemical company (USA)
Oxoid (Aust)
Univar (Aust)
Univar (Aust)
Chem Supply
Univar (Aust)
Qiagen Pty. Ltd. (Aust)
Amersham life sciences (UK)
New England Biolabs (USA)
New England Biolabs (USA)
New England Biolabs (USA)
New England Biolabs (USA)
New England Biolabs (USA)
New England Biolabs (USA)
New England Biolabs (USA)
New England Biolabs (USA)
New England Biolabs (USA)
New England Biolabs (USA)
New England Biolabs (USA)
New England Biolabs (USA)
New England Biolabs (USA)
Sigma chemical company (USA)
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Sodium chloride (NaCl)
Sodium dodecyl sulfate (SDS)
Sodium hydrogen carbonate (NaHCO3)
Special peptone
Spectinomycin Dihydrochloride
100 mM sodium pyruvate
Sucrose
SYBR® Safe DNA gel stain 10,000X
concentrate in DMSO
T4 DNA ligase
T4 DNA Ligase 10 x buffer
Taq DNA polymerase
Taq extender
Tetracycline hydrochloride
Thiamine pyrophosphate chloride (cocarboxylase)
1 kb Trackit DNA ladder
Trypsin EDTA 4Na liquid
Trichloroacetic acid
Tris acetate
Tris-base
Trizma-hydrochloride (Tris-HCl)
Yeast extract

Univar (Aust)
BDH laboratory reagents (Aust)
Univar (Aust)
Oxoid (Aust)
Sigma chemical company (USA)
Invitrogen life technologies (USA)
Univar (Aust)
Invitrogen life technologies (USA)
New England Biolabs (USA)
New England Biolabs (USA)
New England Biolabs (USA)
Stratagene (USA)
Sigma chemical company (USA)
Sigma chemical company (USA)
Invitrogen life technologies (USA)
Invitrogen life technologies (USA)
BDH chemicals (Aust)
Univar (Aust)
Invitrogen life technologies (USA)
Gibco (USA)
Oxoid (Aust)

Table 2.2 Plasmids used or constructed in this study.
Plasmid
pCMK109
pCMK111
pCMK113
pCMK118

pCMK133

pCMK135
pCMK137

pCMK255

pCMK256
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Characteristics

Source/
reference
pHSG576 containing NmdsbA1::addA
[173]
[173]
pHSG576 containing NmdsbA2::tetM
[173]
pHSG576 containing NmdsbA3::ermC
NMB dsbA2 amplified with primer pairs, KAP11 J. Scoullar
and KAP12, cloned into the HincII site of the MCS (unpublished)
of pHSG576.
Entry vector constructed by cloning Hisx6-aphA-3 J. Scoullar
fragment into the NotI and EcoRV sites of (unpublished)
pENTR4 site downstream of ccdB. The resultant
ccdB – Hisx6 – aphA-3 fragment is located
between Gateway® compatible attL sites.
Hermes 8 containing attR cassette cloned J. Scoullar
downstream of the Ptrc promoter.
(unpublished)
pCMK133 with MC58 NmdsbA3 cloned into the J. Scoullar
NcoI and HindIII sites of the MCS resulting in a C- (unpublished)
terminal Hisx6-tag fusion.
EcdsbA amplified with primer pair, KAP13 and S. Piek
KAP14, cloned into HincII site of the MCS of (unpublished)
pHSG576.
MC58 dsbA1 excised from pCMK114 and cloned S. Piek
into the HincII site of the MCS of pHSG576 in the (unpublished)
correct orientation for expression from the lacZ

pCMK257

pCMK259

pCMK501

pCMK502

pCMK511

pCMK512

pCMK513

pCMK514

pCMK515

pCMK516

pCMK517

pCMK518
pCMK519

pCMK521

pCMK522

promoter.
EcTDHNm1-H+V amplified with primer pair
KAP13 and KAP14, cloned into the HincII site of
the MCS of pHSG576.
EcTDHNm3-H+V amplified with primer pair,
KAP13 and KAP14, cloned into the HincII site of
the MCS of pHSG576.
EcTDHNm1-H amplified from pCMK257 with
primer pair, KAP13 and KAP14, cloned into the
HincII site of the MCS of pHSG576.
EcTDHNm3-H amplified from pCMK259 with
primer pair, KAP13 and KAP14, cloned into the
HincII site of the MCS of pHSG576.
dsbA1 P151T amplified from pCMK256 with
primer pair, KAP7 and KAP8, cloned into the
HincII site of the MCS of pHSG576.
NmdsbA1 P151T (HindIII replacing the stop
codon) amplified from pCMK511 with primer pair,
KAP7 and KAP153, cloned into the HincII site of
the MCS of pHSG576.
NMB NmdsbA2 P151T (HindIII replacing the stop
codon) amplified from pCMK118 with primer pair,
KAP11 and KAP156, cloned into the HincII site of
the MCS of pHSG576.
MC58 NmdsbA3 P151T (HindIII replacing the stop
codon) amplified from pJKD2719 with primer pair,
KAP59 and KAP68, cloned into the HincII site of
the MCS of pHSG576.
pCMK133 with NmdsbA1 P151T from pCMK512
cloned into the NcoI and HindIII sites of the MCS
resulting in a C-terminal Hisx6-tag fusion.
pCMK133 with NmdsbA2 P151T from pCMK513
cloned into the NcoI and HindIII sites of the MCS
resulting in a C-terminal Hisx6-tag fusion.
pCMK133 with MC58 NmdsbA3 P151T from
pCMK514 cloned into the NcoI and HindIII sites
of the MCS resulting in a C-terminal Hisx6-tag
fusion.
pMIDG100 with the attR cassette from pCMK135
cloned into the NheI and XbaI sites of the MCS.
NMB NmlptA amplified with primer pair, KAP70
and KAP71, and cloned into the HincII of the MCS
of pHSG576.
NmlptA (HindIII replacing the stop codon)
amplified from pCMK519 using the primer pair,
KAP96 and KAP193, cloned into the HincII of the
MCS of pHSG576.
NmlptA (HindIII replacing the stop codon and
inserting an upstream NcoI site) amplified from
pCMK521 using the primer pair, KAP64 and
KAP97, cloned into HincII of the MCS of

S. Piek
(unpublished)
S. Piek
(unpublished)
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
This study

This study

This study
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pCMK523

pCMK524

pCMK526
pCMK525

pCMK527
pCMK534
pCMK536

pCMK553

pCMK554

pCMK555

pCMK556

pCMK561

pCMK573
pCMK576

pCMK577

pCMK631
pHSG576
pJKD2719

pKA314
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pHSG576.
pHSG576 containing NmlptAMA (HindIII
replacing the stop codon and upstream NcoI site)
cloned into HincII of the MCS
pCMK133 with NmlptA from pCMK522 cloned
into the NcoI and HindIII sites of the MCS
resulting in a C-terminal Hisx6-tag fusion.
NmlptA:Hisx6 from pCMK524 cloned into the NcoI
and SmaI sites of the MCS of pTrc99A.
pCMK133 with NmlptAMA from pCMK523
cloned into NcoI and HindIII sites of the MCS
resulting in a C-terminal Hisx6-tag fusion.
NmlptAMA::Hisx6 from pCMK524 cloned into
the NcoI and SmaI sites of the MCS of pTrc99A.
pCMK518 with ccdB removed by restriction digest
with MscI and self-re-ligated.
pCMK518 with MC58 NmdsbA3::Hisx6 aphA-3
transferred from pCMK137 in place of ccdB-cat1
by LR clonase™ recombination of the att sites.
NMB dsbA1 amplified with primer pair, KAP7 and
KAP8, cloned into HincII site of the MCS of
pHSG576.
dsbA1EcH1 amplified from pCMK533 with primer
pair, KAP7 and KAP8, cloned into the HincII site
of the MCS of pHSG576.
dsbA1EcH2 amplified from pCMK533 with primer
pair, KAP7 and KAP8, cloned into the HincII site
of the MCS of pHSG576.
dsbA1EcH1+2 amplified from pCMK533 with
primer pair, KAP7 and KAP8, and cloned into
HincII site of the MCS of pHSG576.
Pner-gfpmut3 fragment from pMIDG101 cloned
into the KpnI and XbaI sites of the MCS of
pYT250.
pCMK561 containing dsbA1 P151T::Hisx6 aphA-3
from pCMK515 in place of gfpmut3
pCMK133 with MC58 NmdsbA1 cloned into the
NcoI and HindIII sites of the MCS resulting in a Cterminal Hisx6-tag fusion.
pCMK133 with MC58 NmdsbA2 cloned into the
NcoI and HindIII sites of the MCS resulting in a Cterminal Hisx6-tag fusion.
Neisserial suicide vector pHSG576 containing
NmdsbA3::aphA-3
Chloramphenicol (Cm) resistance, multiple cloning
site in lacZ gene, low copy
MC58 dsbA3 amplified with primer pair, DAP103
and DAP104, cloned into the HincII site of the
MCS of pHSG576.
Neisserial suicide vector pHSG576 containing
NmlptA::addA.

This study

This study

This study
This study

This study
This study
This study

This study

This study

This study

This study

This study

This study
This study

This study

Dr C. Lee
(unpublished)
[229]
[177]

[226]

pMIDG100

pMIDG101
pTrc99A
pYT250

Conjugative shuttle vector maintained in both
N. meningitidis and E. coli, encodes kanamycin
(Km) resistance and contains a promoterless
gfpmut3 in the MCS.
pMIDG100 with the high level promoter Pner
cloned upstream of gfpmut3.
Ampicillin (Amp) resistance, multiple cloning site
in lacZ gene, high copy.
Meningococcal shuttle vector constructed by
fusion of a gonococcal cryptic plasmid and the
commercial E. coli vector pCR2.1 with the bla
cassette replaced with an ermC marker from
pAErmC’G. Does not contain a promoter to
express genes cloned into the MCS.

[230]

[231]
[232]
[233]

Table 2.3 E. coli strains used or constructed in this study.
Strains

Characteristics and plasmid

CKEC109
CKEC111
CKEC113
CKEC118
CKEC133
CKEC135
CKEC137
CKEC257

JM109 containing pCMK109
JM109 containing pCMK111
JM109 containing pCMK113
JM109 containing pCMK118
DB3.1 containing pCMK133
DB3.1 containing pCMK135
DB3.1 containing pCMK137
JM109 containing pCMK257

CKEC259

JM109 containing pCMK259

CKEC272

JCB571 containing pCMK255

CKEC271

JCB571 containing pHSG576

CKEC272

JCB571 containing pCMK255

CKEC256

JM109 containing pCMK256

CKEC501
CKEC502
CKEC506
CKEC507
CKEC511
CKEC512
CKEC513
CKEC514
CKEC515
CKEC516
CKEC517
CKEC518

JM109 containing pCMK501
JM109 containing pCMK502
JCB571 containing pCMK501
JCB571 containing pCMK502
JM109 containing pCMK511
JM109 containing pCMK512
JM109 containing pCMK513
JM109 containing pCMK514
DH5 containing pCMK515
DH5 containing pCMK516
DH5 containing pCMK517
JM109 containing pCMK518

Source and
reference
J. Scoullar
J. Scoullar
J. Scoullar
J. Scoullar
J. Scoullar
J. Scoullar
J. Scoullar
S. Piek
(unpublished)
S. Piek
(unpublished)
S. Piek
(unpublished)
S. Piek
(unpublished)
S. Piek
(unpublished)
S. Piek
(unpublished)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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CKEC519
CKEC521
CKEC522
CKEC523
CKEC524
CKEC525
CKEC526
CKEC527
CKEC534
CKEC535
CKEC536
CKEC543
CKEC544
CKEC546
CKEC553
CKEC554
CKEC555
CKEC556
CKEC557
CKEC558
CKEC559
CKEC560
CKEC561
CKEC564
CKEC565
CKEC566
CKEC567
CKEC573
CKEC576
CKEC577
CKEC580
CKEC631

JM109 containing pCMK519
JM109 containing pCMK521
JM109 containing pCMK522
JM109 containing pCMK523
DH5 containing pCMK524
DH5 containing CMK525
JM109 containing pCMK526
JM109 containing pCMK527
DH5 containing pCMK534
S17.1 containing pCMK534
DH5 containing pCMK536
JCB571 containing pCMK526
JCB571 containing pCMK527
S17.1 containing pCMK536
JM109 containing pCMK553
JM109 containing pCMK554
JM109 containing pCMK555
JM109 containing pCMK556
JCB571 containing pCMK553
JCB571 containing pCMK554
JCB571 containing pCMK555
JCB571 containing pCMK556
DH5 containing pCMK561
CKEC543 containing pCMK255
CKEC543 containing pCMK553
CKEC543 containing pCMK118
CKEC543 containing pJKD2719
DH5 containing pCMK573
DH5 containing pCMK576
DH5 containing pCMK577
CKEC544 containing pCMK255
DH5 containing pCMK631

DB3.1

* F- gyrA462 endA1 glnV44 Δ(sr1-recA) mcrB mrr
hsdS20 (rB-, mB-) ara14 galK2 lacY1 proA2 rpsL20
(Smr) xyl5 Δleu mtl1
* F´ traD36 proA+B+ lacIq Δ(lacZ)M15/Δ(lacproAB) glnV44 e14- gyrA96 recA1 relA1 endA1 thi
hsdR17

E. coli K12
JM109

E. coli
DH5
E. coli
JCB570
E. coli
JCB571
JKD2719
S17.1
48

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Dr C. Lee
(unpublished)
[234]
New England
Biolabs E4107S

* F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR
nupG Φ80d lacZΔM15/Δ(lacZYA-argF)U169,
hsdR17 (rK- mK+), λ–
** MC1000 phoR zih12::Tn1O

[235]

** JCB570 dsbA::kan1l

[41]

JM109 containing pJKD2719

C. Kahler
(unpublished)
[236]

-

* F recA, hsdR, RP4-2 (Tc::Mu) (Km::Tn7)

[41]

EXEC94

lysogenized with λ pir phage.
JM109 containing pTrc99A

C. Kahler
(unpublished)

* Refer to NEB catalogue for explanation of genetic terms.
** Refer to references for genetic terms.

Table 2.4 N. meningitidis strains used or constructed in this study.
Strains

Characteristics and plasmid

CKNM101
CKNM102
CKNM103
CKNM105
CKNM125
CKNM204
CKNM207
CKNM209

NMBdsbA1::aadA
NMBdsbA2::tetM
NMBdsbA3::ermC (polar mutant)
NMBdsbA1::aadA dsbA2::tetM
CKNM103 containing pCMK536
NMBlptA::aadA
CKNM105 containing pCMK573
NMB ∆dsbA3::aphA-3

CKNM210
CKNM211
CKNM212
NMB

NMBdsbA1::aadA ∆dsbA3::aphA-3
NMBdsbA2::tetM ∆dsbA3::aphA-3
NMBdsbA1::aadA dsbA2::tetM ∆dsbA3::aphA-3
Wild type, serogroup B strain originally isolated from
a patient with meningococcal
meningitis:2bB:P1.2,5:L2 (CDC8201085)

2.1

Source and
reference
This study
This study
J. Scoullar
This study
J. Scoullar
This study
This study
C. Lee
(unpublished)
This study
This study
This study
[237]

Media and Culture conditions.

Culture media described in Table 2.5 was prepared and sterilized by autoclaving for 15
minutes at 121ºC and cooled to 55ºC before addition of antibiotics and supplements.
Antibiotics were added to media when required. All antibiotic solutions were made up
as stock solutions, stored at 4ºC and used within 30 days. Solutions were filter sterilized
using a 0.2 m filter (Millipore) when required. Antibiotics used in this study are
described in Table 2.6. Supplements were added to media when required and are
detailed in Section 2.1.1. All broth was stored at room temperature until use. Agar was
poured as plates and allowed to dry for at least 30 minutes before storage at 4ºC in a
sealed bag.
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Table 2.5 Culture media used in this study.
Culture Media
Luria-Bertani (LB) broth
LB agar (1%)
LB agar (0.4%)

Gonococcal (GC) broth

GC agar
Mueller Hinton (MH) broth
LB glycerol broth
GC glycerol broth

Composition
1% (w/v) tryptone, 0.5% (w/v) yeast extract and 5%
(w/v) sodium chloride (NaCl)
1% (w/v) tryptone, 0.5% (w/v) yeast extract and 5%
(w/v) sodium chloride (NaCl)
0.4% (w/v) bacteriological agar No. 1, 1% (w/v)
tryptone, 0.5% (w/v) yeast extract and 0.5% (w/v)
sodium chloride (NaCl)
1.5% (w/v) special peptone, 0.4% (w/v) potassium
phosphate dibasic (K2HPO4), 0.1% (w/v) potassium
phosphate monobasic (KH2PO4) and 0.5% (w/v)
sodium chloride (NaCl)
GC agar base (Oxoid) made up as per manufacturer’s
instructions
MH broth (Oxoid) made up as per manufacturer’s
instructions
0.68 M glycerol, 0.75% (w/v) tryptone, 0.4% (w/v)
yeast extract and 0.375% (w/v) NaCl
0.68 M glycerol, 1.125% (w/v) special peptone, 0.3%
(w/v) potassium phosphate dibasic (K2HPO4), 0.075%
(w/v) potassium phosphate monobasic (KH2PO4) and
0.375% (w/v) NaCl

Table 2.6: Antibiotics used in this study.
Antibiotic stocks

Chloramphenicol
(30 mg/ml)
Ampicillin
(100 mg/ml)
Kanamycin
(50 mg/ml)
Erythromycin
(50 mg/ml)
Spectinomycin
(50 mg/ml)

Tetracycline
(5 mg/ml)
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Composition

Concentration Concentration
used for
used for
E. coli strains N. meningitidis
strains
300 mg chloramphenicol
N/A
30 g/ml
dissolved in 10 ml 100%
analytical grade ethanol.
500 mg ampicillin sodium
N/A
50 g/ml
salt dissolved in 5 ml dH2O
and filter sterilized.
500 mg kanamycin sulphate
50 g/ml
100 g/ml
dissolved in 10 ml dH2O
and filter sterilized.
100
mg
erythromycin
300 g/ml
3 g/ml
dissolved in 2 ml 100%
analytical grade ethanol.
500 mg spectinomycin
50 g/ml
50 g/ml
dissolved
in
10
ml
autoclaved dH2O in a 15 ml
falcon tube.
50
mg
tetracycline
20 g/ml
1 g/ml
hydrochloride dissolved in
2.5 ml autoclaved dH2O

Polymyxin B
(100 mg/ml)

and 7.5 ml 100% analytical
grade ethanol in a 15 ml
falcon tube and protected
from light.
500 mg polymyxin B
sulphate salt dissolved in
5 ml dH2O and filter
sterilized.

N/A

500 µg/ml

E. coli strains were grown either in Luria-Bertani (LB) broth or LB agar. Plate cultures
were grown at 37˚C in a Hera cell 150 incubator. Broth cultures were grown shaking at
37˚C in a in orbital mixer incubator (Ratek). N. meningitidis strains were grown either
in Gonococcal (GC) broth or GC agar supplemented with 0.4% (w/v) glucose and 0.68
mM ferric nitrate (Fe(NO\3)3) (GCGF) or Mueller Hinton (MH) broth. Plate cultures
were incubated at 37˚C with 5% CO2 in a Hera cell 150 incubator. All meningococcal
broth cultures were grown in sealed flasks and contained 0.043% Sodium hydrogen
carbonate (NaHCO3) to create the 5% CO2 atmosphere.
Cultures were stored on original media at 4ºC for short-term storage. Where long-term
storage was required, glycerol stocks of the cultures were made from overnight growth
on solid media and stored at -80ºC. Growth was collected from the agar plate using a
sterile loop and re-suspended in 1 ml of LB or GC glycerol broth for long term storage
of E. coli or N. meningitidis cultures, respectively.
2.1.1

Media supplements.

Glucose supplement.
Glucose supplement consisting of 40% w/v D-glucose (C6H12O6) was made up in 1L
dH2O and 10 g L-glutamine and 20 mg thiamine pyrophosphate chloride (cocarboxylase) added before the solution was filter sterilized using a 0.2 m filter and
stored at -20C. Glucose supplement was used in GC media at a final concentration of
4% glucose.
Iron nitrate supplement.
Iron supplement was prepared by dissolving 1.25 g Iron (III) nitrate (Fe(NO3)3.9H2O) in
250 ml dH2O. The supplement was filter sterilized using a 0.2 m filter and stored at -
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20C. Iron nitrate was used to supplement GC media at a final concentration of 0.68
mM.
Sodium hydrogen carbonate supplement.
The sodium hydrogen carbonate supplement was prepared by dissolving 4.3% w/v
sodium hydrogen carbonate (NaHCO3) in dH2O. The supplement was filter sterilised
using a 0.2 m filter and used immediately at a final concentration of 0.043% NaHCO3
in GC broth.
DL-Dithiothreitol

(DTT) stock solution.

A 1 M stock solution of DTT was prepared by dissolving 1.54 g in 10 ml dH2O and
filter sterilized using a 0.2 m filter. The stock solution was used immediately to
supplement media as required. For DTT assays on solid LB medium, freshly prepared
DTT stock was diluted into molten LB agar (55C) to result in a final concentration of
25 mM. Plates were poured and used within 30 minutes to avoid oxidation with air.
Isopropylthio-1’-D-galactoside (IPTG) stock solution.
A 1 M stock solution of IPTG was prepared by dissolving 2 g IPTG in 10 ml dH2O and
filter sterilized using a 0.2 m filter. Aliquots of 1 ml were stored at –20ºC. Media was
supplemented with 1 M IPTG stock to a final concentration of 0.3 mM when required.
5-bromo-4-chlor-3-indoly--D-galactopyranoside (X-gal) stock solution.
X-gal stock solution was prepared by dissolving 200 mg of X-gal in 10 ml
dimethylformamide to form a final stock concentration of 20 mg/ml. The solution was
protected from light and stored at –20ºC. Media was supplemented with X-gal stock
when required to a final concentration of 20 g/ml.

2.2

Recombinant DNA techniques.

Primers were designed based on the N. meningitidis MC58 genome or E. coli K12
genome, published on the Comprehensive Microbial Resource (CMR) database
(http://cmr.jcvi.org/cgi-bin/CMR/CmrHomePage.cgi) or from N. meningitidis NMB
genome determined by sequencing. The oligonucleotides were constructed by Monash
University Department

of Microbiology Oligonucleotide Sequencing Facility

(MICROMON) or Sigma Aldrich and are listed in Table 2.4.
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Table 2.7 Table of oligonucleotide primers used in this study.
KAP Synthesis Sequence (5’3’)
no.
number
1
28051
accgcatcgacagcacgacgaccgttattg
tcggcggaaaataccg
2
28052
tccgccgacaataacggtcgtcgtgctgtc
gatgcggtattgttccg
7
27674
catgccatggcaacatcaaggaaaaccgt
atgaaatcc
8
27693
gctctagaactggaaacgggctttacgtttt
aaacc
11
27675
catgccatggcacacaggaaatacctatga
aactgaaaacc
13
28623
catgccatgggagccgacttttatagaaca
ggc
14
28624
gctctagagaaataatgtccagcggcagg
atgc
43
28066
cttagcaggagacattccttccg
59
29414
gggaagctttctgtacagcaggggtctgac
g
64
29668
catgccatggtaggaggtccaaatgataaa
accgaacctgaggccgaagc
68
29710
catgccatggcgaaaggaaataattatgaa
gctc
70
29707
atgtctgccggacgtttgaatgg
71
29708
attgccgtgatcgggaacttgg
74
29734
tacctatcacctcaaatggttcgctgg

Template

Source

pJKD2719

This study

pJKD2719

This study

NmdsbA1

J. Scoullar

NmdsbA1

J. Scoullar

pCMK118

This study

E. coli dsbA

J. Scoullar

E. coli dsbA

J. Scoullar

aphA-3
pJKD2719

C. Kahler
This study

NmlptA

This study

pJKD2719

This study

NmlptA
NmlptA
pMIDG100

75

29735

acagctatgaccatgattacgccaagc

pMIDG100

96
97
98
112
113
134
135
138
139
151

18824
18820
29902
30143
30144
30283
30284
30285
30286
30811

pHSG576
pHSG576
lacIq
pCMK133
pCMK133
pCMK257
pCMK257
pCMK259
pCMK259
pCMK256

152

30812

pCMK256

This study

153

30870

pCMK511

This study

155

30814

pCMK118

This study

156

30871

agcggataacaatttcacacagga
gttttcccagtcacgac
gccaatcagcaacgactg
ccaggcatcaaactaagcagaagg
gccaactttgtacaagaaagctggg
cgaaaccttccaattgcgtggc
gccacgcaattggaaggtttcg
gacggaacaataccaattgcgtgg
ccacgcaattggtattgttccgtc
ccaaatcgacggtacgaccacggttatcgt
cg
cgacgataaccgtggtcgtaccgtcgattt
gg
ggaagcttcctgcgcggctttttgttcttcgc
gtac
cgacaatcacagtcgttgtgccgctgatttg
g
ggaagcttgcggctttttctgctcttcgcgta
c

This study
This study
O’Dwyer et
al., (2004)
O’Dwyer et
al., (2004)
C. Kahler
C. Kahler
C. Kahler
J. Scoullar
J. Scoullar
This study
This study
This study
This study
This study

pCMK118

This study
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190
192
193

31331
31498
31499

194
195
205

31595
31596

206
207
208
209
264

33107

265

33108

gcacaacgactgtgattgtcg
ggcaccggattacgcctcgtttttccgc
gggaagctttgcgcggacggcggcaggc
tgccaatatatc
caaggatctggatttcgatcacg
gggctttactaagctgatccgg
gtaatcggtgccgttaaaaggatgaagctc
g
ggcaccgattacgcctcgtttttccgc
aatcctgcataccatcggcagc
atctttgtatttcgacacgcccgc
atttcgttggtgtcgcaggtcg
catgaagacgacgtgttcggtacgcagg

cgtggcgttcccacggttatcgtcggcggt
aaatataaag
325
cgtcgtcttcatgaaagaaatgctgacgctg
gcacgcc
326
gggaacgccacgcaattggaaggtttcgg
tcagctcctgc
DAP Synthesis Sequence (5’3’)
No.
number
68
21576
cacctctgtactaattcaagg
285
24607
ctacgatatgcgcggtgaaagc
381
25839
gagcggataacaatttcacacagg
382
25838
cgtgcacccaactgatcttcagc
418
tgtttcatcacgcggttgaccg
419
tgatttccgccgctatttccgtgc
420
cgacgtattgaccctgattgaagacg

pCMK118
NmlptA
NmlptA

This study
This study
This study

aadA
aadA
NmlptA

C. Kahler
C. Kahler
This study

NmlptA
NmlptA
NmlptA
NmlptA
pCMK553/p
CMK555
pCMK553

This study
This study
This study
This study
This study

pCMK553/p
CMK555
pCMK553

This study

Template

Source

ermC
NmdsbA2
pTrc99A
pTrc99A
NmdsbA1
NmdsbA1
NmdsbA2

C. Kahler
J. Scoullar
C. Kahler
C. Kahler
J. Scoullar
J. Scoullar
J. Scoullar

This study

This study

2.2.1 Solutions required for recombinant DNA techniques.
1 M Tris-HCl stock solution.
The 1 M Tris-HCl stock solution was prepared by dissolving 24.2 g Trizma in 140 ml
dH2O and adjusting the pH to 8.3 with dilute HCl. The solution was autoclaved at
121ºC for 20 minutes and stored at room temperature.
2 x KGB buffer.
The 2 x KGB buffer was prepared by preparing 200 mM potassium glutamate, 50 mM
trisacetate, 20 mM magnesium acetate, 100 µg/ml bovine serum albumin (BSA) and
1 mM 2-mercaptoethanol in dH2O. The 2x KGB buffer was adjusted to pH 7.6 and
stored in 1 ml aliquots at –20ºC [238].

54

10 x Roche PCR buffer.
The 10 x Roche buffer was prepared by making 100 mM Trizma, 15 mM MgCl2, 500
mM KCl in dH2O. The 10 x Roche buffer was adjusted to pH 8.3 and stored in 1ml
aliquots at –20ºC.
T4 DNA Ligase buffer (10X).
The T4 DNA ligase buffer consists of 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2,
10 mM dithiothreitol and 1 mM ATP and was provided with the T4 DNA ligase
enzymes from NEB.
NEB buffer 2.
The NEB buffer 2 consists of 50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl and 1 mM
DTT at pH 7.9 and was provided from the supplier.
Transformation and storage buffer (TSB).
TSB was prepared by making 1.25 mM PEG-4000, 0.5 mM MgCl2, 0.5 mM MgSO4,
0.28 mM glucose, 1% (w/v) tryptone, 0.5% (w/v) yeast extract and 10% (w/v) NaCl in
dH2O. Solution was adjusted to pH 6.5, aliquoted, autoclaved at 121ºC for 20 minutes,
and stored at –20ºC. Lastly, 50 l Di-methyl-sulfoxide (DMSO) was added prior to use.
0.5 M Ethylenediaminetetra-acetic acid (EDTA) disodium salt (pH 8) stock solution.
The 0.5 M EDTA disodium stock solution was prepared by dissolving 93 g EDTA and
6 g NaCl in 500 ml dH2O and the pH adjusted to pH 8 with 10 mM NaOH. The solution
was autoclaved at 121ºC for 20 minutes and stored at room temperature.
0.125 mM EDTA disodium salt (pH 8).
The 0.125 mM EDTA disodium stock solution (pH 8) was prepared by diluting 0.5 M
EDTA disodium salt in in 500 ml dH2O. The pH was adjusted to pH 8 with 10 mM
NaOH and the solution autoclaved at 121ºC for 20 minutes and stored at room
temperature.
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Tris/EDTA (TE) buffer.
TE buffer was prepared by diluting 10 ml 1M Tris-HCl stock solution and 2 ml 0.5 M
EDTA disodium salt (pH 8) stock solution in 1 L dH2O and autoclaving at 121ºC for 20
minutes.
6 x stop mix (loading dye).
Loading dye was prepared by making 37.3 M bromophenol blue and 11.7 mM sucrose
in dH2O. The pH was adjusted to pH 7.8 with dilute NaOH. The loading dye was
autoclaved at 108ºC for 40 minute and stored at room temperature.
HindIII digest of bacteriophage  DNA.
To digest the bacteriophage  DNA, 100 g of  DNA, 80 l of 10 x NEB buffer 2 and
400 units of HindIII restriction endonucleases were made up to 800 l in dH2O. The
reaction was incubated overnight at 37ºC. Following digestion, 200 l stop mix was
added to result in a final concentration of 100 g/ml  DNA. The HindIII digested 
DNA was aliquoted into 500 l lots for use and stored at 4ºC.

2.2.2 Polymerase chain reaction (PCR).
DNA for use in cloning was amplified in 50 l reactions. Reactions comprised of 1 x
Roche PCR buffer, 7.5 µM of forward and reverse primer, 0.5 mM dNTPs, 2.5 units
Taq DNA polymerase, 2.5 units of Taq extender and sterile double distilled H2O (PCR
H2O). DNA for use in PCR screening was amplified in 25 l volumes. Reactions were
comprised of 1 x Roche PCR buffer, 7.5 µM of forward and reverse primer, 0.5 mM
dNTPs, 1.25 units Taq DNA polymerase, 1.25 units of Taq extender and PCR H2O.
Expand Long Template PCR system (Roche) was used for long range or difficult PCRs.
Composition of PCR reactions were identical to the standard reactions detailed above
except 7.5/3.75 units of Expand Long Template DNA polymerase mix (in 50/25 µl
reactions, respectively) and 1 x Expand Long Template buffer 2 were used. Colony
PCR used 2 µl of 20 µl cell lysate (made by lysing a colony of cells in 20 µl of PCR
water) as the DNA template. PCR reactions from a plasmid or genomic DNA template
used 5-10 ng of template DNA as estimated by comparison with migration of  DNA
restricted with HindIII during agarose gel electrophoresis (Section 2.2.16).
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Standard PCR conditions consisted of 1 cycle of 94ºC for 2 minutes, 35 cycles of
amplification [denaturing (94ºC for 30 seconds), annealing (50-55C for 30 seconds)
and extension (72ºC for 1 minute + 1 minute/kb of DNA to be amplified)], 1 cycle of
72ºC for 5 minutes and hold at 20ºC. Extended PCR cycle conditions consisted of 1
cycle of 94ºC for 2 minutes, 10 cycles of amplification [denaturing (94ºC for 30
seconds), annealing (50-55C for 30 seconds) and extension (72ºC for 1 minute + 1
minute/kb of DNA to be amplified)], 25 cycles of extended amplification [denaturing
(94ºC for 30 seconds), annealing (temperature as specified for 30 seconds) and
extension (72ºC for 1 minute + 1 minute/kb of DNA to be amplified plus 20 seconds
auto-extend)], 1 cycle of 72ºC for 5 minutes and hold at 20ºC. Splice Overlap Extension
Polymerase Chain Reaction (SOE PCR) conditions consisted of 2 cycles of
amplification [94ºC for 1 minute, 45ºC for 1 minute, 72ºC for 5 minutes], 35 cycles of
amplification [94ºC for 30 seconds, 50ºC for 30 seconds, 72ºC for 2 minutes], 1 cycle of
72ºC for 5 minutes and hold at 20ºC [239]. All PCRs were viewed by agarose gel
electrophoresis (Section 2.2.16). DNA amplified by PCR for cloning was purified as
described in Section 2.2.3, prior to ligation reactions (Section 2.2.10).

2.2.3 PCR Purification.
The protocol was followed as per PCR Purification Protocol (Roche). PCR H2O
supplemented with 1 M Tris buffer (pH 8) was used in place of the commercial elution
buffer. DNA was concentrated to >5 ng/l using a SpeedVac100 (Savant) vacuum
centrifuge as required.

2.2.4 Automated Sequencing Reactions.
DNA was sequenced in 20 l reaction volumes. Reactions were comprised of template
(200 ng purified plasmid DNA or 30-50 ng of PCR product or genomic DNA as
estimated from HindIII digested  DNA (Section 2.2.16)) x PCR buffer, 7.5 M of
primer, 1.5 l of BigDye® Terminator v3.1 and PCR H2O Sequencing PCR conditions
consisted of 1 cycle of 96ºC for 1 minute, 25 cycles of amplification [96ºC for 10
seconds, 50ºC for 5 seconds, 60ºC for 4 minutes] and hold at 20ºC. The sequencing
reactions were purified using EDTA/ethanol precipitation. The reaction was transferred
to a 1.5 ml tube and 5 l of 125 mM EDTA added directly to the sample. The samples
were mixed with 60 l of 100% ethanol and incubated at room temperature for 15
minutes before centrifugation at 2500 x g for 30 minutes. The supernatant was discarded
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and the pellet was washed twice in 100 l of 70% ethanol and allowed to air-dry. The
samples were submitted to Royal Perth Hospital (RPH) Immunology department for
sequencing by an ABI automated DNA sequencer, model ABI prism 3730 48 capillary
sequencer. Results were analysed using Sequencher 3.1.1 software.

2.2.5 Plasmid Extraction.
Overnight growth on solid media containing the selective antibiotic was collected using
a sterile loop and re-suspended in 1 x TE buffer. Plasmid extraction was conducted as
described in the High Pure Plasmid Isolation Kit (Roche) instruction manual. PCR H2O
supplemented with 1 M Tris buffer (pH 8) to a final concentration of 5 mM was used in
place of the commercial elution buffer. DNA was then concentrated to >5 ng/l using a
SpeedVac100 (Savant) vacuum centrifuge if needed.

2.2.6 Gateway® Cloning.
Gateway® cloning was conducted as per manufacturer’s instructions using the
Gateway® LR ClonaseTM II Enzyme Mix (Invitrogen).

2.2.7 Restriction digestion of DNA.
Digestions of DNA were conducted in a 20 l volume. The reaction were comprised of
50 ng plasmid DNA, 20 units of restriction endonuclease and KGB buffer diluted in
PCR water to the specifications of the enzyme. The reaction was incubated at optimal
temperature and for the optimal length of time as described by the manufacturer.
Digestion of plasmid was confirmed by comparison with uncut plasmid and  DNA
restricted with HindIII or 1Kb Trackit DNA ladder (Invitrogen) after agarose gel
electrophoresis (Section 2.2.16).

2.2.8 T4 DNA Polymerase treatment.
T4 DNA polymerase was used to either remove the 3’overhangs or fill in the 5’
overhangs of double stranded DNA prior to blunt end cloning. Reactions were
performed in 20 l volumes and comprised of 20 ng of DNA, 6 units of T4 DNA
polymerase, 1 x NEB buffer 2, 0.5 mM dNTPs and PCR H2O. Reactions were incubated
at 12ºC for 15 minutes and purified immediately as per PCR purification (Section
2.2.3).
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2.2.9 Calf Alkaline Phosphatase (CAP) treatment.
CAP treatment removes the phosphate groups from linearised plasmid DNA to prevent
re-ligation during cloning. Alkaline phosphatase (calf intestinal, Invitrogen) (2 units)
was added to the restriction digest reaction (Section 2.2.7) and incubated at 37C for 30
minutes before purification as per PCR purification (Section 2.2.3).

2.2.10 DNA Ligation.
Ligations were either blunt ended, sticky ended or blunt-sticky ligations. Blunt and
blunt-sticky ended ligation reactions were comprised of >5 ng linearised plasmid, >15
ng insert, 800 Weiss units T4 DNA ligase buffer, 1 x T4 DNA ligase buffer and PCR
H2O. Sticky ended ligation reactions were comprised of >5 ng linearised plasmid, >10
ng insert, 400 sticky end units T4 DNA DNA ligase buffer, 1 x T4 DNA ligase buffer
and PCR H2O. Reactions were incubated overnight at room temperature and
transformed into a transformable E. coli host strain for selection and analysis.

2.2.11 Transformation into E. coli.
Chemical transformation of E. coli strains was performed using >10 ng DNA, according
to the method described in Chung and Miller [240]. Transformants were selected on LB
agar containing appropriate antibiotics (and supplements).

2.2.12 Blue/white screening of transformants.
Blue/white screening was used to select for successful ligations of DNA fragments of
interest into the recipient vector pHSG576. The ligations were transformed into E. coli
DH5 or JM109 competent cells and the transformations were plated onto LB agar
containing chloramphenicol to select for the vector and IPTG and Xgal to allow
screening for recombinant vectors. If the lacZ gene was intact, expression of galactosidase was induced by IPTG, which in turn processed Xgal to form a blue
precipitate resulting in the characteristic blue colonies. However, if the lacZ was
insertionally inactivated by ligation of a DNA fragment into the MCS of pHSG576,
expression of the -galactosidase would not occur and the colonies would remain white.
As a result, white colonies were selected for screening with PCR (Section 2.2.2).
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2.2.13 Transformation into N. meningitidis.
Transformation into N. meningitidis was achieved by adding >10 ng plasmid DNA to 34 colonies of meningococcal growth harvested from overnight plates spread onto fresh
GCGF agar in an area the size of a 10 cent coin. Plates were incubated at 37C with 5%
CO2 for 4 hours before growth was spread onto selective GCGF agar and incubated over
night at 37C with 5% CO2.

2.2.14 Conjugation into N. meningitidis.
The pMIDG100 derivative plasmids were transformed into E. coli S17.1  pir by
chemical transformation (Section 2.2.11) and transferred into N. meningitidis strains by
conjugation as described by Webb et al. [230] and O’Dwyer et al. [231]. Briefly, the
E. coli S17.1  pir strains containing the plasmids were grown over night in LB broth
containing kanamycin, then diluted 1:100 in pre-warmed MH broth with kanamycin and
incubated without shaking for 1.5 hours at 37C with 5% CO2 in large surface-tovolume ratio flasks.. Eighteen hour old plates of the recipient N. meningitidis strain were
harvested in 5 ml of pre-warmed MH broth (estimated 2x108 cells/ml as described in
Appendix C) and diluted 1:50 in 50 ml pre-warmed MH broth. The broth culture was
incubated for 4 hours without shaking at 37C with 5% CO2 in large surface-to-volume
ratio flasks. An estimated 107 CFU (1 ml) and 2x107 CFU (2 ml) recipient cells were
mixed with an estimated 106 CFU (100 l) donor cells. The mixtures were centrifuged
at 14, 000 xg for 2 minutes and re-suspended in 100 l MH broth. This re-suspension
was pipetted onto 0.45 µm pore size membrane filter (Millipore) placed on a GC agar
plate, which were then incubated upright for 4 hours at 37C with 5% CO2. The filters
were placed into 5 ml MH broth in a 15 ml falcon tube and vortexed until resuspended.
The filter was removed and the suspension centrifuged at 3000 xg for 10 minutes before
the supernatant was discarded. The pellet was re-suspended in 300 l MH broth and
plated onto GCGF agar plates containing polymyxin B and kanamycin (Table 2.6).
Plates were incubated over night at 37C with 5% CO2.

2.2.15 Visualisation of bacteria expressing green fluorescent protein (GFP).
Flourescent colonies of E. coli or N. meningitidis were viewed under the blue light (460
nm) using the fluorescence setting of a LAS 3000 (Berthold Australia Pty Ltd) and
photographed using a Fujifilm digital camera and computer.
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2.2.16 Agarose gel electrophoresis.
Agarose gels were made up in 50 ml volumes and consisted of 0.8% (w/v) agarose in
1 x TAE buffer, pre-stained with 3 l SYBR® Safe DNA gel stain 10,000X concentrate
in DMSO. The gels were set in the appropriate moulds for 15-30 minutes before transfer
into a BioRad miniprep gel apparatus filled with 1 x TAE buffer. The DNA samples
were prepared by addition of 3 l loading dye to 5 l DNA sample before loading into
the wells. A total of 0.5 g of HindIII restricted DNA or 1 kb Trackit DNA ladder
(Invitrogen) were loaded to provide a molecular weight standard. A current of 90-110 V
was applied for 15-30 minutes. The gels were viewed under the blue light (460 nm) of
LAS 3000 (Berthold Australia Pty Ltd) and photographed using a Fujifilm digital
camera and computer. The concentration of the sample DNA was determined by
comparison of the flourescene to the known concentrations of the bands of the  DNA
restricted with HindIII (Appendix B).

2.3

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis
(SDS PAGE) and Western blot analysis of protein expression.

2.3.1 Buffers and solutions required for SDS PAGE and Western blot
analysis.
5 x Sample buffer.
Sample buffer consists of 30 mM Tris-base (pH 6.8), 25 % glycerol, 2 % SDS and 0.1
% bromophenol blue made up in dH2O,
4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid (AMS) buffer.
AMS buffer consists of 15 mM AMS, 1 % SDS and 50 mM Trizma that was adjusted to
the pH 7.5 by addition of 10 mM NaOH.
12% Running gel.
The running gel consists of 375 mM Tris-base (pH 8.8), 0.1% SDS and 40% v/v 30%
Acryl/Bis (Bio-Rad Laboratories, USA) made up in dH2O.
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4% Stacking gel.
The stacking gel consists of 125 mM Tris-base (pH 6.8), 0.1% SDS, 10% v/v 30%
Acryl/Bis (Bio-Rad Laboratories, USA) made up in dH2O.
10% ammonium persulfate (APS) stock solution.
The APS stock solution was made by dissolving 1 g of APS powder in 10 ml dH20.
Solution was aliqouted and stored at -20C.
1 x Running buffer.
The running buffer consists of 25 mM Tris-base, 192 mM Glycine and 3.5 mM SDS
made up in dH2O.
Destain solution.
Destain solution consists of 40% Methanol and 10% acetic acid made up in dH2O.
Coomassie stain.
The coomassie stain consists of 0.1% Coomasie blue R-250 made up in destain solution.
Transfer buffer.
The transfer buffer consists of 25 mM Tris-base, 192 mM Glycine and 20% Methanol
made up in dH2O and chilled to 4C.
Tris buffered saline (TBS).
TBS consists of 10 mM Tris-base and 150 mM NaCl made up in dH2O and adjusted to
the pH 7.4 by the addition of 10 M NaOH.
Blocking buffer.
The blocking buffer consists of 2% Bovine Serum Albumin or 3% skim milk powder
made up in TBS, as specified for individual Western blots.

2.3.2 SDS-PAGE Method.
All SDS-PAGE were comprised of 12% (w/v) polyacrylamide for the resolving gel and
4% (w/v) for the stacking gel. Gels were made using a Bio-Rad Laboratories (USA)
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mini-PROTEAN 3 gel casting set. Polymerisation of the gels were catalysed by addition
of 10% ammonium persulphate (APS) stock solution and N, N, N’, N’-tetra
methylethylene diamene (TEMED, Bio-Rad Laboratories, USA) prior to pouring into
molds. To a 10 ml resolving gel, 50 µl of the 10% APS stock solution and 5 µl of
TEMED was added while 85 µl of 10% APS stock solution and 5 µl of TEMED was
added to a 5 ml stacking gel. The resolving gel 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. The combs were inserted and the
stacking gel allowed to set. Standardised samples were loaded into wells in 10 µl
volumes for all SDS-PAGE experiments. The Rainbow ™ coloured protein molecular
weight standard (10 µg) or NEB broad range pre-stained protein ladder (1 µg) was
used to estimate protein size. Gels were electrophoresed in 1 x running buffer using

a BioRad Protean 3 SDS-PAGE apparatus (Bio-Rad Laboratories, USA) at 100 V at
4C until desired band separation was achieved.
2.3.2.1 Sample preparation for SDS-PAGE.
Samples were prepared by centrifugation of 1 ml of stationary phase cells at 14, 500 xg
for 1 minute. The pellet was re-suspended in 100 l of dH2O and 25 l of 5 x sample
buffer. Samples were stored at –20ºC and incubated at 100C for 5 minutes prior to
loading onto SDS-PAGE.
2.3.2.2 Staining of SDS-PAGE.
Visualisation of proteins was achieved by staining the gels with BioRad Coomassie
brilliant blue stain R250 overnight in a sealed container at room temperature while
shaking. The Coomasie blue was then decanted and the gels incubated in destain in a
sealed container at room temperature while shaking until the gel was adequately
destained. The gel was wrapped in wet cellophane, pinned to a smooth solid surface and
dried overnight.

2.3.3 Western blot analysis.
The Western blot protocol was conducted as described in Towbin et al. [241]. Samples
were prepared and electrophoeresed in duplicate on SDS-PAGE as described above in
Section 2.3.2. One of the SDS-PAGE was stained with Coomasie to check equal
loading of the samples, as described in Section 2.3.2.2, while the other SDS-PAGE was
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equilibrated in transfer buffer at 4C for 30 minutes in preparation for Western blot. A
Hybond C nitrocellulose membrane (Amersham Life Sciences, UK Life Sciences, UK)
was cut to the size of the SDS-PAGE and soaked in transfer buffer with two fibre pads
and filter paper prior to assembly in the Bio-Rad PROTEAN 3 Western blot apparatus
with the equilibrated SDS-PAGE, as per manufacturer’s instructions. The Western Blot
was run at 100 V for 1 hour at 4˚C to achieve transfer of the proteins to the
nitrocellulose membrane. Following transfer, the membrane was incubated in blocking
buffer with shaking, at room temperature for 1 hour. The membrane was then probed
with the appropriate primary antibody which was appropriately diluted in blocking
buffer (Table 2.8), and incubated at 37C with shaking, overnight. The membrane was
washed in TBS (40 ml for 5 minute, 4 washes) and then probed with the secondary
antibody, which in all cases was the HRP-linked donkey anti-mouse IgG (Santa Cruz
Biotechnology, USA) diluted 1:1000 in blocking buffer and incubated at 37C for 2
hours with shaking. The membrane was washed in TBS (40 ml for 5 minute, 4 washes)
and developed using ECL™ detection kit Western Blotting Analysis System
(Amersham Life Sciences, UK Life Sciences, UK) as per manufacturer’s instructions.
Western blot was visualised via chemiluminescence application of LAS 3000 (Berthold
Australia Pty Ltd) using an optimal exposure time and photographed using a Fujifilm
digital camera and computer setup.

Table 2.8 Antibodies used in this study.

Antibody
Mouse anti-NmDsbA3 IgG
Monoclonal Anti-poly
Histidine antibody
produced in mouse
Mouse anti-NmDsbA1 RD1
IgG

Donkey anti-mouse IgG
HRP

Supplier/reference
Novartis
Sigma chemical company
(USA)

*Dilution
1:500
1:1000

Monash Antibody
Technologies Facility
(MATF), Monash
University, VIC.
Santa Cruz Biotechnology
(USA)

1:10

1:1000

*Blocking buffer used as diluents is specified in Figure legends for individual Western Blots.
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2.3.4 AMS gel shift assays.
Preparation of cell lysates for AMS gel shift assays was conducted as described [14,
242]. Briefly, 1 ml of stationary culture was incubated with 1 ml 10% trichloroacetic
acid on ice for 10 minutes in a 2 ml eppendorf tube prior to centrifugation at 14, 500 xg
for 10 minutes. The pellet was washed twice in acetone and re-suspended in 100 l
freshly prepared AMS buffer and 25 l 5 x sample buffer. For a reduced control, 1 ml of
stationary culture was incubated with 17 mM DTT at 37C for 10 minutes prior to
treatment with trichloroacetic acid and AMS as above. Samples were stored at –20ºC
and incubated at 100C for 5 minutes prior to loading onto SDS-PAGE (Section 2.3.2)
in 10 µl volumes. Visualisation of proteins was achieved by Western Blot as described
in Section 2.3.3.

2.4

Phenotypic assays.

2.4.1 Growth curves in broth.
For growth curves in broth, strains were plated out onto LB agar (for E. coli) and GCGF
agar (for N. meningitidis) containing appropriate antibiotics and incubated overnight at
37°C with 5% CO2. Cells were re-suspended in 5 ml of LB broth (for E. coli) or GC
broth (for N. meningitidis). The OD600 was obtained for E. coli cultures and OD560
obtained for N. meningitidis cultures using a UV mini 1240, UV-VIS spectrophotometer
(Shimadzu) and used to standardise the cells to 2 x 108 cells/ml (Appendix C). A 5 ml
aliquot was then added to 50 ml LB or GCGF broth supplemented with 0.043% sodium
hydrogen carbonate (NaHCO3) to maintain slightly anaerobic conditions in an air tight
large surface-to-volume ratio flask. Cells were grown in orbital mixer incubator (Ratek )
at 37°C for 8-12 hours until stationary phase was reached, with OD readings taken
every hour using a UV mini 1240 UV-Vis spectrophotometer (Shimadzu). Graphs were
plotted using the GraphPad Prism program (GraphPad Software, USA) and fitted using
a Gaussian model.

2.4.2 DTT assays.
DTT assays were carried out according to the protocol of Sardesai et al. [243]. Freshly
prepared 1 M stock solution of DTT was diluted in molten LB agar (55ºC) to a final
concentration of 25 mM DTT. The plates were poured and allowed to set but used
within 30 minutes to avoid oxidation by air. Media was supplemented with 0.3 mM
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IPTG if required. Strains were prepared as described in Section 2.4.1 and 1 ml of cells
harvested at mid-log phase. The OD600 was obtained using a UV mini 1240, UV-VIS
spectrophotometer (Shimadzu) and used to standardise the cell density to
2 x 108 cells/ml, as described in Appendix C. The cultures were serially diluted 10-fold
and 5 l of each dilution was drop inoculated onto the plates. The dilutions were
allowed to dry and the plates were then incubated at 37°C for 2 days. The negative
control strain used in all DTT assays was CKEC271 and the positive control strain was
CKEC272.

2.4.3 Motility Assays.
Motility assays were performed essentially as described by Macnab [244]. Soft LB agar
(0.4%) plates were freshly prepared. Media was supplemented with 0.3 mM IPTG if
induction was desired. Strains were prepared as described in Section 2.4.2. Samples
were drop inoculated onto the soft agar in 5 l aliquots. The plates were then incubated
at 37ºC overnight to allow swarming. The negative control strain used in all DTT assays
was CKEC271 and the positive control strain was CKEC272.

2.4.4 Colistin resistance assays.
Strains were plated out onto LB agar (for E. coli) and GCGF agar (for N. meningitidis)
containing appropriate antibiotics and incubated overnight at 37°C with 5% CO2. Cells
were re-suspended in 5ml of LB broth (for E. coli) or GC broth (for N. meningitidis) and
standardised to 2x108 cells/ml as described in Appendix C. A 100 l aliquot of each
culture was spread plated onto LB or GCGF agar plates without antibiotics and allowed
to dry before a colistin E-strip (Biomerieux) was placed face up in the centre of the
plate. The plates were incubated over night at 37°C with 5% CO2 and colistin MIC
determined. All colistin resistance assays were repeated in triplicate.

2.5

Purification of lipooligosaccharide and analysis by matrix
assisted

laser

desorption

ionization-time

of

flight

mass

spectrometry (MALDI-TOF MS).
The LOS preparations, prepared as previously described [199] were washed three times
with 9:1 ethanol/ water (v/v) mixture to remove contaminating phospholipids. The
washed LOS preparations were suspended in water and lyophilized. Samples were then
subjected to mild acid hydrolysis in 1% aqueous HOAc (v/v) for 2.5 h at 100ºC with
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constant stirring. The lipid A precipitate that formed during hydrolysis was collected by
centrifugation at 3000  g for 15 minute at 4ºC. Lipid A fractions were analyzed by
MALDI-TOF-MS using Applied Biosystems 4700 Proteomics Analyzer. Lipid A
samples were dissolved in 3:1 chloroform/methanol solution and mixed with 0.5 M
2,4,6-trihydroxyacetophenone (THAP) matrix in methanol in a 1:1 ratio. Mass
calibration was performed with chemically synthesized lipid A, based on E. coli lipid A
(a gift obtained from Geert-Jan Boons at the Complex Carbohydrate Research Center)
of defined mass (MW = 1714.21). Analysis of the lipid A samples was performed in the
negative reflectron mode.
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3 Examination of the structural features of meningococcal
DsbA proteins involved in substrate recognition and
discrimination.
3.1

Background.

Unlike E. coli that contains a single DsbA (EcDsbA) that is responsible for oxidising all
disulfide bond containing membrane and secreted proteins, N. meningitidis contains
three substrate specific DsbA homologues (NmDsbA1, NmDsbA2 and NmDsbA3) [11,
15, 174-176]. While the presence of at least one DsbA enzyme is required for normal
growth of N. meningitidis, the presence of either NmDsbA1 or NmDsbA2 is necessary
for function of the Type IV pili in N. meningitidis and normal growth under reducing
conditions. NmDsbA3 cannot compensate for the lack of NmDsbA1 and NmDsbA2 and
no other phenotype has been found to be dependent on NmDsbA3 at this stage [174,
176]. Heterologous expression of meningococcal oxidoreductases in E. coli also
determined that these enzymes have separate substrate recognition profiles for E. coli
substrates. While all enzymes are able to complement an E. colidsbA mutant resistance
to DTT, only NmDsbA1 oxidised the flagellum subunit FlgI and restored motility and
only NmDsbA2 restored alkaline phosphatase activity [175]. The mechanisms by which
the DsbA proteins recognise and discriminate between substrates are not understood.
Elucidation of these mechanisms would contribute to the development of novel
antimicrobials targeted to DsbA proteins that could be used in the treatment of bacterial
infections. Therefore, this project aimed to identify and compare the regions responsible
for the narrow substrate range of the meningococcal DsbA proteins and the broad
substrate range of EcDsbA from E. coli.
EcDsbA is a monomeric 21 kDa soluble periplasmic enzyme consisting of a thioredoxin
domain, that contains the active site motif of C30PHC33 with a conserved cis-Pro151
residue forming the other half of the active site pocket, and an -domain inserted into
the centre of the thioredoxin domain (PDB1DSB) [16, 21]. The flexible hinge at the
interface of the - and thioredoxin domains forms the substrate binding surface of
EcDsbA [26]. Specifically, the residues, F63M64, between 3 and 2 (termed hinge 1
(H1)) and the residues, Q146LRGV150, located immediately prior to the conserved cisPro151 between 6 and 4 (termed hinge 2 (H2)) where shown to interact with a nine
residue peptide derived from the auto-transporter protein SigA of S. flexneri [26].
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Interestingly, the H1 and H2 regions also form part of the EcDsbB binding regions of
EcDsbA [25].
In contrast to EcDsbA, the meningococcal oxidoreductases NmDsbA1 and NmDsbA2
are membrane bound lipoproteins [176]. However, the solved crystal structure of the
soluble domain of NmDsbA1 (PDB3A3T [179]) and that of NmDsbA2 modelled on
NmDsbA1 (M. Scanlon, unpublished results) reveal a similar tertiary structure to
EcDsbA with an -domain inserted into the centre of the TD. It was possible to model
NmDsbA2 on NmDsbA1 as these enzymes share 78% amino acid identity, which
explains their over-lapping functions within the meningococcal host [174, 176]. Both
NmDsbA1 and NmDsbA2 contain the active site residues of CPHC located at the Nterminus of the first -helix of the thioredoxin domain, corresponding to C30PHC33 of
EcDsbA. In contrast, while NmDsbA3 is a soluble periplasmic enzyme similar to
EcDsbA, the solved crystal structure of NmDsbA3 (PDB2ZNM [177]) revealed this
enzyme to be the most unique oxidoreductase known to date. Interestingly, this enzyme
contains the non-canonical active site of CVHC in an open loop conformation, which
corresponds to the active site residues C30PHC33 of EcDsbA [177]. All three of the
meningococcal oxidoreductases, however, contain the conserved cis-Pro residue
corresponding to cis-Pro151 of EcDsbA, which impacts directly on the active site and
forms the other half of the active site pocket [177, 179].
The greatest structural variation between the meningococcal oxidoreductases and
EcDsbA is observed within the hinge regions (H1 and H2) located at the interface of the
two domains [177, 179]. Corresponding to the EcDsbA H1 residues, F63M64, NmDsbA1,
NmDsbA2 and NmDsbA3 contain the H1 residues of WQ, WG and VW, respectively
(Figure 3.1). Corresponding to the EcDsbA H2 residues, Q146LRGV150, NmDsbA1,
NmDsbA2 and NmDsbA3 contain and the H2 residues of QIDGT, QISGT, and RIDST,
respectively (Figure 3.1). In addition, the meningococcal oxidoreductases are extremely
oxidising with a standard redox of ~-80 mV compared to that of EcDsbA (~-120 mV)
[177, 179], which has been attributed to the T150 immediately preceding cis-Pro151 in the
H2 region [24, 178]. In addition to these differences seen in the hinge regions, a
pairwise comparison also shows that the -domains are less conserved at the amino acid
sequence level than the thioredoxin domain (Figure 3.2). From this structural
information, it appears that the conformation of the hinge regions and -domain of the
meningococcal oxidoreductases could influence substrate interactions and possibly
interactions with NmDsbB, in addition to redox potential.
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Figure 3.1: Multiple amino acid sequence alignment of wild-type and chimeric DsbA proteins.
Amino acid sequrnces of EcDsbA (pink), NmDsbA1 (yellow), NmDsbA2 (green) and NmDsbA3 (cyan)
were aligned using CLUSTAL 2.1 (http://www.ebi.ac.uk/Tools/msa/clustalw2).. The -domain regions
are underlined. The active site Cys residues and the conserved cis-Pro151 are indicated with a star. The H1
and H2 regions are boxed an the extra Val residue in H2 is shaded red. Identical (*), conserved (:), semiconserved (.) and non-conserved (no symbol) substitutions are shown.
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Figure 3.2 Amino acid identity pairwise comparisons of the thioredoxin and -domains of EcDsbA,
NmDsbA1, NmDsbA2 and NmDsbA3. The alignments were performed using the Lasergene software,
MegAlign (DNAStar) and are presented as percentage amino acid identity.

To investigate the influence of the domain region and the flanking hinge regions on
the substrate specificity of the meningococcal DsbA proteins, chimeric DsbA proteins
consisting of different combinations of these regions were constructed and tested in
their ability to oxidise the EcDsbA flagellum substrate FlgI and hence control motility
(S Piek, unpublished results and Appendix F(I) [26]). The chimeric dsbA genes were
constructed by SOE PCR, cloned into the low copy expression vector pHSG576 and
transformed into the E. coli∆dsbA mutant strain JCB571. The expressed chimeric
proteins were then tested in their ability to complement motility and DTT sensitivity of
E. coli JCB571. The low copy expression vector pHSG576 was chosen to express low
levels of the oxidoreductases intended to reflect the natural amounts of the enzyme
present in the periplasm. This was deemed important in light of recent research where
the level of expression of DsbA enzymes has influenced complementation phenotype
[175, 177] (Table 3.1). The study by Sinha et al. [175] found all three meningococcal
oxidoreductases could complement DTT sensitivity of E. coli JCB571 where as only
NmDsbA1 and NmDsbA2 (partially) complemented motility when expressed from the
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high copy expression vector pGEM-T. In contrast, none of the wild-type enzymes
complemented DTT sensitivity or motility of E. coli JCB571 when expressed from
pHSG576, even though both phenotypes were complemented by EcDsbA expressed
from the same vector (S. Piek, unpublished results). Expression from the high copy
expression vector pTrc99A led to different complementation results again. Neither
expression of NmDsbA1 nor NmDsbA2 from pTrc99A complemented the motility or
DTT sensitivity phenotype of E. coli JCB571. In fact, over-expression of EcDsbA,
NmDsbA1 or NmDsbA2 induced by 0.3 mM IPTG is toxic to E. coli (S. Piek,
unpublished results). Interestingly, complementation of the motility phenotype and
sensitivity to DTT was seen when NmDsbA3 was expressed from pTrc99A with and
without induction by 0.3 mM IPTG, Appendix F (II) [177]. This was achievable since
over-expression of NmDsbA3 from pTrc99A was not toxic to E. coli (S. Piek,
unpublished results). As a result, it appears that the level of expression of an
oxidoreductase plays an important role in complementation phenotypes and must be
standardised. To achieve this, all of the chimeric DsbA enzymes were expressed from
the low copy expression vector pHSG576 with a standardised ribosome binding site for
translation in E. coli and assessed in their ability to complement JCB571 compared to
wild-type EcDsbA.

Table 3.1 Phenotypic analysis of wild-type DsbA enzymes.

* Results published by Sinha et al., [180].
** Results published by Vivian et al., [177] (Appendix F (II)).
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The first series of chimeras contained the -domain and hinge regions from NmDsbA1
(Nm1), NmDsbA2 (Nm2) or NmDsbA3 (Nm3), inserted into the TD of the EcDsbA
(EcTD) (Figure 3.1) (S. Piek, unpublished results and Appendix F (I) [26]). When
expressed from the low copy expression vector pHSG576, EcTDNm1 and
EcTDNm2 were able to restore DTT resistance to the E. colidsbA mutant, JCB571,
while only the latter was able to complement motility [26]. However, EcTDNm3did
not complement motility or DTT sensitivity of E. coli JCB571. Therefore, this study
suggested that the -domain and hinge regions of the meningococcal DsbA proteins do
influence the substrate repertoire of the resulting chimeric proteins.
To elucidate the effect of the H2 region in FlgI recognition and oxidation, the chimeric
DsbA proteins constructed above (EcTDNm1, EcTDNm2 and EcTDNm3 were reengineered to contain the EcDsbA H2 residues QLRGV. However, upon sequence
analysis it was discovered that these constructs contained an extra Val residue
immediately prior to H2 and as a result were named EcTDNm1H2VQLRGV,
EcTDNm2H2VQLRGV and EcTDNm3H2VQLRGV (Figure 3.1) (S. Piek, unpublished
results). These chimeric DsbA proteins were assessed in their ability to complement the
E. colidsbA mutant strain JCB571 when expressed from the low copy expression
vector

pHSG576

EcTDNm2VQLRGV

(Table

3.2).

restored

Expression
resistance

of
to

EcTDNm1H2VQLRGV
DTT

but

expression

and
of

EcTDNm3VQLRGV did not. These phenotypes were interpreted to indicate that
EcTDNm1H2VQLRGV and EcTDNm2VQLRGV but not EcTDNm3VQLRGV were
functional oxidoreductases. However, only EcTDNm2VQLRGV was able to oxidise FlgI
and complement motility. As a result, alteration of EcTDNm1, EcTDNm2 and
EcTDNm3 to contain the EcH2 region (QLRGV) did not affect the phenotypes of the
chimeric proteins. However, the addition of the extra Val residue within the H2 region,
which forms part of the EcDsbA substrate binding surface [26], may have affected these
results. The location of the extra Val residue was postulated to have a significant
impact on substrate binding ability and changes the length of the H2 region which could
result in a displacement of the -domain over the thioredoxin domain containing the
active site motif thus interfering with substrate oxidation.

Due to the possible

implications of a Val addition within the hinge region of these chimeric DsbA proteins,
the results of the phenotypic assays cannot be solely attributed to the exchange of the
meningococcal H2 region with the equivalent EcDsbA H2 region.
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Table 3.2 Phenotypic analysis of DsbA chimeras.

* Results published in Paxman et al., [26] (Appendix F (I)).
** Red V denotes Val addition in hinge region of chimeric DsbA enzymes.

To determine the effect of the extra Val residue in EcTDNm2H2VQLRGV, the Val
residue was removed to form EcTDNm2H2QLRGV, which was then expressed in the
E. colidsbA mutant strain JCB571 for phenotypic analysis [26]. Once again the
phenotype of EcTDNm2H2QLRGV was found to be the same as that of
EcTDNm2H2VQLRGV. As a result, it appears that a Val addition in the H2 region did
not alter the substrate recognition profile of the chimera. To examine this further,
EcTDNm2EcTDNm2VQLRGV, EcTDNm2QLRGVwere modelled using the
EcDsbA crystal structure (data not shown). These chimeric proteins were shown to have
no significant differences in structure when compared to EcDsbA which is consistent
with the biological assays in which these three proteins had indistinguishable
phenotypes to EcDsbA.
However, it was not clear whether the addition of the Val residue to the H2 region in
EcTDNm1H2VQLRGV or EcTDNm3H2VQLRGV would affect the phenotypes of these
chimeras. It was possible that a different outcome could occur in these chimeras since
the orientiation of the -domain with respect to the thioredoxin domain was slightly
different in the crystal structures of the wild-type NmDsbA1 and NmDsbA3 proteins.
Therefore it was speculated that these minor changes may affect the coordination of
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residues in the hinge regions of the proteins that form the substrate binding sites.
Modelling of chimeras derived from NmDsbA3 was not performed since the structures
of the proteins were too dissimilar and deemed to be too difficult to interpret accurately.
However, a comparison of EcDsbA and the chimeras derived from NmDsbA1 were
possible due to the very high conservation in structure ([178, 179]). When
EcTDNm1and EcTDNm1VQLRGVwere modelled using the EcDsbA crystal
structure (Figure 3.3, Panel A and C) a conformational shift in the last turn of 6 was
revealed. This observation was intriguing since the altered conformation of this region
has been suggested to confer substrate specificity to the dsbA homologues, SeSrgA and
SeDsbL, of S. enterica serovar Typhimurium (Figure 1.9) (Section 1.2.1.2) [46]. The
conformational change in the last turn of 6 of EcTDNm1 is due to the fact that this
chimera retained the NmDsbA1 H2 region of IDGT in which the Asp residue is the least
structurally conserved residue when compared to the EcDsbA H2 region, QLRGV
(Figure 3.1). However, in EcTDNm1VQLRGV the only residue causing an effect here
was the presence of the extra Val in the H2 region. Since both EcTDNm1and
EcTDNm1VQLRGVare incapable of oxidising FlgI when compared to EcDsbA, we
inferred that this change in the conformation of the chimeric proteins could be inhibiting
their ability to interact with FlgI. However, when EcTDNm1H2QLRGV was modelled
against EcDsbA, there was no conformational shift detected in the last turn of 6 of the
chimera (Figure 3.3, Panel B). If this in silico modelling was accurate, it suggested that
the removal of the additional Val residue from the H2 region in EcTDNm1H2VQLRGV
may restore the ability of the chimera to oxidise FlgI.
Therefore, to investigate the role of the H2 region in the oxidation of the EcDsbA
substrate FlgI by the NmDsbA1 and NmDsbA3 derived chimeric enzymes, the extra Val
residue in the H2 region of EcTDNm1H2VQLRGV and EcTDNm3H2VQLRGV was
removed. The resultant chimeras (EcTDNm1H2QLRGV and EcTDNm3H2QLRGV) were
then assessed in their ability to restore resistance to DTT and motility to the
E. colidsbA mutant JCB571.
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Figure 3.3 Modelling of EcDsbA overlayed with NmDsbA1 chimeric DsbA proteins reveals
conformational changes in substrate binding regions. (Panel A) Ribbon diagram of EcTDNm1
(yellow) overlayed with EcDsbA. Inset shows difference in the last turn of 6 of the chimera as a result
of NmDsbA1 H2 residues IDGT. (Panel B) Ribbon diagram of EcTDNm1H2QLRGV (blue) overlayed with
EcDsbA. Inset shows no change to the last turn of 6 of EcDsbA. (Panel C) Ribbon diagram of
EcTDNm1H2VQLRGV (red) overlayed with EcDsbA. Inset shows differences in last turn of 6 of the
chimera as a result of the extra Val residue. The regions that show an altered conformation to EcDsbA are
in green. Figures generated using Swiss-PdbViewer 4.0.2. using PDB files 1DSB (EcDsbA) and 3A3T
(NmDsbA1).
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3.2

Results.

3.2.1 An insertion of a Val residue prior to the H2 region of chimeric
protein EcTDNm1H2QLRGV, but not EcTDNm3H2QLRGV, influences
FlgI oxidation when expressed in E. coli.
To test whether the extra Val residue in the hinge region affected oxidoreductase
activity when expressed in E. coli∆dsbA mutant strain JCB571, the genes encoding the
chimeric proteins EcTDNm1H2QLRGV and EcTDNm3H2QLRGV were constructed and
expressed from the low copy expression vector pHSG576. The chimeric dsbA genes,
encoding EcTDNm1H2QLRGV and EcTDNm3H2QLRGV, were constructed by SOE
PCR (Section 2.2.3) from EcTDNm1H2VQLRGV and EcTDNm3H2VQLRGV (Figures 3.4
and 3.5). The PCR products were then treated with T4 DNA polymerase (Section 2.2.8),
ligated into the HincII site of pHSG576 (Section 2.2.10) and transformed into E. coli
JM109 (Section 2.2.11). Chloramphenicol resistant transformants were selected by
blue/white screening (Section 2.2.12) and PCR screened (Section 2.2.2) with the primer
pair, KAP13 and KAP97, to identify transformants in which the chimeric dsbA genes
were cloned into the MCS of pHSG576 in the correct orientation for expression from
the lacZ promoter. These plasmids were sequenced (Section 2.2.4) with KAP96 and
KAP97 to check for mutations and a restriction digest map was constructed (Figure
3.6). The resultant plasmids containing EcTDNm1H2QLRGV and EcTDNm3H2QLRGV
were named pCMK501 and pCMK502, respectively.
The vectors pCMK501 and pCMK502 were transformed into E. coli JCB571 to form
strains CKEC506 and CKEC507, respectively. Both CKEC506 and CKEC507 grew at
the same rate as the E. colidsbA mutant strain JCB571 in broth as determined by
optical density at OD600 (Section 2.4.1). EcTDNm1H2QLRGV and EcTDNm3H2QLRGV
were assessed in their ability to complement DTT resistance (Section 2.4.2) and motility
phenotypes (Section 2.4.3) of E. coli JCB571 when expressed from pHSG576 (Figure
3.7).

CKEC506

is

resistant

to

25

mM

DTT

and

motile

showing

that

EcTDNm1H2QLRGV is able to restore DTT resistance and oxidise FlgI. Conversely,
CKEC507 was neither resistant to DTT nor motile on soft agar indicating that
EcTDNm3H2QLRGV was not functional in this assay.
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Figure 3.4 Construction of EcTDNm1H2QLRGV by SOE PCR. (Panel A) Scheme for 1st round of SOE
PCR. Primer pairs, KAP96 with KAP135, and KAP97 with KAP134, were used to amplify two fragments
(F1A and F1B) of EcTDNm1H2VQLRGV from the template, pCMK257. The internal primers were
engineered to remove the Val codon (red box) and result in a 12 bp overlap between the two fragments.
The EcdsbA thioredoxin domain is depicted in pink while the NmdsbA1 -domain is in yellow. (Panel B)
Agarose gel showing 1st round SOE PCR products. Fragments F1A (lane 1) and F1B (lane 2) are of the
expected sizes (600 bp and 350 bp, respectively) as determined by comparison with migration of  DNA
restricted with HindIII. (Panel C) Scheme for 2nd round SOE PCR. The EcTDNm1H2QLRGV gene was
amplified from the combined F1A and F1B template DNA with primer pair, KAP13 and KAP14, which
were engineered to introduce NcoI and XbaI restriction sites, respectively. (Panel D) Agarose gel showing
SOE PCR product EcTDNm1H2QLRGV . The fragment is of the expected size (~800 bp) as determined by
comparison with migration of  DNA restricted with HindIII. The PCRs were conducted as described in
Section 2.2.2.
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Figure 3.5 Construction of EcTDNm3H2QLRGV by SOE PCR. (Panel A) Scheme for 1 st round of SOE
PCR. Primer pairs, KAP96 with KAP139, and KAP97 with KAP138, were used to amplify two fragments
(F3A and F3B) of EcTDNm3H2VQLRGV from the template, pCMK258. The internal primers were
engineered to remove the Val codon (red box) and result in a 12bp overlap between the two fragments.
The EcdsbA thioredoxin domain is depicted in pink while the NmdsbA3 -domain is in blue. (Panel B)
Agarose gel showing 1st round SOE PCR products. Fragments F3A (lane 1) and F3B (lane 2) are of the
expected sizes (600 bp and 350 bp, respectively) as determined by comparison with migration of  DNA
restricted with HindIII. (Panel C) Scheme for 2nd round SOE PCR. The EcTDNm3H2QLRGV gene was
amplified from the combined F3A and F3B template DNA with primer pair, KAP13 and KAP14, which
were engineered to introduce NcoI and XbaI restriction sites, respectively. (Panel D) Agarose gel showing
SOE PCR product EcTDNm3H2QLRGV . The fragment is of the expected size (~800 bp) as determined by
comparison with migration of  DNA restricted with HindIII.

81

Figure 3.6 Restriction digest maps of pCMK501 and pCMK502. (Panel A) Schematic representation
of pCMK501. (Panel B) Schematic representation of pCMK502. (Panel C) Agarose gel showing
restriction digest maps of pCMK501 and pCMK502. Uncut pCMK501 (lane 2) was digested with NcoI
and XbaI (lane 1) and resulted in three bands of 2.66 kb, 829 bp and 626 bp. Uncut pCMK502 (lane 4)
was digested with NcoI and XbaI (lane 3) which resulted in three bands of 2.66 kb, 823 bp and 626 bp.
Fragment sizes were determined by comparison with migration of  DNA restricted with HindIII and
correspond to the diagrammatic representations of pCMK501 and pCMK502 in Panel A and Panel B,
respectively. The red *denotes location of faint bands. Restriction digests were conducted as described in
Section 2.2.7. Refer to Appendix D for location of primers used in screening by PCR and automated
sequencing reactions.
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Figure 3.7 EcTDNm1H2QLRGV is able to restore DTT resistance and motility to the E. colidsbA
mutant strain JCB571 but EcTDNm3H2QLRGV cannot. (Panel A) CKEC506 expressing
EcTDNm1H2QLRGV was able to grow on LB agar containing 25 mM DTT but CKEC507 expressing
EcTDNm3H2QLRGV cannot. (Panel B) CKEC506 expressing EcTDNm1H2QLRGV was motile on soft LB
agar. (Panel C) CKEC507 expressing EcTDNm3H2QLRGV was not motile on soft agar. DTT assays were
conducted as described in Section 2.4.2 and motility assays conducted as described in Section 2.4.3.
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Comparison of the NmDsbA1 derived chimeras (Table 3.3) reveals that exchanging the
NmDsbA1 H2 region (QIDGT) with that of EcDsbA (QLRGV) restored the ability of
the chimera to oxidise FlgI and complement the motility phenotype of E. coli JCB571.
In contrast, a single Val addition immediately prior to the H2 region of
EcTDNm1H2QLRGV disrupted FlgI oxidation. Lastly, all three chimeric NmDsbA1
enzymes maintained the ability to restore JCB571 resistance to DTT, indicating that
they are functional oxidoreductases in vivo being capable of re-oxidation by EcDsbB.
As a result, it appears that changing the composition and length of the H2 region of
NmDsbA1 modulates FlgI interaction and oxidation, which supports the hypothesis
derived from modelling of the chimeric DsbA enzymes.

Table 3.3 Phenotypic analysis of NmDsbA1 chimeras.

* Red V denotes valine addition in hinge region of chimeric DsbA enzymes.

3.2.2 Altering the H2 residues of NmDsbA1 (QIDGT) to that of EcDsbA
(QLRGV) influences NmDsbA1 mediated oxidation of FlgI when
expressed in E. coli.
Exchanging the NmDsbA1 H2 region (QIDGT) of the chimeric protein EcTDNm1
with the H2 region of EcDsbA (QLRGV) restored the ability of this protein to oxidise
FlgI (Table 3.3). However, the chimeric proteins in which this effect was detected also
contained the -domain and H1 region from NmDsbA1. Although the solved crystal
structure of NmDsbA1 when compared to EcDsbA indicated that there were only minor
changes in the orientation of the -helices in the -domains of the two proteins [178,
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179], it was not possible to predict what effects this may have had on the phenotype of
the chimeric EcTDNm1
Since wild-type NmDsbA1 is unable to complement E. coli∆dsbA strain JCB571 when
expressed at low levels from pHSG576, this was interpreted to mean that NmDsbA1 is
specific for meningococcal substrates. Since our model of substrate binding postulates
that the hinge residues (H1 and H2) are primarily responsible for substrate recognition,
then altering the NmDsbA1 H1 and H2 regions to that of the broad substrate range
oxidoreductase EcDsbA should convert NmDsbA1 to a broad substrate range
oxidoreductase capable of oxidising FlgI and restoring motility to JCB571 when
expressed from the low copy vector pHSG576.
To test this hypothesis, three NmDsbA1 constructs were engineered in which the hinge
regions were altered to that of EcDsbA. The first NmDsbA1 construct was engineered to
contain the EcDsbA H1 residues, FM, to create NmDsbA1EcH1. The second chimera
contained the EcDsbA H2 residues, QLRGV, and was termed NmDsbA1EcH2. The
third chimera, termed NmDsbA1EcH1+H2 contained both the EcDsbA H1 and H2
residues. The chimeric NmdsbA1 genes were constructed by SOE PCR (Section 2.2.2)
and expressed in E. coli∆dsbA strain JCB571 from the low copy expression vector
pHSG576.
The wild-type gene NmdsbA1 was amplified by PCR (Section 2.2.2) from freshly
extracted N. meningitidis NMB genomic DNA by primer pair, KAP7 and KAP8, treated
with T4 DNA polymerase (Section 2.2.8) and ligated into the HincII site of the
pHSG576 MCS 2.2.10. The ligation mixture was transformed into E. coli JM109
(Section 2.2.11) and chloramphenicol resistant transformants selected by blue/white
screening (Section 2.2.12). Colony PCR (Section 2.2.2) using primer pair, KAP96 and
KAP97, to amplify across the MCS of pHSG576 identified clones that contained a 800
bp insert. Colony PCR (Section 2.2.2) with KAP7 and KAP97 was used to identify a
clone that contained NmdsbA1 in the correct orientation for expression from the lacZ
promoter of pHSG576. This vector, named pCMK553, was extracted (Section 2.2.5)
and sequenced using KAP96 and KAP97 to check for mutations (Section 2.2.4) and a
restriction digest map was constructed (Figure 3.8).
The EcH2 region encoding QLRGV was introduced into NmdsbA1 by SOE PCR to
form NmdsbA1EcH2 (Section 2.2.2) (Figure 3.9). The PCR product was treated with T4
DNA polymerase (Section 2.2.8) and ligated into the HincII site of pHSG576 (Section
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2.2.10).

The ligation mixture was then transformed into E. coli JM109 and

chloramphenicol resistant transformants selected for by blue/white screening (Section
2.2.12). Colony PCR using primer pair, KAP96 and KAP97, was used to amplify the
insert while primer pair, KAP7 and KAP97, were used to determine the orientation of
NmdsbA1EcH2 for expression from the lacZ promoter (Section 2.2.2). A desirable clone
was selected and the vector sequenced with KAP96 and KAP97 to check for mutations
within NmdsbA1EcH2 (Section 2.2.4) and a restriction digest map was constructed
(Figure 3.10). This vector was named pCMK555.

Figure 3.8 Restriction digest map of expression vector pCMK553. (Panel A) Schematic diagram of
pCMK553. (Panel B) Agarose gel showing restriction digest map of pCMK553. Uncut pCMK553 (lane
1) was digested with XbaI (lane 2) which resulted is a single band of 4.29 kb. Digestion with NcoI (lane
3) resulted in two bands of 1.43Kb and 2.86 kb. Digestion with XbaI and NcoI together (lane 4) resulted
in three bands of 626 bp, 805 bp and 2.86 kb. Fragment sizes were determined by comparison with
migration of HindIII digested  DNA and correspond to the vector map represented diagrammatically in
Panel A. The red *denotes location of faint bands. Restriction digests were conducted as described in
Section 2.2.7 and location of primers used in screening by PCR and sequencing reactions are shown in
Appendix D.

The EcH1 region encoding F63M64 was introduced into NmdsbA1 by SOE PCR to form
NmdsbA1EcH1 (Figure 3.11). The EcH1 region encoding F63M64 was introduced into
NmdsbA1EcH2 by SOE PCR (Section 2.2.2) to form NmdsbA1EcH1+H2 (Figure 3.12).
The PCR products were treated with T4 DNA polymerase (Section 2.2.8) and ligated
into the HincII site of pHSG576 (Section 2.2.10). The ligation mixtures were
transformed into E. coli JM109 (Section 2.2.11) and chloramphenicol resistant
transformants were selected by blue/white screening (Section 2.2.12). Colony PCR
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Figure 3.9 Construction of NmdsbA1EcH2 by SOE PCR. (Panel A) Scheme for 1st round SOE PCR.
Two fragments from either side of the residues encoding the NmDsbA1 H2 region were amplified with
primer pairs, KAP96 with KAP326, and KAP97 with KAP265 from the template, pCMK533. The
internal primers were engineered to exchange the NmDsbA1 H2 coding region with that of EcDsbA and
to result in a 12 bp overlap between the two fragments. (Panel B) Agarose gel showing 1 st round SOE
PCR products. The fragments were of expected size when compared to migration of HindIII digested 
DNA. F1 (lane 1) is 700 bp while F2 (lane 2) is 350 bp. (Panel C) Scheme for 2 nd round of SOE PCR.
The two fragments constructed in Panel A were treated with DpnI before being used a template in the 2nd
round of SOE PCR. NmdsbA1EcH2 was amplified from this template with primer pair, KAP7 and KAP8,
which were engineered to introduce NcoI and XbaI restriction sites into the final PCR product,
respectively. (D) Agarose gel showing 2nd round SOE PCR product. The SOE PCR product was of
expected size (800 bp) when compared to migration of HindIII digested  DNA. NmdsbA1 ORF is
depicted in yellow while the EcH2 mutation is in pink. PCRs were conducted as described in Section
2.2.2.
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Figure 3.10 Restriction digest map of expression vector pCMK555. (Panel A) Schematic diagram of
pCMK555. (Panel B) Agarose gel showing restriction digest map of pCMK555. Uncut pCMK555 (lane
1) was digested with XbaI (lane 2) which resulted in a single band of 4.29 kb. Digestion with NcoI (lane
3) resulted in two bands of 1.43 kb and 2.86 kb, while digestion with XbaI and NcoI together (lane 4)
resulted in three bands of 626 bp, 805 bp and 2.86 kb. Fragment sizes were determined by comparison
with migration of HindIII digested  DNA and correspond to the vector map represented
diagrammatically in Panel A. The red *denotes location of faint bands. Restriction digests were
conducted as described in Section 2.2.7. Refer to Appendix D for the location of primers used in
screening by PCR and automated sequencing reactions.
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Figure 3.11 Construction of NmdsbA1EcH1 by SOE PCR. (Panel A) Scheme for 1st round SOE PCR.
Two fragments from either side of the residues encoding the NmdsbA1 H1 region were amplified from the
template, pCMK553 with primer pairs, KAP96 with KAP264, and KAP97 with KAP325. The internal
primers were engineered to exchange the NmDsbA1 H1 coding region with that of EcDsbA and to result
in a 12 bp overlap between the two fragments. NmdsbA1 ORF is depicted in yellow while the EcH1
coding region is in pink. (Panel B) Agarose gel showing 1st round SOE PCR products. The fragments
were of expected size when compared to migration of HindIII digested  DNA. F1 (lane 1) is 450 bp
while F2 (lane 2) is 600 bp. (Panel C) Scheme for 2 nd round of SOE PCR. The two fragments amplified in
Panel A were treated with DpnI before being used a template in the 2nd round of SOE PCR.
NmdsbA1EcH1 was amplified from this template with primer pair, KAP7 and KAP8, which were
engineered to introduce NcoI and XbaI restriction sites into the final PCR product, respectively. (D)
Agarose gel showing 2nd round SOE PCR product. The SOE PCR product was of expected size (800 bp)
when compared to migration of HindIII digested  DNA. PCRs were conducted as described in Section
2.2.2.
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Figure 3.12 Construction of NmdsbA1EcH1+H2 by SOE PCR. (Panel A) Scheme for 1st round SOE
PCR. Two fragments from either side of the residues encoding the NmdsbA1 H1 region were amplified
from NmdsbA1EcH2 in the template, pCMK555, with primer pairs, KAP96 with KAP264, and KAP97
with KAP325. The internal primers were engineered to exchange the NmDsbA1 H1 coding region with
that of EcDsbA and to result in a 12 bp overlap between the two fragments. NmdsbA1 ORF is depicted in
yellow while the EcH1 and EcH2 coding regions are in pink. (Panel B) Agarose gel showing 1st round
SOE PCR products. The fragments were of expected size when compared to migration of HindIII
digested  DNA. F1 (lane 1) is 450 bp while F2 (lane 2) is 600 bp. (Panel C) Scheme for 2 nd round of
SOE PCR. The two fragments constructed in Panel A were treated with DpnI before being used a
template in the 2nd round of SOE PCR. NmdsbA1EcH1+H2 was amplified from this template with primer
pair, KAP7 and KAP8, which were engineered to introduce NcoI and XbaI restriction sites into the PCR
product, respectively. (D) Agarose gel showing 2nd round SOE PCR product. The SOE PCR product was
of expected size (800 bp) when compared to migration of HindIII digested  DNA. PCRs were conducted
as described in Section 2.2.2.
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(Section 2.2.2) using primer pair, KAP96 and KAP97, identified clones with an 800 bp
insert in the MCS of pHSG576. Subsequently, colony PCR (Section 2.2.2) using the
primer pair, KAP7 and KAP97, identified clones that contained the insert in the correct
orientation for expression from the lacZ promoter. Vectors identified as being correct by
PCR were extracted (Section 2.2.5) and sequenced with KAP96 and KAP97 to check
for mutations within the chimeric dsbA genes (Section 2.2.4) and restriction digest maps
were constructed (Figure 3.13). The vectors containing NmdsbA1EcH1 and
NmdsbA1EcH1+H2 in the MCS of pHSG576 were named pCMK554 and pCMK556,
respectively. The vectors pCMK553, pCMK554, pCMK555 and pCMK556 were
transformed into JCB571 to form strains CKEC557, CKEC558, CKEC559 and
CKEC560, respectively. All strains grow at the same rate as CKEC271 (E. coli dsbA
mutant strain JCB571 containing pHSG576) and CKEC272 (JCB571 expressing
EcDsbA from pHSG576) as determined by growth in liquid media, conducted as
described in Section 2.4.1 (data not shown).
NmDsbA1, NmDsbA1EcH1, NmDsbA1EcH2 and NmDsbA1EcH1+H2 were assessed in
their ability to restore resistance to DTT (Section 2.4.2) and complement motility
(Section 2.4.3) of E. coli JCB571 when expressed from pHSG576. CKEC557,
CKEC558, CKEC559 and CKEC560 were unable to grow on LB agar containing
25 mM DTT indicating that expression of NmDsbA1, NmDsbA1EcH1, NmDsbA1EcH2
and NmDsbA1EcH1+H2 was not able to restore DTT resistance to JCB571 (Figure
3.14). In contrast, CKEC559 and CKEC560 were motile on soft LB agar indicating that
NmDsbA1EcH2 and NmDsbA1EcH1+H2 were able to oxidise FlgI and complement
JCB571 motility (Figure 3.15, Panels C and D). Conversely, CKEC557 and CKEC558
were non-motile on soft LB agar indicating an inability of NmDsbA1 and
NmDsbA1EcH1 to recognise and oxidise FlgI when expressed from pHSG576 (Figure
3.15, Panels A and B).

3.2.3 Altering the H2 residues of NmDsbA1 (QIDGT) to that of EcDsbA
(QLRGV) increases in vivo oxidation by EcDsbB.
The alteration of the H2 residues (QIDGT) of NmDsbA1 to the EcH2 residues of
EcDsbA (QLRGV) was sufficient to enable NmDsbA1 to recognise FlgI, a substrate not

previously recognised by this oxidoreductase (Table 3.4). However, the exchange of
these residues could have multiple effects on the oxidoreductase. Although our model of
substrate binding to DsbA implicates these residues in binding to SigA [26], Inaba et al.
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Figure 3.13 Restriction digest maps of expression vectors pCMK554 and pCMK556. (Panel A)
Schematic diagram of pCMK554. (Panel B) Agarose gel showing restriction digest map of pCMK554.
Uncut pCMK554 (lane 1) was digested with XbaI (lane 2) which resulted in a single band of 4.29 kb.
Digestion with NcoI (lane 3) resulted in two bands of 1.43 kb and 2.86 kb while digestion with XbaI and
NcoI together (lane 4) resulted in three bands of 626 bp, 805 bp and 2.86 kb. (Panel C) Schematic
diagram of pCMK556. (Panel D) Agarose gel showing restriction digest map of pCMK556. Uncut
pCMK556 (lane 1) was digested with XbaI (lane 2) which resulted in a single band of 4.29 kb. Digestion
with NcoI (lane 3) resulted in two bands of 1.43 kb and 2.86 kb while digestion with XbaI and NcoI
together (lane 4) resulted in three bands of 626 bp, 805 bp and 2.86 kb. Fragment sizes were determined
by comparison with migration of HindIII digested  DNA and correspond to the vector map represented
diagrammatically in Panel A and C. The red * denotes the location of faint bands. Restriction digests were
conducted as described in Section 2.2.7. Refer to Appendix D for location of primers used in PCR
screening and automated sequencing reactions.
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Figure 3.14 The NmDsbA1 hinge mutants did not restore resistance to DTT to the E. colidsbA
mutant strain JCB571. CKEC557, CKEC558, CKEC559 and CKEC560 expressing NmDsbA1,
NmDsbA1EcH1, NmDsbA1EcH2 nor NmDsbA1EcH1+H2, respectively, were not able to grow on LB
agar containing 25 mM DTT. DTT assay was conducted as described in Section 2.4.2.
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Figure 3.15 NmDsbA1EcH2 and NmDsbA1EcH1+2 restored motility to the E. colidsbA mutant
strain JCB571 but NmDsbA1 and NmDsbA1EcH1 did not. (Panel A) CKEC557 expressing NmDsbA1
was not motile on soft agar. (Panel B) CKEC558 expressing NmDsbA1EcH1 was not motile on soft agar.
(Panel C) CKEC559 expressing NmDsbA1EcH2 was motile on soft agar. (Panel D) CKEC560 expressing
NmDsbA1EcH1+H2 was motile on soft agar. Motility assays were conducted as described in Section
2.4.3.
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[25] has also shown that these residues are also part of the interface that interacts with
EcDsbB. In addition, the Val residue in the QLRQV motif directly preceeds the cisPro151 residue which plays an important role in forming the active site pocket of the
oxidoreductase and has an essential role in modulating the redox potential of the
enzyme [24, 178]. In addition, while this study was in progress Lafaye et al. [178]
demonstrated that exchanging the Thr residue of the QIDGT motif, which also preceeds
the cis-Pro151, to a Val residue increased oxidation of the oxidoreductase by EcDsbB in
vitro. As a result, it is possible that the increased FlgI oxidation observed for
NmDsbA1EcH2 compared to NmDsbA1 in vivo could be a result of increased oxidation
by EcDsbB.

Table 3.4 Phenotypic analysis of NmDsbA1 hinge mutants.

* Redox status of the oxidoreductases was determined by AMS gel shift assays (Figure 3.15).

To investigate whether the H2 region of the oxidoreductase affects interaction of the
protein with EcDsbB, AMS gel shift assays were conducted (as described in Section
2.3.4) on cell lysates to detect the amount of oxidised and reduced forms. During AMS
gel shift assays, the alkylating agent AMS binds to free thiol groups of reduced proteins
resulting in a 540 Da increase in size that can be visualised by Western blot analysis
(Section 2.3.3) [14, 242]. Pre-treatment of the cell lysates with trichloroacetic acid ‘acid
traps’ the proteins in their native redox states and prevents further reduction upon cell
disruption. As a result, AMS binding assays can be used to determine the in vivo redox
states of proteins [14, 242]. AMS gel shift assays of CKEC557 and CKEC559
expressing NmDsbA1 and NmDsbA1EcH2, respectively, showed that NmDsbA1 is
present primarily in the reduced state in vivo (Figure 3.16, lane 5) while
NmDsbA1EcH2 is present in the oxidised state (Figure 3.16, lane 8). The 540 Da
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increase in size of NmDsbA1 was clearly visualised by Western blot analysis with antiNmDsbA1 monoclonal antibody, which showed that the wild-type NmDsbA1 is present
primarily in a reduced state in the E. coli periplasm. This reflects a suboptimal
interaction with EcDsbB, which is responsible for maintaining EcDsbA in the oxidised
form and provides a rational explanation of why this oxidoreductase does not restore
DTT resistance or motility to E. coli JCB571. However, there is no increase in size
observed for AMS treated NmDsbA1EcH2 indicating that it is efficiently oxidised by
EcDsbB and hence cannot form adducts with AMS. As a result, it appears that
NmDsbA1EcH2 but not NmDsbA1 is oxidised by EcDsbB in the E. coli periplasm,
which in turn would influence the interpretation of these complementation assays. These
assays show that increasing the level of the oxidised form of NmDsbA1 in the E. coli
periplasm can result in increased oxidation of FlgI and restoration of motility. As
expected, NmDsbA1EcH1+H2 was in the oxidised form (results not shown), further
indicating that the H2 region influences DsbB interaction. However, AMS gel shift
assays revealed NmDsbA1EcH1 to be in the reduced form indicating that the H1 region
had no influence on interaction with EcDsbB or with the model substrate FlgI.

3.3

Discussion.

The hinge residues located between 3 and 2 (F63M64) (H1) and 6 and 4
(Q146LRGV150) (H2) form a flexible linker between the  - and thioredoxin domains of
DsbA proteins [20, 29] and have been identified as the substrate-binding surface of
EcDsbA [26]. Crystal structures of the soluble domain of NmDsbA1 and NmDsbA3
reveal that the meningococcal DsbA enzymes adopt the conserved tertiary structure of
DsbA enzymes with the main differences being observed in the orientation of the domain and the conformation and surface charge of the hinge region residues [177,
179]. It was therefore hypothesised that subtle differences in hinge region conformation
and orientation of the -domain mediate substrate specificity of the meningococcal
oxidoreductases. This study used chimeric DsbA enzymes to investigate the role of
these regions of the meningococcal DsbA enzymes in substrate recognition and
discrimination. The chimeric DsbA enzymes were expressed in the E. coli∆dsbA mutant
strain JCB571 from the low copy expression vector pHSG576 and assessed in their
ability to complement motility and to restore resistance to DTT. This has provided
insight into the specificity of the meningococcal DsbA enzymes and the influence of
specific residues in recycling reduced EcDsbA by EcDsbB.
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Figure 3.16 NmDsbA1EcH2 but not NmDsbA1 is maintained in the oxidised ‘active’ form in the
E. coli periplasm. Standarised whole cell lysates were loaded onto SDS-PAGE (Section 2.3.2) in the
following order: Lane 1: broad range molecular weight marker (NEB); Lane 2: CKEC271 containing
pHSG576; Lane 3: CKEC557 expressing NmDsbA1; Lane 4: CKEC557 incubated with 17 mM DTT
prior to treatment with tricholoacetic acid and AMS (reduced control); Lane 5: CKEC557 treated with
tricholoacetic acid and AMS (without incubation with DTT); Lane 6: CKEC559 expressing
NmDsbA1EcH2; Lane 7: CKEC559 incubated with 17 mM DTT prior to treatment with tricholoacetic
acid and AMS (reduced control); Lane 8: CKEC559 treated with tricholoacetic acid and AMS (without
incubation with DTT). Lane 9 contains 2µg of purified NmDsbA1 soluble domain that migrates at around
18 kDa. The molecular weight of NmDsbA1 expressed in CKEC557 and CKEC559 is 22 kDa. AMS
assays were conducted as described in Section 2.3.4. The Western immunoblot was conducted as per
Section 2.3.3, using the mouse anti-NmDsbA1 antibody (RD1-MATF) as the primary antibody (Table
2.8) and 2% BSA in TBS as blocking buffer (Section 2.3.1).

Initially, chimeric proteins in which the EcDsbA -domain was replaced with the
meningococcal NmDsbA1, NmDsbA2 and NmDsbA3 -domains flanked by their
respective H1 and H2 regions, were constructed. This strategy was adopted so that any
interactions within the -domains and the flanking H1 and H2 regions would remain the
same, while enabling the examination of any subtle changes that were occurring
between the H1 and H2 regions and the conserved thioredoxin domain which contained
the active site and the binding interface with EcDsbB. The first series of chimeric
proteins, EcTDNm1, EcTDNm2, and EcTDNm3 had diverse phenotypes. Insertion
of the -domain from NmDsbA3 into the TD of EcDsbA to create EcTDNm3led to an
inactive enzyme, presumably due to the fact that although the -domain tertiary
structure is conserved between the two proteins, the interactions of the specific amino
acids within the critical H1 and H2 regions were not correct. On the other hand,
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EcTDNm2, was completely active as an oxidoreductase, presumably due to the fact
that the -domain from NmDsbA2 had the highest amino acid identity to that of
EcDsbA and hence the critical alignment of the amino acids around the active site
pocket and the EcDsbB binding interface were conserved and functional. The most
interesting chimera was that of EcTDNm1Tablewhich retained oxidoreductase
activity as determined by the ability to restore DTT resistance to JCB571, but lacked the
ability to interact with a specific substrate, FlgI, to restore motility. These results
therefore suggested that exchanging the -domain with the H1 and H2 flanking regions
in a conserved thioredoxin backbone did indeed affect the substrate binding profile of
the oxidoreductases.
To examine this effect in more detail, the H1 and H2 regions in the chimeric proteins
were targeted for further analysis. Exchange of the H2 region of EcTDNm2 from the
NmDsbA2 sequence of QISGT to the EcDsbA sequence of QLRGV and a variant
sequence VQLRGV in which an extra Val residue increased the length of the H2 region,
were tested. None of these changes to the H2 region affected functionality of the
chimera which was indistinguishable from EcDsbA. This work suggested that the domain and the H2 residues were similar enough to retain the function of the enzyme.
In silico modelling of these chimeric proteins compared to EcDsbA also indicated that
the chimeras derived from EcTDNm2were similar enough to EcDsbA in structure and
would not be predicted to have a change in function.
Although the -domains of NmDsbA1 and NmDsbA2 had 79% amino acid identity, the
outcomes for the chimeras derived from NmDsbA1 were very different.

In silico

modelling of EcTDNm1 against EcDsbA indicated that there was a conformational
shift in the last turn of  corresponding to the H2 region.

When compared to

NmDsbA2, the H2 region differs from that of NmDsbA1 by a single Asp residue in the
QIDGT sequence. Exchange of the H2 region of EcTDNm1 from the NmDsbA1
sequence of QIDGT to the EcDsbA sequence of QLRGV resulted in a gain of function,
that is this enzyme was now able to specifically oxidise FlgI. However, exchanging the
H2 region of EcTDNm1 to the variant sequence of VQLRGV resulted in the
subsequent loss of FlgI oxidation by this protein. To further determine whether the H1
and H2 regions were sufficient for determining the substrate recognition profile of the
oxidoreductase, irrespective any differences in the -domain sequence, the H1 and H2
regions of NmDsbA1 were modified to contain the EcDsbA sequences. NmDsbA1
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derivatives containing the EcDsbA H2 region were now converted to an enzyme
capable of recognising FlgI. However, the H1 region had no role in this phenotype. In
conclusion, these results indicated that the H2 region of NmDsbA1 did in fact play a
role in substrate recognition and discrimination as altering NmDsbA1 to contain the
EcDsbA H2 converted the enzyme to a broad substrate range enzyme able to oxidise the
EcDsbA substrate FlgI.
While this work was in progress, Lafaye et al. [178] demonstrated that exchanging the
Thr residue of the QIDGT motif of NmDsbA1 to a Val residue increased oxidation of
the oxidoreductase by EcDsbB in vitro. The H2 region immediately precedes the
conserved cis-Pro151 which forms the other half of the active site pocket in all
thioredoxin fold proteins [16, 21]. This residue has been shown to contribute to the
stability and structure of EcDsbA [22] and influence substrate release [242]. In addition,
the residue immediately preceding the cis-Pro151, at the C-terminal of H2, has been
shown to modulate the redox properties of the thioredoxin fold superfamily [24].
Furthermore, the Thr residue of the H2 QIDGT motif immediately preceding the cisPro151 of NmDsbA1 has been attributed to the extraordinary reducing power of the
enzyme (~-90mV) compared to EcDsbA (~-120mV) [17, 178, 179]. In fact, changing
the Thr at this position of NmDsbA1 to a Val decreases the redox potential to that of
EcDsbA and increases the interaction of NmDsbA1 with EcDsbB in vitro [178],
presumably by making the oxidation of NmDsbA1 by EcDsbB a more energetically
favourable reaction. To determine whether exchanging the H2 region in NmDsbA1 for
that of EcDsbA had resulted in a difference in the oxidation of the enzyme, we
conducted AMS gel shift assays on these protein lysates from E. coli JCB571
expressing the different chimeras (Figure 3.15). Only NmDsbA1EcH2 was present in
the oxidised ‘active’ form in the E. coli periplasm. As a result, it appears that mutating
the wild-type NmDsbA1 to contain the EcH2 hinge residues QLRGV has decreased the
redox potential of the oxidoreductase, therefore increasing oxidation by EcDsbB and
oxidation of FlgI within the E. coli host.
Co-crystallisation of the EcDsbA (C33A) - EcDsbB (C130S) complex revealed that the
hydrophobic groove and the H2 region form the EcDsbB binding surface of EcDsbA
[25]. Interestingly, the EcDsbA H2 residues R148GV150 and the residues C104DF106 of the
second periplasmic loop of EcDsbB form a short anti-parallel -sheet similar to the
EcDsbA-substrate complex. The H2 region of NmDsbA1 contains a bulky, negatively
charged aspartic acid residue in place of the positively charged (basic) arginine residue
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at position 148 of EcDsbA. This is the only non-conserved residue between the H2
regions of NmDsbA1 and EcDsbA and would have a significant impact on the surface
charge and conformation of the H2 region that forms the substrate and EcDsbB binding
regions of EcDsbA. It is plausible that this residue, apart from the proven role of the Thr
in QIDGT motif, may also influence NmDsbA1 oxidation by EcDsbB and the
subsequent NmDsbA1 oxidation of FlgI.
In contrast to the EcTDNm1 and EcTDNm2 constructs, none of the EcTDNm3
constructs consisting of the EcDsbA thioredoxin domain and NmDsbA3 -domains
were able to complement motility or restore resistance to DTT to E. coli JCB571. As
NmDsbA3 is the most divergent DsbA enzyme to date and contains the active site
CVPC in an open loop conformation [177] it appears that the -domain is incompatible
with the EcDsbA thioredoxin domain resulting in non-functional and/or missfolded and
degraded proteins.
As a result, it appears that interactions between the meningococcal DsbA enzymes and
EcDsbB and FlgI are complex. This study has identified a major issue regarding the
interpretation of assays examining the role of oxidoreductases in a heterologous host
such as E. coli. Complementation of the E. coli∆dsbA mutant strain JCB571 by the
meningococcal DsbA enzymes was dependent upon the level of re-oxidation by
EcDsbB, as determined by AMS gel shift assays. This effect however, could be masked
if the heterologous oxidoreductase was over-expressed in E. coli.

For example,

although NmDsbA1, when expressed from the low-copy expression vector could not
complement the phenotypes of E. coli JCB571, Sinha et al. [180] did demonstrate
partial complementation in this host when the enzyme was over-expressed from a highcopy vector (Table 3.1). However, in our hands, a similar experiment indicated that
when expressed at high levels, oxidoreductases have a deleterious affect on growth and
can be lethal. In light of these results, further investigation into the activity and function
of the meningococcal DsbA enzymes should be conducted in the native host where reoxidation by NmDsbB is optimal.
In conclusion, this study has highlighted the importance of the H2 region of NmDsbA1
(QIDGT) in oxidation by EcDsbB and the subsequent oxidation of the E. coli flagellum
subunit FlgI. This is likely to be due to the modulation of thermodynamic properties
mediated by the terminal residue of the H2 region that immediately precedes the cisPro151. However, this work has also revealed that the length of the H2 region is
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important in modulating the redox potential of the enzyme as well and implies that other
residues within this region, in particular the nonconserved position in the QIxGT motif
may also have a role in determining interactions with substrate proteins and DsbB. As a
result, this study has provided some important insights into the structure and function of
meningococcal DsbA enzymes.
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4 Identification of meningococcal DsbA protein substrates
within Neisseria meningitidis.
4.1

Background.

DsbA proteins of N. meningitidis play a significant role in meningococcal virulence.
The presence of either NmDsbA1 or NmDsbA2 is required for Type IV pilin biogenesis
with the inactivation of these enzymes resulting in the loss of attachment to host cells
and natural competence [174, 176]. Even though NmDsbA3 has been shown to act as an
oxidoreductase when purified [177, 178], no substrates have been identified at this
stage, and it is unable to compensate for the loss of NmDsbA1 and NmDsbA2. Further
identification of substrates could provide invaluable insight into the virulence networks
of N. meningitidis affected by the meningococcal DsbA proteins.
A strategy for the identification of EcDsbA substrates was developed by Kadokura et
al., in 2004 (Figure 4.1) [242]. Mutation of the cis-Pro151 of EcDsbA, which impacts
directly on the active site disulfide, to a Thr residue resulted in ‘trapped’ substrates
covalently linked to C30 of the active site of EcDsbA. This resulted in an accumulation
of DsbA-substrate complexes within the periplasm of E. coli. The complexes were
visualised by Western blot analysis and the substrates in these complexes identified by
MALDI-TOF MS [23].

Figure 4.1 EcDsbA P151T trapping mutant. (Panel A) EcDsbA P151T is unable to resolve the mixed
disulfide step of protein oxidation. (Panel B) Accumulation of the EcDsbA P151T – substrate complexes
resulted in a laddered effect when visualized by Western Blot analysis after treatment with trichloroacetic
acid and AMS. The solid arrow heads show the EcDsbA P151T bound to substrates. The image in Panel
B was taken from Kadokura et al. [23].
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The cis-Pro151 is highly conserved among all oxidoreductases [15] including the DsbA
proteins of N. meningitidis. In addition, the crystal structures of NmDsbA1 [179] and
NmDsbA3 [177] obtained by our group show that the cis-Pro151 is in a similar position
and distance respective to the active site disulfide to that of EcDsbA (Figure 4.2).
Therefore, it was likely that a P151T mutation in NmDsbA1, NmDsbA2 and NmDsbA3
would mediate substrate trapping in a similar way to EcDsbA P151T [23]. This project
aimed to construct NmDsbA1, NmDsbA2 and NmDsbA3 trapping mutants by
introducing the P151T mutation into each protein for expression in N. meningitidis and
thus enable the identification of protein substrates interacting with each oxidoreductase.
In order to express the trapping oxidoreductases in N. meningitidis, an efficient system
for the expression of proteins in the meningococcal host was developed. While many
systems for expression of proteins have been optimised and commercialised for use in
E. coli, only a few shuttle vectors for expression of proteins in Neisseria are available.
In addition, most Neisserial expression systems are designed for use in N. gonorrhoeae
as this species has a larger number of naturally occurring plasmids, but for a variety of
reasons, have limited use in N. meningitidis. The two non-integrative expression
systems that have been used successfully to express proteins in N. meningitidis are the
pMIDG shuttle vector series and pYT250 (Figure 4.3) [230, 233]. The meningococcal
shuttle vector pMIDG100 (also called pJSK411) is a conjugative plasmid derived from
the gonococcal expression vector pLES2 [245]. The -lactamase gene of pLES2 was
replaced with aphA-3 encoding kanamycin resistance to form pMGC18.1 [246] and a
fragment containing an MCS, ribosome binding site and promoterless gfpmut3,
encoding Green Florescent Protein (GFP) mutant 3, was cloned into pMGC18.1 to form
pMIDG100 [230]. This vector was used as a promoter probe plasmid and was modified
to contain the strong meningococcal ner promoter upstream of gfpmut3 forming
pMIDG101 [247]. These plasmids can be conjugated into N. meningitidis from S17.1 
pir strains of E. coli [248]. The system utilises the IncP/Q conjugative system for
mobilisation into Neisseria sp. (Figure 4.3, Panel B). The smaller IncQ plasmid
pMIDG100/pMIDG101 is mobilised by the IncP plasmid, which is integrated in the
chromosome of S17.1  pir. The IncQ plasmid has a broad host range and is replicated
and maintained by N. meningitidis [249]. In comparison, the pYT250 meningococcal
shuttle vector is comprised of a gonococcal cryptic plasmid of unknown sequence [250]
inserted into the unique HindIII site of the high copy E. coli expression vector pCR2.1
(Invitrogen) (Figure 4.3, Panel A) [233]. The plasmid does not contain an expression
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Figure 4.2 Position of cis-Pro151 relative to the active site of EcDsbA, NmDsbA1 and NmDsbA3.
Panels A, B and C show ribbon diagrams of oxidised EcDsbA (PDB1DSB), NmDsbA1 (PDB3A3T) and
NmDsbA3 (2ZNM), respectively. The insets show the position of cis-Pro151 relative to the active site of
the structures. Backbone and side chains of cis-Pro151 and the active site residues are in red and magenta,
respectively. Figures generated using Swiss-PdbViewer 4.0.
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Figure 4.3 Non-integrative expression systems for use in Neisseria. (Panel A) The Neisserial shuttle
vector pYT250 consists of a fusion between a gonococcal cryptic plasmid and the commercial E. coli
vector pCR2.1 (Invitrogen). This fusion forms a shuttle vector which replicates in both E. coli and
N. meningitidis [233]. (Panel B) The pMIDG100 vector is conjugative plasmid system which utilises the
IncP/Q conjugative system [230, 245, 246]. The smaller IncQ plasmid (pMIDG101) is mobilised by the
larger IncP plasmid integrated in the chromosome of the E. coli strain S17.1  pir [248]. The IncQ
plasmid has a broad host range and is replicated and maintained in N. meningitidis [249]. Figure adapted
from J. Scoullar (unpublished).
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system and a promoter needs to be provided with the gene of interest. This vector is
easily transformable into N. meningitidis, which is naturally competent and has been
used successfully in complementation studies [233].
This study aimed to use these existing meningococcal shuttle vectors to construct an
easy to use high through-put expression system for the expression of proteins in
N. meningitidis. To achieve this, Gateway® technology (Invitrogen) was employed (Figure
4.4), which has been developed and used successfully in E. coli. This system relies on two
vectors, an entry vector and a destination vector. The entry vector contains the promoterless
gene of interest flanked by two attL sites and the destination vector contains two attR sites
that flank a cassette consisting of an antibiotic resistance cassette and a ccdB (control of cell
death B) encoding the toxic CcdB protein. CcdB is fatal in E. coli hosts lacking an Fplasmid encoding the antidote, CcdA [251, 252]. LR Clonase® of the Gateway® system
catalyses homologous recombination of the att sites allowing for rapid and efficient

transfer of genes from multiple entry clones to the destination vector without the need
for restriction digests and ligations.
During this study, the meningococcal shuttle vector pMIDG100 was modified to form a
Gateway® compatible destination vector. In addition, a library of entry vectors
containing wild-type and trapping dsbA genes was constructed in the existing entry
clone pCMK133. Gateway® cloning successfully transferred NmDsbA3 from the
pMIDG100 derived expression vector and the protein was expressed in E. coli. However,
due to the instability of this vector in the meningococcal host strain NMB, it was of limited
use in this study. An alternative expression system derived from the transformable
meningococcal shuttle vector pYT250 was developed and used to express the NmDsbA1
P151T trapping mutant in N. meningitidis strain NMB. As a result, this project has
contributed significantly to the development of novel expression systems for use in
Neisserial species and E. coli, in addition to revealing important insights into the role of the

cis-Pro151 of the meningococcal DsbA enzymes in periplasmic protein oxidation.

4.2

Results.

4.2.1 Construction of a library of Gateway® entry vectors containing (Hisx6tagged) wild-type and trapping meningococcal dsbA genes.
The Gateway® compatible entry vector pCMK133 constructed by J. Scoullar
(unpublished) contains a ccdB gene and aphA-3 cassette flanked by attL sites that can
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facilitate Gateway® cloning into suitable destination vectors. In addition, this vector has
been engineered to result in a C-terminal Hisx6-tag fusion when a gene of interest, which
has a HindIII site replacing the stop codon, is cloned between the NcoI and HindIII sites
replacing ccdB. The Hisx6-tag facilitates the detection and purification of proteins of
interest. SOE PCR was used to introduce the P151T mutation into the meningococcal
dsbA genes and to engineer an upstream NcoI restriction site and a HindIII site replacing
the stop codon. The genes were then cloned into pCMK133 to mediate fusion of a Cterminal Hisx6-tag. This resulted in the construction of a library of entry vectors
containing the Hisx6-tagged wild-type and trapping dsbA genes to be used in Gateway®
cloning.

Figure 4.4 The Gateway® vector system from Invitrogen. The entry vector contains the gene of interest
flanked by two attL sites while the destination vector contains the ccdB gene flanked by two attR sites.
LR Clonase® mediated recombination of the att sites results in exchange of these att cassettes resulting in
transfer of the gene of interest to the destination vector to form the expression vector and the transfer of
ccdB to the entry clone forming the toxic by-product. Transformation into a ccdB sensitive E. coli strain
selects for clones containing the expression vector. Figure adapted from Invitrogen Gateway ® manual
(http://tools.invitrogen.com/content.cfm?pageid=10072).
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4.2.1.1 Construction of meningococcal dsbA trapping genes.
SOE PCR (Section 2.2.2) was used to construct NmdsbA1 P151T from NmdsbA1 as
described in Figure 4.5. The SOE PCR product NmdsbA1 P151T was treated with T4
DNA polymerase (Section 2.2.8) and ligated into the HincII site of pHSG576 (Section
2.2.10). The ligation mixture was transformed into E. coli JM109 (Section 2.2.11) and
white transformants selected by blue/white screening (Section 2.2.12). Colony PCR
(Section 2.2.2) using primer pair, KAP96 and KAP97, to amplify across the MCS of
pHSG576 identified clones with a 750 bp insert. These clones were screened by PCR
(Section 2.2.2) with primer pair, KAP7 and KAP97, to identify clones with NmdsbA1
P151T in the correct orientation for expression from the lacZ promoter. A desirable
clone was selected and the vector extracted (Section 2.2.5). The vector was named
pCMK511 and a restriction digest map was constructed (Figure 4.6). The insert was
sequenced to check for mutations with primers KAP96 and KAP97 (Section 2.2.4).
To replace the stop codon of NmdsbA1 P151T with a HindIII restriction recognition site,
NmdsbA1 P151T was amplified by PCR (Section 2.2.2) from pCMK511 using KAP7
and KAP153 (Figure 4.7). At the same time, SOE PCR was used to construct NmdsbA2
P151T from pCMK118 (Figure 4.8) and NmdsbA3 P151T from pJKD2719 (Figure 4.9)
(Section 2.2.2), in which the genes were engineered to contain a HindIII restriction
enzyme recognition site replacing the stop codon. The PCR products were treated with
T4 DNA polymerase (Section 2.2.8) and ligated into the HincII site of pHSG576
(Section 2.2.10). The ligation mixtures were transformed into E. coli JM109 (Section
2.2.11) and white transformants selected by blue/white screening (Section 2.2.12). Cell
lysates of white colonies were screened by colony PCR using primer pair, KAP96 and
KAP97, to amplify across the MCS of pHSG576 (Section 2.2.2). A clone that contained
a 750 bp insert was selected for each transformation and the vector extracted (Section
2.2.5). The vectors containing NmdsbA1 P151T, NmdsbA2 P151T and NmdsbA3 P151T
were named pCMK512, pCMK513 and pCMK514, respectively. Restriction digest
maps of the vectors were constructed (Figure 4.10) and the inserts were sequenced to
check for mutations with primers KAP96 and KAP97 (Section 2.2.4).
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Figure 4.5 Construction and cloning of NmdsbA1 P151T by SOE PCR. (Panel A) Scheme for 1st
round SOE PCR. Two fragments (F1 and F2) from either side of the residues encoding cis-Pro151 (red) of
NmdsbA1 were amplified using primer pair, KAP96 with KAP152, and KAP151 with KAP97. KAP152
and KAP151 were engineered to introduce the P151T mutation and to contain 6 bp tags of sequence
complementary to the sequence of the adjacent fragment. (Panel B) Agarose gel of 1 st round SOE PCR
products. F1 was ~600 bp (lane 1) and F2 was ~300 bp (lane 2) when compared to HindIII digested λ
DNA. (Panel C) Scheme for 2nd round SOE PCR. The fragments from Panel A were treated with DpnI
before being used as the template for the 2nd round SOE PCR. The NmdsbA1 P151T was amplified from
this template with primer pair, KAP7 and KAP8, which were engineered to introduce NcoI and XbaI
restriction sites, respectively. (Panel D) Agarose gel of the SOE PCR product, NmdsbA1 P151T. The SOE
PCR product, NmdsbA1 P151T (lane 1), was the expected size of ~800 bp as determined by comparison
with migration of HindIII digested  DNA. PCRs were conducted as described in Section 2.2.2.
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Figure 4.6 Restriction digest map of pCMK511. (Panel A) Schematic diagram of vector pCMK511.
(Panel B) Restriction digest map of pCMK511. The uncut pCMK511 (lane 1) was digested with PstI
(lane 2), NcoI (lane 3), HindIII (lane 4) and NcoI and HindIII together (lane 5) and were run on agarose
gel. Fragment sizes were determined by comparison with migration of 1Kb Trackit DNA ladder
(Invitrogen). Digestion of pCMK522 with PstI (lane 1) and HindIII (lane 3) resulted in a band of ~4.3 kb
while digestion with NcoI (lane 3) and NcoI with HindIII (lane 5) resulted in two bands of ~1.3 kb and ~3
kb in size, which corresponds to the vector map represented diagrammatically in Panel A. Restriction
digests were conducted as described in Section 2.2.7. Refer to Appendix D for location of primers used in
screening by PCR and automated sequencing reactions.
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Figure 4.7 Amplification of NmdsbA1 P151T with a HindIII restriction site replacing the stop
codon. (Panel A) Scheme for amplification of NmdsbA1 P151T. NmdsbA1 P151T was amplified from
pCMK511 using primer pair, KAP7 and KAP153, which were engineered to introduce an upstream NcoI
site and to replace the stop codon with a HindIII site, respectively. (Panel B) Agarose gel of PCR product.
NmdsbA1 P151T amplified as described in Panel A was of expected size (~720 bp, lane 1) compared to
migration of 1 kb Trackit DNA ladder. PCR was conducted as described in Section 2.2.2 and agarose gel
as described in Section 2.2.16.
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Figure 4.8 Construction of NmdsbA2 P151T by SOE PCR. (Panel A) Scheme for 1st round SOE PCR.
The primer pairs, KAP96 with KAP155, and KAP190 with KAP97, were used to amplify two fragments
of NmdsbA2 (F1 and F2) either side of the residues encoding cis-Pro151 (red) from the template,
pCMK118. The internal primers were engineered to introduce the P151T mutation and to contain 6 bp
tags of sequence complementary to the sequence of the adjacent fragment. (Panel B) Agarose gel of 1 st
round SOE PCR products. The PCR fragments, F1 (~600 bp, lane 1) and F2 (~300 bp, lane 2), were of
expected size when compared to migration of 1Kb Trackit DNA ladder (Invitrogen). (Panel C) Scheme
for 2nd round SOE PCR. The PCR fragments were treated with DpnI before being used as the template for
2nd round SOE PCR. NmdsbA2 P151T was amplified from this template with primer pair, KAP11 and
KAP156, which were engineered to introduce an upstream NcoI site and to replace the stop codon with a
HindIII site, respectively. (Panel D) Agarose gel of the SOE PCR product, NmdsbA2 P151T. The SOE
PCR product NmdsbA2 P151T (lane 1) is the expected size of ~710 bp, as determined by comparison
with migration of 1Kb Trackit DNA ladder (Invitrogen). PCRs were conducted as described in Section
2.2.2.
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Figure 4.9 Construction of NmdsbA3 P151T by SOE PCR. (Panel A) Scheme for 1st round SOE PCR.
Primer pairs, KAP96 with KAP2, and KAP1 with KAP97, were used to amplify two fragments (F1 and
F2) of NmdsbA3 from the template, pJKD2719, from either side of the residues encoding cis-Pro151 (red).
The internal primers were engineered to introduce the P151T mutation and to contain 6 bp tags of
sequence complementary to the sequence of the adjacent fragment. (Panel B) Agarose gel of 1 st round
SOE PCR products. The PCR fragments, F1 (~600 bp ,lane 1) and F2 (~300 bp ,lane 2) were of expected
size when compared to migration of 1Kb Trackit DNA ladder (Invitrogen). (Panel C) Scheme for 2nd
round SOE PCR. The fragments from Panel A were treated with DpnI before being used as the template
for 2nd round SOE PCR. NmdsbA3 P151T was amplified from this template with primer pair, KAP68 and
KAP59, which were engineered to introduce an upstream NcoI site and to replace the stop codon with a
HindIII site, respectively. (Panel D) Agarose gel of the SOE PCR product, NmdsbA3 P151T. The SOE
PCR product, NmdsbA3 P151T (lane 1), is expected size of ~660 bp, as determined by comparison with
migration of 1Kb Trackit DNA ladder (Invitrogen). PCRs were conducted as described in Section 2.2.2.
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Figure 4.10 Restriction digest map of pCMK512, pCMK513 and pCMK514. (Panel A) Schematic
diagram of vector pCMK512. (Panel B) Agarose gel showing restriction digest map of pCMK511. Uncut
pCMK512 (lane 1) was digested with PstI (lane 2) and resulted in a single band of 4.2 kb. Digestion with
NcoI (lane 3) resulted in two bands of 1.35 kb and 2.86 kb. Digestion with HindIII (lane 4) resulted in
two bands of 3.5 kb and 720 bp. Digestion with NcoI and HindIII together (lane 5) resulted in three bands
of 2.86 kb, 720 bp and 626 bp. (Panel C) Schematic diagram of vector pCMK513. (Panel D) Agarose gel
showing restriction digest map of pCMK513. Uncut pCMK513 (lane 1) was digested with PstI (lane 2)
and resulted in a single band of 4.2 kb. Digestion with NcoI (lane 3) resulted in two bands of 2.86 kb and
1.34 kb. Digestion with HindIII (lane 4) resulted in two bands of 3.5 kb and 713 bp. Digestion with NcoI
and HindIII together (lane 5) resulted in three bands of 2.86 kb, 713 bp and 626 bp. (Panel E) Schematic
diagram of vector pCMK514. (Panel F) Agarose gel showing restriction digest map of pCMK514. Uncut
pCMK514 (lane 1) was digested with PstI (lane 2) and resulted in a single band of 4.15 kb. Digestion
with NcoI (lane 3) resulted in two bands of 2.86 kb and 1.29 kb. Digestion with HindIII (lane 4) resulted
in two bands of 3.5 kb and 660 bp. Digestion with NcoI and HindIII together (lane 5) resulted in three
bands of 2.86 kb, 660 bp and 626 bp. Fragment size was determined by comparison with migration of
HindIII digested  DNA and corresponds to the vector map represented diagrammatically in Panel A, B
and E. Red * denotes location of faint bands. Restriction digests were conducted as described in Section
2.2.7. Refer to Appendix D for the location of primers used in screening by PCR and automated
sequencing rections.
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4.2.1.2 Construction of Gateway® compatible entry vectors pCMK515, pCMK516
and pCMK517 containing meningococcal dsbA trapping genes NmdsbA1
P151T, NmdsbA2 P151T and NmdsbA3 P151T, respectively.
The NmdsbA1 P151T, NmdsbA2 P151T and NmdsbA3 P151T genes were cloned into
the entry vector pCMK133 to replace ccdB as described in Figure 4.11. Briefly, the
NmdsbA1 P151T, NmdsbA2 P151T and NmdsbA3 P151T genes were excised from
pCMK512, pCMK513 and pCMK514, respectively, by restriction digest with NcoI and
HindIII restriction endonucleases (Section 2.2.7) and ligated into the MCS of pCMK133
(Section 2.2.10) also digested with NcoI and HindIII resctriction endonucleases (Section
2.2.7).

The ligation reactions were transformed into E. coli strain DH5(Section

2.2.11), which is sensitive to the CcdB toxin and transformants were selected on LB
agar containing kanamycin. Cell lysates were screened by PCR using the following
primer pairs: KAP7 with KAP43 for NmdsbA1 P151T insert, KAP11 with KAP43 for
the NmdsbA2 P151T insert or KAP68 with KAP43 for the NmdsbA3 P151T insert
(Section 2.2.2). These primer pairs amplified a PCR product spanning the dsbA insert to
the aphA-3 present in the pCMK133 backbone. Plasmid was extracted from one clone
of each transformation (Section 2.2.5), and sequenced with KAP43 to ensure the Cterminal Hisx6-tag fusion was in frame with the cloned open reading frame (ORF)
(Section 2.2.4). Restriction digest maps of the resultant Gateway® compatible entry
vectors pCMK515, pCMK516 and pCMK517 containing NmdsbA1 P151T::Hisx6,
NmdsbA2 P151T::Hisx6 and NmdsbA3 P151T::Hisx6, respectively, were constructed
(Figure 4.12).
4.2.1.3

Construction of Gateway® compatible entry clones pCMK576, pCMK577
and pCMK137 containing wild-type meningococcal dsbA genes NmdsbA1,
NmdsbA2 and NmdsbA3, respectively.

The entry clones pCMK576, pCMK577 and pCMK137 containing the wild-type
meningococcal NmdsbA1, NmdsbA2 and NmdsbA3 genes were constructed to be used as
controls in trapping experiments. The wild-type gene NmdsbA1 was amplified by PCR
(Section 2.2.2) from pCMK256 using primer pair, KAP7 and KAP153, which
introduced an upstream NcoI restriction site and a HindIII restriction site replacing the
stop codon, respectively. The wild-type gene NmdsbA2 was amplified by PCR (Section
2.2.2) from pCMK118 using primer pair, KAP11 and KAP156, which introduced an
upstream NcoI restriction site and a HindIII restriction site replacing the stop codon,
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respectively. The PCR products were treated with T4 DNA polymerase (Section 2.2.8)
and ligated into the HincII site of pHSG576 (Section 2.2.10). The ligation mixtures
were transformed into E. coli JM109 (Section 2.2.11) and white transformants selected
by blue/white screening (Section 2.2.12). Cell lysates of white colonies were screened
by PCR (Section 2.2.2) using primer pair, KAP96 and KAP97, to amplify across the
MCS of pHSG576. A clone that contained a 750 bp insert was selected for each
transformation and the vector extracted (Section 2.2.5). Restriction digest maps of the
resultant vectors containing NmdsbA1 and NmdsbA2 were constructed and the vectors
named pCMK574 and pCMK575, respectively (Figure 4.13). The inserts were
sequenced to check for mutations with primers KAP96 and KAP97 (Section 2.2.4).

Figure 4.11 Scheme for cloning of dsbA genes into entry vector pCMK133. The vector pCMK512 was
digested with NcoI and HindIII to excise NmdsbA1 P151T, which was then cloned into the NcoI and
HindIII restriction sites of pCMK133 to replace ccdB, which also resulted in fusion of the dsbA gene with
the C-terminal Hisx6-tag. NmdsbA2 P151T and NmdsbA3 P151T were excised from pCMK513 and
pCMK514, respectively, and cloned into pCMK133 in an identical manner. In addition, NmdsbA1 and
NmdsbA2 were excised from pCMK574 and pCMK575, respectively, and cloned into pCMK133 in an
identical manner.
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Figure 4.12 Restriction digest maps of pCMK515, pCMK516 and pCMK517. (Panel A) Schematic
diagram of vector pCMK515. (Panel B) Restriction digest map of pCMK515. Uncut pCMK515 (lane 1)
was digested with NcoI (lane 2) which resulted in a single band of 3.86 kb. Digestion with SmaI (lane 3)
resulted in two bands of 3 kb and 840 bp. Digestion with both NcoI and SmaI (lane 4) resulted in three
bands of 2.26 kb, 840 bp and 753 bp. (Panel C) Schematic diagram of pCMK516. (Panel D) Restriction
digest map of vector pCMK516. Uncut pCMK516 (lane 1) was digested with NcoI (lane 2) resulting in a
single band of 3.85 kb. Digestion with SmaI (lane 3) resulted in two bands of 3 kb and 840 bp while
digestion with NcoI and SmaI together (lane 4) resulted in three bands of 2.26 kb, 840 bp and 744 bp.
(Panel E) Schematic diagram of pCMK517. (Panel F) Restriction digest map of vector pCMK517. Uncut
pCMK517 (lane 1) was digested with NcoI (lane 2) which resulted in a single band of 3.79 kb. Digestion
with SmaI (lane 3) resulted in two bands of 3.9 kb and 840 bp while digestion with NcoI and SmaI
together (lane 4) resulted in three bands of 2.26 kb, 840 bp and 692 bp. Fragment sizes were determined
by comparison with migration of 1Kb Trackit DNA ladder (Invitrogen) and correspond to the vector map
represented diagrammatically in Panel A, C, and E. Red * denotes location of faint bands. Restriction
digests were conducted as described in Section 2.2.7. Refer to Appendix D for the location of primers
used for screening by PCR and automated sequencing reactions.
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The genes NmdsbA1 and NmdsbA2 were cloned into the entry vector pCMK133 to
replace ccdB as described in Figure 4.11. Briefly, the genes NmdsbA1 and NmdsbA2
were excised from pCMK574 and pCMK575, respectively, by restriction digest
(Section 2.2.7) with NcoI and HindIII and ligated (Section 2.2.10) with pCMK133 also
restricted with NcoI and HindIII restriction endonucleases (Section 2.2.7). The ligation
reactions were transformed into E. coli strain DH5(Section 2.2.11), which is sensitive
to the CcdB toxin and transformants selected on LB agar containing kanamycin. Cell
lysates were screened by PCR (Section 2.2.2) using primer pairs, KAP7 (NmdsbA1
P151T insert) or KAP11 (NmdsbA2 P151T insert) with KAP43, to amplify the region
containing the dsbA insert to the aphA-3 present in the pCMK133 backbone. The vector
was extracted from one clone of each transformation and sequenced with KAP43 to
ensure the C-terminal Hisx6-tag fusion was in frame with the cloned ORF (Section
2.2.4). Restriction digest maps were constructed for the resultant vectors, pCMK576
and pCMK577, containing NmdsbA1::Hisx6 and NmdsbA2::Hisx6, respectively (Figure
4.14). The entry clone pCMK137 containing Hisx6-tagged NmdsbA3 was constructed by
J. Scoullar (unpublished) as described in Figure 4.15.

4.2.2 Construction of the Gateway® compatible destination vector
pCMK518 for expression of proteins in N. meningitidis.
The conjugative meningococcal vector pMIDG100 was modified to contain the
Gateway® attR cassette to mediate rapid transfer of dsbA genes from the library of entry
vectors constructed above and expression in N. meningitidis. In addition, this vector was
engineered to contain the Hermes 8 lacIq system for inducible expression of the dsbA
genes. In this system, the high level expression of LacIq from the Neisserial promoter Popa
should inhibit expression of the gene of interest by binding the P trc promoter directly
upstream of the attR cassette. Expression should therefore be induced by the presence of
IPTG. This aimed to overcome some of the issues associated with over-expression of

toxic proteins, particularly the toxicity associated with over-expression of DsbA
enzymes as discussed in Chapter 3.
The linear attR cassette (Invitrogen product number 52919) was cloned between the
NcoI and BamHI restriction sites of the gonococcal shuttle vector Hermes 8,
downstream of the Ptrc promoter of the lacIq system, resulting in construction of the
vector pCMK135 (J. Scoullar, unpublished). The fragment containing the lacIq system
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Figure 4.13 Restriction digest maps of pCMK574 and pCMK575. (Panel A) Schematic diagram of
pCMK574. (Panel B) Agarose gel showing restriction digest map of pCMK574. Uncut pCMK574 (lane
1) was digested with HindIII (lane 2) which resulted in two bands of 3487 bp and 743 bp. Digestion with
NcoI (lane 3) resulted in two bands of 2.86 kb and 1.35 kb. (Panel C) Schematic diagram of pCMK575.
(Panel D) Agarose gel showing restriction digest map of pCMK575. Uncut pCMK575 (lane 1) was
digested with HindIII (lane 2) which resulted in two bands of 3487 bp and 734 bp while digestion with
NcoI (lane 3) resulted in two bands of 2.86 kb and 1.34 kb. Fragment sizes were determined by
comparison with migration of HindIII digested  DNA and correspond to the vector map represented
diagrammatically in Panel A and C. Red * denotes location of faint bands. Restriction digests were
conducted as described in Section 2.2.7. Refer to Appendix D for location of primers used in screening by
PCR and automated sequencing reactions.
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Figure 4.14 Restriction digest maps of entry vectors, pCMK576 and pCMK577. (Panel A) Schematic
diagram of pCMK576. (Panel B) Agarose gel showing restriction digest map of pCMK576. Uncut
pCMK576 (lane 4) was digested with NcoI (lane 2) which resulted in a single band of 3.86 kb. Digestion
with HindIII (lane 3) resulted in a single band of 3.86 kb while digestion with NcoI and HindIII together
(lane 1) resulted in two bands of 3.135 kb and 722 bp. (Panel C) Schematic diagram of pCMK577. (Panel
B) Agarose gel showing restriction digest map of pCMK577. Uncut pCMK577 (lane 4) was digested with
NcoI (lane 2) which resulted in a single band of 3.85 kb. Digestion with HindIII (lane 3) resulted in a
single band of 3.85 kb while digestion with NcoI and HindIII together (lane 1) resulted in two bands of
3.135 kb and 713 bp. Fragments sizes were determined by comparison with migration of HindIII digested
 DNA and correspond to the expected plasmid map represented diagrammatically in Panel A and C.
Restriction digests were conducted as described in Section 2.2.7. Refer to Appendix D for location of
primers used in screening by PCR and automated sequencing reactions.
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Figure 4.15: Construction of the NmDsbA3::Hisx6 entry vector, pCMK136 (J. Scoullar,
unpublished). NmdsbA3 was PCR amplified from N. meningitidis NMB genomic DNA with primer pair,
KAP68 and KAP59, digested with NcoI and HindIII and ligated into the NcoI and HindIII restriction sites
of pCMK133 to replace ccdB resulting in the formation of pCMK137.
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and attR cassette of pCMK135 was cloned into the meningococcal shuttle vector
pMIDG100 in place of gfpmut3 (Figure 4.16, Panel A). The ligations were transformed
into E. coli JM109 (Section 2.2.11) and kanamycin and chloramphenicol resistant
transformants selected. Cell lysates were screened by PCR (Section 2.2.2) using primer
pair, KAP74 with KAP75, to amplify across the MCS of pMIDG100 and with primer
pair, KAP98 with KAP75, to check the orientation of the fragment in the MCS of
pMIDG100. The plasmid was extracted (Section 2.2.5) from a clone that produced 3.8
kb and 2.4 kb products for each of these PCR reactions, respectively. A restriction
digest map of the resultant vector was constructed (Figure 4.16, Panels B and C), which
was named pCMK518.
4.2.2.1 Construction of control vector pCMK534.
As pCMK518 contains the toxic ccdB gene and the cat1 cassette encoding
chloramphenicol resistance, it could not be transformed into N. meningitidis to be used
as an empty control vector for trapping experiments. The ccdB and cat1 genes were
removed from the destination vector, pCMK518, by restriction digest with the MscI
restriction endonclease (Section 2.2.7) and self-ligated (Section 2.2.10) (Figure 4.17,
Panel A). The ligation was transformed into E. coli DH5Section  and
kanamycin resistant, chloramphenicol sensitive, transformants were selected. Cell
lysates were screened by PCR (Section 2.2.2) using primer pair, KAP74 and KAP75, to
amplify across the MCS of pMIDG100. A clone that resulted in a PCR product of ~3 kb
was selected and the vector was extracted (Section 2.2.5). A restriction enzyme map of
the resultant vector was constructed, which was named pCMK518 (Figure 4.17, Panel
B). This vector was used in all experiments using expression clones constructed with the
destination vector pCMK518 to determine the effect of the plasmid alone on the host
strain. This vector was also used to determine the stability of the construct within the
meningococcal host strain NMB.

4.2.3 Gateway® cloning and expression of oxidoreductase genes from
meningococcal

expression

vector

pCMK518

in

E.

coli

and

N. meningitidis.
Transfer of the Hisx6-tagged oxidoreductase genes from the entry clones to the newly
constructed destination vector pCMK518 by LR clonase™ mediated recombination of
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Figure 4.16 Construction of the Gateway ® compatible meningococcal shuttle destination vector
pCMK51 and restriction digest map. (Panel A) Scheme for the construction of destination vector
pCMK518. pCMK135 was digested with XhoI and HindIII and the meningococcal shuttle vector
pMIDG100 digested with NheI and XbaI restriction enzymes. The vectors were treated with T4 DNA
polymerase to fill in the 5’ overhangs and the lacIq region and attR cassette from pCMK135 was ligated
into pMIDG100 in place of gfpmut3 to form pCMK518. (Panel B) Schematic diagram of the destination
vector pCMK518. (Panel C) Agarose gel showing restriction digest map of pCMK518. Uncut pCMK518
(lane 1) was digested with NcoI (lane 2) which resulted in a single band of 9.73 kb. Digestion with PstI
(lane 3) resulted in two bands of 6.39 kb and 3.35 kb and digestion with NcoI and PstI together (lane 4)
resulted in three bands of 6.39 kb, 2.5 kb and 825 bp. Fragments sizes were determined by comparison
with migration of HindIII digested  DNA and correspond to the expected plasmid map represented
diagrammatically in Panel B. Red * denotes location of faint band. Restriction digests were conducted as
described in Section 2.2.7. Refer to Appendix D for location of primers used in screening by PCR and
automated sequencing reactions.
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Figure 4.17 Construction of the control vector pCMK534. (Panel A) Scheme for the construction of
control vector pCMK534. The destination vector pCMK518 was digested with MscI to remove cat1 and
ccdB and re-ligated to create the control vector, pCMK534. (Panel B) Restriction digest map of
pCMK534. Uncut pCMK534 (lane 1) was digested with XhoI (lane 2) which resulted in a single band of 9
kb. Digestion with MscI resulted in a single band of 9 kb while digestion with PstI (lane 4) resulted in two
bands of 2.6 kb and 6.4 kb. Fragments sizes were determined by comparison with migration of 1 kb
Trackit DNA ladder and correspond to the expected plasmid map represented diagrammatically in Panel
B. Restriction digests were conducted as described in Section 2.2.7. Refer to Appendix D for location of
primers used in screening by PCR.
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the att sites was attempted. The resultant constructs were then examined in their ability
to express the oxidoreductases in both E. coli and N. meningitidis backgrounds.
4.2.3.1 Construction of the expression vector pCMK536 by Gateway® cloning of
NmdsbA3::Hisx6-aphA-3 from entry vector pCMK137 into destination
vector pCMK518, and expression in E. coli.
Gateway® cloning of NmdsbA3::Hisx6-aphA-3 from the entry clone pCMK137 into the
destination vector pCMK518 was conducted, as described in Section 2.2.6, to test the
compatibility of the entry and destination clones and the efficiency of transfer of the
gene of interest. LR clonase™ mediated recombination of the att sites facilitated transfer
of NmdsbA3::Hisx6-aphA-3 into the destination vector in place of ccdB-cat1 (Figure
4.18, Panel A). The Gateway® reaction was digested with NheI to linearise the entry
clone (Section 2.2.7) before transformation into ccdB sensitive E. coli strain
DH5(Section. Kanamycin resistant transformants were selected and screened
by PCR using primer pair, KAP74 with KAP75, to amplify across the MCS of
pMIDG100 (Section 2.2.2). The plasmid was extracted from a positive clone and a
restriction enzyme map was constructed (Figure 4.18, Panels B and C). The Gateway®
reaction had successfully facilitated transfer of NmdsbA3::Hisx6-aphA-3 into the
destination vector to create expression vector pCMK536. Western blot analysis (Section
2.3.3) of CKEC536 (E. coli DH5 containing pCMK536) grown to log phase in the
presence of 0.3 mM IPTG detected expression of NmDsbA3 from the Hermes8 lacIq
system of pCMK536, indicating that the expression system was inducible in E. coli
(Figure 4.19 lane 3).
4.2.3.2 The NmDsbA3 expression vector pCMK536 and control vector pCMK534
are not stable within the meningococcal host strain NMB.
The expression vector pCMK536 was transformed into E. coli S17.1  pir to form strain
CKEC546 (Section 2.2.11) for conjugation with the meningococcal strain CKNM103
(N. meningitidis NMBdsbA3) as described in Section 2.2.14. Transconjugants were
selected on GCGF agar containing kanamycin and polymyxin B (Table 2.6) and stocked
as CKNM125.

The vector pCMK536 was extracted (Section 2.2.5) from the

transconjugants and digested with NcoI, PstI and SmaI (Section 2.2.7), which did not
result in the expected restriction enzyme map when run on agarose gel (Section 2.2.16).
Methylation of plasmid DNA by the meningococcal host could interfere with restriction
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Figure 4.18 Gateway® cloning of NmdsbA3 into the destination vector pCMK518 to form
pCMK536. (Panel A) Scheme for the construction of expression vector pCMK536 using LR clonase™
mediated homologous recombination. LR clonase™ mediated recombination of attR and attL sites
resulted in the transfer of NmdsbA3-Hisx6-aphA-3 from the entry vector, pCMK137, to the destination
vector pCMK518, which releases ccdB-cat1. This resulted in the formation of the expression vector
pCMK536. (Panel B) Schematic representation of expression vector pCMK536. (C) Restriction digest
map of pCMK536. Uncut pCMK536 (lane 1) was digested with SmaI (lane 2) which shows two bands of
8.66 kb and 840 bp. Digestion with PstI (lane 3) resulted in two bands of 6.29 kb and 3.21 kb, while
digestion with NcoI (lane 4) resulted in single band of 9.5 kb. Fragment sizes were determined by
comparison with migration of HindIII digested  DNA and correspond to the plasmid map represented
diagrammatically in Panel B. Red * denotes location of faint band. Restriction digests were conducted as
described in Section 2.2.7. Refer to Appendix D for location of primers used in screening by PCR.

130

Figure 4.19 NmDsbA3 is expressed from pCMK536 in E. coli but not after passage through
N. meningitidis strain CKNM125 while expression of NmDsbA3 P151T is not detected in E. coli.
Standardised whole cell lysates were loaded onto SDS-PAGE (Section 2.3.2) in the following order:
Lane 1: CKEC534 (negative control containing empty vector, pCMK534); Lane 2: E. coli DH5
containing the product of the Gateway® cloning between destination vector pCMK518 and the entry
vector pCMK517 containing NmdsbA3 P151T; Lane 3: E. coli strain CKEC536; Lane 4: CKNM125.
Lane 5 contains the Rainbow molecular weight ladder (Amersham) (molecular weights are shown on the
right). Lane 5 contains 1.2 µg purified NmDsbA3 protein which migrates at 21 kDa. The Western blot
was conducted as described in Section 2.3.3 using the mouse anti-NmDsbA3 antibody (Novartis) as the
primary antibody (Table 2.8) and 2% BSA in TBS as the blocking buffer (Section 2.3.1).
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endonuclease activity resulting in the distorted mapping profile. Therefore, the vector
was transformed back into E. coli DH5Section, re-extracted and digested as
above. It was determined that the plasmid had been rearranged during passage through
CKNM103 (J. Scoullar, unpublished). Western blot analysis (Section 2.3.3) of E. coli
DH5 containing the mutated pCMK536 showed that expression of NmDsbA3 had
been lost (Figure 4.19, lane 4), probably due to rearrangement of the vector within the
N. meningitidis NMB host strain CKNM103.
The control vector pCMK534 was transformed into E. coli S17.1  pir to form strain
CKEC535 (Section 2.2.11) and conjugated with N. meningitidis strain NMB (Section
2.2.14). Transconjugants were selected for growth on GCGF agar containing kanamycin
and polymyxin B (Table 2.6). To examine whether the transconjugants contained a
stable vector, the plasmid was extracted from the transconjugants (Section 2.2.5),
passaged through E. coli (Section 2.2.11) and digested with XhoI, NcoI, MscI and PstI
(Section 2.2.7). Once again the restriction map was incorrect (data not shown). This
confirmed that the expression vector itself was inherently unstable and had been
rearranged within the meningococcal host strain NMB.
4.2.3.3 Gateway® cloning of trapping dsbA genes into destination vector pCMK518
was not successful.
The Gateway® cloning of the meningococcal dsbA trapping genes NmdsbA1
P151T::Hisx6, NmdsbA2 P151T::Hisx6 and NmdsbA3 P151T::Hisx6 from entry clones
pCMK515, pCMK516 and pCMK517, respectively, onto the destination vector
pCMK518 was conducted as described in Section 2.2.6. The resultant clones were
screened by PCR (Section 2.2.2) using primer pairs, KAP74 and KAP75 to amplify
across the MCS of pMIDG100. KAP7 and KAP75 were used to screen from NmdsbA1
to the pCMK518 backbone, KAP11 and KAP75 were used to screen from NmdsbA2 to
the pCMK518 backbone and KAP68 and KAP75 were used to screen from NmdsbA1 to
the pCMK518 backbone (refer to Appendix D for location of primers). The clones were
correct by PCR analysis. However, extraction of the vectors (Section 2.2.5) and
construction of restriction digest maps using NcoI, PstI and SmaI restriction
endonucleases (Section 2.2.7) revealed dramatic reorganisation of the vectors. The
Gateway® cloning was repeated with the same results. Since the PCR test indicated that
the expression cassette containing the dsbA gene was intact, an isolate containing the reorganised expression vector from the reaction pCMK518 + NmdsbA3 P151T::Hisx6,
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was grown to log phase in the presence of IPTG and tested by Western immunoblot
(Section 2.3.3) for expression of the DsbA protein. However, NmDsbA3 P151T was
not detected (Figure 4.19, lane 2). As a result, Gateway® cloning of the meningococcal
dsbA trapping mutants into the destination vector pCMK518 was not achieved.

4.2.4 Construction of the transformable meningococcal expression vector
pCMK561.
Due to the inability of the Gateway® reaction to facilitate transfer of the meningococcal
dsbA trapping mutants into the destination vector pCMK518, in addition to the
instability of the control vector pCMK534 and NmDsbA3 expression vector pCMK536
in the meningococcal host, an alternative system for expression of proteins in
N. meningitidis was designed. The transformable meningococcal shuttle vector pYT250
contains a cryptic Neisserial plasmid cloned into the HindIII site of the E. coli
expression vector pCR2.1 (Invitrogen) [233]. However, this vector lacks a promoter
needed for expression of genes of interest. To rectify this issue, the region containing
the Pner promoter and downstream gfpmut3 (encoding GFP mutant 3) of pMIDG101
was cloned into pYT250 as described in Section 2.2.7 and 2.2.10 (Figure 4.20, Panel
A). The ligation mixture was transformed into E. coli DH5(Section and
transformants containing the Pner gfpmut3 fragment identified by expression of GFP
mutant 3 (Section 2.2.15). The vector was extracted from a fluorescent clone (Section
2.2.5). A restriction enzyme digest map of the resultant vector, named pCMK561, was
constructed (Figure 4.20, Panels B and C).

4.2.5 Cloning of oxidoreductase genes from the library of entry clones into
the transformable meningococcal expression vector pCMK561 and
expression in E. coli and N. meningitidis.
The Hisx6-tagged oxidoreductase genes were excised from the library of entry clones
constructed in Section 4.2.1 by restriction digest and ligated into meningococcal shuttle
vector pCMK561. The resultant constructs were then examined for their ability to
express the oxidoreductase genes in both E. coli and N. meningitidis backgrounds.
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Figure 4.20 Construction of meningococcal expression vector pCMK561. (Panel A) Scheme for
construction of pCMK561. The vector pYT250 was digested with KpnI and treated with T4 DNA
polymerase to remove the 3’ over hang before digestion with XbaI. The vector pMIDG101 was digested
with XhoI and treated with T4 DNA polymerase to fill in the 5’ overhang before digestion with XbaI. The
promoter and gfpmut3 was ligated into the MCS of pYT250 to form pCMK561. (Panel B) Schematic
representation of pCMK561. ( Panel C) Restriction digest map of pCMK561. Uncut pCMK561 (lane 1)
was digested with XbaI (lane 2) which resulted in a single band of 7.87 kb. Digestion with EcoRI (lane 3)
resulted in three bands of 5.6 kb, 1.16 kb and 1.1 kb, whiledigestion with HindIII (lane 4) resulted in two
bands of 3.84 kb and 4.03 kb. Digestion with XbaI and EcoRI together (lane 5) resulted in three bands of
5.6 kb, 1.16 kb and 1.1 kb while digestion with HindIII and EcoRI together (lane 6) resulted in four bands
of 4.03 kb, 1.5 kb, 1.16 kb and 1.1 kb. Red * denote locations of doublet bands. Fragment sizes were
determined by comparison with migration of HindIII digested  DNA and correspond to the vector map
represented diagrammatically in Panel B. Restriction digests were conducted as described in Section
2.2.7.
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4.2.5.1 Cloning of dsbA genes into meningococcal expression vector pCMK561 and
expression in E. coli DH5
The NmdsbA1 P151T::Hisx6 trapping gene and aphA-3 encoding kanamycin resistance
was excised from pCMK515 by restriction digest (Section 2.2.7) and ligated into
pCMK561 (Section 2.2.10) downstream of the Pner promoter in place of gfpmut3
(Figure 4.21, Panel A). The ligation mixture was transformed into E. coli
DH5Section 2.2.11) and transformants selected by growth on double selection plates
containing erythromycin and kanamycin. The vector was extracted (Section 2.2.5) from
a non-fluorescent clone (Section 2.2.15) and a restriction enzyme digest map was
constructed (Figure 4.21, Panel B and C). The resultant restriction digest map revealed
that the NmdsbA1 P151T::Hisx6 aphA-3 region of pCMK515 had been successfully
cloned into pCMK561 in place of gfpmut3 forming pCMK573. Expression of
NmDsbA1 P151T::Hisx6 from pCMK573 was confirmed by Western blot analysis
(Section 2.3.3) of stationary phase cell lysates of CKEC573 (E. coli DH5 containing
pCMK573) (Figure 4.22, lane 3). Cloning of NmdsbA2 P151T, NmdsbA3 P151T and the
wild-type meningococcal dsbA genes from the library of entry clones constructed in
Section 4.2.1, was not achieved. This is likely due to toxic effects of the high level of
expression of the dsbA genes from the strong Pner promoter on the high copy vector
pYT250
4.2.5.2 Transformation and expression of NmDsbA1 P151T from meningococcal
expression vector pCMK573 in N. meningitidis strain CKNM105.
The meningococcal expression vector pCMK573 was transformed into N. meningitidis
strain CKNM105 (NMBNmdsbA1NmdsbA2) to form CKNM207 as described in
Section 2.2.13). The vector was extracted from CKNM207 (Section 2.2.5) and digested
with XbaI and SacI (Section 2.2.7) which confirmed pCMK573 to be stable within the
meningococcal host strain CKNM105. Expression of NmDsbA1 P151T::Hisx6 from
pCMK573 was confirmed by Western blot analysis (Section 2.3.3) of stationary phase
cell lysates of CKNM207 using an anti-Hisx6 polyclonal antibody (Table 2.8) (Figure
4.22 lane 5). As a result, an effective system for expression of oxidoreductases in
N. meningitidis has been developed.
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Figure 4.21 Construction of the meningococcal expression vector pCMK573 containing NmdsbA1
P151T::Hisx6 downstream of the Pner promoter. (Panel A) Scheme for construction of expression
vector pCMK573. The vector pCMK515 was digested with NcoI and treated with T4 DNA polymerase to
fill in the 5’ overhang before digestion with XbaI to remove the NmdsbA1 P151T::Hisx6 aphA-3 fragment.
The vector pCMK561 was digested with BamHI and treated with T4 DNA polymerase to fill in the 5’
overhang before digestion with XbaI to remove gfpmut3. The NmdsbA1 P151T::Hisx6 aphA-3 region was
then ligated into pCMK561 in place of gfpmut3 to form pCMK573. (Panel B) Schematic representation of
pCMK573. (C) Restriction digest map of pCMK573. Uncut pCMK573 (lane 1) was digested with XbaI
(lane 2) and resulted in a single band 8.7 kb. Digestion with SacI (lane 3) resulted in two bands of 6.4 kb
and 2.3 kb while digestion with SmaI (lane 4) resulted in two bands of 7.85 kb and 852 bp. Digests of
pCMK573 with XbaI and SacI together (lane 5) resulted in three bands of 6.4 kb, 1.99 kb and 312 bp,
while digestion with SmaI and SacI together (lane 6) resulted in four bands of 6.4 kb, 1.12 kb, 852 bp and
327 bp. All fragments were of expected sizes as determined by comparison with migration of HindIII
digested  DNA and correspond to the vector diagram in Panel B. Red * denotes location of faint bands.
Resctrion digests were conducted as described in Section 2.2.7.
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Figure 4.22 NmDsbA1 P151T is expressed in both E. coli strain CKEC573 and N. meningitidis
strain CKNM207 from the expression vector pCMK573. Whole cell lysates were loaded onto a SDSPAGE gel in the following order: Lane 2: E. coli DH5 (negative control); Lane 3: CKEC573 containing
pCMK573 for expression of NmDsbA1 P151T; Lane 4: meninigococcal CKNM105 (NMBNmdsbA1
NmdsbA2) (negative control); Lane 5: meningococcal CKNM207 containing pCMK573. Lane 1
contained the Rainbow molecular weight ladder (Amersham, molecular weights are indicated on the left).
The Hisx6-tagged NmDsbA1 migrates at ~ 22 kDa. The SDS-PAGE and Western blot was conducted as
described in Sections 2.3.2 and 2.3.3, respectively, with the following specifications; the immunoblot was
incubated with 1 antibody, mouse anti-Hisx6 antibody (Sigma) in 2% BSA blocking buffer, overnight,
and the 2 antibody, HRP-linked donkey anti-mouse IgG in the same blocking buffer, for 2 hours.
Antibody dilutions are shown in table 2.8.
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4.2.6 The cis-Pro151 of NmDsbA1 influences oxidation by NmDsbB in
N. meningitidis but does not result in covalent trapping of substrate
proteins.
To detect substrate trapping by NmDsbA1 P151T::Hisx6 within CKNM207, whole cell
lysates of CKNM207 (with and without pre-treatment with reducing agent DTT) were
acid trapped and treated with the alkylating agent, AMS (Section 2.3.4), and subjected
to Western blot analysis (Section 2.3.3) using a mouse anti-NmDsbA1 monoclonal
antibody (MATF RD1) (Figure 4.23). The wild-type control strain NMB expresses
NmDsbA1 and NmDsbA2 which both migrate at approximately 20 kDa (Figure 4.23,
lane 2). Both proteins were detected by NmDsbA1 monoclonal antibody MATF RD1
(Table 2.8), which was raised against NmDsbA1 but clearly cross reacts with NmDsbA2
because of 79% amino acid identity shared by the two proteins. Both wild-type proteins
have a higher mobility than NmDsbA1 P151T::Hisx6 expressed from CKNM207 which
migrates at about 22 kDa (Figure 4.23, lane 4). Treatment of CKNM207 with DTT prior
to acid trapping with trichloroacetic acid resulted in reduction of NmDsbA1 P151T as
shown by a 540 Da increase in size of NmDsbA1 P151T, which is a result of AMS
binding to the reduced thiol groups. When in the absence of DTT, AMS is still able to
bind to the majority of NmDsbA1 P151T resulting in the same 540 Da shift of the band
indicating that NmDsbA1 P151T is present mainly in the reduced form within
CKNM207. There is a faint band that represents the oxidised and non-AMS modified
form of NmDsbA1 P151T. This suggests that NmDsbA1 P151T is unable to optimally
interact with NmDsbB and is therefore largely not maintained in the oxidised form
within the periplasm of CKNM207 and cannot interact with substrates. This offers some
invaluable insights into the role of the cis-Pro151 of NmDsbA1 in substrate oxidation and
re-oxidation by NmDsbB in vivo.

4.3

Discussion.

A strategy to identify DsbA substrates has been developed in E. coli whereby mutating
the cis-Pro151 of EcDsbA to a Thr (P151T mutation) resulted in covalently trapped
substrates that could be detected by Western blot analysis and identified by MALDITOF MS [23]. The solved crystal structure of NmDsbA1 and NmDsbA3 from
N. meningitidis revealed a conserved tertiary structure with the cis-Pro151 impacting on
the active site in a similar manner to that of EcDsbA [177, 179]. As a result, it was
hypothesised that introducing the P151T mutation into the meningococcal DsbA
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enzymes would result in ‘trapping mutants’ unable to release substrates that in turn
would lead to the identification of meningococcal DsbA substrates when expressed in
the Neisserial host. This study revealed that mutating the cis-Pro151 of NmDsbA1 to a
Thr did not result in substrate trapping but instead led to an accumulation of the reduced
form of the enzyme in the meningococcal periplasm, suggesting a role for this residue in
NmDsbB interaction.

Figure 4.23 NmDsbA1 P151T is present mainly in the reduced form when expressed in
N. meningitidis. Standardised whole cell lysates were loaded onto SDS-PAGE (Section 2.3.2) in the
following order: Lane 2: N. meningitidis strain NMB (positive control expressing wild-type DsbAs at
normal levels); Lane 3: CKNM105 (negative control in which both NmdsbA1 and NmdsbA2 have been
insertionally inactivated); Lane 4: N. meningitidis strain CKNM207 containing pCMK573 expressing
NmDsbA1 P151T::Hisx6; Lane 5: CKNM207 pre-treated with 17 mM DTT prior to acid trapping and
AMS treatment, and Lane 6: CKNM207, acid trapped and treated with AMS without prior reduction by
DTT. Lane 1 contains the Broad range protein molecular weight ladder (NEB, molecular weights are
indicated on the left). NmDsbA1 and NmDsbA2 migrate as a doublet of approximately 20 kDa (Lane 2).
The oxidised form of NmDsbA1 P151T::Hisx6 is approximately 22 kDa (Lane 4). The Western blot was
conducted as described in Section 2.3.3 using the mouse anti-NmDsbA1 antibody (RD1-MATF) (Table
2.8) and 3% skim milk in TBS as blocking buffer (Section2.3.1).

The first hurdle this study had to overcome was to identify a shuttle vector system for
the expression of toxic proteins that would enable cloning and maintenance in E. coli,
and the transfer and stable expression at a non-toxic, but detectable level by Western
immunoblot, in N. meningitidis. In addition to this, given the number of wild-type
oxidoreductases and the derivatives that were needed to be constructed for the study, a
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high-through put cloning system was also desirable. A high throughput cloning system
for the expression of Hisx6-tagged proteins was developed using the Gateway®
technology to mediate rapid introduction of Hisx6-tagged substrates into a destination
vector in a single reaction. A library of Hisx6-tagged oxidoreductase genes was built in
the existing entry vector pCMK133. This was possible since pCMK133 does not
contain an expression system, and hence the genes which are cloned into it are not
transcribed at detectable levels. This proved to be particularly useful when managing
the cloning and maintenance of these toxic proteins in E. coli.
However, the next step required the provision of an expression system on a suitable
shuttle vector for maintenance in E. coli and transfer to N. meningitidis. To do this, the
high copy conjugative shuttle vector, pMIDG100, was modified to contain an
expression cassette from the gonococcal shuttle vector, Hermes 8, containing the attR
recombination site downstream of the Ptrc promoter for inducible gene and protein
expression. Unfortunately, the regulation of gene expression from the Hermes 8
expression cassette appeared to be leaky in E. coli [253-256], and the NmDsbA1,
NmDsbA2, and mutant derivatives were not successfully cloned into this vector (Section
4.2.3). This was consistent with difficulties encountered with the cloning and expression
of these proteins in high copy vectors explained in Chapter 3. However, we had already
shown that over-expression of NmDsbA3 from a high-copy expression vector, pTrc99A,
was possible in E. coli (Chapter 3) and consistent with this, NmDsbA3 was successfully
cloned into this destination shuttle vector to create pCMK536 (Section 4.2.3.1). A
Western immunoblot indicated that the protein was expressed at detectable levels in
E. coli DH5α (Figure 4.19). However, problems arose when the expression plasmid
pCKM536 and the equivalent empty vector control, pCMK534, were transformed into
E. coli S17.1 λ pir for mobilisation into N. meningitidis strain NMB.

Previous

experience in the laboratory with pMIDG100 indicated that E. coli S17.1 λ pir was not
an ideal host for the maintenance of this plasmid which was lost on storage (Stephanie
Bartley, unpublished results). Therefore, E. coli S17.1 λ pir was transformed with
pCMK534 and pCMK536 and the transformation was used immediately in the
conjugation with N. meningitidis strain NMB. Successful transconjugants that had
acquired the antibiotic resistance markers were retrieved from the conjugation.
However, in all instances, the replicon had been rearranged or deleted in such a way as
to retain the replicon with the antibiotic resistance marker but prevented recombinant
protein expression in this host (Figure 4.19). This indicated that although the vector
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efficiently expressed the tagged protein in E. coli DH5, the vector was unstable in
N. meningitidis strain NMB.
Initially, it was hypothesised that the repetitive regions within pCMK536, which
contains two att sites and two aphA-3 cassettes, were contributing to the instability of
the vector in strain NMB by providing sites for homologous recombination. However,
pCMK534 which has only one copy of aphA-3 was still unstable and this may suggest
that the att sites were a dominant contributing factor to the instability of the vector. As
LR clonase™ is derived from a  phage integron (Invitrogen), the presence of specific
phages, transposons or integrases in N. meningitidis strain NMB could promote
deletions from the plasmid by recognition of the att sites. Since the distribution of these
elements is strain specific [257, 258], the destination vector pCMK518 might be used to
express tagged proteins in other strains of N. meningitidis. Alternatively, to reduce the
frequency of recombination between the att sites via homologous recombination, we
could also construct a recA negative meningococcal strain and hence improve stability
of the replicon for the expression of proteins from the Gateway® expression system
developed here.
However, further experiments conducted in the laboratory have since determined that
pMIDG100 itself is an unstable replicon in strain NMB, being lost on repeated passage
of strains carrying the plasmid (Stephanie Bartley and Chiang Lee, unpublished results).
Therefore, while pMIDG100 has been successfully used to express proteins in
N. meningitidis strain MC58 [247], it is not the ideal candidate for an expression
platform in N. meningitidis strain NMB. Instability of pMIDG100 in N. meningitidis
strain NMB could be a result of differences between the host strains, but what those
factors are remain obscure and could relate to how the plasmids are partitioned between
the mother and daughter cells during cell divison.
A second shuttle system, based upon the transformable shuttle vector, pYT250, was
successfully used to express one of the meningococcal oxidoreductases, NmDsbA1
P151T, in both E. coli and N. meningitidis strain NMB. However, none of the wild-type
oxidoreductases including NmDsbA3, could be cloned into this vector, suggesting that
the combination of the high-copy platform and the strong Pner promoter led to the
expression of toxic levels of these proteins in E. coli. Although the expression plasmid,
pCMK573, was successfully transformed into CKNM105, the rate of transformation
was extremely low. Since NmDsbA1 and NmDsbA2 are required for the donation of
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disulfide bonds into both the major subunit of the Type IV pili, PilE, and the secretin,
PilQ, of the Type IV pilus assembly complex, CKNM105 has a greatly decreased rate of
natural transformation [176]. A modified chemical transformation method has been
described for N. meningitidis [259], but attempts to modify this method for strain
CKNM105 failed due to loss of viability during the preparation of the competent cells
(data not shown). In E. coli, destabilisation of secretins can lead to mislocalisation into
the OM, which in turn causes stress to the cell [260, 261] and can be fatal [262, 263].
Therefore, it could be likely that misfolding of the secretin PilQ as a result of insertional
inactivation of NmDsbA1 and NmDsbA2 has resulted in altered membrane integrity of
the meningococcus leading to sensitivity to osmotic or heat stresses. As a result, if the
transformable shuttle vector, pYT250, is to be used in future studies as a platform for
protein expression in the CKNM105 background, the NmdsbA1 and NmdsbA2 genes
should be inactivated post-transformation with the pYT250 expression vector.
Notwithstanding the difficulties encountered in developing the shuttle system necessary
for the expression of the oxidoreductases in N. meningitidis, the analysis of the
expression of NmDsbA1 P151T in CKNM105 proved to be insightful. AMS gel shift
assays indicated that NmDsbA1 P151T is mainly in the reduced form when expressed in
N. meningitidis strain CKNM207 (Figure 4.24). A minimal amount of NmDsbA1 P151T
protein was present in the oxidised form indicating that the recombinant protein was
transported to the periplasm and had access to NmDsbB, the IM protein responsible for
maintaining the meningococcal DsbA enzymes in their oxidised or ‘active’ form. It
therefore appears that the cis-Pro151 of NmDsbA1 influences oxidation by NmDsbB but
does not result in substrate trapping. Modelling of oxidised NmDsbA1 and NmDsbA3
crystal structures with the P151T mutation shows that the Thr is orientated away from
the active site and does not form a hydrogen bond with the active site like that of
EcDsbA P151T (Figure 4.21) and therefore does not result in substrate trapping. This
supports the biological data where the P151T mutation in NmDsbA1 does not result in
covalently trapped substrates as seen with that of the previously reported EcDsbA
P151T trapping mutant.
The residues immediately preceding the cis-Pro151 (H2) of EcDsbA have been shown to
form part of the EcDsbB binding surface [25]. As a result, the P151T mutation could
have altered the H2 region of NmDsbA1 resulting in sub-optimal interactions with
NmDsbB. This result directly contrasts with those from Chapter 3 where exchanging the
H2 region of NmDsbA1 to that of EcDsbA increased the interaction of NmDsbA1 with
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EcDsbB. Taken together, this data implies that NmDsbA1 is specific for NmDsbB and
that this specificity is conferred by the residues of the H2 region and cis-Pro151. This is
supported by an in vitro study by Lafaye et al., [178] which showed purified NmDsbA1
to be efficiently oxidised by NmDsbB but not by EcDsbB. Conversely, it was also
shown that EcDsbA is efficiently oxidised by EcDsbB but not NmDsbB [178]. It
appears that the DsbA-DsbB partnerships of E. coli and N. meningitidis are optimised
within these microorganisms. It has also been shown that NmDsbB oxidation of the
meningococcal DsbA enzymes is slower than EcDsbA oxidation of EcDsbA in vitro
[178]. Therefore, there are fundamental differences in the biochemistry of the oxidation
pathway of periplasmic protein folding in N. meningitidis compared to E. coli.
Previous studies examining the functions of the specialised oxidoreductases have
focussed upon the differences in the tertiary structure of the oxidoreductases [46].
However, this work suggests that the partnership of the oxidoreductase with the
NmDsbB protein is also an important one and may in fact be discriminatory. A multiple
sequence alignment of NmDsbB and EcDsbB reveals that the second periplasmic loop
between TM3 and TM4 is predicted to be two residues longer and contain a shorter
horizontal helix in NmDsbB than EcDsbB (Figure 4.22). In addition, the active site Cys
residues of NmDsbB are spaced 26 amino acid residues apart compared to 25 residues in
EcDsbB. This loop of EcDsbB interacts with the hydrophobic groove of EcDsbA
separating C104 and C130 spatially [25] and initiating oxidation of EcDsbA [32, 34, 264].
Interestingly, the EcDsbB residues C104DF106 interact with the EcDsbA H2 residues
R148GV150 [25], which have been implicated in conferring NmDsbA1 specificity for
NmDsbB by the biological data of this study and that of Chapter 3. Multiple sequence
alignment of EcDsbB and NmDsbB reveals the residues C104DF106 are not conserved in
NmDsbB (Figure 4.22). In fact, the Cys residue corresponding to C104 of EcDsbB in
NmDsbB (C101) is shifted further away from the C-terminal Cys residue. Therefore, it
appears that the specificity of the DsbA-DsbB partnerships could be the result of the
altered conformation of the H2 region of the DsbA enzymes and possibly the altered
conformation of the second periplasmic loop of the corresponding DsbB enzymes.
Although our attempt to construct an NmDsbA1 ‘trapping mutant’ was unsuccessful,
this study has provided some interesting insights into the specificity of DsbA-DsbB
interactions and the role of the cis-Pro151 loop of NmDsbA1 interaction with NmDsbB.
In addition, some important molecular tools for future meningococcal research have
been developed. An effective expression system has been established for high copy
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expression of Hisx6-tagged proteins from the strong Pner promoter in N. meningitidis
ideal for detection and purification purposes. The information gathered in these
experiments has further led to the development of a successful expression system for
NmDsbA1 in N. meningitidis using a different platform and expression system (Chiang
Lee, unpublished results). Lastly, Gateway® technology has been used to develop a high
throughput cloning system for the expression of multiple Hisx6-tagged genes in E. coli
that has the potential for use in Neisserial species.

Figure 4.24 Multiple sequence alignment of EcDsbB and NmDsbB. The alignment amino acid
sequences
of
EcDsbB
and
NmDsbB
was
performed
by
CLUSTAL
2.1
(http://www.ebi.ac.uk/Tools/msa/clustalw2). Secondary structure predictions of EcDsbB were obtained
from the EcDsbA-EcDsbB crystal structure [25] while the predicted TM domains of NmDsbB were
calculated using TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM) and the predicted
horizontal helix of NmDsbB was calculated using PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred). Identical
amino acid positions are indicated by the (*) with conserved and semi-conserved residues indicated by (:)
and (.), respectively. TM1, TM2, TM3 and TM4 domains are shown in grey, cyan, yellow, and red,
respectively, whereas the horizontal helix is shown in green. The Cys residues are in large bold print in
magenta apart from C104 of EcDsbB and the corresponding Cys in NmDsbB (C101) which is in yellow.
The residues of EcDsbB implicated in binding the H2 region of EcDsbA and the corresponding residues
in NmDsbB are highlighted in pink. The NmDsbB sequence is that of NMC1564 from N. meningitidis
strain NMB as determined by sequencing (C. Kahler, unpublished results) and the EcDsbB sequence is
that of POA6M2 from E. coli K12 [25].
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Figure 4.25 Modelling of the impact of P151T mutation in EcDsbA, NmDsbA1 and NmDsbA3 on
the active site. Panel A, B and C; ribbon diagrams of oxidised EcDsbA P151T, NmDsbA1 and NmDsbA3
P151T, respectively. The insets show the position and orientation of the P151T mutation and the
interaction with the active site. The P151T mutation exerts a strain on the active site of EcDsbA by
forming a hydrogen bond with Cys33. Thr 151 does not form a hydrogen bond with Cys33 of NmDsbA1
of NmDsbA3. Backbone and side chains of Thr 151 and the active site residues are in red and magenta,
respectively. Green dotted lines denote hydrogen bonds. Figures generated using Swiss-Pdb Viewer 4.0.2.
using PDB files 1DSB (EcDsbA), 3A3T (NmDsbA1) and 2ZNM (NmDsbA3).
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5 Investigation into the role of DsbA catalysed disulfide
bonds in folding and stability of the meningococcal
transferase NmLptA, which is necessary for resistance to
defensins in N. meningitidis.
5.1

Background.

LOS or endotoxin of N. meningitidis is structurally related to LPS of other Gramnegative bacteria but does not have repeating O antigens [197]. LOS has a conserved
inner core region composed of Hep and Kdo residues attached to a lipid A moiety
embedded in the OM to which variable sugars can be added. The variable -chain that
extends from the 4’ - position of HepI forms the outer OS core region of meningococcal
LOS. During meningococcal sepsis the lipid A portion of circulating endotoxin interacts
with CD14/TLR4-MD2 receptor on immune cells to induce cytokine release which in
turn stimulates a harmful pro-inflammatory cascade resulting in septic shock [265]. The
potency of lipid A as an inducer of host inflammatory response via MD-2 is influenced
by the amount of PEA modification of lipid A [228]. In addition, PEA modification of
lipid A can mediate evasion of host innate immune response at the site of colonisation
by masking the positively charged phosphate groups and decreasing interaction with
cationic defensins [225]. It has also been shown that modification of lipid A with PEA
can influence attachment to host cells by N. meningitidis [226]. In N. meningitidis, the
PEA transferase NmLptA catalyses the transfer of PEA to the lipid A of LOS [217].
PEA is preferentially added to the 1 - position but sequential addition of PEA to the 4’ position can occur. While inactivation of NmlptA results in a total loss of PEA
substitutions to lipid A, it is not known whether NmLptA transfers PEA to both
headgroups of lipid A [217]. However, it is clear that NmLptA plays a key role in
pathogenesis of N. meningitidis.
NmLptA belongs to YhjW/YjdB/YijP protein family within the alkaline phosphatase
superfamily and is predicted to be an integral membrane protein consisting of a
transmembrane domain and a soluble globular domain which is present in the
periplasmic compartment [151, 152, 266, 267] (Figure 5.1). Although there has been
very little work on the catalytic mechanism of these enzymes, it has been proposed that
it catalyses the transfer of PEA from a donor substrate, phosphatidylethanolamine
148

(PtdEA), to the lipid A acceptor during transport of the LOS through the periplasm to
the outer leaflet of the outer membrane. NmLptA contains ten Cys residues in the Cterminal periplasmic globular domain (Figure 5.1) and is therefore a potential substrate
of periplasmic oxidoreductases responsible for the formation of disulfide bonds.
Therefore, this project aims to determine whether NmLptA contains DsbA catalysed
disulfide bonds that are necessary for stability and/or activity of the enzyme. In
addition, we hope to determine which of the three DsbA proteins of N. meningitidis
preferentially oxidises NmLptA. This could establish an important link between DsbA
proteins and LOS biosynthesis in N. meningitidis.

Figure 5.1 Amino acid sequence of NmLptA from N. meningitidis strain MC58 (NMB1638). Cys
residues are in red and predicted trans-membrane domains are highlighted in yellow. The predicted signal
sequence cleavage point (Y) is shown in blue. The predicted TM domains of NmLptA were calculated
using TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM) and the predicted cleavage site
was calculated using SignalP server 4.0 (http://www.cbs.dtu.dk/services/SignalP).

5.2

Results.

5.2.1 Development of a system to detect NmLptA activity in an E. coli host.
This study aimed to develop a simple and effective system for detecting NmLptA
activity in an E. coli host that could be used to study interactions between DsbA
enzymes and NmLptA. It is known that inactivation of NmlptA results in a severe
decrease in meningococcal resistance to polymyxin B and polymyxin E (colistin),
presumably by exposing the negatively charged phosphate groups attached to the lipid
A backbone causing an increased affinity to CAMPs [225]. As such, it was
hypothesised that NmLptA will add PEA groups to the lipid A of E. coli LPS to result in
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increased resistance to CAMPs. To test this, NmLptA was expressed from the high copy
expression vector pTrc99A (pCMK526) and assessed in the ability of NmLptA to
increase E. coli JM109 resistance to colistin.
5.2.1.1 Construction of the NmLptA expression vector pCMK526.
The high copy expression vector pTrc99A was engineered to contain NmlptA with a Cterminal Hisx6-tag under the control of the Ptrc promoter. The wild-type NmlptA gene
from N. meningitidis strain NMB was amplified by PCR from genomic DNA with
primer pair KAP70 and KAP71 (Section 2.2.2). The PCR product was treated with T4
DNA polymerase (Section 2.2.8), ligated into the HincII site of pHSG576 (Section
2.2.10) and transformed into E. coli JM109 (Section 2.2.11). Transformants were
selected on LB agar containing chloramphenicol and recombinant clones selected by
blue/white screening (Section 2.2.12). Colony PCR of white transformants using primer
pair, KAP96 with KAP97, detected the presence of the 2 kb insert (Section 2.2.2). The
orientation of NmlptA for expression from the lacZ promoter was confirmed by the PCR
primer pairs, KAP70 with KAP97 and KAP70 with KAP96 (Section 2.2.2). Three
clones that contained NmlptA in pHSG576 in the correct orientation for expression from
the lacZ promoter were selected and sequenced with KAP96, KAP192, KAP193 and
KAP97 primers as described in Section 2.2.4. A clone that contained a non-mutated
version of NmlptA within the MCS of pHSG576 was named pCMK519, of which a
restriction digest map was constructed (Figure 5.2, Panel A and B).
To modify NmlptA to contain a HindIII restriction site replacing the stop codon and an
upstream NcoI restriction site, two cloning steps were performed. NmlptA was amplified
by PCR from pCMK519 with primer pair, KAP96 and KAP193 (Section 2.2.2), which
replaced the stop codon with a HindIII site, and cloned into the HincII site of the low
copy expression vector pHSG576 (Section 2.2.10). The ligation was transformed into
E. coli JM109 (Section 2.2.11). Transformants were selected on LB agar containing
chloramphenicol and recombinant clones selected by blue/white screening (Section
2.2.12). A clone that contained NmlptA in pHSG576 in the correct orientation for
expression from the lacZ promoter, as determined by colony PCR (Section 2.2.2) with
primer pair, KAP70 with KAP97, and KAP70 with KAP96, was selected. The vector
was extracted (Section 2.2.5) and the insert sequenced with KAP96, KAP192, KAP193
and KAP97 to check for mutations (Section 2.2.4). The vector was named pCMK521
and a restriction digest map was constructed (Figure 5.2, Panel C and D).
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Figure 5.2 Restriction digest maps of pCMK519, pCMK521 and pCMK522. (Panel A) Schematic
diagram of pCMK519. (Panel B) Agarose gel showing restriction digest map of pCMK519. Uncut vector
(lane 2) was digested with HindIII and BamHI (lane 1) which resulted in two bands of 2.01 kb and 3.46
kb. (Panel C) Schematic diagram of pCMK521. (Panel D) Agarose gel showing restriction digest map of
pCMK521. Uncut pCMK521 (lane 1) was digested with NcoI (lane 2) which resulted in a single band of
5.34 kb. Digestion of pCMK521 with HindIII (lane 3) resulted in two bands of 1.875 kb and 3.47 kb
while digestion with NcoI and HindIII together resulted in three bands of 2.85 kb, 1.875 kb and 627 bp.
(Panel E) Schematic diagram of pCMK522. (Panel F) Agarose gel showing restriction digest map of
pCMK522. Uncut pCMK522 (lane 1) was digested with NcoI (lane 2) which resulted in two bands of
2.69 kb and 2.33 kb. Digestion of pCMK522 with HindIII resulted in two bands of 3.52 kb and 1.67 kb.
Fragment sizes were determined by comparison with the migration of HindIII digested  DNA or 1 kb
Trackit DNA ladder (Invitrogen) as shown. Red * denotes location of faint band. Restriction digests were
conducted as described in Section 2.2.7. Refer to Appendix D for location of primers used in screening by
PCR and automated sequencing reactions.
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To enable directional cloning of NmlptA into pTrc99A and pCMK133, an NcoI site was
engineered upstream of the gene. To do this, NmlptA was amplified from the template,
pCMK521, with primers KAP64, which introduces an NcoI upstream of the NmlptA
start codon, and KAP97 (Section 2.2.2). The PCR product was treated with T4 DNA
polymerase (Section 2.2.8), ligated into the HincII site of pHSG576 (Section 2.2.10)
and transformed into E. coli JM109 (Section 2.2.11). Transformants were selected on
LB agar containing chloramphenicol and recombinant clones selected by blue/white
screening (Section 2.2.12). Colony PCR (Section 2.2.2) using primer pair, KAP96 and
KAP97, were used to detect the 1.65 kb insert. A single clone that contained NmlptA in
pHSG576 in the correct orientation for expression from the lacZ promoter as
determined by colony PCR (Section 2.2.2) with primer pairs, KAP70 with KAP97, and
KAP70 with KAP96, was selected and a restriction digest map was constructed (Figure
5.2, Panels E and F). The insert was sequenced KAP96, KAP206, KAP207, KAP208,
KAP209 and KAP97 to check for mutations (Section 2.2.4) and the vector was named
pCMK522.
To mediate fusion of the C-terminal Hisx6-tag, NmLptA of pCMK522 was cloned into
the vector pCMK133 which was engineered to enable the expression of a C-terminal
Hisx6-tag fusion protein when a gene of interest containing a HindIII site replacing the
stop codon is cloned between the NcoI and HindIII sites replacing ccdB (J Scoullar,
unpublished). Both vectors pCMK522 and pCMK133 were digested with NcoI and
HindIII (Section 2.2.7) and ligated (Section 2.2.10) (Figure 5.3, Panel A). The ligation
reaction was transformed into E. coli strain DH5Section which is sensitive to
the CcdB toxin. Transformants, selected on LB agar containing kanamycin, were
screened using colony PCR (Section 2.2.2) with primer pair, KAP112 and KAP113, to
amplify across the MCS of pCMK133. Clones which produced a 2.4 kb product were
screened by PCR (Section 2.2.2) with KAP207 located within NmlptA and KAP43
located within aphA-3 to check the orientation and identity of the insert. A clone that
contained NmlptA::Hisx6 in pCMK133 in the expected orientation was selected and the
vector extracted (Section 2.2.5). A restriction digest map of the vector was constructed
(Figure 5.3, Panel B and C). The vector was then sequenced with KAP43 to ensure the
C-terminal Hisx6-tag fusion was in frame with the cloned gene (Section 2.2.4) and was
named pCMK524.
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Figure 5.3 Construction of pCMK524 and restriction digest map. (Panel A) Scheme for construction
of pCMK524. The vector pCMK522 was digested with NcoI and HindIII to excise NmlptA while
pCMK133 was digested with NcoI and HindIII to facilitate removal of ccdB. The NmlptA gene was then
ligated into pCMK133 in place of ccdB resulting in C-terminal Hisx6-tag fusion and the formation
pCMK524. (Panel B) Schematic representation of pCMK524. (Panel C) Agarose gel showing restriction
digest map of pCMK524. Uncut pCMK524 (lane 1) was digested with NcoI and SmaI (lane 2) which
resulted in three bands of 2.26 kb, 1.68 kb and 840 bp. Fragment sizes were determined by comparison
with migration of 1Kb Trackit DNA ladder (Invitrogen) and correspond to the vector map represented
diagrammatically in Panel B. Restriction digests were conducted as described in Section 2.2.7. Refer to
Appendix D for location of primers used in screening by PCR and automated sequencing reactions.
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NmlptA::Hisx6 was excised from pCMK524 by restriction digest (Section 2.2.7) with
NcoI and SmaI and ligated (Section 2.2.10) between the NcoI and SmaI sites of
pTrc99A (Section 2.2.7) to form pCMK526 (Figure 5.4, Panel A). The ligation was
transformed into E. coli JM109 (Section 2.2.11) and transformants were selected on
LB agar containing ampicillin. Transformants were screened by colony PCR (Section
2.2.2) using primer pair, DAP381 and DAP382, to identify clones that contained a 1.7
kb insert. Colony PCR (Section 2.2.2) using primer pair, DAP381 with KAP205, and
KAP207 with DAP382, confirmed the orientation of NmlptA::Hisx6 in the MCS of
pTrc99A. The vector was extracted (Section 2.2.5) from a clone that produced 187 bp
and 1.22 kb product for each of these PCR reactions, respectively, and a restriction
digest map was constructed (Figure 5.4, Panel C). The vector was named pCMK526 and
the E. coli JM109 strain carrying this vector was named CKEC526.
5.2.1.2 Expression of NmLptA::Hisx6 in E. coli increases resistance to colistin.
To determine whether the meningococcal NmLptA::Hisx6 is able to transfer PEA to the
lipid A of E. coli LPS resulting in increased resistance to colistin, the colistin minimum
inhibitory concentration (MIC) for E. coli strain CKEC526 (expressing NmLptA::Hisx6)
compared to that of the parental wild-type strain JM109 and JM109 containing the
vector pTrc99A (EXEC94) were determined as described in Section 2.4.4 (Figure 5.5,
Panels A, B and C). CKEC526 expressing NmLptA::Hisx6 from pCMK526 in the
absence of inducer had a colistin MIC of 1.5 g/ml while the parental strain E. coli
JM109 and control strain EXEC94 (JM109 containing pTrc99A) both had an MIC of
0.094g/ml. Therefore, the expression of NmLptA::Hisx6 resulted in a 16-fold increase
in the resistance of E. coli JM109 to colistin. From this result, we hypothesised that
meningococcal NmLptA::Hisx6 was able to transfer PEA groups to the lipid A of E. coli
LPS resulting in an increased resistance to CAMPs such as colistin. As a result, a simple
and efficient system for detecting NmLptA activity in E. coli was established that could
be used to investigate EcDsbA-NmLptA interactions.

5.2.2 Detection of EcDsbA oxidation of NmLptA within an E. coli host.
Since NmLptA is predicted to contain multiple disulfide bonds and is located in the
periplasm, it is a potential candidate for oxidation by DsbA. To determine the influence
of EcDsbA on NmLptA::Hisx6 activity within the E. coli host, NmLptA::Hisx6 was
expressed from pCMK526 in the presence of different levels of EcDsbA and the
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Figure 5.4 Construction of pCMK526 and restriction digest map. (Panel A) Scheme for the
construction of pCMK526. The vector pCMK524 was digested with NcoI and SmaI to excise
NmlptA::Hisx6 and cloned into the NcoI and SmaI restriction sites of the expression vector pTrc99A to
form pCMK526. (Panel B) Schematic diagram of pCMK526. (C) Agarose gel showing restriction digest
map of pCMK526. Uncut pCMK526 (lane 1) restricted with NcoI (lane 2) resulted in a single band of
5.835 kb. Digestion of the vector with NcoI and SmaI together (lane 3) resulted in two bands of 4.15 kb
and 1.68 kb. Fragment sizes were determined by comparison with migration of 1Kb Trackit DNA ladder
(Invitrogen) and correspond to the vector map represented diagrammatically in Panel B. Red * denotes
location of faint band. Restriction digests were conducted as described in Section 2.2.7. Refer to
Appendix D for location of primers used in screening by PCR.
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Figure 5.5 Expression of NmLptA::Hisx6 increases E. coli resistance to colistin. (Panel A) E. coli
JM109 had a colistin MIC of 0.094 µg/ml. (Panel B) EXEC94 (E. coli JM109 carrying pTrc99A) had a
colistin MIC of 0.094 µg/ml. (Panel C) The strain CKEC526 expressing NmLptA from pTrc99A had a
colistin MIC of 1.5 µg/ml. (Panel D) The strain CKEC585 co-expressing NmLptA from pTrc99A and
EcDsbA from pHSG576 had a colistin MIC of 3 µg/ml. The assays were performed as described in
Section 2.4.4. This is a representative digital image of one assay which was performed in triplicate.
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resultant colistin resistance profiles of the E. coli strains were recorded. To ascertain
whether EcDsbA had a role in maintaining NmLptA activity in E. coli, we (a) coexpressed EcDsbA with NmLptA::Hisx6 from compatible expression vectors in E. coli
JM109 and (b) expressed NmLptA::Hisx6 in an E. colidsbA mutant strain JCB571, with
and without EcDsbA. Any changes in NmLptA activity were compared to CKEC526
which contained normal wild-type expression of EcDsbA from the chromosome.
5.2.2.1 Co-expression of EcDsbA and NmLptA increases the resistance of E. coli to
colistin.
The vector pCMK255, expressing EcDsbA from the low copy expression vector
pHSG576 [177], was transformed into CKEC526 to form strain CKEC585. The colistin
assays were conducted as described in Section 2.4.4, which determined the colistin MIC
of strain CKEC585 co-expressing EcDsbA and NmLptA::Hisx6 to be 3 g/l (Figure
5.5, Panel D). As the colistin resistance of strain CKEC526 expressing NmLptA::Hisx6
in the presence of wild-type levels of EcDsbA was 1.5 g/l, this is a two fold increase
in NmLptA mediated resistance to colistin when EcDsbA was expressed from pHSG576
in the same strain.
To further elucidate the role of EcDsbA on NmLptA activity in E. coli, the PEA
transferase was expressed in the E. coli∆dsbA mutant strain JCB571 in the presence and
absence of EcDsbA expressed from pCMK255. The vector pCMK526 was transformed
into the E. colidsbA mutant strain JCB571 to form CKEC543. The vector pCMK255
[177], was then transformed into CKEC543 to form CKEC564. As a result, strain
CKEC564 co-expressed NmLptA::Hisx6 and EcDsbA in the E. coli∆dsbA mutant strain
JCB571 background while CKEC543 expressed NmLptA::Hisx6 in the absence of a
functional oxidoreductase. The control strain CKEC272 expressing EcDsbA from
pCMK255 was constructed by transforming pCMK255 into E. coli∆dsbA mutant strain
JCB571 [26]. The wild-type strain, JCB570, and corresponding the E. coli∆dsbA mutant
strain, JCB571, were also used as control strains [41] in colistin resistance assays
conducted as described in Section 2.4.4. The wild-type E. coli strain JCB570 and the
E. colidsbA strain JCB571 had a colistin MIC of 0.094g/ml as did the control strains
CKEC272 (expressing EcDsbA) and CKEC543 (expressing NmLptA::Hisx6) (Figure
5.6, Panels A-D). In contrast, CKEC564 co-expressing NmLptA::Hisx6 and EcDsbA had
a colistin MIC of 3.0g/ml (Figure 5.6, Panel E). This was a 32-fold increase in colistin
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resistance conferred on the E. coli∆dsbA host when NmLptA::Hisx6 was co-expressed
with EcDsbA. Therefore, the co-expression of an oxidoreductase is required for
NmLptA activity in E. coli as detected by colistin resistance assays.

Figure 5.6 NmLptA::Hisx6 will only increase the colistin resistance of E. coli∆dsbA when coexpressed with EcDsbA. (Panel A) E. coli JCB570 had a colistin MIC of 0.094 µg/ml. (Panel B)
E. colidsbA JCB571 had a colistin MIC of 0.094 µg/ml. (Panel C) CKEC272 (JCB571 expressing
EcDsbA from pHSG576) had a colistin MIC of 0.094 µg/ml. (Panel D) CKEC543 (JCB571 expressing
NmLptA from pTrc99A) had a colistin MIC of 0.094 µg/ml. (Panel E) The strain CKEC564, coexpressing the NmLptA and EcDsbA had a colistin MIC of 3 µg/ml. The assays were performed as
described in Section 2.4.4. This is a representative digital image of one assay which was performed in
triplicate.

5.2.2.2 NmLptA::Hisx6 catalyses the addition of PEA groups to E. coli lipid A.
When in the presence of the oxidoreductase EcDsbA, expression of NmLptA::Hisx6
increased E. coli resistance to colistin, which was presumably a result of increased
NmLptA mediated PEA transfer to the E. coli lipid A. To confirm this, LPS was
extracted (Section 2.5) from E. coli JCB570, the E. coli∆dsbA strain JCB571 and
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JCB571 derived strains CKEC564 (co-expressing NmLptA::Hisx6 and EcDsbA),
CKEC543 (expressing NmLptA::Hisx6 in the absence of a functional oxidoreductase)
and CKEC272 (expressing EcDsbA). The lipid A was analysed by MALDI-TOF MS
(Section 2.5) to detect PEA addition to lipid A (Figure 5.7). The lipid A from strains
JCB571 and CKEC272 gave the same spectra as that shown for the lipid A from
JCB570. Wild-type strain JCB570 (Panel A), E. coli∆dsbA mutant strain JCB571
(Panel B) and CKEC272 expressing EcDsbA (Panel C) expressed the bisphosphorylated hexaacylated structure (m/z = 1797), the mono-phosphorylated
derivative (m/z = 1717), and the heptaacylated version due to the addition of a palmitic
acyl residue (m/z = 2035). CKEC543 expressing NmLptA (Panel D) and CKEC564 coexpressing NmLptA and EcDsbA (Panel E) show these ions plus additional ions
consistent with the addition of PEA to the bis-phosphorylated structure (m/z 1920; i.e.
1797 + 123) and the heptaacylated structure (m/z = 2158, i.e. 2035 + 123). However, the
ratio of intensities of the lipid A molecules with PEA (i.e. the intensities of the m/z 1920
+ 2158 ions) to those without PEA (i.e. the intensities of the m/z 1797 + 2035 ions) was
much less in strain CKEC543 than for strain CKEC564; i.e. 0.07 versus 0.29. Therefore,
more PEA was added to lipid A of CKEC564 co-expressing NmLptA::Hisx6 and
EcDsbA explaining the increased resistance to colistin of this strain compared to
CKEC543 expressing NmLptA::Hisx6 in the absence of EcDsbA.

5.2.3 The stability of NmLptA is dependent upon the presence of EcDsbA in
an E. coli host.
Alkylation with AMS is a technique used to determine the in vivo redox states of
proteins [242]. AMS has a molecular mass of ~540 Da and binds free thiol groups of
reduced Cys residues which can be detected by mobility shift on SDS-PAGE [14].
Therefore, Western blot of AMS alkylated cell lysates was used to detect oxidation of
NmLptA::Hisx6 when co-expressed with EcDsbA in E. coli∆dsbA strain JCB571.
However, expression of wild type NmLptA::Hisx6 in strain CKEC564 without inducer
was not sufficient for detection by Western blot with a mouse anti-Hisx6 antibody and
induction of NmLptA::Hisx6 expression with 0.3 mM IPTG resulted in cell death (data
not shown). Therefore, to undertake this experiment, we expressed a soluble version of
NmLptA in which the globular domain (residues 176-544) containing the five putative
disulfide bonds was directly linked to the signal peptide (residues 1-44) for transport
into the periplasm (NmLptA∆MA) but without the N-terminal membrane spanning
region.
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Figure 5.7 NmLptA::Hisx6 transfers PEA to lipid A of E. coli LPS. Lipid A profiles of LPS extracted
from E. coli strains JCB570, JCB571, CKEC272, CKEC543 and CKEC564 as determined by MALDITOF MS (Section 2.5). bis-Phosphorylated hexaacylated lipid A (m/z = 1797), the mono-phosphorylated
derivative (m/z = 1717), and the heptaacylated version due to the addition of a palmitic acyl residue (m/z
= 2035) were detected in all strains. CKEC543 expressing NmLptA (Panel D) and CKEC564 coexpressing NmLptA and EcDsbA (Panel E) also expressed ions consistent with one PEA added to the bisphosphorylated structure (m/z 1920; i.e. 1797 + 123) and the heptaacylated structure (m/z = 2158, i.e.
2035 + 123) (marked in red).
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SOE PCR (Section 2.2.2) was used to construct NmlptAMA from the template,
pCMK519 (Figure 5.8). The PCR product containing NmlptAMA was then treated
with T4 DNA polymerase (Section 2.2.8), ligated into the HincII site of pHSG576
(Section 2.2.10) and transformed into E. coli JM109 (Section 2.2.11). Transformants
were selected by blue/white screening (Section 2.2.12) and were screened using colony
PCR with primer pair, KAP96 and KAP97 (Section 2.2.2). Clones that contained a 1.26
kb insert in the MCS of pHSG576 were selected and screened by PCR (Section 2.2.2)
with primer pairs, KAP64 with KAP97, and KAP193 with KAP97, to determine the
orientation of the NmlptAMA with respect to the lacZ promoter. A clone that
contained NmlptAMA in pHSG576 in the opposite orientation to the lacZ promoter
was obtained. The vector was extracted (Section 2.2.5) and a restriction digest map
constructed (Figure 5.9). The insert was sequenced with KAP207, KAP208, KAP209
and KAP97 to check for mutations (Section 2.2.4) and the vector was named
pCMK523.
The NmlptAMA gene was cloned into pCMK133 to replace of ccdB and to mediate the
fusion of the C-terminal Hisx6-tag (Figure 5.10, Panel A). The ligation reaction was
transformed into E. coli strain DH5 (Section 2.2.11), which is sensitive to the CcdB
toxin. Transformants were selected on LB agar containing kanamycin and screened by
colony PCR (Section 2.2.2) using primer pair, KAP112 and KAP113, to amplify across
the MCS of pCMK133 to detect an insert of 1.26 kb. Clones which were initially
positive for this screen were further assessed by PCR (Section 2.2.2) with primer pair
KAP207 (located within NmlptAMA) and KAP113 (located in the backbone of
pCMK133) to check the orientation and identity of the insert. A clone that contained
NmlptAMA::Hisx6 in pCMK133 in the expected orientation was extracted
(Section2.2.5) and a restriction map was constructed (Figure 5.10, Panels B and C). The
vector was sequenced with KAP43 to ensure the C-terminal Hisx6-tag fusion was in
frame with the cloned ORF (Section 2.2.4) and named pCMK525.
NmLptA∆MA::Hisx6 was cloned into the high copy expression vector pTrc99A (Figure
5.11, Panel A). The ligation was transformed into E. coli JM109 (Section 2.2.11) and
transformants selected on LB agar containing ampicillin. Colonies were screened by
colony PCR (Section 2.2.2) with primer pair, DAP381 and DAP382, to amplify across
the MCS of pTrc99A. Clones that produced a 2.2 kb product were selected and further
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Figure 5.8 Construction of NmlptAMA by SOE PCR. (Panel A) Scheme for 1st round SOE PCR.
Primer pairs, KAP70 with KAP205, and KAP206 with KAP71, were used to amplify the fragment
encoding the signal sequence (F1, residues 1-44) and the fragment encoding the globular domain (F2,
residues 176-544) from the template, pCMK519, respectively. KAP205 and KAP206 were engineered to
contain 6 bp tags of sequence complementary to the sequence of the adjacent fragment. (B) The
fragments were elctrophoresed on agarose gel and were of expected size when compared to migration of
1Kb Trackit DNA ladder (Invitrogen). Lane 1 contains F1 of 400 bp and lane 2 contains F2 of 1.3 kb.
(Panel C) Scheme for 2nd round SOE PCR. The F1 and F2 PCR products were used as a combined
template for PCR amplification with primer pair, KAP64 and KAP193. These primers were engineered to
introduce an upstream NcoI site and a HindIII restriction site that replaced the stop codon, respectively.
(D) The NmlptAMA PCR product was electrophoresed on agarose gel (lane 1) and was of the expected
size (1.26 kb) when compared to migration of 1Kb Trackit DNA ladder (Invitrogen). PCRs were
conducted as described in Section 2.2.2.
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Figure 5.9 Restriction digest map of pCMK523. (Panel A) Schematic diagram of pCMK523. (Panel B)
Agarose gel showing restriction digest map of pCMK523. Uncut pCMK523 (lane 1) was restricted with
HincII (lane 2) which resulted in a single band of 4748 kb. Digestion of pCMK523 with HindIII (lane 3)
resulted in two bands of 3.47 kb and 1.28 kb while digestion with NcoI (lane 3) resulted in two bands of
2.8 kb and 1.94 kb. Fragment sizes were determined by comparison with migration of 1Kb Trackit DNA
ladder (Invitrogen) and correspond to the vector map represented diagrammatically in Panel A.
Restriction digests were conducted as described in Section 2.2.7. Refer to Appendix D for location of
primers used in screening by PCR and automated sequencing reactions.
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Figure 5.10 Construction of pCMK525 and restriction digest map. (Panel A) Scheme for the
construction of pCMK525. The vector pCMK523 was digested with NcoI and HindIII to excise
NmlptAMA while pCMK133 was digested with NcoI and HindIII to facilitate removal of ccdB. The
NmlptAMA gene was then ligated (Section 2.2.10) into pCMK133 in place of ccdB resulting in Cterminal Hisx6-tag fusion and the formation pCMK525. (Panel B) Schematic diagram of pCMK525. (C)
Agarose gel showing restriction digest map of pCMK525. Uncut pCMK525 (lane 1) was restricted with
NcoI (lane 2) which resulted in a single band of 4.39 kb. Restriction with both NcoI and HindIII (lane 3)
resulted in two bands of 3.135 kb and 1.26 kb. Fragment sizes were determined by comparison with
migration of 1Kb Trackit DNA ladder (Invitrogen) and correspond to the vector map represented
diagrammatically in Panel B. Restriction digests were conducted as described in Section 2.2.7. Refer to
Appendix D for location of primers used in screening by PCR and automated sequencing reactions.
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screened with primer pairs, DAP381 with KAP205, and KAP207 with DAP382, to
amplify NmlptAMA from the backbone of pTrc99A in both directions. A clone that
produced a 187 bp and 1.22 kb PCR product for each of these PCR reactions,
respectively, was selected and a restriction digest map was constructed (Figure 5.11,
Panels B and C). The vector was named pCMK527 and the E. coli JM109 strain
containing pCMK527 was named CKEC527.

Figure 5.11 Construction of pCMK527 and restriction digest map. (Panel A) The vector pCMK525
was digested with NcoI and SmaI to excise NmlptAMA::Hisx6 and ligated (Section 2.2.10) into the NcoI
and SmaI restriction sites of the expression vector pTrc99A to form pCMK527. (Panel B) Schematic
diagram of pCMK527. (Panel C) Agarose gel showing restriction digest map of pCMK527. Uncut
pCMK527 (lane 1) was restricted with NcoI (lane 2) and resulted in a single band of 5.44 kb. The vector
digested with both NcoI and SmaI (lane 3) resulted in two bands of 4.15 kb and 1.29 kb. Fragment sizes
were determined by comparison with migration of 1Kb Trackit DNA ladder (Invitrogen) and correspond
to the expected plasmid map represented diagrammatically in Panel B. Restriction digests were conducted
as described in Section 2.2.7. Refer to Appendix D for location of primers used in screening by PCR.
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To examine the in vivo redox state of NmLptAMA::Hisx6 in the presence and absence
of EcDsbA, pCMK527 was transformed into E. colidsbA strain JCB571 to form
CKEC544 (expressing NmLptAMA::Hisx6 in the absence of a functional
oxidoreductase). The vector pCMK255 [177] was then transformed (Section 2.2.11)
into CKEC544 to form CKEC580 (co-expressing NmLptAMA::Hisx6 and EcDsbA).
AMS gel shift assays were conducted (Section 0) on strains CKEC544 and CKEC580
with parental isolate JCB571 and CKEC272 (expressing EcDsbA) as controls (Figure
5.12). Expression of NmLptAMA::Hisx6 was detected in strain CKEC580, in which
EcDsbA was co-expressed but not in CKEC544 where NmLptAMA::Hisx6 was
expressed in the absence of a functional oxidoreductase. This suggests that
NmLptA∆MA::Hisx6 contains DsbA catalysed disulfide bonds that are required for
stability of the enzyme which becomes sensitive to proteolytic degradation in the
absence of a functional oxidoreductase. This hypothesis is supported by the observation
that NmLptA∆MA::Hisx6 was degraded in CKEC580 when the culture was pre-treated
with the reducing agent DTT which reduces the disulfide bonds in periplasmic proteins.
AMS alkylation of CKEC580 co-expressing NmLptA∆MA::Hisx6 and EcDsbA did not
result in a mobility shift in the size of NmLptA∆MA::Hisx6.

This indicates that

NmLptA∆MA::Hisx6 is present in an oxidised state as a result of oxidation by EcDsbA.
In conclusion, it appears that NmLptA contains EcDsbA catalysed disulfide bonds that
are necessary for protein stability so that in the absence of EcDsbA, NmLptA is rapidly
removed via proteolytic degradation.

5.2.4 The integral membrane domain of NmLptA is required for transfer of
PEA to lipid A in a biological system.
It has been demonstrated that the soluble version of NmLptA (NmLptAMA) is targeted
to the periplasm of E. coli where it is oxidised by EcDsbA. To examine whether
NmLptAMA::Hisx6 was a functional enzyme, the ability of the enzyme to transfer PEA
to E. coli lipid A and influence colistin resistance was examined (Section 2.4.4.).
Colistin resistance assays indicate that NmLptAMA::Hisx6 is unable to transfer PEA to
E. coli lipid A in an E. coli host (Figure 5.13). The colistin MIC of CKEC543
(expressing NmLptAMA::Hisx6) and CKEC564 (co-expressing NmLptAMA::Hisx6
and EcDsbA) was 0.016 g/ml. This is a 6-fold decrease in colistin resistance of E. coli
JCB571 when NmLptAMA::Hisx6 is expressed when in the presence or absence of
EcDsbA. Since both CKEC544 and CKEC580 grew in broth culture at the same rate as
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E. coli JCB570, E. coli dsbA JCB571 and CKEC272 (data not shown), it is not known
why expression of NmLptAMA::Hisx6 from pCMK527 would have this effect.

Figure 5.12 NmLptA::Hisx6 is oxidised in the presence of EcDsbA and degraded in its absence.
Standardised whole cell lysates were loaded onto SDS-PAGE (Section 2.3.2) in the following order: Lane
2: E. colidsbA JCB571 (negative control); Lane 3: CKEC272 (JCB571 expressing EcDsbA); Lane 4:
CKEC544 (JCB571 expressing NmLptAMA::Hisx6); Lane 5: CKEC580 (JCB571 co-expressing
EcDsbA and NmLptAMA::Hisx6) without treatment with AMS; Lane 6: CKEC580 treated with 17 mM
DTT prior to AMS alkylation; Lane 7: CKEC580 AMS alkylated without prior treatment with DTT. Lane
1 contains Rainbow molecular weight marker (kDa are marked on the left). NmLptA::Hisx6 migrates at
approximately 38 kDa. The Western blot was conducted as described in Section 2.3.3 using the mouseanti-Hisx6 (Sigma) (Table 2.8) as the primary antibody appropriately and 3% skim milk in TBS as
blocking buffer (Section 2.3.1).

Since we observed that low levels of PEA addition to lipid A could occur in strain
CKEC563 without a significant change in resistance to colistin, we analysed lipid A of
CKEC544

(expressing

NmLptAMA::Hisx6)

and

CKEC580

(co-expressing

NmLptAMA::Hisx6 and EcDsbA) by MALDI-TOF MS (Section 2.5) (Figure 5.14).
The lipid A from strains CKEC544 and CKEC580 had the same spectra as that shown
for the lipid A from JCB570 (Figure 5.7, Panel A). The observed ions were consistent
with the normal lipid A molecules observed in E. coli; namely the bis-phosphorylated
hexaacylated structure (m/z = 1797), the mono-phosphorylated derivative (m/z = 1717),
and the heptaacylated version due to the addition of a palmitic acyl residue (m/z =
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2035). These results indicate that NmLptAMA::Hisx6 is not able to transfer PEA to E.
coli lipid A even in the presence of EcDsbA. It appears the membrane spanning region
of NmLptA plays a pivotal role in the ability of the enzyme to add PEA to lipid A.

Figure 5.13 NmLptAMA::Hisx6 does not increase colistin resistance in E. coli. (Panel A) CKEC543
(JCB571 expressing NmLptAMA::Hisx6) had a colistin MIC of 0.016 µg/ml. (Panel B) CKEC564 (coexpressing both NmLptAMA::Hisx6 and EcDsbA) had a colistin MIC of 0.016 µg/ml. The assays were
performed as described in Section 2.4.4. This is a representative digital image of one assay which was
performed in triplicate.

Figure 5.14 NmLptAMA::Hisx6 does not add PEA to E. coli lipid A. Lipid A profiles of LPS
extracted from E. coli strains CKEC543 (Panel A) and CKEC580 (Panel B) as determined by MALDITOF MS (Section 2.5). Ions observed corresponded to the bis-phosphorylated hexaacylated structure (m/z
= 1797), the mono-phosphorylated derivative (m/z = 1717), and the heptaacylated version due to the
addition of a palmitic acyl residue (m/z = 2035) without the addition of PEA. Both spectra were the same.
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5.2.5 Interactions of NmLptA with meningococcal oxidoreductases.
N. meningitidis contains three oxidoreductases: NmDsbA1, NmDsbA2 and NmDsbA3.
NmDsbA1 and NmDsbA2 are 78% identical at the amino acid level and have been
shown to introduce disulfide bonds into the major pilin subunit, PilE, and the pilin
secretin, PilQ [174, 176]. To date, NmDsbA3, which has less than 50% amino acid
identity with NmDsbA1 and NmDsbA2, has been shown to be unable to replace the
functions of NmDsbA1 or NmDsbA2 when they are deleted from the genome of
N. meningitidis. However, NmDsbA3 can complement an E. colidsbA mutant when
over-expressed and the enzyme has been purified and shown to function as an
oxidoreductase in vitro [177]. Therefore, any combination of these three meningococcal
oxidoreductases could be involved in oxidising NmLptA. Two approaches were used to
assess the involvement of meningococcal oxidoreductases in NmLptA activity: (a) the
co-expression of meningococcal oxidoreductases with NmLptA in E. coli, (b) examining
the CAMP sensitivity profile of meningococcal mutants in which the oxidoreductases
were inactivated.
5.2.5.1 Co-expression of the meningococcal oxidoreductases with NmLptA in
E. coli.
To co-express the meningococcal oxidoreductases with NmLptA::Hisx6 in E. colidsbA
mutant JCB571, the vectors pCMK553 (pHSG576 containing NmdsbA1 (Section
3.2.2)), pCMK118 (pHSG576 containing NmdsbA2 (J. Scoullar, unpublished)) and
pJKD2719 (pHSG576 containing NmdsbA3 (J. Scoullar, unpublished)) were
transformed into CKEC543 (E. colidsbA JCB571 containing pCMK526 expressing
NmLptA::Hisx6) to form strains CKEC565, CKEC566 and CKEC567, respectively.
Colistin MIC assays conducted for these strains revealed no change to that of the
parental JCB571 and wild-type JCB570 (data not shown). As a result, co-expression of
NmLptA::Hisx6 and the meningococcal DsbA enzymes in E. colidsbA mutant JCB571
does not increase colistin resistance. However, this cannot be interpreted as a lack of
oxidation of NmLptA::Hisx6 by the meningococcal DsbA enzymes. A sub-optimal
interaction between NmDsbA1 and EcDsbB has been described (Section 3.2.3) resulting
in accumulation of the reduced form of the oxidoreductase in the E. coli periplasm. This
was reflected in a lack of complementation of E. colidsbA mutant JCB571 motility and
DTT resistance phenotypes by the meningococcal oxidoreductases expressed from the
low copy expression vector pHSG576 (Chapter 3). Therefore it appears that a lack of
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NmLptA activity detected here is a probably a result of sub-optimal interactions
between the meningococcal oxidoreductases and EcDsbB that is required to maintain
the DsbA enzymes in their oxidised ‘active’ form. Therefore, due to the sub-optimal
interactions between the meningococcal DsbA enzymes and EcDsbB, the involvement
of the meningococcal oxidoreductases in NmLptA activity cannot be detected in the E.
coli host.
5.2.5.2 CAMP sensitivity profiling of meningococcal oxidoreductase mutants
indicates that all three oxidoreductases can oxidise NmLptA.
To determine which of the meningococcal DsbA enzymes preferentially interact with
NmLptA, the CAMP sensitivity profiles of meningococcal oxidoreductase mutants were
examined. Analysis of the colistin MIC of a N. meningitidisNmlptA mutant compared
to that of the different N. meningitidisdsbA mutants could offer some insights into the
involvement of each of the oxidoreductases in the stabilisation of NmLptA. Insertional
inactivation of NmlptA and each of the oxidoreductase loci was achieved by the natural
transformation (Section 2.2.13) of suicide plasmids containing an antibiotic resistance
marker flanked by the internal Section of each gene. Once transformed, the suicide
plasmid is degraded as it cannot replicate in N. meningitidis. However, the antibiotic
resistance marker can be retained through homologous recombination with the
corresponding chromosomal locus thus creating an insertionally inactivated gene in the
meningococcal host. The N. meningitidis NmlptA mutant strain CKNM204 was
constructed by transformation with the suicide vector, pKA314 (NmlptA::aadA) [268]
into N. meningitidis strain NMB. Transformants were selected on GCGF agar
containing spectinomycin and screened by colony PCR (Section 2.2.2) with primer pair,
KAP70 and KAP71 using the Expand long template system (Roche) and extended PCR
cycle, which amplified across the NmlptA locus and confirmed the insertional
inactivation of the PEA transferase. Each of the dsbA loci were insertionally inactivated
in a series of single N. meningitidisdsbA mutants. The plasmids pCMK109 containing
NmdsbA1::aadA [173], pCMK111 containing NmdsbA2::tetM [173] and pCMK801
containing NmdsbA3::aphA-3 were transformed into N. meningitidis strain NMB to
form strains CKNM101 (NMB∆NmdsbA1), CKNM102 (NMB∆NmdsbA2) and
CKNM209 (NMB∆NmdsbA3), respectively. Transformants were selected on GCGF
agar containing spectinomycin, tetracycline and kanamycin, respectively. CKNM101
transformants were screened by colony PCR (Section 2.2.2) with the primer pair
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DAP418 with DAP419 and the Expand long template system (Roche) and an extended
PCR cycle to amplify across the NmdsbA1 locus, which confirmed insertional
inactivation of the gene. CKNM102 transformants were screened by colony PCR
(Section 2.2.2) using the primer pairs DAP285 with DAP420 and the Expand long
template system (Roche) and extended PCR cycle to amplify across the NmdsbA2 locus,
which confirmed insertional activation of NmdsbA2. CKNM209 transformants were
screened by colony PCR (Section 2.2.2) with primer pair, DAP265 and DAP267, to
amplify across the NmdsbA3 locus which confirmed the insertional inactivation of the
gene.

Consequently,

double

(NMB∆NmdsbA1∆NmdsbA2)
(NMB∆NmdsbA1)

with

(NMB∆NmdsbA1∆NmdsbA3)

dsbA
was

mutants

constructed

pCMK111
was

containing

constructed

were

constructed;

CKNM105

transforming

CKNM101

NmdsbA2::tetM;

CKNM210

by

by

transforming

CKNM801

(NMB∆NmdsbA3) with pCMK109 containing NmdsbA1::aadA; and CKNM211
(NMB∆NmdsbA2∆NmdsbA3)

was

constructed

by

transforming

CKNM209

(NMB∆NmdsbA3) with pCMK111 containing NmdsbA2::tetM. The triple knockout
strain

CKNM212

(NMB∆NmdsbA1∆NmdsbA2∆NmdsbA3)

was

constructed

by

chemical transformation of CKNM210 (NMB∆NmdsbA1∆NmdsbA3) with pCMK111
containing NmdsbA2::tetM and incubation at 30C for 2 days. This strain does not grow
on plates at 37C [176]. The insertions were confirmed by PCR across each of the dsbA
loci as described above.
To determine the contribution of the meningococcal oxidoreductases to stability of
NmLptA, the colistin MICs of N. meningitidis strains CKNM101 (NMBNmdsbA1),
CKNM102 (NMBNmdsbA2) and CKNM209 (NMBNmdsbA3) were determined
(Section 2.4.4) (Figure 5.15). CKNM101 and CKNM102 both show a colistin MIC of
256 g/ml, which is a slight decrease compared to the parental strain NMB >256 g/ml
(512 µg/ml [225]) while CKNM209 showed no decrease in colistin resistance compared
to the parental. In contrast, insertional inactivation of NmLptA (strain CKNM204)
results in a colistin MIC of 0.38 g/ml. Since there was no significant difference in the
resistance profiles of the single oxidoreductase mutants to colistin, combinatorial
mutants were examined (Figure 5.16). CKNM105 (NMBNmdsbA1NmdsbA2) was
found to have a colistin MIC of 64 g/ml, an 8-fold decrease in colistin resistance
compared

to

the

parental

strain

NMB,

while

strains

CKNM210

(NMB∆NmdsbA1∆NmdsbA3) and CKNM211 (NMB∆NmdsbA2∆NmdsbA3) retained
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wild-type levels of resistance. Therefore, a comparison of these double mutants suggests
that NmDsbA1 and NmDsbA2 have a redundant role in colistin resistance. However,
the MIC of CKNM105 is still 170-fold greater than that observed for a total loss of
NmLptA (CKNM204). Therefore, this suggested that NmDsbA3 may also have a role
in conferring resistance to colistin. The colistin resistance profile of the triple knockout
strain CKNM212 (NMB∆dsbA1∆dsbA2∆dsbA3) was examined at 30oC as this strain is
not viable at 37C. The colistin resistance profiles of NMB, CKNM204 (NMB∆lptA),
CKNM209 (NMB∆dsbA3) and CKNM105 (NMBdsbA1dsbA2) at 30C were the
same as that grown at 37C (data not shown) while the triple mutant strain CKNM212
(NMB∆dsbA1∆dsbA2∆dsbA3) had an MIC of 32 g/ml, which is ~43 fold less than the
parental NMB.
In conclusion, inactivation of all three meningococcal oxidoreducatases was required to
create a strain with a significantly decreased level of resistance to colistin. This data
indicates that each of the NmDsbA enzymes are involved in resistance to CAMPs.
However, due to the pleiotropic phenotypes which can arise from the inactivation of
dsbA loci [11], it is not clear if colistin resistance profiling of the meningococcal
oxidoreductase mutants equates solely with the loss of NmLptA mediated PEA addition
to lipid A.

5.3

Discussion.

The meningococcal PEA transferase NmLptA catalyses the addition of PEA to the
phosphate headgroups of lipid A disaccharide backbone of meningococcal LOS [217].
PEA decoration of lipid A in N. meningitidis has been implicated in resistance to
CAMPs, attachment to nasopharyngeal epithelial cells and the potency of lipid A as an
inducer of the host inflammatory immune system [225, 226, 228]. While it is well
established that NmLptA plays a key role in the pathogenesis of meningococci, there is
not much known about the structure and activity of the enzyme. Sequence analysis
revealed NmLptA contains ten Cys residues within the globular periplasmic domain that
could potentially form five disulfide bonds. NmLptA was therefore a potential DsbA
substrate (Figure 5.1). Here we show for the first time that NmLptA contains DsbA
catalysed disulfide bonds that are important for stability of the enzyme establishing an
important link between DsbA enzymes and meningococcal LOS biosynthesis.
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Figure 5.15 Individual insertional inactivation of each of the meningococcal dsbA genes does not
significantly influence the colistin resistance profile of the N. meningitidis strain NMB. (Panel A)
N. meningitidis strain NMB had a colistin MIC of >256 µg/ml. (Panel B) CKNM204 (NMBlptA) had a
colistin MIC of 0.38 µg/ml. (Panel C) N. meningitidis strain CKNM101 (NMBdsbA1) had a colistin
MIC of 256 µg/ml. (Panel D) CKNM102 (NMBdsbA2) had a colistin MIC of 256 µg/ml. (Panel E)
CKNM109 (NMBdsbA3) had a colistin MIC of >256 µg/ml. The assays were performed as described in
Section 2.4.4.

The finding that NmLptA is able to transfer PEA to E. coli lipid A and increase E. coli
resistance to colistin led to the discovery that the PEA transferase is dependent on
EcDsbA in this biological system. While co-expression of NmLptA::Hisx6 and EcDsbA
in the E. coli∆dsbA mutant strain JCB571 resulted in a 32-fold increase in colistin
resistance compared to the parental strains, expression of NmLptA::Hisx6 in the absence
of an oxidoreductase had no effect on colistin resistance (Figure 5.6). In addition,
analysis of the purified lipid A by MALDI-TOF MS confirmed that PEA was added to
E. coli lipid A at a greater intensity when NmLptA::Hisx6 was co-expressed with
EcDsbA (Figure 5.7). Western blot analysis of NmLptA∆MA::Hisx6 expressed in the
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E. coli∆dsbA mutant strain JCB571 (Figure 5.12) revealed NmLptA∆MA::Hisx6 is
degraded in the absence of EcDsbA. In contrast, NmLptA∆MA::Hisx6 is not degraded
when co-expressed with EcDsbA suggesting that the presence of stabilising disulfide
bonds protect NmLptA∆MA::Hisx6 from proteolytic degradation. In addition,
examination of the redox state of NmLptA∆MA::Hisx6 in E. coli when co-expressed
with EcDsbA revealed the Cys residues of NmLptA∆MA::Hisx6 to be oxidised. These
results suggest that when co-expressed in E. coli, EcDsbA oxidises NmLptA, catalysing
the formation of stabilising disulfide bonds.

Figure 5.16 Insertional inactivation of all three meningococcal dsbA genes results in a 16-fold
decrease in the colistin MIC of N. meningitidis strain NMB. (Panel A) CKNM105
(NMBdsbA1dsbA2) had a colistin MIC of 64 µg/ml. (Panel B) CKNM210 (NMBdsbA1dsbA3) had
an MIC of >256 µg/ml. (Panel C) CKNM211 (NMBdsbA2dsbA3) had an MIC of >256 µg/ml. (Panel
C) The triple knock out strain CKNM212 (NMBdsbA1dsbA2dsbA3) grown at 30C had a colistin
MIC of 32 µg/ml. Note: CKEC105, CKEC210 and CKEC211 showed the same colistin sensitivity profile
when incubated at 30C. The assays were performed as described in Section 2.4.4.
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The colistin resistance assays of the N. meningitidis∆dsbA mutants indicate a role of all
three of the meningococcal DsbA enzymes in resistance to CAMPs. However, a direct
role for the meningococcal oxidoreductases in stability of NmLptA within the Neisseial
host has not been confirmed. Biacore analysis to measure the amount of polymyxin B
that can be bound to the lipid A of the different oxidoreductase mutants is currently
underway to determine the relative involvement of each oxidoreductase in NmLptA
stability. This will confirm whether the decreased colistin resistance phenotypes of the
meningococcal dsbA mutants are a result of decreased binding affinity of CAMPs. In
addition, an anti-NmLptA antibody could be developed to examine the stability and
redox states of NmLptA in the N. meningitidis∆dsbA mutants by Western blot and AMS
gel shift assays (Section 2.3.4). These experiments could support the colistin resistance
assays of the N. meningitidis∆dsbA mutants and confirm a role of the meningococcal
DsbA enzymes in stability of NmLptA.
The presence of stabilising disulfide bonds in NmLptA has been confirmed by solving
of the crystal structure of NmLptA∆MA in collaboration with Dr Alice Vrielink
(University of Western Australia, unpublished data) (Figure 5.17). This structure
revealed a typical alkaline phosphatase fold and a Zn+2 in the active site coordinated by
the residues E240, T280, D452 and H453. The structure is similar to other members of the
alkaline phosphatase superfamily of metalloenzymes [151, 152, 266], but interestingly,
does not contain multiple metals in the active site. The solved structure also revealed an
inorganic phosphate bound to T280 of the active site, which may be catalytically
important. In addition, the structure revealed five disulfide bonds between adjacent Cys
residues: C499 and C540, C276 and C286, C327 and C331, C402 and C410, and C348 and C353.
The crystal structure supports the contention that the disulfide bonds are required for
stability of NmLptA as they are not co-ordinated with the active site. Unusually, the
disulfide bonds are arranged around the surface of the enzyme. The crystal structure of
NmLptA∆MA represents the first crystal structure solved for proteins belonging to the
PEA transferase sub-family (YhjW/YjdB/YijP family) of the alkaline phosphatase
superfamily of metalloenzymes and offers a unique opportunity to examine the
mechanism of action of these enzymes.
Our group has also developed an enzymatic assay for detecting PEA transferase activity
using the chromogenic substrate, para-nitrophenol phosphoethanolamine (PNPPEA)
with Dr Keith Stubbs (University of Western Australia, unpublished results). During
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this assay, the PEA transferase cleaves PNPPEA to release PEA and the chromogenic
product, nitrophenyl, which emits an orange colour (Figure 5.18, Panel B). Preliminary
assays show that the soluble domain of NmLptA is able to process PNPPEA to PEA
with the release of the nitrophenyl chromophore (Figure 5.18, Panel C). This assay
confirms that the soluble domain of NmLptA is enzymatically active and has provided a
biochemical basis for a proposed scheme for the activity of the PEA transferase (Figure
5.18, Panel A). In addition, mutation analysis of the active site residues can now be
conducted to confirm the significance of the coordinated Zn+2 in enzyme function.
These results will increase our understanding of the mode of action of the PEA
transferase subfamily of metalloenzymes.

Figure 5.17 Crystal structure of the globular domain of NmLptA confirms the presence of disulfide
bonds and identifies the active site. Crystal structure of NmLptA∆MA reveals NmLptA has a typical
alkaline phosphatase fold with a Zn+2 (black ball) coordinated in the active site composed of residues
E240, T280, D452 and H453. The five disulfide bonds between residues C499–C540, C276–C286, C327–C331, C402–
C410 and C348–C353 (shown in yellow) are not directly involved with the active site. Crystal structure data
provided by Prof A Vrielink, BBCS, UWA (unpublished).
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Figure 5.18 Enzymatic assay for NmLptAMA activity. (Panel A) Scheme for normal processing of
PtdEA to PEA with the release of diacylglycerol (DAG). (Panel B) Scheme for enzymatic assay with
chromogenic substrate PNPPEA. The chromogenic substrate PNPPEA is processed to PEA in a similar
manner to PtdEA, and results in the release of nitrophenyl, which is orange in colour. (Panel C)
Enzymatic assay demonstrates NmLptAMA is able to process PNPPEA to PEA, releasing the coloured
product nitrophenol. Purified NmLptAMA (45 µg) was incubated with 2.5 mM (S1) and 5 mM (S2)
PNPPEA overnight at 37C and the coloured precipitate measured by OD405. The buffer blank and the
blank containing 5 mM PNPPEA without NmLptAMA resulted in an OD405 of 0.116 and 0.319,,
respectively, while S1 and S2 resulted in an OD405 of 0.658 and 0.799, respectively. Chromogenic
substrate was provided by K. Stubbs and assay results provided by A. Anandhia and A. Vrielink
(unpublished results).

While an in vitro enzymatic assay has shown that the soluble construct NmLptA∆MA
has the ability to process PNPPEA, NmLptA∆MA was shown to be incapable of adding
PEA to E. coli lipid A in vivo. The removal of the transmembrane domain from this
protein was not predicted to affect enzymatic function since the active site is buried in
the globular domain. Recently, it has been proposed that single transmembrane domains
may function to organise proteins into large membrane complexes in mitochondria
[269]. Therefore, we propose that the localisation of NmLptA at the periplasmic surface
of the IM may be necessary to co-ordinate the interaction of NmLptA with the substrates
phosphatidylethanolamine (PtdEA) and lipid A, or the machinery that transports lipid A
into the periplasm. This would explain why NmLptA∆MA, which was active in an in
vitro enzymatic assay, was not able to transfer PEA to E. coli lipid A in vivo.
Since lipid A PEA transferases and oxidoreductases are ubiquitous in Gram-negative
bacteria, it is of interest to determine whether the reliance of meningococcal lipid A
PEA transferase function on oxidoreductase activity is a property found in other
pathogens. Multiple amino acid sequence alignment of the PEA transferases from
N. meningitidis and E. coli revealed the active site residues are conserved (Appendix E).
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In addition, the cysteine residues, now known to form disulfide bonds in NmLptA, are
conserved in EptA, the E. coli lipid A PEA transferase. The cysteine residues
corresponding to C276, C286, C327 and C331 were also conserved in the E. coli EptB,
the transferase responsible for addition of PEA to the inner core of E. coli LPS. If
disulfide bonds are formed in these proteins, then it would appear that these enzymes
may also require an oxidoreductase for stability. However, the Cys residues were not
conserved in any of the other PEA transferases. This suggests a role for oxidoreductases
in the stability of E. coli PEA transferases EptA and EptB but not for other PEA
transferases of E. coli and N. meningitidis. It is of interest to note that the EcdsbA is
under the regulatory control of the two component histidine kinase/ response regulator
pair, CpxR/S, which responds to stress signals in the periplasm and co-ordinates the
expression of many virulence determinants including outer membrane porins and
Type IV pili [270]. Therefore, this regulatory circuit in E. coli may represent yet another
mechanism of controlling OM function in response to stress via control of LPS
biosynthesis machinery at the post-translational level.
The biological assays used in this study have also uncovered some intriguing questions
regarding the specificity of NmLptA. In N. meningitidis, loss of NmLptA function
results in the loss of PEA groups from both the 1 - and 4’- lipid A headgroups. This has
led to the supposition that NmLptA is the only lipid A PEA transferaase required for
these additions to lipid A in meningococci. However, in E. coli, NmLptA only added
one PEA group to the lipid A of E. coli LPS. This result suggests that NmLptA may
only be able to recognise and transfer PEA to LPS molecules with a specific acyl chain
conformation. While the meningococcal lipid A region of LOS contains a lauroyl
residue at the 2’ position of each glucosamine resulting in a symmetrical molecule
(Figure 1.21) [195], E. coli LPS contains a lauroyl and myristoyl residue at the 2’ and 3’
positions, respectively, of the distal glucosamine residue, resulting in an asymmetrical
molecule (Figure 1.13) [101]. As a result, the acyl chain conformation of the proximal
glucosamine of E. coli lipid A is similar to that of the lipid A from N. meningitidis.
Therefore, it is possible that NmLptA may be unable to recognise the distal glucosamine
headgroup of the E. coli lipid A due to specificity of NmLptA for the proximal
glucosamine that does not contain the myristoyl residue at the 3’ position. An attempt
was made to determine the location of the PEA group by

31

P NMR spectroscopy as

described by Rahman et al. [271]. However, since the ion intensities for the lipid A with
PEA added in CKEC543 were low, there was not enough material for this technique to
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be used (C. Kahler, unpublished). An attempt could be made to optimise expression of
NmLptAHisx6 so that PEA is added to E. coli LPS at higher levels that could then be
detected by 31P NMR spectroscopy. Alternatively, we may be able to develop an ex vivo
reaction model using purified membranes. This would enable us to determine if PEA is
added to the proximal glucosamine of the lipid A of E. coli LPS, which closely
resembles the lipid A of meningococcal LOS.
To investigate the specificity of NmLptA, a lipid IVA expressing strain of E. coli [272]
could be used to determine if NmLptA will add PEA to both ends of the precursor
disaccharide backbone. Lipid IVA does not contain any lauroyl or myristoyl residues
added to either glucosamine residues (Figure 1.15). In addition, the LpxL and LpxM
homologues in N. meningitidis that transfer the lauryl residues to 2’ position of each of
the glucosamine residues of meningococcal lipid A [273] could be co-expressed with
NmLptA in this strain to result in a lipid A structure that resembles that of
meningococcal LOS. If NmLptA is then able to add PEA to both headgroups of the
modified lipid A, it will be clear that NmLptA displays specificity towards the
meningococcal lipid A acyl chain conformation.
Lastly, it may also be possible that NmLptA is only capable of adding PEA to one
headgroup of lipid A of meningococcal LOS, and that this step precedes the addition of
the second residue by a separate enzyme. If so, this would explain why mutation of
NmLptA in meningococci results in the loss of both PEA residues from lipid A. In
N. meningitidis, PEA addition is most frequently observed at the 4’ - phosphate of the
disaccharide backbone of lipid A with substitution of the 1 - phosphate occurring at a
lower rate (Dr Russell Carlson, unpublished results). This observation may support the
hypothesis that NmLptA has a preference for the 4’ - phosphate of the proximal
glucosamine (as discussed above). Interestingly, an NmLptA homologue in
Campylobacter jejuni (Cj0256) was recently reported to add PEA to both the flagella
rod protein FlgG as well as to lipid A, demonstrating for the first time that these
enzymes can recognise and add PEA to multiple substrates [274]. In the light of this
study, the other PEA transferases of N. meningitidis, including the LOS inner core PEA
transferases Lpt3 [214] and Lpt6 [215] and the Type IV pili PEA transferase PptA [151,
267], should be examined as potential candidates for a second enzyme involved in PEA
decoration of lipid A.
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This study has investigated the structure, activity and specificity of the meningococcal
PEA transferase NmLptA and DsbA. It has been shown in a biological assay that
NmLptA contains DsbA catalysed disulfide bonds that are important for stability of the
enzyme, which was confirmed by the solved crystal structure of the soluble domain of
NmLptA (NmLptA∆MA). Furthermore, a role of DsbA catalysed disulfide bonds in
stability of the PEA transferases EptA and EptB of E. coli has been suggested. Lastly,
the importance of the membrane anchor region and a model for PEA transferase activity
was developed. As a result, this study has established an important link between DsbA
proteins and LPS biogenesis and provided invaluable insights into the structure and
activity of NmLptA, a key player in the pathogenesis of N. meningitidis.

180

Chapter 6

181

6 Conclusions.
While E. coli has been established as the model organism for both LPS biogenesis and
periplasmic protein folding, fundamental differences in these biological pathways exist
in N. meningitidis. Meningococcal LOS is structurally dissimilar to E. coli LPS in that it
does not contain repeating O-antigen and has a symmetrical arrangement of acyl chains
attached to lipid A [193, 194]. In addition, the lipid A region of E. coli LPS can be
decorated with L-Ara4N and PEA [143, 144] while the meningococcal lipid A, which
cannot be decorated with L-Ara4N, can exist in a variety of phosphoforms (Figure
1.22). Lastly, unlike E. coli and other Gram-negative bacteria, LOS deficient strains of
N. meningitidis are viable [172]. There are also fundamental differences between the
periplasmic protein oxidation and isomerisation pathways of N. meningitidis and E. coli.
While E. coli contains a single broad substrate range DsbA enzyme [21, 41],
N. meningitidis contains three DsbA enzymes with apparent narrow substrate specificity
[174, 176, 180]. In addition, the isomerisation pathway is essential in N. meningitidis
and is regulated by the two component system, MisR/MisS. This study has contributed
to the understanding of these biological pathways in E. coli and N. meningitidis. The
specificity of the oxidation pathway of periplasmic protein folding of N. meningitidis
compared to that of E. coli has been investigated and another link between LPS
biogenesis and periplasmic protein folding established.
The DsbA and DsbB enzymes of E. coli and N. meningitidis appear to form functionally
optimised redox pairs. The in vitro study by Lafaye et al. [178] showed NmDsbB could
not oxidise EcDsbA, and EcDsbB could not oxidise the meningococcal DsbA enzymes.
Furthermore, this study has shown that the meningococcal enzyme NmDsbA1 could not
be oxidised by EcDsbB in a biological assay. In addition, the biological data of this
study has implicated the region immediately preceding the cis-Pro151 (H2 region) of
DsbA enzymes in the specificity of the DsbA-DsbB partnerships, as exchanging the
NmDsbA1 H2 region with that of EcDsbA resulted in optimal oxidation by EcDsbB as
determined by AMS gel shift assays (Figure 3.16). The H2 region and the hydrophobic
groove of EcDsbA are known to interact with the second periplasmic loop of EcDsbB
during oxidation [25]. Multiple amino acid sequence alignments of NmDsbB and
EcDsbB identified a non-conserved region in the second periplasmic loop between TM3
and TM4 of the DsbB proteins (Figure 4.24). This is interesting in light of the structural
studies conducted on the specific redox pair, SeDsbL and SeDsbI, of S. enterica serovar
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Typhimurium [46]. The solved crystal structure of SeDsbL revealed an unusual H2
region conformation and a shortened hydrophobic groove, which was suggested to
confer specificity of the enzyme to SeDsbI. In addition, analysis of the amino acid
sequence of SeDsbI revealed a 44 amino acid addition in the periplasmic loop between
TM3 and TM4 when compared to that of EcDsbB [42]. This data suggests that the
specific redox partnerships of DsbA and DsbB enzymes are a result of interactions
between the H2 regions of DsbA proteins and the second periplasmic loops of DsbB
proteins. In addition, analysis of the interdomain movement of the EcDsbA homologue
in V. cholerae (VcDsbA) revealed that hinge flexibility resulted in widening of the
hydrophobic groove, which forms the DsbB binding groove [29]. This could further
explain the effect of the H2 region in specificity of the DsbA-DsbB redox pairs seen in
this study. Interestingly, the greatest interdomain flexibility was observed when
VcDsbA was in the reduced form, which could confer specificity of the reduced form of
VcDsbA for VcDsbB [29]. As a result, the underlying mechanisms contributing to the
specificity of the oxidation pathway of periplasmic protein folding are slowly being
elucidated.
Recently, the first link between LPS biogenesis of Gram-negative bacteria and
periplasmic protein folding was established. The highly conserved and essential OMP,
LptD, which is required for integration of LPS in the OM of Gram-negative bacteria, is
dependent on the oxidoreductase EcDsbA and the isomerase EcDsbC in E. coli [7].
Another link between LPS biogenesis and periplasmic protein folding has now been
established in N. meningitidis, where the periplasmic domain of the LOS PEA
transferase, NmLptA, has been shown to contain stabilising disulfide bonds. This has
provided further evidence of the role of DsbA enzymes in the OM biogenesis of
N. meningitidis and other Gram-negative bacteria such as E. coli.
PEA addition to the lipid A headgroups of E. coli LPS and meningococcal LOS, by the
respective enzymes EptA and NmLptA, confers resistance to CAMPs [143, 147, 217,
225]. In N. meningitidis, NmLptA mediated PEA addition to lipid A headgroups also
influences attachment to host epithelial cells [226] and the potency of lipid A as an
inducer of the host immune system [228]. A biological assay has now implicated the
DsbA enzymes of N. meningitidis in the stability of NmLptA. In addition, the solved
crystal structure of the periplasmic domain of NmLptA confirmed the presence of five
disulfide bonds, providing further evidence that NmLptA is oxidised by DsbA enzymes.
It is yet to be determined whether NmLptA is also a substrate of the protein
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isomerisation pathway. Although NmLptA contains multiple disulfides, they are
between adjacent Cys residues, and should be formed correctly by the oxidoreductase
DsbA. In addition, these Cys residues are conserved in EptA of E. coli and semiconserved in EptB of E. coli, which are therefore potential EcDsbA substrates. As a
result, this study has implicated the DsbA enzymes of both E. coli and N. meningitidis
in resistance to CAMPs as well as providing another link between LPS biogenesis and
periplasmic protein folding in Gram-negative bacteria.
The soluble domain of NmLptA engineered during this study has now been crystallised
(Dr alice Vrielink, unpublished results). This represents the first structure for the PEA
transferase sub-family of alkaline phosphatase superfamily of metalloenzymes and
offers a unique opportunity to expand our understanding of the structure and mechanism
of action of these enzymes. An enzymatic assay has been developed and a model for
PEA transferase activity established. Mutational analysis of the active site residues and
co-crystallisation of NmLptA bound to PEA will further elucidate the exact mechanisms
behind PEA transferase activity of the enzymes. This information will contribute to the
development of antimicrobial peptides to inhibit PEA transferase activity of the
enzymes. Due to the significant role of PEA transferases in virulence of Gram-negative
bacteria including N. meningitidis and E. coli, this could offer a novel therapeutic drug
to be used in treatment of bacterial infections. As a result, this study forms the basis of a
new and exciting area of bacterial research.
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Appendix A: Abbreviations and Symbols.
A (I): Nucleotides.
A - adenine
C - cytosine
G - guanine
T - thymine
U - uracil

A (II): Units.
◦C – Degrees Celsius.
g – Grams
kb – Kilobase
kDa – KiloDalton
min – Minute
µg – Microgram
µM – Micromolar
µl - Microlitre
mg – Milligram
mM – Millimolar
ml - Millilitre
MIC – Minimum Inhibitory Concentration.
M – Molar
ng – Nonogram
nm – Nanometre
min - minute
OD260 – Optical density at 260 wavelength (used for measuring DNA)
OD280 – Optical density at 280 wavelength (used for measuring protein)
OD405 – Optical density at 280 wavelength (used for measuring nitrophenyl)
OD560 – Optical density at 560 wavelength (used for measuring N. meningitidis cells)
OD600 – Optical density at 600 wavelength (used for measuring E. coli cells)
w/w – Weight per weight
w/v – Weight per volume
v/w – Volume per weight
v/v – Volume per volume
V – Volts
UV – ultraviolet

A (III): Symbols.
Symbol

name






alpha
beta
gamma
lambda
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A (IV): Amino acids; abbreviations, codons and characteristics.
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A (V): Abreviations.
Abbreviation

Full name

ABC
ACP

ATP binding cassette
Thioester R-3-hydroxymyristoyl acyl
carrier protein
4-acetamido-4’-maleimidyl-stilbene-2,2’disulfonic acid
Ammonium persulfate
4-amino-4-deoxy-L-arabinose
Arylsulfate sulfotransferase
Bundle formining pili
Bovine Serum Albumin
Cationic anti-microbial peptides
Calf alkaline phosphatase
Control of cell death
Colony forming units
Deoxynucliotide triphosphate
Disulfide bond
Di-methyl-sulfoxide
Dithiothreitol
Ethylenediaminetetra-acetic acid
Enteropathogeneic Escherichia coli
Enterotoxigenic Escherichia coli
Galactose
Gonococcal
Gonococcal media supplememted with
glucose and iron
Green fluorescent protein
Glucose
N-acetylglucosamine
L-glycero-D-manno-heptose
Inner membrane
Isopropylthio-1’-D-galactoside
3-deoxy-D-manno-octulosonic Acid
Luria-Bertani
Lacto-N-neotetraose
Lipooligosaccharide
Lipopolysaccharide
Lipopolysaccharide transport
Matrix assisted laser desorption
ionization-time of flight mass
spectrometry
Monash Antibody Technologies Facility
Molecular weight
New England Biolabs
Outer membrane
Outer membrane protein
Oligosaccharide
Polymerase chain reaction

AMS
APS
L-Ara4N
ASST
BFP
BSA
CAMPs
CAP
CcdB
CFU
dNTPs
Dsb
DMSO
DTT
EDTA
EPEC
ETEC
Gal
GC
GCGF
GFP
Glc
GlcNAc
Hep
IM
IPTG
Kdo
LB
LNT
LOS
LPS
Lpt
MALDI-TOF MS

MATF
MW
NEB
OM
OMPs
OS
PCR
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PEA
PNPPEA
PtdEA
Q
SDS PAGE
SOE PCR
TBS
TE
TEMED
THAP
TSB
UPEC
UQ
Xgal

206

Phosphoethanolamine
para-Nitrophenyl phosphoethanolamine
Phosphatidylethanolamine
Quinone
Sodium Dodecyl Sulphate Polyacrylamide
Gel Electrophoresis
Splice overlap extension polymerase chain
reaction
Tris buffered saline
Tris-EDTA
N, N, N’, N’-tetra methylethylene diamene
2,4,6-trihydroxyacetophenone
Transformation and storage buffer
Uropathogenic Escherichia coli
Ubiquinone
5-bromo-4-chlor-3-indoly--Dgalactopyranoside

Appendix B: HindIII digested  DNA molecular weight standard for
determination of DNA concentration.

Figure B1 HindIII digested  DNA molecular weight standard for determination of DNA
concentration. Values based on 0.5 µg HindIII digested  DNA loaded/lane.
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Appendix C: Equation used to dilute bacterial cultures to 2x108
cells/ml.
For E. coli cultures:
[OD600 of culture/0.4] – 1 = volume of media (mls) to be added to 1 ml of culture.
For N. meningitidis cultures:
[OD560 of culture/0.4] – 1 = volume of media (mls) to be added to 1 ml of culture.
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Appendix D: Location of primers used for PCR and automated
sequencing reactions.

Figure D1 Location of vector screening primers.
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Figure D2 Location of primers used in PCR and sequencing of meningococcal genes, NmdsbA1,
NmdsbA2, NmdsbA3 and NmlptA.
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Appendix E: Multiple sequence alignment of PEA transferases from
N. meningitidis, E. coli and S. enterica serovar Typhimurium.
NmLptA
EptA
EptB
Lpt3
PptA
CptA
Lpt6

-MIKPNLR-PKLGSSALIAFLSLYSSLVLNYAFFAKVVELHPFNGTGADIFLYTMPVVLF
-MLKRFLKRPVLGQIAWLLLFSFYIAVCLNIAFYKQVLQDLPLNSLRNVLVFISMPVVAF
MRYIKSITQQKLSFLLAIYIGLFMNGAVFYRRFGSYAHDFTVWKGVSAVVELAATVLVTF
--------MMKKSFLTLVLYSSLLTASEIAYRFVFGIETLPAAK--------IAETFALT
-----MKQSARIKNMDQTLKNTLGICALLAFCFGAAIASGYHLEYEYG---YRYSAVGAL
------MQSTLLQTKPAFSWKALGWALLYFWFFSTLLQAIIYLTGYSGTNGLRDSLLYSS
------MVAYVFLFLFVTAALVLIIRSHYRWTYFFASALFVFLAGGMLMLTAQWQRALNF
:
:

58
59
60
44
52
54
54

NmLptA
EptA
EptB
Lpt3
PptA
CptA
Lpt6

FLSNFVFHVI-ALPFVHKVLIPLILVISAAVSYQEIFFNIYFNKSMLNNVLQTTAAESAR
SVVNSVLTLA-SFIWLNRLLACVFILVGAAAQYFILTYGIIIDRSMIANMMDTTPAETFA
FLLRLLSLFG-RRSWR--ILASLVVLFSAGASYYMTFLNVVIGYGIIASVMTTDIDLSKE
FVIAALYLFA-RYKVTRLLIAVFFAFSIIANNVHYAVYQSWMTGINYWLMLKEVTEVGSA
ASVVFLLLLA-RGFPRVSSVVLLIYVGTTALYLPVGWLYGAPSYQIVGSILESNPAEARE
LWLIPVFLFPGRIRVIAAVIGVVLWAASLAALSYYVIYGQEFSQSVLFVMFETNANEASE
ASVWFVVLILFHRLKIHYYKQPLLISDFLLIADWRNWETLFHYKEAVIGMAGLLALAAYA
: .
..
:

117
118
117
103
111
114
114

NmLptA
EptA
EptB
Lpt3
PptA
CptA
Lpt6

LIT--PGYVLWIVCLGVLPALAYIAVKVK-YRVWYK----ELLTRLVLAAVSFLCALGIA
LMT--PQMVLTLGLSGVLAAVIAFWVKIRPATPRLR----SGLYRLASVLISILLVILVA
VVG--LNFILWLIAVSALPLILIWNNRCRYTLLRQLRTPGQRIRSLAVVVLAGIMVWAPI
GAS--MLDKLWLPVLWGVLEVMLFCSLAKFRRKTHFS---------ADILFAFLMLMIFV
FVGNLPGSLYFVQALFFIFGLTVWRYCVSGGGVFADVKN---YKRRSKIWLTILLTLILS
YLSQYFSLKIVLVALAYTVAAILLWTRLRPVYIPSPWR-----YLVSFALLYGLILHPIA
VFGWSGADTLGVPWRWAGAALFAASFALMRHFSKHPGAVKTWLDSLPDDGRDVFLNLPMS
:
:

170
172
175
152
168
169
174

NmLptA
EptA
EptB
Lpt3
PptA
CptA
Lpt6

MLQYQDYASFFRNN--------KSVTHLIVPSNFIGAG-VSKYKDWKRSNIPYTQLDMAV
AFFYKDYASLFRNN--------KQLIKALSPSNSIVAS-WSWYSHQRLANLPLVRIGEDA
RLLDIQQKKVERATGVDLPSYGGVVANSYLPSNWLSALGLYAWARVDESSDNNSLLNPAK
RSFDTKQEHGISPK----------PTYSRIKANYFSFG-YFVGRVLPYQLFDLSRIPAFK
CAVMDKIASDKDLR----------EPDAGLLLNIFDLYYDLASAPAQYAAKRAHILEAAK
MNTFIKHKSMEKTLDS-------LASRMEPAAPWQFITGYYQYRLQLASLNKLLNENDAL
CRAVFFQVPVFEGD-------------GEGFAKQMPSEPPLRGSSDEKPDIVVTLMESTL

221
223
235
201
218
222
221

NmLptA
EptA
EptB
Lpt3
PptA
CptA
Lpt6

VQN--RPAGSL--RRFVVLVVGETTRAANWGLNGYSRQTTPLLAAR--GDEIVNFPQVRS
HRNPLMLKGDR--KNLTILIVGETSRGDDFSLGGYPRDTNPRLAK----DDVIYFPHTTS
KFTYQAPQNVD--DTYVVFIIGETTRWDHMGIFGYERNTTPKLAQ----EKNLAAFRGYS
QPAPSKIGQGS--VQNIVLIMGESESAAHLKLFGYGRETSPFLTQLSQADFKPIVKQSYS
KASTWHIRHVAPKYKNYVVVIGESARSDYMNVYGFPLPDTPFLSQT----KGLLINGYQS
PPLANFQDHSGDAPRTLVLVIGESTQRGRMSLYGYPRETTPELDALHKTDPGLTVFNNVV
DPHCFDFAAAKIPDLKMFGRQEDTVFFSPLRVHTFGGAT---------WKSEFAFLAGVP
.
::
: :

275
277
289
259
274
282
272

NmLptA
EptA
EptB
Lpt3
PptA
CptA
Lpt6

CGTSTAHSLPCMFSTFDRTDYDEIKAEHQDNLLDIVQRAGVEVTWLENDSG----CKGVC 331
CGTATAISVPCMFSDMPRKHYDEELAHHQEGLLDIIQRAGINVLWNDNDGG----CKGAC 333
CDTATKLSLRCMFVRQGGAEDNPQRTLKEQNIFAVLKQLGFSSDLYAMQSE----MWFYS 345
AGFMTAVSLPSFFNVIPHANGLEQISGGDTNMFRLAKEQGYETYFYSAQAEN---QMAIL 316
TAHATNLSLPQTLGLPGEPN---------NNIVSLAKQAGFRTAWLSNQGMLGHFANEIS 325

NmLptA
EptA
EptB
Lpt3
PptA
CptA
Lpt6

GKVPNTDVTSLNLPEYCRNG--ECLDNILLTKFDEVLNKN-DKDAVLILHTIGSHGPTYY
DRVPHQNVTELNLPGQCIDG--ECYDEVLFHGLEDYIDHL-KGDGVIVLHTIGSHGPTYY
NTMADNIAYREQIGAEPRNRGKPVDDMLLVDEMQQSLGRNPDGKHLIILHTKGSH-FNYT
NLIGKKWIDHLIQPTQLGYGNGDNMPDEKLLPLFDKINLQ-QGRHFIVLHQRGSH-APYG
TYALRSDYPWFTQRGDYGKSAGLSDRLLLPAFKRVLIGNAGTKPRLIVMHLMGSH-SDFC
LTVFSKQTDKQFYMNQQRTQSAREYDSNVLAPFKAVLADP-APKKFIIVHLLGTH-IKYK
FQPQDLGYPAPMGKNLWHISSEEMMQYARMILEKRHPDLENVRQPMFVYVLTMKEHGPYR
.::
..
:

388
390
404
374
384
397
391

NmLptA
EptA
EptB
Lpt3
PptA

ERYTEAERKFTPTCDTNEINK-CTRATLVNTYDNTVLYVDQFIDKVIRKLE-NRDDLESV
NRYPPQFKKFTPTCDTNEIQN-CSQEQLINTYDNTVLYVDYIVDKAINLLKSHQDKFTTS
QRYPRSFAQWKPECIGVDSG--CTKAQMINSYDNSVTYVDHFISSVIDQVR----DKKAI
ALLQPQDKVFG-------------EADIVDKYDNTIHKTDQMIQTVFEQLQ-KQPDGNWL
TRLDKDARRFQY------------QTEKISCYVSTIAQTDKFLEDTVKILN--ENKESWS

446
449
458
420
430

TSRPYTIEILQQALTFADEK-NPDWYLTKPSLMNMMKQAGYKTFWITNQQTMT--ARNTM 339
STDFGALASGVFYSVVPHLQTGLVRNLREHGYFCVALSP-FTKGNYNAKAAYDHFGFNLM 331
.
. . :
.
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CptA
NmLpt6

FRYPENQGKFDGKTDHVPPGLSSDELESYNDYDNANLYNDYVVASLIKDYK--ATDPNGF 455
TDTDNVFDLDAPDLN-------AKTVSALNDYIGRIADLDKAVESFDRYLH--ERGKPFV 442
. * .
* :
.

NmLptA
EptA
EptB
Lpt3
PptA
CptA
Lpt6

VHYVSDHGESLGENG-MYLHAAPYAIAPSGQTHIPMVMWFS--------KAFRQHGGIDF
LVYLSDHGESLGENG-VYLHGLPYSIAPDTQKHVPMLIWLS--------KDYQQRYQVDQ
VFYAADHGESINER--EHLHGTPRELAPPEQFRVPMMVWMS--------DKYLENPANAQ
FAYTSDHGQYVRQD--IYNQGT----VQPDSYIVPLVLYSPN-------KAVQQAANQAF
LVYFSDHGLMHVGK--GGERTLTHGAWKRQSYGVPLVKISSD-------DTRREMIKVRR
LLYFSDHGEEVYDTPPHKTQGRNEDSPTRHMYTVPFLLWTSEKWQAAHPRDFSQDVDRKY
FGYFGDHQVPFEGVS---VRKKWDYAQPDYVTQFAVRSNIAGG-----FVQRQDFLDLAF
. * .**
:
...
.
:

497
500
508
467
481
515
494

NmLptA
EptA
EptB
Lpt3
PptA
CptA
Lpt6

QCLKQKAAENEYS---HDHYFST----------VLGLMDISNSQTYRKEMDILAACRRPR
ACLQKRASTLDYS---QDNLFST----------MLGLTGVQTT-YYQAADDILQPCRRLS
AFAQLKKEADMKVPRRHVELYDT----------IMGCLGYTSPDGGINENNNWCHIPQTK
APCEIAFHQQLSTFLIHTLGYDMP---------VSGCRESSVTGNLITGDAGSLNIRDGK
SAFNFLRGFGSWTGIETDELPDDGYDFWGNVPDVQGEGNNLAFIDGLPDDPAPWYAGKGK
SSSELIHTWSDLAGLTYDGYDPTRSITNPQFKETTRWIGNPYKKNALIDYDTLPYGDQVG
AGGVLMEAAGLEAKDGFMRANMAMRG-------LCGGGLEDCPNRKLVGDYRNYLYDVLK

544
546
558
518
541
575
547

NmLptA
EptA
EptB
Lpt3
PptA
CptA
Lpt6

-------E------VAAAN--AEYVYPQSTKNTSKK
NQ-----IVR-----

547
563
525
549
577
550

Figure E1 Multiple sequence alignment of PEA transferases from N. meningitidis, E. coli and
S. enterica
serovar Typhimurium.
Alignment
was performed
by CLUSTAL 2.1
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Completely conserved amino acid positions are indicated
by the (*) with conserved and semi-conserved residues indicated by (:) and (.), respectively. The
predicted TM domains are in yellow and were calculated using TMHMM Server v. 2.0
(http://www.cbs.dtu.dk/services/TMHMM/). Predicted secondary structures were calculated using
PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/). Predicted -helices are in cyan and -sheets are in lime.
Cys residues are in white text with red background and the conserved active site residues are in white text
with a dark blue background. NmLptA (NMC1813), Lpt3 (NMC1986), Lpt6 (NMC2012) and PptA
(NMC1750) amino acid sequences were derived from sequencing of the genome of N. meningitidis strain
NMB (C. Kahler, unpublished results). E. coli EptB (ECDH10B_3725) and S. enterica serovar
Typhimurium, EptA (STM4293) and CptA (STM4118), amino acid sequences were derived from The
Comprehensive Microbial Resource (http://cmr.jcvi.org/tigr-scripts/CMR/CmrHomePage.cgi).
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Appendix F: Publications relating to Chapter 3.
F (I): The Structure of the Bacterial Oxidoreductase Enzyme DsbAin Complex
with a Peptide Reveals a Basis for Substrate Specificity in the Catalytic Cycle of
DsbA Enzymes.
Jason J. Paxman, Natalie A. Borg, James Horne, Philip E. Thompson, Yanni Chin,
Pooja Sharma,Jamie S. Simpson, Jerome Wielens, Susannah Piek, Charlene M. Kahler,
Harry Sakellaris, Mary Pearce, Stephen P. Bottomley, Jamie Rossjohn, and Martin J.
Scanlon. JBC (2009) 284 ( 26);17835–17845.
My contribution to this paper involved the construction and expression of chimeric
DsbA enzymes in E. colidsbA strain JCB571 and phenotypic analysis for the
functional characterisation of DsbA. These results appeared in the background and
results Sections of Chapter 3, Sections 3.1 and 3.2.1, respectively.

213

214

F (II): Structural and Biochemical Characterization of the Oxidoreductase
NmDsbA3 from Neisseria meningitidis.
Julian P. Vivian, Jessica Scoullar, Amy L. Robertson, Stephen P. Bottomley, James
Horne, Yanni Chin, JeromeWielens, Philip E. Thompson, Tony Velkov, Susannah
Piek, Emma Byres, Travis Beddoe, Matthew C. J. Wilce, Charlene M. Kahler, Jamie
Rossjohn, and Martin J. Scanlon. JBC. 2008, 283 (47); 32452–32461.
My contribution to the second paper (2) involved the expression of NmDsbA3 in
E. colidsbA strain JCB571 and phenotypic analysis. These results formed part of the
background to Chapter 3 (Section 3.1).
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