DOCTOR OF PHILOSOPHY
The role of lipid A in the virulence of ESKAPE pathogens

Bartholomew, Toby
Award date:
2019
Awarding institution:
Queen's University Belfast
Link to publication

Terms of use
All those accessing thesis content in Queen’s University Belfast Research Portal are subject to the following terms and conditions of use
• Copyright is subject to the Copyright, Designs and Patent Act 1988, or as modified by any successor legislation
• Copyright and moral rights for thesis content are retained by the author and/or other copyright owners
• A copy of a thesis may be downloaded for personal non-commercial research/study without the need for permission or charge
• Distribution or reproduction of thesis content in any format is not permitted without the permission of the copyright holder
• When citing this work, full bibliographic details should be supplied, including the author, title, awarding institution and date of thesis

Take down policy
A thesis can be removed from the Research Portal if there has been a breach of copyright, or a similarly robust reason.
If you believe this document breaches copyright, or there is sufficient cause to take down, please contact us, citing details. Email:
openaccess@qub.ac.uk

Supplementary materials
Where possible, we endeavour to provide supplementary materials to theses. This may include video, audio and other types of files. We
endeavour to capture all content and upload as part of the Pure record for each thesis.
Note, it may not be possible in all instances to convert analogue formats to usable digital formats for some supplementary materials. We
exercise best efforts on our behalf and, in such instances, encourage the individual to consult the physical thesis for further information.

Download date: 09. Jan. 2023

Thesis Deposit Form

To be completed by Student
Degree:

PhD (Medicine)

Full Name:

Toby Leigh Bartholomew

Thesis title:

The role of lipid A in the virulence of ESKAPE pathogens

Summary: (max. 300 words)

The Gram-negative pathogens Acinetobacter baumannii and Klebsiella pneumoniae have been
highlighted as critical priority pathogens for research and development of novel therapeutics.
Both of these pathogens share notoriety for their readiness to acquire resistance to all antibiotics
currently in circulation.
Here we investigated the lipid A of A. baumannii lipooligosaccharide which is the most
pronounced pro-inflammatory molecule of A. baumannii. Several studies have elucidated A.
baumannii lipid A modifications and their role in virulence. Therefore, we investigated the role of
the previously unidentified lipid A-remodelling enzyme in A. baumannii and explored its
contribution to virulence and resistance to last-resort antibiotics. These findings have identified a
novel target for the development of new, urgent antimicrobial compounds. In agreement with
published literature, our results may allow synthesis of broad-spectrum compounds against other
Gram-negative pathogens possessing this conserved enzyme.
Recently, the extracellular pathogen K. pneumoniae has been reported to survive within host
cells. We sought to determine whether K. pneumoniae remodels its lipid A as a result of adaption
to the intracellular lifestyle. Here report for the first time, K. pneumoniae lipid A is extensively
modified intracellularly to assist in survival within host macrophages of both mice and humans.
TLR4 and TRAM-TRIF are responsible for K. pneumoniae lipid A remodelling. PhoPQ plays a
prominent role in governing the lipid A modifications found intracellularly. These findings shed
insight into the complex intracellular pathogenesis of K. pneumoniae and may contribute to
potential therapeutics which target host-directed responses to intracellular K. pneumoniae.

To be completed by Examiner
EXAMINER CERTIFICATION OF SUBMITTED WORK

I hereby certify that this is the final accepted copy of the submitted work and that all required amendments
have been completed and submitted within the required deadline.

Name of Examiner:

Signature of Examiner:

Date:

To be completed by Student
Student Declaration:
I give permission for my thesis to be made available, under regulations determined by the University, for inclusion in
the University Library, consultation by readers in the School, inter-library lending for use in another library and to be
photocopied, electronically reproduced and to be stored and made available publicly in electronic format
Please tick as appropriate:
i)
ii)

Immediately
Or
After an embargo period of

1 year

8

2 years

✔

3 years

4 years

5 years

Reason for embargo: (applies to both print and e-thesis)

✔

The thesis is due for publication, either as a series of articles or as a monograph
The thesis includes material that was obtained under a promise of confidentiality
Would substantially prejudice the commercial interests of the author, the University or an external company
Contains information which may endanger the physical/mental health or personal safety of an individual(s)

I wish to embargo the e-thesis copy permanently: (applies to e-thesis only)
The thesis contains material whose copyright belongs to a third party and the gaining of approval to publish
the material electronically would be onerous or expensive; and the removal of the copyright material would
compromise the thesis

CONFIRMATION OF DATA/HUMAN TISSUE SAMPLES HANDOVER
All research involving human participants, their tissue (e.g. blood, saliva, urine) or their data (interviews, consent
forms, questionnaires) must be retained by the University for at least five years. These sources must be handed over
to your supervisor. Please confirm, by ticking the appropriate box, that:

✔

I have provided my supervisor with all laboratory notebooks and/or primary source material pertaining to the
study, including electronic data.
I have identified for my supervisor the location of stored human tissue samples and provided an inventory of
these.
Due to the nature of the project I am not required to handover any data or samples relating to my thesis.

Signature of Student:

Date:

To be completed by Supervisor
SUPERVISOR CONFIRMATION AND APPROVAL
I approve any embargo request above and confirm that the information given regarding Data/Human tissue samples
is correct and that, where applicable*, the final copy of the thesis has also been made available in electronic format
(e-thesis) via PURE.

Name of Supervisor:

Signature of Supervisor:

Date:

* RCUK funded students and all students who commence research from September 2016 must also submit an
electronic copy of their thesis via Pure

The role of lipid A in the virulence of ESKAPE
pathogens

Toby Leigh Bartholomew B.Sc.(Hons) M.Res.

A thesis submitted in fulfilment of the requirements for the degree:
Doctor of Philosophy (Ph.D.) in Medicine

Wellcome-Wolfson Institute for Experimental Medicine
School of Medicine, Dentistry & Biomedical Sciences
Queen’s University Belfast
May 2019

In dedication to my grandparents,
Reta and Stanley Topliss,
Both of whom saw me begin my PhD,
But unfortunately, did not see me complete it.

1

Acknowledgements
Firstly, I would like to thank my primary supervisor, Professor José Bengoechea. I
greatly appreciate all of your help and guidance over the last 3+ years, and I cannot
begin to express my gratitude. I am eternally grateful for the opportunity you have
given me. Also, thank you for your patience; I cannot imagine having a better
mentor for my PhD. I would also like to thank my other supervisors: Dr. Anna
Krasnodembskaya and Professor Danny McAuley for continued support.
I thank each and every member of the 3rd floor North laboratory at the WellcomeWolfson Institute of Experimental Medicine. I have had the best possible time being
your work colleague and friend, it has been immense!
Sincerest of thanks to Dr. Joana Sá Pessoa, Dr. Amy Dumigan, Dr. Tim Kidd, Dr.
Christian Frank, Dr. Laura Hobley, Dr. Helina Marshall, Dr. Ricardo Calderón
González, and Dr. Claudia Feriotti. You have helped me more than you will ever
know. I have developed a lasting friendship with all of you, so feel free to visit – the
pints are on me!
I would like to also thank the PhD students I have had the pleasure to work with:
Daniel Storey, Ciara Ross, Daniel Moody, Carly Webb, and Brenda Morris. As well as
the original gang, who have now received their doctorates: Grant Mills, Helena
Fernández, José-Luis Insua Romero, Nuno, Kora Przybyszkewska (probably spelt
wrong…), and Sylviane Yoba. Additionally, thanks to the technicians: Ciarán Hargey,
Adélia Brito Ova, and Rebecca Lancaster for keeping everything in order!

2

I would also like to thank members of the Schroeder and Valvano laboratories for
useful contribution and friendship over the years.
I could write a thesis in just gratitude to many, many more.
Last and by no means least: my family. Thank you for all of your love and support
over the duration of this thesis but also to the years leading up to it. All of you have
always stood by my side through thick-and-thin. Special thanks to my mum, dad,
and brother for keeping me (relatively) sane, especially over the course of writing
this thesis.

3

Publications arising during the course of this thesis
2-Hydroxylation of Acinetobacter baumannii lipid A contributes to virulence
Infection and Immunity, 2019
Toby Leigh Bartholomew, Timothy James Kidd, Joana Sá Pessoa, Raquel Conde
Álvarez & José Antonio Bengoechea

Modulation of Haemophilus influenzae interaction with hydrophobic molecules
by the VacJ/MlaA lipoprotein impacts strongly on its interplay with the airways
Scientific Reports, 2018
Ariadna Fernández-Calvet, Irene Rodríguez-Arce, Goizeder Almagro, Javier Moleres,
Begoña Euba, Lucía Caballero, Sara Martí, José Ramos-Vivas, Toby Leigh
Bartholomew, Xabier Morales, Carlos Ortíz-de-Solórzano, José Enrique Yuste, José
Antonio Bengoechea, Raquel Conde-Álvarez & Junkal Garmendia

Identification of lptA, lpxE, and lpxO, three genes involved in the remodelling of
Brucella cell envelope
Frontiers in Microbiology, 2018
Raquel Conde-Álvarez, Leyre Palacios-Chaves, Yolanda Gil-Ramírez, Miriam
Salvador-Bescós, Marina Bárcena-Varela, Beatriz Aragón-Aranda, Estrella MartínezGómez, Amaia Zúñiga-Ripa, María José de Miguel, Toby Leigh Bartholomew, Sean

4

Hanniffy, María-Jesús Grilló, Miguel Ángel Vences-Guzmán, José Antonio
Bengoechea, Vilma Arce-Gorvel, Jean-Pierre Gorvel, Ignacio Moriyón & Maite Iriarte

5

Abstract
The exponential growth of antimicrobial resistance worldwide is one of the most
concerning threats to mankind in the modern era. Gram-negative bacterial
infections are of particular concern and have been identified as an urgent threat by
governmental organisations. The Gram-negative pathogens Acinetobacter
baumannii and Klebsiella pneumoniae have been highlighted as critical priority
pathogens for research and development of novel therapeutics. Both of these
pathogens share notoriety for their readiness to develop resistance to all antibiotics
currently in circulation, including those of last resort. Antimicrobial resistance
increases mortality and morbidity in addition to increasing the rate of diseases such
as sepsis due to limited treatment options. Therefore, life-threatening conditions
such as septic shock can be sequalae to previously unthreatening diseases such as
urinary tract infections and small wounds.
Bloodstream infections are a leading cause of mortality in critically ill patients, of
which Gram-negative bacteraemia accounts for a large proportion of all
hospitalised cases. Lipopolysaccharide/lipooligosaccharide (LPS/LOS) present on the
outer membrane of Gram-negative pathogens is the main sepsis-inducing agent
known for its significant inflammatory capabilities during septic shock.
Here we investigated the lipid A anchoring moiety of A. baumannii LOS which is the
most pronounced pro-inflammatory molecule of A. baumannii. Several studies have
elucidated A. baumannii lipid A modifications and their role in virulence. Therefore,
we investigated the role of the previously unidentified lipid A-remodelling enzyme
in A. baumannii and explored its contribution to virulence and resistance to last6

resort antibiotics. These findings have identified a novel target for the development
of new, urgent antimicrobial compounds. In agreement with published literature,
our results may allow development of a broad-spectrum compound against other
Gram-negative pathogens possessing this conserved enzyme.
Recently, the extracellular pathogen K. pneumoniae has been reported to survive
within host cells. It is currently unknown exactly how K. pneumoniae does this or
the factors involved. Following the discovery of K. pneumoniae surviving
intracellularly, we sought to determine whether Klebsiella remodels its lipid A as a
result of adaption to the intracellular lifestyle. Here we report for the first time, K.
pneumoniae lipid A is extensively modified intracellularly to assist in survival within
host macrophages of both mice and humans. The canonical membrane-bound lipid
A receptor, TLR4, and TRAM-TRIF are responsible for K. pneumoniae lipid A
remodelling. PhoPQ plays a prominent role in governing the lipid A modifications
found intracellularly. These findings shed insight into the complex intracellular
pathogenesis of K. pneumoniae and may contribute to potential therapeutics which
may target host-directed responses to intracellular K. pneumoniae.
Collectively, our work further characterises the importance of lipid A with regards
to virulence and antimicrobial resistance in two major pathogens of critical
magnitude.
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Chapter 1 – Introduction

1.1

Antimicrobial Resistance

Antimicrobial resistance (AMR) is rapidly becoming a worldwide burden projected
to be attributable to approximately 10 million deaths per year by 2050 (J. O’Neill,
2014). In its current state, the global threat of AMR is comparable to the threat of
global warming (Davies, 2013). Many pathogens are becoming resistant to whole
classes of antibiotics at a faster rate than antibiotics are being discovered with the
last discovery of an antibiotic type as early as 1984 (J. O’Neill, 2014; Silver, 2011). Of
particular concern are multi-drug and sometimes pan-drug resistant bacteria coined
the “ESKAPE pathogens”. This is an acronym for the species: Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species (Boucher et al., 2009;
Pendleton, Gorman, & Gilmore, 2013; Rice, 2008). E. faecium and S. aureus are
Gram-positive, but the remaining members of the ESKAPE pathogens are Gramnegative. This is because of the presence of the outer membrane in Gram-negative
bacteria, which can act as a first-line of defence to antimicrobial compounds,
making treatment of Gram-negative infections particularly troublesome (Delcour,
2009; Ghai & Ghai, 2018). These Gram-negative bacteria have recently been listed
into the “critical priority” pathogen list by the World Health Organisation (WHO), in
which evidence was garnered to encourage funding bodies to target combating
these pathogens in particular (Tacconelli et al., 2018; WHO, 2014).
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1.2

Lipopolysaccharide (LPS) in Gram-negative Pathogens

The cell envelope of Gram-negative bacteria is a tri-layered structure consisting of
the outer membrane, inner membrane, and an aqueous periplasmic space, which
harbours the peptidoglycan (Fig.1) (Silhavy, Kahne, & Walker, 2010). A distinct
component of the outer membrane is lipopolysaccharide/lipooligosaccharide
(LPS/LOS), which is composed of a hydrophobic anchor, lipid A; a highly conserved
oligosaccharide core, consisting of subunits of heptose and Kdo (3-deoxy-D-mannooct-2-ulosonic acid), which covalently bind lipid A; and often, in the case of LPS, a
protruding O-antigenic polysaccharide subunit (O-antigen/O-polysaccharide)
(Alexander & Rietschel, 2001; Whitfield & Trent, 2014; Zhang, Meredith, & Kahne,
2013). LPS provides an extensive hydrophilic barrier to reduce permeability to
detergents, cationic compounds, and host proteins (Snyder & McIntosh, 2000). In
Escherichia coli, it has been shown that LPS can traverse the periplasm at a rate of
approximately 70,000 molecules/minute during exponential growth (Lima et al.,
2013). Kdo2-lipid A has historically been described as an “essential” structure for
bacterial survival (Raetz & Whitfield, 2002; Vaara, 1993). However, over the last
two decades this has since been disproven. Francisella novicida synthesises “free”
lipid A, which does not covalently attach to a Kdo residue on the LPS molecule, and
therefore exists as a single structure; in fact, less than 5% of the lipid A has the
remainder of the LPS structure attached (X. Wang, Ribeiro, et al., 2006). Several
bacterial species have even been found to survive in the complete absence of LOS
(LPS lacking the O-antigen): Neisseria meningitidis (Steeghs et al., 1998), Moraxella
catarrhalis (Peng et al., 2005), and Acinetobacter baumannii (Moffatt et al., 2010).
Interestingly, this is considered to be species-specific, as studies in N. gonorrhoeae
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failed to reproduce the LOS-deficiency results of N. meningitidis (Bos & Tommassen,
2005). However, data suggests that this is even strain-specific, as not all strains of a
given species are able to survive in the absence of LOS, as shown in A. baumannii
when only approximately 50% of isolates could survive in a LOS-deficient manner
(Boll et al., 2016; Powers & Trent, 2018a).

Figure 1: Common cell envelope of Gram-negative bacteria. LPS, lipopolysaccharide; OM, outer
membrane; PG, peptidoglycan; IM, inner membrane. (Needham & Trent, 2013).

1.2.1 Biosynthesis of LPS
1.2.1.1 O-Antigen
The O-antigen is a highly variable polysaccharide, which according to its length,
gives rise to either LOS (contain mono- or oligosaccharides in place of the outer
core), rough LPS (very few subunits/O-units), or smooth LPS (many sugar residues)
(Fig. 2) (Raetz & Whitfield, 2002; Whitfield & Trent, 2014). LOS are usually present
in bacterial genera such as Neisseria, Bordetella, Campylobacter, Acinetobacter, and
Haemophilus (Preston et al., 1996).
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Figure 2: Structure of lipopolysaccharide (LPS). Smooth and rough LPS is dependent on
length/presence of the repetitive O-unit. (Steimle, Autenrieth, & Frick, 2016).

Genes required for O-antigen biosynthesis are generally chromosome-bound
clusters; in most strains of Escherichia coli and Salmonella enterica, these are found
between the genes galF and gnd, at the rfb locus (Raetz & Whitfield, 2002; Reeves,
1994; X. Wang & Quinn, 2010). Most clusters are responsible for heteropolymers,
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however, in K. pneumoniae and Yersinia enterocolitica O:3 the clusters transcribe
homopolymers; interestingly, the Y. enterocolitica O:3 homopolymer locus is
atypical as it is located on a different region of the chromosome to where the Oantigen clusters for homopolymers are located (Franco, Liu, & Reeves, 1996; D. Liu,
Lindqvist, & Reeves, 1995; Samuel & Reeves, 2003; Sugiyama et al., 1997).
There are three known O-polysaccharide biosynthetic pathways: Wzy-dependent,
ABC transporter-dependent, and the synthase-dependent; all of which have a
conserved, common ligation process occurring in the periplasm at the latter stages
of each pathway, which links the O-polysaccharide to the lipid A-core by the ligase,
WaaL (Abeyrathne & Lam, 2007; Han et al., 2012; Raetz & Whitfield, 2002;
Whitfield & Trent, 2014). In the Wzy-dependent pathway, O-antigen is synthesised
on the carrier lipid, undecaprenyl diphosphate (und-PP); und-PP-linked
intermediates are subsequently flipped by Wzx, and the oligosaccharides are
further polymerised on the inner membrane by activity of Wzy (Raetz et al., 2007;
Raetz & Whitfield, 2002). The enzyme Wzz acts as a “molecular ruler” and dictates
the finalised polysaccharide chain length (Kalynych et al., 2011; Larue et al., 2009).
In the ABC transporter-dependent pathway, the polysaccharide is assembled by
carbohydrate transfer to the glycan by activity of the glycosyl transferases on the
inner surface of the cytoplasmic membrane (Kalynych, Morona, & Cygler, 2014;
Willis & Whitfield, 2013). The resulting und-PP-linked core-oligosaccharide is
translocated from the cytoplasmic leaflet to the periplasmic leaflet of the inner
membrane by an envelope-spanning ATP-binding cassette (ABC) transporter
flippase, MsbA (Doerrler, Gibbons, & Raetz, 2004; Kalynych et al., 2014; Willis &
Whitfield, 2013; Zhou et al., 1998). The synthase-dependent pathway only occurs in
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S. enterica serovar Borreze O:54 and therefore will not be expanded upon here
(Keenleyside & Whitfield, 1996).
1.2.1.2 Lipid A Biosynthetic (Raetz) Pathway
Lipid A (endotoxin) is the hydrophobic moiety of LPS/LOS which anchors the
structure into the outer leaflet of Gram-negative bacteria (Raetz & Whitfield, 2002).
In a single E. coli cell there is approximately 2x106 residues of lipid A on the surface
of each cell; almost 30% of the outer membrane total mass, covering three-quarters
of the cell surface (Galloway & Raetz, 1990; Meredith et al., 2006; Raetz &
Whitfield, 2002; Whitfield & Trent, 2014). Lipid A is generated by a constitutivelyexpressed, generally conserved, intracellular nine-step enzymatic biosynthetic
pathway, the Raetz pathway (Needham & Trent, 2013; Raetz et al., 2007; Raetz &
Whitfield, 2002). However, it has been claimed that the Raetz pathway is not
ancestral, as some bacteria can generate lipid A without some of the nine enzymes,
such as LpxM, as well as having additional copies of LpxH, which also contradicts
the historic literature that states lipid A biosynthetic genes are found in single
copies on the chromosome (Opiyo et al., 2010; Raetz & Whitfield, 2002). Absence of
lipid A biosynthetic genes has also been discovered in other Gram-negative
bacteria, such as the spirochete Borrelia burgdorferi (Takayama, Rothenberg, &
Barbour, 1987). On the contrary, two-thirds of the lipid A biosynthetic genes (lpxA,
lpxB, lpxC, lpxD, lpxK, and kdtA) have also been found in many plants, such as the
small flowering plant, Arabidopsis thaliana, a member of the mustard family –
synthesising lipid A precursors in the mitochondria. Lipid A precursors are also
found in rice, castor, and wheat (C. Li, Guan, Liu, & Raetz, 2011). Intriguingly, lipid A
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precursors have even been found in chloroplasts of pea seedlings and several algal
species by analyses with lipid A binding agents (Armstrong et al., 2006; C. Li et al.,
2011; Opiyo et al., 2010). Some Gram-negative bacteria, such as Sphingomonas
paucimobilis, contain glycosphingolipids instead of LPS, and lack enzymes found
within the Raetz pathway (Krziwon et al., 1995). Interestingly, the similarities
between glycosphingolipids and LPS are striking: there are similarities in the ratios
of negatively-charged groups and fatty acid content, they have comparable
physicochemical properties, and analogous permeability characteristics (Krziwon et
al., 1995; Wiese et al., 1996).

Figure 3: Generation of Kdo2-lipid A by the constitutive lipid A biosynthetic (Raetz) pathway in E.
coli K-12. Red numbers denote glucosamine ring positions; black numbers denote acyl chain length.
Enzymes are shown in red lettering, whilst glucosamine and Kdo structures are portrayed in blue and
black, respectively. UDP, uridine diphosphate; GlcNAc, N-acetylglucosamine; ACP, acyl carrier
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protein; GlcN, glucosamine; UMP, uridine monophosphate; CMP-Kdo, cytidine 5’-monophospho-3deoxy-D-manno-oct-2-ulosonic acid (Raetz et al., 2007).

The lipid A biosynthetic (Raetz) pathway (Fig. 3) has predominantly been studied in
E. coli and Salmonella enterica subsp. enterica serovar Typhimurium; it occurs in the
cytoplasm and on the inner surface of the cytoplasmic membrane (Raetz &
Whitfield, 2002; X. Wang & Quinn, 2010; Whitfield & Trent, 2014). Completion of
the Raetz pathway in E. coli results in hexa-acylated lipid A with a mass-to-charge
ratio (m/z) of 1,797 when subjected to Matrix-Assisted Laser Desorption/Ionisation
Time-of-Flight Mass Spectrometry (MALDI-TOF MS) (Fig. 4) (Guo et al., 1998; Raetz
& Whitfield, 2002). This is consistent with a β-linked (1’-6) glucosamine
disaccharide, with phosphorylated carbons at position-1 and position-4’. The 2-, 2’-,
3-, and 3’-positions are acylated by ester or amide linkages with 3-hydroxymyristate
(3-OH-C14). Acyl chains at positions 2’ and 3’ are esterified with secondary acyl
chains: laurate (C12) and myristate (C14), respectively (Raetz & Whitfield, 2002).

Figure 4: Structure of E. coli lipid A. (A) The canonical, hexa-acylated lipid A species of E. coli. This
skeletal structure corresponds to the mass-to-charge ratio (m/z) of 1,797 (Sweet, Alpuche, Landis, &
Sandman, 2014). (B) Negative-ion MALDI-TOF MS spectra of E. coli (Reinés et al., 2012).
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Initially, the soluble homotrimeric acyltransferase, LpxA, reversibly acylates the
sugar nucleotide uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) at the 3OH position (Raetz & Whitfield, 2002; Whitfield & Trent, 2014). The active site of
LpxA possesses a hydrocarbon ruler, which dictates the fatty acid length of the acyl
chain to be transferred; in E. coli, LpxA is specific for β-hydroxymyristate (3-OHC14:0) and it requires the donor substrate acyl carrier protein (ACP) to acylate UDPGlcNAc (M. S. Anderson et al., 1993; Williams & Raetz, 2007). However, LpxA can
yield C10, C12, or C16 acyl chains in P. aeruginosa, N. meningitidis, and Helicobacter
pylori, respectively (Odegaard et al., 1997; Whitfield & Trent, 2014; Williamson,
Anderson, & Raetz, 1991). Although, a single amino acid substitution of G173M and
M169G in LpxA of E. coli and P. aeruginosa is able to switch the specificity of LpxA
to transfer C10 and C14, respectively (Wyckoff et al., 1998).
The first committed step in the Raetz pathway is the deacetylation of UDP-3-O(acyl)-GlcNAc (Fig. 3) by the activity of the soluble Zn2+-dependent enzyme, LpxC
(Raetz et al., 2009; Raetz & Whitfield, 2002; X. Wang & Quinn, 2010). In E. coli, this
deacetylation step is tightly regulated by the ATP-dependent membrane-bound
protease, FtsH (Ogura et al., 1999). Due to the necessity of bacteria to commit to
this step in LPS biosynthesis and the distinct lack of homology between LpxC and
other deacetylases and amidases, LpxC has been targeted by specific, smallmolecule inhibitors (Raetz et al., 2009). CHIR-090, PF-5081090, LpxC-1, LpxC-2,
LpxC-3, LpxC-4, and ACHN-975 are inhibitors which have been found to be broadspectrum against E. coli, P. aeruginosa, K. pneumoniae, Burkholderia cenocepacia,
Stenotrophomonas maltophilia, and even A. baumannii (Erwin, 2016; Lin et al.,
2012; Tan et al., 2017; Tomaras et al., 2014). However, the promising candidate
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ACHN-975 has been withdrawn from clinical trials, with no other inhibitors
currently in clinical trials (Kalinin & Holl, 2017).
LpxC leaves an amino group free for a second R-3-hydroxymyristate chain
incorporated by the soluble homotrimer LpxD to synthesise UDP-2,3-diacylglucosamine (UDP-2,3-diacyl-GlcN), by utilising R-3-hydroxymyristoyl-ACP, in a
similar fashion to LpxA (Kelly et al., 1993). X-ray crystallography has revealed that
LpxA and LpxD have incredibly similar structure and function, with both enzymes
providing a hydrocarbon ruler within their active sites, and both having contiguous
hexapeptide repeats (Bartling & Raetz, 2009; Buetow et al., 2007).
The pyrophosphate linkage of UDP-2,3-diacyl-GlcN is subsequently hydrolysed at
the α-phosphorus atom of the UDP component by the Mn2+-dependent peripheral
membrane pyrophosphatase, LpxH, to form lipid X (2-3-diacylglucosamine-1phosphate) and the by-product uridine monophosphate (UMP) (Babinski, Ribeiro, &
Raetz, 2002; Bohl et al., 2018; Raetz & Whitfield, 2002; Whitfield & Trent, 2014).
Surprisingly, approximately 30% of Gram-negative bacteria lack lpxH orthologues,
such as spirochetes, cyanobacteria, and α-proteobacteria (e.g. Rhizobium
leguminosarum and R. etli) (Gonzalez et al., 2006; Price et al., 1994; Raetz et al.,
2007). These bacteria synthesise another enzyme, LpxI, which also generates lipid X
and UMP, but instead of catalysing the hydrolysis of the α-phosphorus, LpxI
hydrolyses the β-phosphorous of UDP-2,3-diacyl-GlcN (Metzger & Raetz, 2010;
Whitfield & Trent, 2014). The lpxI structural gene is located between lpxA and lpxB
on the chromosome of the freshwater α-proteobacterium Caulobacter crescentus,
and when engineered into E. coli, LpxI is sufficient to rescue an LpxH deletion
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(Metzger & Raetz, 2010). Another difference between the LpxI enzyme of C.
crescentus and the LpxH enzyme of E. coli is that LpxI is non-Mn2+-dependent; in
fact, there is a 10-fold increase in the activity of LpxI when in the presence 200 µM
of Mg2+, and also an approximate 6-fold increase in 20 µM Co2+ and Mn2+ (Metzger
& Raetz, 2010). However, in Chlamydiae, this step is performed by the recently
discovered LpxG instead, with only 11% and 9% sequence similarity to LpxH and
LpxI, respectively (Young et al., 2016).
Next, the peripheral membrane glycosyltransferase, LpxB, condenses the resultant
lipid X with another molecule of UDP-2,3-diacylGlcN, to generate the β,1’6glycosidic lipid A linkage, and releasing UDP in the process (Crowell, Anderson, &
Raetz, 1986; Crowell, Reznikoff, & Raetz, 1987). In E. coli, lpxB is co-transcribed with
the acyltransferase lpxA (Raetz & Whitfield, 2002). Legionella pneumophila, which
contains two paralogues of LpxA and LpxB and three paralogues of LpxD,
differentially expresses the lpx genes according to variable growth conditions such
as biofilms, hypotonic stress, and early or late growth phases (Albers et al., 2007).
The exact purpose of this is unknown. Intracellular growth of L. pneumophila in the
amoeba Acanthamoeba castellanii, however, is impacted by a LpxB paralogue
(Albers et al., 2005).
Lipid IVA (tetra-acyl-disaccharide 1,4’-bisphosphate) is subsequently formed by
phosphorylation of the tetra-acyl-disaccharide-1-phosphate intermediate at the 4’
position by the inner membrane kinase, LpxK, by utilising the γ-phosphate of ATP
(Garrett, Kadrmas, & Raetz, 1997; Garrett, Que, & Raetz, 1998; Raetz & Whitfield,
2002). The N-terminus of LpxK performs two essential functions of the enzyme:
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locating the disaccharide-1-phosphate and catalysis at the P-loop of LpxK (Emptage,
Daughtry, Pemble, & Raetz, 2012). Lipid IVA is sufficient for agonistic interactions
with murine and equine TLR4-MD2 complexes; however, this precursor shows
antagonistic properties in response to human TLR4-MD2 (Lien et al., 2000; Poltorak
et al., 2000; Raetz, 1993; Raetz & Whitfield, 2002; Walsh et al., 2008). Lipid IVA is
the minimally-required structure in the LPS of E. coli (Klein et al., 2009).
Lipid IVA in most bacterial species ultimately becomes lipid A via three enzymatic
steps (Raetz & Whitfield, 2002). E. coli and Salmonella spp. possess two 8-carbon
Kdo (3-deoxy-D-manno-oct-2-ulosonic acid) residues attached to the lipid A
structures (Cech et al., 2014; Raetz & Whitfield, 2002). Kdo synthesis is initiated by
D-arabinose-5-phosphate (A5P) isomerases (API), which catalyse the conversion of
D-ribulose-5-phosphate, the product of the pentose phosphate pathway, to A5P,
which is initially formed by the action of the APIs KdsD and, in a subset of
Enterobacteriaceae, GutQ (Cech et al., 2014; Han et al., 2012). KdsA catalyses the
condensation of A5P with phosphoenolpyruvate to synthesise Kdo-8-phosphate
(Kdo8P), which is subsequently hydrolysed to produce Kdo by the activity of KdsC
(Meredith et al., 2006; Meredith & Woodard, 2005). Kdo is then converted to its
labile sugar nucleotide, cytidine 5’-monophospho-3-deoxy-D-manno-oct-2-ulosonic
acid (CMP-Kdo) by KdsB (CMP-Kdo synthase; CKS), an essential process as Kdo
cannot be incorporated into the cell wall polymers without activation to CMP-Kdo
(Cech et al., 2014; Royo, Gı ́mez, & Hueros, 2000). Surprisingly, CKS is also present in
the cell wall of green algae and higher plants, when grown aseptically (Becker et al.,
1995; Royo et al., 2000; York, Darvill, McNeil, & Albersheim, 1985). Finally, the Kdo
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is incorporated onto lipid IVA by the transferase WaaA (Cech et al., 2014; Meredith
et al., 2006; Raetz & Whitfield, 2002).
In E. coli, the second and third enzymatic steps involve the membrane-bound, late
acyltransferases LpxL and LpxM, which further acylate the Kdo-lipid IVA structure to
generate Kdo2-lipid A (Cech et al., 2014; Raetz & Whitfield, 2002). LpxL and LpxM
have similar sequence homology to one another and are related to glycerol-3phosphate acyltransferase, lysophosphatidic acid acyltransferase, and
lysophosphatidylethanolamine acyltransferase (Six et al., 2008). LpxL transfers a
secondary lauroyl (12:0) to the 2’ position of the distal glucosamine of Kdo2-lipid IVA
(Raetz & Whitfield, 2002; Whitfield & Trent, 2014). Following this acylation, LpxM
transfers a myristoyl (C14:0) to the 3’ position (Whitfield & Trent, 2014). In E. coli
there is a third acyltransferase which is 74% homologous to LpxL: LpxP; this
enzyme, however, transfers a palmitoleate (C16:1) to the 2’ position, in place of the
lauroyl chain – this enzyme has only been shown to be expressed at 12 oC (Carty,
Sreekumar, & Raetz, 1999; Opiyo et al., 2010; Vorachek-Warren et al., 2002). In Y.
pestis and Y. enterocolitica, LpxP is responsible for modifying lipid A to a hexaacylated TLR4 agonistic structure (secondary acylations: 2’ C16:1 and 3’ C10:0)
when residing in the flea in a temperature-dependent manner (21-27oC) (Montminy
et al., 2006; Perez-Gutierrez et al., 2010). However, upon entry to the human host,
the temperature change to 37oC is necessary for Yersinia to switch the lipid A
pattern to a tetra-acylated form, and therefore evading the host immune response
(Montminy et al., 2006; Needham & Trent, 2013). Due to the secondary acylation
events by LpxL and LpxM not being essential, there is considerable diversity among
late secondary acyltransferase and not all pathogens require the presence of the
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Kdo disaccharide in order to function (Whitfield & Trent, 2014). F. novicida
possesses two LpxL copies, LpxL1 and LpxL2, which function Kdo-dependently and
Kdo-independently, respectively (Opiyo et al., 2010). Interestingly, K. pneumoniae
possess two functional LpxL enzymes, with LpxL1 transferring a laurate and LpxL2
catalysing the addition of a myristate (Li et al., 2016; Mills et al., 2017). M.
catarrhalis possesses LpxX instead of LpxM, which acts as a dual acyltransferase by
transferring two decanoic acids (C10:0) and an lpxX mutant is attenuated in a
murine infection model (Gao et al., 2008). Additionally, E. coli O157:H7 and Shigella
flexneri encode two LpxM enzymes, with one of the paralogues being plasmidbound (d’Hauteville et al., 2002; Goldman, Tu, & Goldberg, 2008; Kim et al., 2004).
Both enzymes catalyse the transfer of the same acyl chain to lipid A regulated by
PhoPQ (d’Hauteville et al., 2002; Goldman et al., 2008; Kim et al., 2004).
1.2.1.3 LPS Export
Until recently, the mechanism of LPS export to the outer membrane has remained
unknown. Several steps had been elucidated over the decades, such as the
necessity of MsbA (an ABC transporter) to ‘flip’ nascent LPS (as discussed earlier).
Recently it has been shown that MsbA can undergo a drastic conformational
change dependent on ATP turnover (Mi et al., 2017). MsbA is in an open
conformation on the inner membrane, facing the cytoplasmic side. Upon
recognition of ADP-vanadate (an ATP mimic), MsbA closes on the cytoplasmicfacing side, and opens on the periplasmic-facing side of the inner membrane,
allowing LPS to traverse the inner membrane; acting in a similar fashion to an
antechamber to the periplasm (Mi et al., 2017). Surprisingly, MsbA transports LPS

36

with hexa-acylated lipid A perfectly well, however, if the attached LPS is
hypoacylated with tetra- or penta-acylated lipid A, MsbA is only capable of
transportation when overexpressed – the lack of LPS specificity by MsbA is
currently unknown (Mi et al., 2017; Voss & Trent, 2018).
E. coli possesses seven enzymes: LptA, LptB, LptC, LptD, LptE, LptF, and LptG which
are essential for LPS translocation from the inner membrane to the outer leaflet of
the outer membrane, the final position of LPS (Okuda et al., 2016). Deletion of any
of the seven Lpt proteins results in LPS accumulation on the periplasmic-facing side
of the inner membrane – where the second ‘door’ of the MsbA opens (Ruiz et al.,
2008; Sperandeo et al., 2008; Voss & Trent, 2018). LptB2FG, an ABC transporter
associated with the bitopic membrane protein LptC, is predicted to initiate the
proceeding steps of LPS transport (Okuda et al., 2016). LptA, the soluble protein,
assists in transferring the LPS molecule through the periplasm to the outer
membrane, where the β-barrel membrane protein LptD and the lipoprotein LptE
form a heterodimeric complex to collect the LPS from LptA and transport it to the
cell surface (Okuda et al., 2016). ATP hydrolysis is utilised for the huge energy
requirement of this process, and this is performed solely by the ATPase LptB (in
complex with LptF and LptG), as there is no ATP source within the periplasm or on
the outer membrane (Okuda et al., 2016; Sherman et al., 2014). The LPS-binding
sites of LptC and LptA are continually occupied with LPS molecules, and due to the
lack of ATP in the compartments downstream of LPS trafficking, it is suggested that
LPS is ‘pushed’ up to the surface of the outer membrane via the Lpt bridge, much
like a PEZ dispenser (Okuda et al., 2016). This PEZ dispenser model has recently
been supported (Sherman et al., 2018). The model suggests that LptBFGC
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withdraws the LPS molecules from the inner membrane and loads them onto the
Lpt bridge, which subsequently forces the LPS cargo, one-by-one, towards the outer
membrane (Sherman et al., 2018). This is also likely to be more energy-efficient
than multi-dimensional transport by LPS with the additional involvement of
membrane-traversing Lpt proteins (Sherman et al., 2018).
1.2.2 Lipid A Modifications
Bacteria can modify their lipid A in terms of acylation patterns and decorations such
as phosphoethanolamine (pEtN), 4-amino-4-deoxy-α-L-arabinose (aminoarabinose;
L-Ara4N), palmitate (C16:0), and hydroxylation of secondary acyl chains (Raetz &
Whitfield, 2002). A summary of common lipid A and Kdo decorations is found in
Figure 5. Of note, EptB is responsible for the addition of pEtN to the Kdo residue of
LPS, rather than the lipid A (Reynolds et al., 2005).
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Figure 5: Common lipid A modifications in E. coli and Salmonella. PmrAB-regulated modifications
are found in red; PhoPQ-regulated modifications are found in blue. LpxO is not solely dependent on
PhoPQ as it can function in the absence of the regulatory system, and LpxR regulation is not yet fully
determined. It is important to note that E. coli K-12 does not possess an LpxO homologue, denoted
by an asterisk (*). (Needham & Trent, 2013).

In addition to lipid A modifications, the core oligosaccharide can also be modified in
terms of additional phosphate, sugars, pEtN, or phosphorylcholine groups
(Needham & Trent, 2013). Furthermore, the O-antigen can be modified by
acetylation, glycosylation, phosphorylation, and ligation of acidic repeats, for
example colanic and sialic acid (Bogomolnaya et al., 2008; Kim & Slauch, 1999;
Meredith et al., 2007). However, these will not be explored further in the context of
this thesis.
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1.2.2.1 Hydrophilic Region Modifications
Lipid A has a net negative charge due to the presence of phosphate groups at the 1and 4’-positions of the proximal and distal glucosamine residues, respectively,
which allow compounds such as positively-charged cationic antimicrobial peptides
(CAMPs), to bind to the lipid A and disrupt the outer membrane (Needham & Trent,
2013; Raetz & Whitfield, 2002). However, some pathogens are able to neutralise
the overall charge and thereby reducing the affinity of CAMPs, which is
accomplished by the presence of L-Ara4N and pEtN (Needham & Trent, 2013).
The arn operon, arnBCADTEF (pmrHFIJKLM) is responsible for the biosynthesis and
addition of L-Ara4N to the lipid A phosphate groups in E. coli and Salmonella spp.
(Breazeale et al., 2005; Breazeale, Ribeiro, & Raetz, 2002). Initially, UgD (PmrE; not
found in arn operon) converts UDP-glucose to UDP-glucuronic acid (Breazeale et al.,
2005). Addition of L-Ara4N is conducted by the C-terminus of ArnA (PmrI) which
catalyses the oxidative decarboxylation of UDP-glucaronic acid to UDP-4keptopentose, which is transaminated to UDP-L-Ara4N using glutamic acid as the
amine donor by ArnB (PmrH) (Breazeale et al., 2002; Breazeale, Ribeiro, & Raetz,
2003). UDP-L-Ara4N is then formylated by the N-terminus of ArnA and transferred
to undecaprenyl phosphate by ArnC (PmrF) (Breazeale et al., 2005). The formylated
substrate is subsequently irreversibly deformylated by ArnD (PmrJ) to undecaprenyl
phosphate-α-L-Ara4N and transported to the periplasmic surface of the inner
membrane by ArnE (PmrL) and ArnF (PmrM), where ArnT (PmrK) transfers the LAra4N to the 4’-phosphate of Kdo2-lipid A (Breazeale et al., 2005; Needham &
Trent, 2013; Trent et al., 2007).
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Phosphoethanolamine modifications predominantly occur at the 1-phosphate
group and take place on the outer surface of the inner membrane by EptA (PmrC) in
many pathogens including E. coli, Salmonella spp., A. baumannii, and K.
pneumoniae (Beceiro et al., 2011; Doerrler et al., 2004; Lee et al., 2004; Llobet et
al., 2015; Needham & Trent, 2013). PmrC is the first gene of the pmrCAB operon
and is responsible for transferring phosphoethanolamine from
phosphatidylethanolamine (Gunn, 2008; Kim et al., 2006). In the absence of LAra4N, EptA can also modify the 4’-phosphate with an additional pEtN residue
(Gibbons et al., 2005). EptB can modify the Kdo, rather than lipid A, with pEtN in a
PmrC-independent manner; instead it is negatively-regulated by the PhoPQregulated non-coding small RNA (sRNA) MgrR in E. coli (Moon & Gottesman, 2009;
Raetz et al., 2007). Additionally, EptC catalyses the pEtN to the heptose-1phosphate on the core oligosaccharide in E. coli and the flagellar rod protein (FlgG),
LOS, and N-linked glycans in C. jejuni (Cullen et al., 2012; Cullen et al., 2013; Salazar
et al., 2017). pEtN-mediated colistin resistance is also transferable by plasmids such
as the recently identified mcr gene; to date there are thought to be six variants of
mcr-1, and two further mcr genes, mcr-2 and mcr-3 (Liu et al., 2016; Yin et al.,
2017). Interestingly, after the initial study of transmissible colistin resistance in
China identifying mcr-1, one study has traced back through surveillance records by
Public Health England and found the presence of many MCR-1-containing
pathogens, such as E. coli and S. enterica in England and Wales dating from 20122015, suggesting this plasmid has been in circulation for several years prior
(Doumith et al., 2016). It has recently been shown that mcr-1 elements have
actually been in circulation since 2002 (Wang et al., 2018).
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Another mechanism of CAMP resistance and evasion of TLR4 involves removing the
phosphate groups altogether (Needham & Trent, 2013). H. pylori, F. tularensis,
Rhizobium spp., and Porphyromonas gingivalis are all pathogens harnessing LpxE
and LpxF, which are lipid A 1- and 4’-phosphatases, respectively (Wang et al., 2004;
Wang et al., 2006). These dephosphorylation events occur on the periplasmic side
of the inner membrane (Raetz et al., 2009). In F. novicida, LpxF activity can
dephosphorylate in both free lipid A and LPS; however, the LpxE dephosphorylation
is Kdo-dependent, therefore resulting in heterogeneity of phosphate groups, as 1phosphate groups are present in free lipid A but absent in some LPS molecules
(Phillips et al., 2004; Vinogradov, Perry, & Conlan, 2002; Wang et al., 2004; Wang et
al., 2006). Additionally, the outer membrane enzyme LpxQ in Rhizobium spp. can
oxidise the 1-dephosphorylated glucosamine in the presence of oxygen to produce
2-aminogluconate, the function of this is still unknown (Que-Gewirth et al., 2003).
Unusually, there is also the opposite modification: further phosphorylation of the 1phosphate group by the inner membrane phosphotransferase LpxT, forming a 1diphosphate (Herrera, Hankins, & Trent, 2010; Needham & Trent, 2013; Whitfield &
Trent, 2014). For E. coli and Salmonella spp. to successfully modify lipid A with
pEtN, LpxT needs to be inhibited in a PmrA-dependent manner (Herrera et al.,
2010). The PmrAB two-component regulatory system post-translationally
downregulates LpxT with the small peptide, PmrR, in response to high levels of Fe3+
(Herrera et al., 2010; Kato et al., 2012). The exact reason behind further
phosphorylation of the existing phosphate groups is still unclear, but it is believed
to aid in the pathogen’s resistance to anionic antimicrobial agents, for example in
the bile of the gastrointestinal tract (Wang, Quinn, & Yan, 2015).
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Other modifications to the phosphate groups include methylation of the 1phosphate by the inner membrane 1-phosphate O-methyltransferase, LmtA, in
Leptospira interrogans (Hinckley et al., 2005). This lipid A species is still capable of
activating TLR4; however, studies have not been performed to compare wild-type L.
interrogans lipid A and 1-phosphomethyl-lipid A (Hinckley et al., 2005).
1.2.2.2 Hydrophobic Region Modifications
The hydrophobic region of lipid A is found in the primary and secondary fatty acid
(acyl) chains. These can be extensively-modified by the addition or removal of
whole acyl chains and hydroxylation, in addition to variability in the length of fatty
acids, and unorthodox modifications by unique pathogens (Needham & Trent,
2013; Raetz et al., 2007; Raetz & Whitfield, 2002).
The PhoPQ two-component regulatory system is responsible for regulating PagP
and PagL which acylate and deacylate lipid A, respectively (Guo et al., 1998; Trent et
al., 2001). Modification of Salmonella lipid A by PagP or PagL results in attenuated
signalling through TLR4, and may result in evasion from innate immunity (Kawasaki,
Ernst, & Miller, 2004).
PagP is an outer membrane acyltransferase involved in the transfer of palmitate
(C16:0) from a phospholipid to lipid A in an acyloxyacyl linkage at the 2-position of
the primary R-3-hydroxymyristate chain, resulting in a hepta-acylated lipid A in
bacteria such as E. coli, Salmonella spp., P. aeruginosa, Yersinia spp. and K.
pneumoniae (Bishop, 2005; Bishop et al., 2000; Guo et al., 1998; Lam et al., 2011;
Mills et al., 2017; Zhou et al., 2005). PhoPQ upregulates PagP activity in low Mg2+
concentrations and presence of CAMPs (Needham & Trent, 2013; Raetz et al.,
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2007). However, PagP only confers modest resistance to selective CAMPs, such as
C18G (Guina et al., 2000; Guo et al., 1998). In Bordetella bronchiseptica, PagP
modification is required for resistance to complement-mediated killing and
persistence within a murine respiratory infection model (Pilione et al., 2004;
Preston et al., 2003). Interestingly, B. parapertussis possesses a PagP which
transfers two palmitate residues, and assists in resistance to CAMPs and an increase
in TLR4-mediated pro-inflammatory responses (Hittle et al., 2015). An enzyme
homologous to PagP of S. enterica serovar Typhimurium has been identified in L.
pneumophila, called rcp (Resistance to CAMPs) (Robey, O’Connell, & Cianciotto,
2001; Shevchuk, Jäger, & Steinert, 2011). The palmitoylation from rcp is thought to
form a more rigid outer membrane and therefore prevent the insertion of CAMPs
(Robey et al., 2001). Palmitated lipid A species also assist in L. pneumophila
intracellular infections, virulence, and adaptation to Mg2+-limiting conditions
(Robey et al., 2001; Shevchuk et al., 2011).
Deacylation is not only performed by PagL, but also LpxR; both of which are outer
membrane enzymes with extracellular active sites (Needham & Trent, 2013). PagL is
regulated by PhoPQ, similarly to PagP, but it removes the R-3-hydroxymyristol acyl
chain at position 3 of the proximal glucosamine (Trent et al., 2001). However, LpxR
deacylates the 3’-O-acyloxyacyl group of the distal glucosamine with a requirement
for the divalent cation Ca2+ (Reynolds et al., 2006). LpxR is temperature-dependent
in pathogens such as Y. enterocolitica O:8; LpxR deacylates lipid A at 37oC, but its
activity is repressed at environmental temperatures such as 21oC by the increased
expression of pmrAB genes and the increased L-Ara4N residues (Reinés et al.,
2012). Intriguingly, in S. enterica subsp. Typhimurium, PagL is also seemingly
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suppressed by an abundance of L-Ara4N – however, this is not temperaturedependent (Kawasaki et al., 2004). The exact reason for deacylation is unclear and
both LpxR and PagL are not constitutively expressed in the majority of bacteria,
except for H. pylori, which predominantly exists with complete 3- and 3’-Odeacylated lipid A species (Suda et al., 1997). PagL-mediated deacylation may
regulate membrane rigidity and fluidity, as well as biogenesis of outer membrane
vesicles in S. enterica serovar Typhimurium (Elhenawy et al., 2016; Kawasaki &
Manabe, 2010).
Another modification of the acyl chains is performed by the inner-membrane
dioxygenase LpxO (Gibbons et al., 2008; Whitfield & Trent, 2014). In Salmonella,
LpxO functions within the cytosol and hydroxylates the 2-position of the 3’
secondary acyl chain of lipid A in the presence of O2, utilising Fe2+ and αketoglutarate as cofactors, and releasing succinate and CO2 as by-products (Gibbons
et al., 2000; Gibbons et al., 2008; Raetz, 2001). Salmonella lipid A isolated from
macrophage tumour cells is hydroxylated, but an lpxO mutant is not attenuated
(Gibbons et al., 2005). It is hypothesised that hydroxylation by LpxO may stabilise
the outer membrane of bacteria (Gibbons et al., 2008). LpxO-dependent 2hydroxylation is modestly-induced by PhoPQ (Gibbons et al., 2005; Llobet et al.,
2015; Needham & Trent, 2013). It is suggested that another enzyme, VisP, is
partially responsible for negatively-regulating LpxO (Moreira et al., 2013). In S.
enterica serovar Typhimurium, VisP is capable of inhibiting hydroxylation by LpxO,
however, it is not specific to LpxO and has other purposes due to its presence in
bacteria without LpxO (e.g. E. coli and H. influenzae), and its absence in pathogens
with LpxO (e.g. Burkholderia spp. and Acinetobacter spp.) (Moreira et al., 2013).
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Many other bacteria possess LpxO homologues, including Bordetella spp., Klebsiella
pneumoniae, L. pneumophila, and Pseudomonas spp. (Needham & Trent, 2013;
Raetz, 2001). Interestingly, P. aeruginosa PAO1 possesses two putative LpxO
homologues, LpxO1 and LpxO2; neither of which have been characterised (Gibbons
et al., 2000; King et al., 2009; Samuel Moskowitz & Ernst, 2010). In V. cholerae, an
alternative way to obtain hydroxylated lipid A is by the late acyltransferase LpxN
which is responsible for transferring the hydroxylated laurate to the lipid A domain
(Hankins et al., 2011).
1.2.2.3 Regulatory Mechanisms of Lipid A Modification
Bacteria selectively regulate their lipid A modifications in certain conditions, such as
host colonisation or survival in hostile environments, lipid A-modifying enzymes are
therefore controlled through both transcriptional and post-translational regulatory
systems (Needham & Trent, 2013). Bacteria employ an array of two-component
regulatory systems, sRNA, feedback loops, and several other methods; some of
which are summarised in Figure 6 (Needham & Trent, 2013).

46

Figure 6: Transcriptional and post-translational regulation of lipid A modification enzymes.
(Needham & Trent, 2013).

Transcriptional regulation is typically performed by two-component regulatory
systems, such as PmrAB and PhoPQ in the majority of bacteria (Needham & Trent,
2013). These systems usually require a sensor kinase, which is autophosphorylated
upon extracellular stimulation and subsequently phosphorylates the cognate
response regulator, which functions as a transcription factor (Gao, Mack, & Stock,
2007; Mitrophanov & Groisman, 2008; Needham & Trent, 2013). Some pathogens
such as P. aeruginosa utilise novel systems, such as ParRS and CprRS, which are
stimulated by the peptide indolicidin and the synthetic peptide CP28, respectively
(Fernández et al., 2012). Interestingly, in the presence of polymyxin B and colistin:
both of these systems also upregulate PmrAB and the arnBCADTEF operon, which
as stated previously, is responsible for L-Ara4N modification – increasing resistance
to the stimulatory CAMPs (Fernández et al., 2010, 2012).
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The PhoPQ system is extensively studied in S. enterica serovar Typhimurium, which
is activated in acidic pH, exposure to CAMPs, and low divalent cation
concentrations, particularly Mg2+ and Ca2+, which can stimulate the transcription of
enzymes such as PagP and PagL (García Véscovi et al., 1996; Kawasaki, Ernst, &
Miller, 2005; Miller, Kukral, & Mekalanos, 1989; Prost & Miller, 2008; Richards et
al., 2012). Structural studies of PhoQ have revealed an acidic patch, with either of
the aforementioned divalent cations bridging this patch and the outer membrane,
and therefore tethering PhoQ in a repressed state (Bader et al., 2005; Cho et al.,
2006). PagP and PagL are also post-translationally regulated, as they require
meticulous control due to their location on the outer membrane in close proximity
to the lipid A moiety which they modify. PhoPQ is also responsible for the
regulation of the resulting number of repeating O-antigen units in LPS, as well as
PagP modifications of the inner leaflet glycerophospholipids (Dalebroux et al., 2014;
Dalebroux & Miller, 2014).
PhoPQ is coupled with the PmrAB system in S. enterica serovar Typhimurium by
PmrD, but they are thought to be uncoupled in pathogens such as E. coli and P.
aeruginosa, which is unexpected due to the number of conserved lipid A-modifying
genes in both Salmonella spp. and E. coli (Mitrophanov & Groisman, 2008; Winfield
& Groisman, 2004). In S. enterica serovar Typhimurium, PmrAB can be directly
activated by response from the PmrB sensor kinase responding to extracellular Fe 3+,
Al3+, and mild acid pH and upregulates pmrF and pmrC to decorate lipid A with LAra4N and pEtN, respectively (Gunn, 2008). Additionally, as mentioned above,
PhoPQ is activated upon low Mg2+ concentrations or presence of CAMPs, and here
phosphorylated PhoP can increase transcription of pmrD to reinforce the outer
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membrane with PmrAB-dependent lipid A modifications (Mitrophanov & Groisman,
2008). However, recently it has been shown that E. coli can also couple its PhoPQ
and PmrAB systems in a PmrD-dependent manner, and also may have the
involvement of an additional level of regulation, due to pmrD upregulation still
occurring in a phoPQ double-mutant (Rubin et al., 2015). In Gram-negative bacteria,
the lipid A modifications resulting from PhoPQ and/or PmrAB strengthen the outer
membrane and therefore promote the survival of the bacterium within the host
(Needham & Trent, 2013).
PhoPQ is also responsible for further lipid A modifications through transcriptional
control of non-coding sRNAs, such as the Hfq-dependent MgrR (Mg2+ responsive
RNA) in E. coli (Moon & Gottesman, 2009). MgrR is a target of the response
regulator PhoP, and it is conserved in pathogenic E. coli, Citrobacter, Enterobacter,
Salmonella, and Klebsiella spp., however the promoter for mgrR is considerably less
conserved (Moon & Gottesman, 2009). MgrR negatively-regulates eptB, in which
the gene product is responsible for pEtN modification of the Kdo (Moon &
Gottesman, 2009). PhoPQ itself is also under regulation by sRNAs, such as MicA
which negatively-regulates phoP in E. coli (Coornaert et al., 2010).
Lipid A modification enzymes such as LpxT, PagP, and LpxR are also subject to posttranslational regulation. In S. enterica serovar Typhimurium, PmrAB coordinates a
negative feedback loop; PmrAB is initially activated by Fe3+, which is retrieved by
the bacterium, but uptake is quenched by PmrR-dependent inhibition of the
phosphotransferase, LpxT; and therefore neutralising the net charge of the outer
membrane (Herrera et al., 2010; Kato et al., 2012). Additionally, L-Ara4N is also
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incorporated onto the phosphate groups to further neutralise the charge, thus
decreasing the affinity for Fe3+ (Kato et al., 2012). Additional small peptides, such as
MgrB in E. coli, Salmonella, Y. pestis, and K. pneumoniae can negatively-regulate
PhoPQ activity (Kidd et al., 2017; Lippa & Goulian, 2009).
PagP is PhoPQ-regulated in E. coli and Salmonella spp. with increased upregulation
in the cell envelope stress response (Bishop, 2005; Bishop, Kim, & El Zoeiby, 2005).
PagP is generally quiescent in the outer membrane under standard growth
conditions; however, upon Mg2+ chelation by EDTA, phospholipids traverse the
outer leaflet and the phospholipid donor substrate of PagP is no longer dormant,
resulting in PagP acylating lipid A with palmitate for outer membrane
reinforcement (Bishop, 2008; Bishop et al., 2005; Jia et al., 2004).

1.3

Lipid A in the Development of Disease

Given the huge microbiota in any given organism and the sheer number of
microorganisms in the environment, it is surprising how few infections actually
manifest. Host organisms, such as humans, have a plethora of defensive strategies
to cope with potential infections by initially recognising conserved infectious
agents, such as MAMPs/PAMPs (microorganism/pathogen-associated molecular
patterns) and eventually employing the appropriate antimicrobial system (Ausubel,
2005; Needham & Trent, 2013). LPS is a MAMP, and in conditions such as sepsis:
LPS can be encountered in the bloodstream by LPS-binding proteins (LBP), the
complement system, and immune cells such as monocytes, lymphocytes, and
endothelial cells (Raetz & Whitfield, 2002). Studies of such immune cells revealed
that expression of proteins such as cluster of differentiation 14 (CD14), myeloid
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differentiation factor 2 (MD-2) and Toll-like receptor 4 (TLR4) showed specificity for
LPS as a ligand for pro-inflammatory downstream signalling cascades which
ultimately resulted in the clearance of pathogens through activity of effector cells,
phagocytosis, and cytotoxicity (Gioannini & Weiss, 2007; Hajjar et al., 2002;
Palsson-McDermott & O’Neill, 2004).
1.3.1 Lipid A and TLR4 Interactions
Lipid A is the specific ligand and MAMP for the pattern recognition receptor (PRR)
TLR4-MD2 of the innate immune system (O’Neill, Golenbock, & Bowie, 2013). In
humans, TLR4 is predominantly expressed in myeloid cells (monocytes,
macrophages, granulocytes, and immature dendritic cells) and in several lymphoid
subsets, such as B cells, although these are thought to only express TLR4 upon
stimulation with specific cytokines, such as IL-4 (Mita et al., 2002; Vaure & Liu,
2014). TLR4 is a transmembrane protein with 22 leucine-rich repeats, a
transmembrane domain and a cytosolic Toll/IL-1 receptor (TIR) domain; TIR
domains are a common domain of all TLRs (Steimle et al., 2016). In order for TLR4
to sense lipid A from the invading pathogen, the LPS initially needs to be released
from the outer membrane; this is achieved by either indirect cell death of the
bacterium or alternatively, the host immune system utilising the soluble lipid
transferase glycoprotein, LBP (Miyake, 2006). LBP is an acute phase protein which
extracts LPS from the outer membrane of bacteria and presents it to CD14, which
can be membrane-bound or soluble, and CD14 subsequently loads LPS to the TLR4MD2 complex (Miyake, 2006). The crystal structure of TLR4-MD2-LPS has been
solved and suggests that upon binding of LPS to the TLR4-MD2 complex, LPS
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interacts with the MD2 and bridges two copies of TLR4-MD2 to form a symmetrical
m-shaped multimer (Fig. 7) (Park et al., 2009).

Figure 7: The activated TLR4-MD2 m-shaped multimer. Bound lipid A is found in red; dotted lines
split a single TLR4 monomer into the N-terminus, central, and C-terminus. (Park et al., 2009).

It was initially believed that the huge immunostimulatory effect of hexa-acylated
lipid A of bacterial species such as E. coli may have been due to a conformational
change within the MD2 pocket (Jin & Lee, 2008). However, the crystal structure
does not corroborate this hypothesis, as the pocket of MD2 is unchanged in
comparison between agonistic hexa-acylated lipid A and an antagonist such as lipid
IVA or eritoran (synthetic analogue of lipid IVA) (Park et al., 2009). The conformation
of the hexa-acylated lipid A is instead altered, by a 180o rotation within the pocket
of MD2, and unexpectedly, only five of the six acyl chains are actually bound in the
interior of the binding cavity (Park et al., 2009). The sixth acyl chain is responsible
for bridging and connecting the two TLR4-MD2 complexes together through
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hydrophobic interactions and additional intermolecular ionic forces from the
glucosamine-bound phosphate groups (Park et al., 2009). This subsequently triggers
the formation and activation of the TLR4-MD2 homodimeric ligand-receptor
structure, dimerisation of intracellular TIR domains, leading to MyD88- or TRIFdependent downstream pro-inflammatory cytokine production (Artner et al., 2013;
Park et al., 2009; Resman et al., 2009). Although pro-inflammatory responses are
dependent on the number of acyl chains of lipid A in addition to other lipid A
decorations, TLR4 itself has also been studied to determine its role in the
significance of the inflammatory response, as several coding single-nucleotide
polymorphisms (SNPs) have been presented within European, African, and Asian
populations (Ferwerda et al., 2007). However, it has recently been discovered that
TLR4 SNPs are inconsequential to the inflammatory response, and it is solely the
expression levels of TLR4 that determine the response to LPS; interestingly, it is also
predicted that non-coding SNPs, which were believed to be insignificant, may
actually be important in the development of disease, as these may alter TLR4
expression (Hajjar et al., 2017).
1.3.1.1 TLR4-Dependent Responses
The downstream signalling cascade as a result of TLR4 activation by lipid A requires
adaptor proteins, such as myeloid differentiation primary response protein 88
(MyD88), MyD88 adaptor-like protein (MAL; also known as TIR domain-containing
adaptor protein, TIRAP), translocating chain-associated membrane protein (TRAM),
TIR domain-containing adaptor inducing interferon-β (TRIF), and sterile-α- and
armadillo-motif-containing protein (SARM) (Palsson-McDermott & O’Neill, 2004).
Intracellular signalling is initiated by TLR4 and at least two major downstream
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pathways are activated: the MyD88-dependent pathway and/or the MyD88independent pathway (TRIF pathway) (O’Neill & Bowie, 2007; Palsson-McDermott
& O’Neill, 2004; Vaure & Liu, 2014).
In the MyD88-dependent pathway, the activated TLR4-MD2 complex recruits
MAL/TIRAP, which functions as a bridging adaptor to cytosolic MyD88 (Kawasaki &
Kawai, 2014; O’Neill & Bowie, 2007). MyD88 subsequently forms a complex with IL1 receptor-associated kinases (IRAK), called the Myddosome (Fig. 8), where IRAK4
activates IRAK-1 and IRAK-2, which is eventually released from MyD88 (Kawasaki &
Kawai, 2014; Palsson-McDermott & O’Neill, 2004). IRAK1 acts as a messenger signal
to tumour-necrosis factor receptor-associated factor 6 (TRAF6); TRAF6
polyubiquitinates itself and activates the transforming growth factor β-activated
kinase 1 (TAK1) protein kinase complex consisting of TAK1 and its regulatory
subunits TAB1, TAB2, and TAB3 (Ajibade, Wang, & Wang, 2013; Chen, 2012). TAK1
subsequently activates the IκB kinase (IKK) complex which phosphorylates IκBα,
marking it for proteasomal degradation, and therefore allowing nuclear factor
kappa B (NF-κB) to translocate into the nucleus for expression of pro-inflammatory
cytokines (Kawasaki & Kawai, 2014). Additionally, TAK1 activates members of the
mitogen-activated protein kinase (MAPK) family such as extracellular signalregulated kinases 1 and 2 (ERK 1/2), p38, and c-Jun N-terminal kinase (JNK), which
leads to activation of the transcription factor activator protein-1 (AP-1) (Akira,
Uematsu, & Takeuchi, 2006; Kawai & Akira, 2010). The resultant pro-inflammatory
cytokines from this particular pathway include tumour necrosis factor-α (TNF-α),
interleukin-6 (IL-6), and IL-12 (Miller, Ernst, & Bader, 2005; Palsson-McDermott &
O’Neill, 2004; Vaure & Liu, 2014).
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Figure 8: Inflammatory response from TLR4 signalling. The MyD88-dependent pathway is down the
left-hand side of the pathway; the MyD88-independent pathway is down the right-hand side of the
pathway. (T. Kawasaki & Kawai, 2014).

In the MyD88-independent pathway (Fig. 8), TLR4 is internalised into endosomes
where it engages TRAM which recruits TRIF to the complex; TRIF is activated upon
TRAF6 and TRAF3 binding (Akira et al., 2006; Kagan et al., 2008; Kawai & Akira,
2010). Receptor-interacting protein kinase-1 (RIPK-1) associates with the Cterminus of TRIF, leading to activation of the TAK1 complex, resulting in activation
of NF-κB and MAPKs, as in the MyD88-dependent pathway (Akira et al., 2006;
Kawai & Akira, 2010; Meylan et al., 2004; Weinlich & Green, 2014). Alternatively,
interferon regulatory factor 3 (IRF3) is activated by TRAF3-mediated
phosphorylation. IRF3 translocates to the nucleus and induces expression of
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cytokines and chemokines such as IFN-β, CXCL10, RANTES/CCL5 (regulates on
activation normal T cell expressed and secreted), and granulocyte colonystimulating factor (G-CSF) (Akira et al., 2006; Kawai & Akira, 2010; Yamamoto &
Akira, 2009). SARM is responsible for negatively-regulating TRIF; in resting cells,
levels of SARM are relatively low, however, they are sharply increased upon
activation of TLR4 and therefore NF-κB and IRF3 (Carty et al., 2006).
An additional mechanism for LPS recognition has recently been described, which
utilises a non-canonical inflammasome, caspase-11 in mice, and caspases-4/-5 in
humans (Shi et al., 2014; Yang, Zhao, & Shao, 2015). One predicted mechanism is
that outer membrane vesicles (OMVs) can traffic LPS to the cytosol (Fig. 9); these
OMVs are then internalised by endocytosis, which in turn activates cell pyroptosis
and IL-1β secretion by caspase-11 or caspase-4/-5 activation (Vanaja et al., 2016).
More evidence, however, has been garnered that caspase-11 recognises LPS of
intracellular pathogens (Shi et al., 2014; Vanaja et al., 2016; Yang et al., 2015).
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Figure 9: Hypothesised mechanism for caspase-11 or caspase-4/-5 activation. (Vanaja et al., 2016).

1.3.3.2 Bacterial Evasion of Innate Immunity
As previously described, bacteria are capable of modifying their lipid A moieties for
a number of beneficial reasons; one of which is evasion of immunity and therefore
an effective mechanism to establish infection within the host. Lipid A decorations
can suppress or evade host immunity and promote the survival of Gram-negative
pathogens against an onslaught of host immune responses targeting initial bacterial
invasion and chronic persistence, by utilising CAMPs, for example (Needham &
Trent, 2013).
The temperature-sensitive modifications of Y. pestis have been previously
described in this chapter. Briefly, Yersinia spp. grown at 21-27oC predominantly
express hexa-acylated lipid A, the most potent TLR4 stimulatory molecule
(Montminy et al., 2006; Reinés et al., 2012). However, when Yersinia encounters
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the 37oC of the human host, lipid A is switched to an antagonistic profile, by
producing tetra-acylated lipid A; this modification is thought to permit the
undetected proliferation of Y. pestis within the host bloodstream (Montminy et al.,
2006; Reinés et al., 2012). Similarly, F. tularensis has temperature-dependent lipid A
modifications. F. tularensis possess two homologues of LpxD: LpxD1 and LpxD2;
LpxD1 is optimally-expressed at 37oC, and produces three C18 primary acyl chains
and one C16 secondary acyl chain (Li et al., 2012). However, in protozoa and
arthropods (18-26oC), the fatty acids are significantly shorter. At 25oC, LpxD2 is
expressed at higher levels than LpxD1 and produces two C18 and one C16 primary
acyl chains; LpxD2 expression was highest at 18oC, where the resultant lipid A is
consistent with two C16 and one C18 primary acyl chains and one C16 secondary
acyl chain (Li et al., 2012). In an lpxD1 mutant, F. tularensis is unable to create the
longer acyl chains and this strain is avirulent in mice (Li et al., 2012; Okan & Kasper,
2013). Additionally, the lpxD1 mutant shows increased susceptibility to antibiotics
and CAMPs, likely due to increased membrane permeability (Li et al., 2012).
Helicobacter pylori successfully establishes a niche in the human stomach of ~ 50%
of the world’s population, and can persist for decades and even for the whole life of
the host (Gaddy et al., 2015; Parsonnet et al., 1991). In order to survive within the
stomach, H. pylori evades TLR4 detection and has an increased resistance to
gastrointestinal (GI) CAMPs. H. pylori synthesises hexa-acylated lipid A, however, it
displays a dephosphorylated tetra-acylated lipid A on its outer membrane; these
structural differences are produced by activity of LpxE and LpxF for
dephosphorylation, and LpxR for deacylation, and addition of pEtN by EptA (Cullen
et al., 2011; Gaddy et al., 2015). This tetra-acylated lipid A species evades TLR4 due
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to its antagonistic structure but also eludes caspase-11-mediated inflammasome
activation (Kayagaki et al., 2013). Additionally, due to the dephosphorylation and
addition of the pEtN residue, the lipid A profile increases resistance to CAMPs such
as polymyxin B and human peptides: β-defensin-2 (found throughout GI tract),
cathelicidin (LL-37; produced by leukocytes and epithelial cells), and a fragment of
histatin-5 (P-113; found within buccal cavity) (Cullen et al., 2011).
Vibrio cholerae, the causative agent of cholera, can modify its lipid A to be
extensively resistant to polymyxin B. V. cholerae O1 El Tor is 100-fold more resistant
than the ‘classical’ biotype V. cholerae O1 (Hankins et al., 2012; Needham & Trent,
2013). V. cholerae O1 El Tor is able to modify its lipid A with glycine or diglycine
residues on the 3’-linked secondary acyl chains by protein products of the almEFG
operon; these novel amino acid modifications reduce susceptibility to CAMPs
(Hankins et al., 2012). Recently, the characterisation of this strain has identified that
the lipid A can be further modified with pEtN, in addition to the glycine/diglycine
residue(s), further increasing its resistance to CAMPs (Herrera, Henderson, Crofts, &
Trent, 2017).
The lipid A of P. gingivalis was initially thought to signal through both TLR2 and
TLR4 (Darveau et al., 2004). However, this has been a controversial issue for over
two decades, and has been assessed to most likely be due to contaminants such as
lipoproteins (Hirschfeld et al., 2000; Nativel et al., 2017; Nichols et al., 2012).
However, P. gingivalis does possess an interesting lipid A phenotype in that it has
tetra-acylated, non-phosphorylated lipid A at 37oC, which is antagonistic for TLR4
and aids in resistance to CAMPs (Coats et al., 2009). Nevertheless, P. gingivalis
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modifies its lipid A at 39-41oC to a more TLR4-agonistic penta-acylated, monophosphorylated structure (Curtis et al., 2011). This is in-line with the reported
increased temperature of up to 4oC higher than non-diseased gingiva (Curtis et al.,
2011).
A. baumannii and K. pneumoniae are two other pathogens which need to evade
innate immunity to establish an infection within the host organism. Many
previously studied lipid A modifications overlap between these bacteria which aid
in resistance to host and therapeutic CAMPs. Additionally, each pathogen can
exhibit hypoacylated, hyperacylated, or heavily modified lipid A species, which
reduce TLR4 activation and therefore dampens host defences. Both pathogens will
be further introduced in the following sections.

1.4

Acinetobacter baumannii

A. baumannii belongs to the Acinetobacter genus, which was originally called
Micrococcus calcoaceticus in 1911 by the Dutch microbiologist, Beijerinck
(Beijerinck, 1911). However, many decades later, this group was separated when
Acinetobacter was discovered to be a separate genus altogether (Peleg, Seifert, &
Paterson, 2008). Ironically, ‘Acinetobacter’ was coined from the Greek word
akinetos (non-motile; unable to move). This is actually a misnomer as this has since
been disproven – Acinetobacter spp. are motile through ‘twitching motility’ by type
IV pili or a unique light-dependent motility mechanism, for example (Clemmer,
Bonomo, & Rather, 2011; Juni, 2015; McConnell, Actis, & Pachón, 2013; Mussi et
al., 2010; Wong et al., 2016).
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Among Acinetobacter species, A. baumannii is the most clinically-relevant species
due to its persistence and prevalence in healthcare-associated infections (Lee, Tsao,
& Hsueh, 2013). A. baumannii is colloquially called ‘Iraqibacter’ due to its notoriety
in the United States media following the huge number of military personnel
infected with A. baumannii in the Iraq and Afghanistan wars (Peleg et al., 2008;
Sebeny, Riddle, & Petersen, 2008). Interestingly, these initial soft tissue infections
of injured military personnel in the USA were traced back to field hospitals in
Iraq/Afghanistan; this was discovered when clonal comparisons of A. baumannii
strains isolated from both British and American troops were indistinguishable in
their DNA profile (Camp & Tatum, 2010; Turton et al., 2006). A. baumannii is
commonly found in soil, mud, water treatment plants, and wastewater; this species
has also been found in meat, vegetables, and livestock (Wong et al., 2016). A.
baumannii is seemingly becoming ubiquitous with its ability to inhabit many
different environments, regardless of water availability or nutrition, evidenced by
its propensity to survive within hospital environments (Peleg et al., 2008). Multidrug resistant (MDR) A. baumannii has even been isolated from the water outlet of
an ice machine (Kanwar et al., 2017). A. baumannii is the causative agent of a range
of infections, predominantly bloodstream, soft tissue, and urinary tract; the
pathogen is often isolated from healthcare-acquired infections, and is especially
well-known as a menace for burns patients (Peleg et al., 2008; Trottier et al., 2007).
However, rare infections such as infectious spondylodiscitis (inflammation of
invertebral disc spaces) has also been reported in MDR A. baumannii (Tsachouridou
et al., 2017). A. baumannii meningitis is becoming more common, especially after
neurological surgery, and this meningitis has a mortality of over 15% (Kim et al.,
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2009; Ni et al., 2015). The recent worldwide emergence as a successful, MDR
nosocomial pathogen has recently earnt A. baumannii a ‘critical priority’ label
according to the WHO (Tacconelli et al., 2018; WHO, 2014). A. baumannii has a
cornucopia of virulence factors such as porins, biofilm, capsular polysaccharides,
LOS, phospholipase, OMVs, novel metal acquisition systems, protein secretion
systems, penicillin-binding protein, and β-lactamase (Elhenawy et al., 2016; C.-R.
Lee et al., 2017). Additionally, A. baumannii has a vast array of well-studied and
novel efflux systems, aminoglycoside-modifying enzymes, among many others (C.R. Lee et al., 2017).
The emergence of multi-drug and even pan-drug resistant A. baumannii isolates is
rapidly increasing, especially in South Asia; surveillance records have shown A.
baumannii can show resistance to all antibiotics from carbapenem to colistin (Chan
et al., 2007; Falagas & Karveli, 2007; Morfin-Otero & Dowzicky, 2012; Peleg et al.,
2008; Potron, Poirel, & Nordmann, 2015; Qureshi et al., 2015). The resistance
profile of A. baumannii is largely due to its propensity to acquire resistance
mechanisms from almost any bacterium (Peleg et al., 2008). This can be seen in the
strain A. baumannii AYE, isolated from France, which possesses a large 86 kb
resistance island, AbaR1, in which 93% of its predicted open reading frames were
predicted to originate from Pseudomonas, Salmonella, or Escherichia spp. (Fournier
et al., 2006).
A. baumannii has adapted to survive within usually inhospitable healthcare
environments, where desiccated abiotic surfaces are deprived of nutrition and
regularly disinfected (Wong et al., 2016). One study which assessed desiccation
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survival of A. baumannii proved that the MDR strain AYE CC1 can survive
desiccation for over 100 days on a glass coverslip, with strains such as ATCC 17978
and ACICU CC2 able to survive for 40-70 days (Antunes et al., 2011). Interestingly,
the non-clinical strain SDF, which was isolated from a body louse showed markedly
reduced resistance to desiccation (Antunes et al., 2011). This reinforces the
hypothesis that desiccation may contribute to the MDR nature of A. baumannii. As
excessive desiccation-rehydration cycles introduce DNA lesions: A. baumannii
employs RecA, which ordinarily maintains and repairs DNA but has been suggested
to also orchestrate resistance to antibiotics such as rifampicin (Aranda et al., 2011;
Norton, Spilkia, & Godoy, 2013). It is currently unknown which mechanisms
regulate Acinetobacter survival in desiccated conditions, however, in the soil
bacterium A. baylyi (the strain was originally misidentified as A. calcoaceticus (Chen
et al., 2008)) capsular polysaccharides are partially responsible for desiccation
survival, although literature surrounding this is sparse (Ophir & Gutnick, 1994).
1.4.1 Acinetobacter baumannii LOS and Virulence
A. baumannii lipid A consists of hepta-, hexa-, and penta-acylated lipid A species,
respectively (Beceiro et al., 2011). Structurally, A. baumannii lipid A consists of a
β(1’-6)-linked disaccharide of glucosamine phosphorylated at the 1- and 4’positions, with positions 2 and 2’ acylated with R-3-hydroxymyristoyl groups, and
positions 3 and 3’ acylated with R-3-hydroxylauroyl groups (Boll et al., 2015). The 2
and 3’-R-3-hydroxymyristoyls are further acylated with two laurate (C12:0) acyl
chains by the late dual acyltransferase LpxMAb; whereas the 2’-R-3-hydroxylauroyl
group is further acylated with one laurate (C12:0) by the late acyl transferase,
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LpxLAb (Boll et al., 2015). These acylation events by LpxLAb and LpxMAb evidence
contribution to CAMP resistance (Boll et al., 2015). An lpxMAb mutant is susceptible
to polymyxin B, colistin, and C18G; the latter of which also corresponds to
susceptibility of pagP mutants in S. enterica serovar Typhimurium (Boll et al., 2015;
Guina et al., 2000).

Figure 10: A. baumannii lipid A structure. (A) Negative-ion MALDI-TOF MS of lipid A isolated from A.
baumannii ATCC 17978 (Boll et al., 2015). (B) Hepta-acylated lipid A of A. baumannii. Modifications
in blue and green correspond to activity of the late acyltransferases LpxMAb and LpxLAb, respectively.
The hydroxyl group (red) on the LpxLAb-dependent laurate acyl chain corresponds to the assumed
position of LpxO-mediated hydroxylation.

However, LpxLAb only confers modest resistance to polymyxin B (Boll et al., 2015).
Similarly, an lpxMAb mutant is entirely avirulent in a Galleria mellonella infection
model, whereas an lpxLAb is only partially attenuated; however, both mutants
equally expressed reduced human TLR4 activation (Boll et al., 2015). Strikingly, the
lpxMAb mutant of A. baumannii expressing only penta-acylated lipid A was highly
susceptible to desiccation, suggesting that lipid A may play a currently unknown
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role in desiccation survival and adaptation to dry environments (Boll et al., 2015).
Interestingly, this dual acyltransferase activity of LpxMAb seemingly compensates
for PagP, for which no known homologue is found in Acinetobacter spp.;
additionally, A. baumannii does not possess a PhoPQ two-component regulatory
system (Adams et al., 2008; Arroyo et al., 2011; Beceiro et al., 2011; Boll et al.,
2015).
A. baumannii is also capable of modifying its phosphate groups with pEtN by action
of EptA (PmrC) (Arroyo et al., 2011; Beceiro et al., 2011). Additionally, an unusual
galactosamine (GalN) modification of the 1-position phosphate can occur in colistinresistant strains by activity of the PmrB-regulated deacetylase, NaxD (Moskowitz et
al., 2012; Pelletier et al., 2013). This GalN modification is only recorded in A.
baumannii and F. tularensis, but the latter is able to GalN-modify both phosphate
groups (Beasley et al., 2012; Kanistanon et al., 2008; Llewellyn et al., 2012).
Additions of pEtN and/or GalN contribute to colistin and polymyxin B resistance in
A. baumannii by neutralising the net negative charge of the outer membrane (Chin
et al., 2015; Powers & Trent, 2018a).
As previously stated, A. baumannii is one of three pathogens able to survive
without LOS (Powers & Trent, 2018a). Several studies have shown that in the
presence of high concentrations of colistin, A. baumannii sheds its LOS by mutation
of either lpxA, lpxC, or lpxD; variations between the enzyme mutation is dependent
on the strain of A. baumannii as well as experimental conditions (Beceiro et al.,
2014; Boll et al., 2016; Moffatt et al., 2010). Although LOS-deficient A. baumannii is
resistant to colistin, it is also avirulent in mice (Beceiro et al., 2014). Additionally,

65

LOS-deficient A. baumannii fails to activate human TLR4 (Boll et al., 2016). This LOSdeficiency is not truly reflective of clinical representation of A. baumannii, as the
vast majority of clinical isolates possess LOS; whether this is solely an in vitro
phenotype or not remains to be known (Powers & Trent, 2018a, 2018b).

1.5

Klebsiella pneumoniae

Klebsiella pneumoniae was initially isolated from a pneumonia patient by Carl
Friedlaender in 1882 (Friedlaender, 1882). K. pneumoniae belongs to the
Enterobacteriaceae family of Gram-negative bacteria, and is a component of the
healthy microbiota in the mouth, skin, and intestines of humans and animals
(Podschun & Ullmann, 1998). K. pneumoniae has the capacity to cause a variety of
infections such as sepsis, pneumonia, urinary tract infections, and pyogenic liver
abscesses – the latter of which is particularly prominent in patients with chronic
alcoholism (Anderson et al., 2014; Fuxench-López & Ramírez-Ronda, 1978; Wang et
al., 1998; Yinnon et al., 1996). Only recently, K. pneumoniae has been split into six
separate species: K. pneumoniae (KpI), K. quasipneumoniae subsp.
quasipneumoniae (KpII), K. variicola (KpIII), K. quasipneumoniae subsp.
similipneumoniae, and two unnamed phylogroups (KpV and KpVI) (Holt et al., 2015;
Rodrigues et al., 2018).
One defining characteristic of K. pneumoniae is its multi-drug resistance, which is
ever-growing. K. pneumoniae, like A. baumannii, is also deemed a pathogen of
‘critical priority’ according to the WHO (Tacconelli et al., 2018; WHO, 2014).
Carbapenem-resistant isolates of K. pneumoniae are particularly alarming as these
have appeared around the globe due to overuse when treating extended-spectrum
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β-lactamase (ESBL)-producing K. pneumoniae (Cantón et al., 2012; Livermore &
Woodford, 2006; Queenan & Bush, 2007; Villegas et al., 2006). The overuse of
carbapenems has given rise to plasmid-mediated carbapenem resistance (Queenan
& Bush, 2007; Wyres & Holt, 2016). Plasmid- and chromosome-mediated resistance
genes are often accessory genes in K. pneumoniae (Martin & Bachman, 2018).
These are genes that vary between isolates and are often acquired through
horizontal gene transfer between bacterial species, shown by presence of genomic
islands and mobile genetic elements in several isolates (Martin & Bachman, 2018).
One notorious example of MDR K. pneumoniae is the lineage referred to as
sequence type (ST) 258 (Paczosa & Mecsas, 2016). ST258 often carries the K.
pneumoniae carbapenemase gene in addition to numerous other acquired
antimicrobial resistance elements and has been responsible for worldwide
outbreaks of MDR K. pneumoniae (Paczosa & Mecsas, 2016). Additionally, K.
pneumoniae is also capable of acquiring colistin resistance through the plasmidencoded gene, mcr-1 (Liu et al., 2016). Colistin resistance will be discussed with
attention to lipid A modifications in 1.5.5.
Capsular polysaccharide is the principal and most-studied virulence factor of K.
pneumoniae (Lawlor, Handley, & Miller, 2006). Deletion of the capsule results in
avirulence in mice and G. mellonella and increases susceptibility to antimicrobial
agents such as polymyxin B, human neutrophil α-defensin 1, and lactoferrin
(Campos et al., 2004; Camprubí et al., 1993; Cortes, 2002; Insua et al., 2013; Lawlor
et al., 2006; Lawlor et al., 2005; Llobet, Tomas, & Bengoechea, 2008). There are at
least 79 capsular polysaccharide (K-antigen) serotypes of K. pneumoniae, not all of
which have been associated with severe infection; K1 and K2 serotypes are
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associated with hypervirulence (Brisse et al., 2013; Pan et al., 2015; Struve et al.,
2015; Wyres et al., 2015; Wyres & Holt, 2016).
More recently, it has been shown that although K. pneumoniae is generally
considered an extracellular pathogen, it can also survive within macrophages in a
Klebsiella-containing vacuole (KCV) (Cano et al., 2015; Oelschlaeger & Tall, 1997).
Intriguingly, when inside the KCV, Klebsiella downregulates its capsule, most likely
in response to the mild acid pH and low magnesium or due to metabolic
maintenance as capsule expression has taxing energy requirements (Cano et al.,
2015; Yang et al., 2015).
K. pneumoniae possesses a multitude of other virulence factors and resistance
mechanisms such as LPS, type 1 and 3 fimbriae, siderophores, efflux pumps, outer
membrane proteins, and porins (Li et al., 2014; Navon-Venezia, Kondratyeva, &
Carattoli, 2017; Paczosa & Mecsas, 2016).
1.5.1 K. pneumoniae LPS and Virulence
LPS is an important virulence factor of K. pneumoniae, and variation in each
component of LPS has been studied with regards to virulence.
O-antigen, the outermost portion of LPS, is an important pathogenic determinant in
K. pneumoniae (Merino et al., 1992). Only 12 polysaccharide O-antigen serotypes
have been identified, with serotypes O1, O2, and O3 being the most clinicallyprevalent – with distribution of O1 being present in almost half of all isolates,
regardless of isolation site (Follador et al., 2016). K. pneumoniae O-antigen has
been shown to play a role in counteracting the bactericidal effect of serum by
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‘masking’ outer membrane structures, such as lipid A and porins (Campos et al.,
2004; Merino et al., 1992).
Additionally, the core of LPS aids in K. pneumoniae virulence. The outer core is
composed of glucose, galactose or glucosamine; the inner core contains heptose
and Kdo (Vinogradov et al., 2002; Vinogradov & Perry, 2001). In K. pneumoniae,
heptoses are substituted with β-D-galacturonic acid residues which confer stability
to the outer membrane and serve as an anchor point for the capsular
polysaccharide (Fresno et al., 2006; Vinogradov et al., 2002; Vinogradov & Perry,
2001). Mutations in the LPS inner core of the clinical isolate Kp52.145 result in
impaired colonisation of the rat urinary tract, and avirulence in mice septicaemia
and pneumonia models (Izquierdo et al., 2003).
Lipid A is an important part of the LPS-mediated virulence of K. pneumoniae. Hexaacylated lipid A species predominate the Klebsiella outer membrane (Fig. 11)
(Clements et al., 2007; Llobet et al., 2015), which corresponds with a β(1’-6)-linked
disaccharide of glucosamine phosphorylated at the 1- and 4’-positions, four R-3hydroxymyristate primary acyl chains, and further acylations of the 2’ and 3’ R-3hydroxymyristates with two myristate (C14:0) residues (Clements et al., 2007;
Llobet et al., 2011). Lipid A modifications of this hexa-acylated species, such as LAra4N, palmitate, and a hydroxyl group also exist in LB (Fig. 11) (Clements et al.,
2007; Llobet et al., 2011).
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Figure 11: K. pneumoniae lipid A structure. (A) Negative-ion MALDI-TOF MS of lipid A isolated from
K. pneumoniae 52.145. (B) Skeletal structure of modified K. pneumoniae lipid A. The m/z 1,824 peak
corresponds to this structure, but with a C14, without the palmitate (C16) and L-Ara4N.

K. pneumoniae possesses two copies of LpxL: LpxL1 and LpxL2, which transfer
laurate (C12:0) and myristate (C14:0) residues to the 2’-R-3-hydroxymyristate
primary acyl chain, respectively (Gao et al., 2008; Mills et al., 2017). LpxL1 is
essentially only responsible for the E. coli-like hexa-acylated (m/z 1,797) lipid A
species sometimes found in K. pneumoniae (Mills et al., 2017). However, LpxL2 is
responsible for the canonical Klebsiella hexa-acylated lipid A (m/z 1,824), and
therefore also the aforementioned modifications (Mills et al., 2017). K. pneumoniae
PhoPQ represses expression of LpxL1; in a phoQ mutant, the m/z 1,797 hexaacylated lipid A is evident in MALDI-TOF analysis (Mills et al., 2017). However, in an
lpxL1-phoQ double mutant, the peak is rescinded (Mills et al., 2017). LpxL2 has been
revealed to have a role in both resistance to CAMPs and human phagocytemediated killing, as well as a reduction of host immunity (Mills et al., 2017).
Additionally, K. pneumoniae possesses LpxM which catalyses the transfer of a
myristate (C14:0) residue to the 3’-R-3-hydroxymyristate primary acyl chain
(Clements et al., 2007; Llobet et al., 2015). Deletion of lpxM results in attenuation in
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vivo and increased susceptibility to CAMPs, whole blood phagocytosis and
complement-mediated killing (Clements et al., 2007; Halaby et al., 2016). Further
acylation by PagP can occur during polymyxin B treatment, in addition to
upregulation of pEtN- and L-Ara4N-modifying genes; resulting in increased
resistance to polymyxin B (Llobet et al., 2011).
K. pneumoniae is the only pathogen thus far which has been subjected to lipid A
extraction in an in vivo murine model of disease (Llobet et al., 2015). In this
particular study, the LpxO-dependent hydroxylation of lipid A was proven to be a
key virulence determinant (Llobet et al., 2015). In an lpxO mutant, bacterial loads
were significantly reduced in the trachea and lungs of infected organisms; in part
due to the increased susceptibility of the lpxO mutant when challenged with CAMPs
or general hostility of the host, evidenced by susceptibility in in vivo mimetic media
(Llobet et al., 2015). LpxO appears to be a key factor in Klebsiella virulence, as the
lpxO mutant is also attenuated in the G. mellonella model of innate immunity in
addition to whole blood phagocytosis (Insua et al., 2013; Mills et al., 2017).
How Klebsiella regulates lipid A to promote CAMP resistance is currently under the
spotlight. PhoPQ (e.g. LpxO/PagP) and PmrAB (e.g. L-Ara4N/pEtN) two-component
regulatory systems have already been extensively studied in K. pneumoniae (Insua
et al., 2013; Llobet et al., 2011, 2015; Mills et al., 2017). However, recently it has
been shown that the small peptide, MgrB, is often mutated in colistin-resistant
Klebsiella isolates (Cannatelli et al., 2013; Poirel et al., 2015; Wright et al., 2015;
Zowawi et al., 2015). Alarmingly, studies on mgrB loss-of-function shows colistin
and polymyxin B resistance, evidenced by a 128-fold increase in the minimum
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inhibitory concentration of both CAMPs (Kidd et al., 2017). Additionally, mgrB
inactivation results in increased resistance to host CAMPs (Kidd et al., 2017). In the
mgrB mutant, expression of lpxO, pagP, pmrC, pmrH, and phoP lipid A-modifying
genes were dramatically increased suggesting the negative regulation of PhoPQgoverned lipid A modifications (Kidd et al., 2017). Interestingly, in addition to an
increased resistance profile in the mgrB mutant, evidence of downregulated early
innate inflammatory responses were also observed – presumably due to the failure
to successfully dimerise TLR4-MD2 by the extensively-modified lipid A (Kidd et al.,
2017). This potential evasion of immunity may help to explain the increased
virulence of the mgrB mutant in G. mellonella, however, this is not reflected in
murine infections with this strain (Kidd et al., 2017). Comparatively, LpxO-mediated
hydroxylation of K. pneumoniae lipid A has been shown to dampen host
inflammation and contribute to resistance to CAMPs (Llobet et al., 2015).
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Aims and Objectives
LpxO-mediated 2-hydroxylation of lipid A in K. pneumoniae has been shown to be
an important virulence factor in vivo. It has been proven that 2-hydroxylation can
contribute to the intrinsic resistome of K. pneumoniae by increasing resistance to
cationic antimicrobial peptides (CAMPs). Additionally, the in vivo K. pneumoniae
lipid A pattern evokes a reduction in inflammatory responses, evidencing the
importance of hydroxylation in survival of the pathogen. Given the huge role this
small modification has in the ESKAPE pathogen K. pneumoniae, I wanted to assess
whether this is also true in the priority pathogen A. baumannii. Interestingly, all
clinical isolates of A. baumannii possess hydroxylated lipid A species, making A.
baumannii an excellent model to probe the importance of LpxO.
Therefore, I hypothesise that the putative hydroxylase, LpxO, gives rise to
hydroxylated lipid A in A. baumannii and this LpxO-dependent modification results
in increased resistance to CAMPs and contributes to a reduced host inflammatory
response.
Previous studies from our group have shown that K. pneumoniae can survive
intracellularly inside of macrophages. The exact pathogen-associated factors remain
to be fully elucidated. Given the importance of lipid A in well-characterised
intracellular pathogens such as Salmonella, Shigella, and Burkholderia spp. I aimed
to investigate whether K. pneumoniae lipid A is remodelled within macrophages,
owing to its intracellular survival. It is therefore relevant to assess intracellular K.
pneumoniae lipid A and ascertain the involvement of lipid A in this phenomenon of
K. pneumoniae pathogenesis.
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I hypothesise that the intracellular K. pneumoniae lipid A pattern reflects a modified
lipid A which invokes increased bacterial survival within macrophages in a speciesindependent manner.
A. baumannii and K. pneumoniae both share many lipid A modifications, which
often result in the same outcome, such as CAMP resistance or evasion of host
immunity. Determination of lipid A-modifying enzymes conserved between the two
species may allow a broad-spectrum approach to tackling infections caused by
either pathogen with a novel enzyme-targeting antibiotic.
In this work I aim to:
1. Elucidate the role of the putative hydroxylase LpxO in A. baumannii
infection biology.

2. Decipher the intracellular lipid A pattern of K. pneumoniae and identify the
enzymes responsible for lipid A modification.
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2 Chapter 2 – Materials & Methods
2.1 Bacterial Strains
2.1.1

Bacterial Strains and Growth Conditions

Bacterial strains and plasmids used in this study are recorded in Appendix 1. All
strains were stored in 20% glycerol (Sigma-Aldrich, Inc.) with lysogeny broth
(LB)(Melford Laboratories Ltd.) medium, and frozen at -80oC. Strains were grown on
LB agar plates (1.5% w/v; Melford Laboratories Ltd.) prior to single colony
inoculation in 5 ml LB liquid media at 37oC on an orbital shaker (180 rpm), unless
otherwise indicated. When adjusting pH of the LB or M9 was necessary, 20 mM
MOPS (Sigma-Aldrich, Inc.) was used to buffer media to pH 7 and 20 mM MES
(Melford Laboratories Ltd.) was used to buffer media to pH 5.5, and adjusted via a
3510 Advanced Bench pH Meter (Jenway, Cole-Parmer® Instrument Company Ltd.).
When required, antibiotics (Sigma-Aldrich, Inc.) were added to both agar and liquid
medium at the following concentrations: carbenicillin (Carb), 25 µg/ml;
chloramphenicol (Cm), 25 µg/ml; gentamicin (Gm), 100 µg/ml; kanamycin (Km), 25
µg/ml; tetracycline (Tet), 12.5 µg/ml; and trimethoprim (Tp) 100 µg/ml unless
otherwise stated. Optical density was measured at an absorbance of 600 nm using a
Genova Plus Life Science Spectrophotometer (Jenway, Cole-Parmer® Instrument
Company Ltd.).
2.1.2

Growth Curve Analyses

Analysis of growth kinetics was performed by inoculation of 5 µl of overnight
bacterial culture into 250 µl sterile LB or M9 minimal medium (5x M9 Minimal Salts
(Sigma-Aldrich, Inc.) supplemented with 2% glucose, 3 mM thiamine, and 2 mM
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MgSO4) and incubated at 37oC with continuous shaking using a Bioscreen C™
Automated Microbial Growth Analyser (MTX Lab Systems, Inc.). Optical density
(OD600) was measured and recorded at 20-minute intervals for 24 hours on five
independent occasions.

2.2 Cloning Techniques
2.2.1

Extraction of Genomic DNA

DNA was extracted from 1 ml of a 5 ml overnight culture grown in LB
(approximately 16 hours of growth). Bacterial genomic DNA extraction was
performed using a PureLink® Genomic DNA Mini Kit (Invitrogen™) according to the
manufacturer’s guidelines.
2.2.2

Single Colony Plasmid DNA Isolation

Single colonies from LB agar plates were inoculated into 5 ml of LB liquid medium
and grown overnight for approximately 16 hours, with appropriate antibiotics
added to both solid and liquid media as required. Plasmid DNA was subsequently
extracted with a QIAprep® Spin Miniprep Kit (QIAGEN©), according to
manufacturer’s guidelines.
2.2.3

Polymerase Chain Reaction (PCR)

TaKaRa Ex Taq™ Polymerase (Takara Bio Inc.) was used to amplify fragments for
mutant construction due to the proofreading ability of the enzyme and the
generation of 3’-terminal adenosine PCR products for downstream cloning into the
pGEM®-T Easy Vector (Promega Corp.). Taq™ DNA Polymerase (New England
Biolabs® Inc.) was used for simple PCR validation of presence/absence of wild-type
or mutant products. Phusion® High-Fidelity DNA Polymerase (New England Biolabs®
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Inc.) was employed when the PCR fragments were used for complementation
experiments. All PCR reactions were carried out as recommended by the respective
manufacturers using designed primers purchased from Integrated DNA
Technologies, Inc. (Integrated DNA Technologies®, Inc.). All primers used in this
study are shown in Appendix 2.
2.2.4

Agarose Gel Electrophoresis

PCR products were visualised by gel electrophoresis with 1% agarose gels (w/v),
unless otherwise stated, using standard or low-melting temperature agarose
(Melford Laboratories Ltd.) prepared in 1X TAE buffer. Agarose gels were stained
using 1 µl MIDORIGreen Advance DNA stain (Nippon Genetics Co. Ltd.) per 50 ml of
agarose gel prior to solidification. Low-melt agarose gels were used to increase
efficiency during DNA gel extraction procedures. 1X TAE buffer was prepared from
stock 10X TAE buffer, with the following ingredients: 48.4 g Tris base (SigmaAldrich, Inc.), 11.4 ml glacial acetic acid (Fisher Scientific UK Ltd.), 3.7 g EDTA
(Sigma-Aldrich, Inc.), and 1 L of deionised water. DNA was mixed with 6X Gel
Loading Dye, Purple (New England Biolabs® Inc.) and loaded into wells with either a
1 kb or 100 bp ladder (New England Biolabs® Inc.).
Electrophoresis was performed in an EP-2015: RunOne™ Electrophoresis Unit
(EmbiTec™) at 100 V or 50 V for standard or low-melt agarose gels, respectively.
After electrophoresis, gels were visualised with a UVP BioSpectrum® Imaging
System™ (Analytik Jena AG) or a Syngene™ LED Blue Light Transilluminator (Fisher
Scientific UK Ltd.) if the downstream application is DNA gel extraction, in which the
Syngene™ LED Blue Light Transilluminator protects the DNA from UV damage.
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2.2.5

One-Step Procedure for Screening Recombinant Plasmids by Size

The following protocol was adapted from Beuken, Vink, and Bruggeman, 1998. A
vector control and the screening colonies were prepared in individual tubes with 1
ml of sterile LB supplemented with the appropriate antibiotic, grown overnight, and
then 600 µl was aliquoted for the screening assay, with the remaining 400 µl used
for strain storage. The suspension was centrifuged at 12,000 x g for 2 minutes and
the supernatant was discarded by pipette. The screening buffer with loading dye
was prepared using 0.1% bromophenol blue (w/v) (Sigma-Aldrich, Inc.) and 6%
sucrose (w/v) (Melford Laboratories Ltd.) in deionised water, and subsequently
sterile-filtered through a 0.2 µm pore syringe filter prior to application. 40 µl of the
loading dye and 14 µl of phenol/chloroform/isoamyl alcohol (v/v/v) (25:24:1)
(Fisher Scientific UK Ltd.) was added to the pelleted bacteria, followed by a 5-10
second vortex to aid cell lysis. Samples were then centrifuged at 12,000 x g for 3
minutes to allow for separation of the aqueous and organic phases. 1.2% (w/v)
agarose gels were loaded with 10 µl of the aqueous phase.
2.2.6

Miscellaneous Recombinant DNA Procedures

QIAquick™ PCR Purification Kits (QIAGEN©) were used for DNA extraction and
purification from non-gel extracted DNA preparations. For gel-based DNA
extractions, a QIAquick™ Gel Extraction Kit (QIAGEN©) was used according to the
manufacturer’s instructions. Further usage of enzymes, such as restriction enzymes,
were used according to the manufacturer’s guidelines from New England Biolabs®
Inc. Enzymes used are described elsewhere in this study when relevant.
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2.3 Transformation Methods
2.3.1

Generation of Chemically-Competent Recipient Cells

The calcium chloride method was used to generate chemically-competent E. coli
cells. Briefly, a 5 ml overnight culture in LB was used to inoculate 250 ml of LB
supplemented with 0.1% D-glucose (Sigma-Aldrich, Inc.), and incubated at 37oC on
an orbital shaker until 0.6 OD600. The bacterial culture was then aliquoted into equal
volumes in 50 ml Falcon tubes and subsequently cooled on ice for a minimum of 10
minutes; followed by centrifugation at 3,000 x g for 10 minutes at a constant 4oC.
Bacterial pellets were resuspended in 50 ml of cold 100 mM MgCl2 (Sigma-Aldrich,
Inc.) and recovered by centrifugation as before. The above wash was repeated.
Finally, bacteria were suspended in 5 ml of 100 mM CaCl2 supplemented with 10%
glycerol. 100 µl aliquots of the bacteria were prepared and stored at -80oC, with
viability checked regularly.
2.3.2

Transformation by Heat Shock

A single 100 µl aliquot of chemically-competent E. coli was thawed on ice, and 1 µl
of plasmid DNA or half a reaction volume of a ligation reaction was added and
returned to ice for approximately 30 minutes. The mixture was incubated in a
thermostatically-controlled water bath at 42oC for 45 seconds to 1 minute before
being immediately returned to ice for a further 5-10 minutes. Following incubation
on ice, 900 µl of LB was added to the suspension and the mixture was incubated at
37oC with shaking for 1 hour. The transformation mix was then plated on LB agar
plates supplemented with the appropriate antibiotic and incubated at the required
temperature.
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2.3.3

Electroporation Transformation

Electrocompetent cells were generated using a fast sucrose-based method as
previously described by Choi and Schweizer, 2006. In summary, a 6 ml overnight
culture of the recipient strain was prepared in LB supplemented with the
appropriate antibiotic and grown shaking at the required temperature for the
bacterial strain. Following overnight incubation, the bacteria were centrifuged at
3,000 x g for 10 minutes and washed in 5 ml of 300 mM sucrose (Sigma-Aldrich,
Inc.), and harvested by centrifugation as before. The bacteria were then suspended
in 5 ml of 300 mM sucrose again, and aliquoted into five microcentrifuge tubes, and
centrifuged at 12,000 x g for 2 minutes at room temperature. The supernatant was
discarded, and the tubes were resuspended in 1 ml 300 mM sucrose per tube and
centrifuged as before. Finally, the pellets were resuspended in 200 µl of 300 mM
sucrose and either stored on ice for immediate use or stored at -80oC.
A single aliquot of electrocompetent cells was thawed on ice and then equilibrated
to room temperature before use. 1 µl of plasmid DNA was added to the suspension
followed by gentle agitation. The resulting mixture was transferred to a 0.2 cm
electroporation cuvette (Bio-Rad Laboratories, Inc.) and electroporation was
performed using an ECM 630 Electro Cell Manipulator® (BTX®, Harvard Bioscience,
Inc.). Conditions for electroporation were as follows: 2.5 kV, 200 Ω 25 µF and a time
constant of < 5 ms. Following electroporation, 800 µl of LB was immediately added
to the mixture and the suspension was incubated at the appropriate temperature
for 1 hour on an orbital shaker (180 rpm). Finally, the transformation was plated on
LB agar plates supplemented with the appropriate antibiotic for selection of
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transformants and incubated overnight at the required temperature for the strain
and/or electroporated plasmid.
2.3.4

Transformation by Conjugation

Mobilisation of plasmids from donor strains to recipient strains was performed with
E. coli β2163 as the donor strain, and the recipient strain being either A. baumannii,
K. pneumoniae, or E. coli. The donor strain, E. coli β2163, is a diaminopimelate
auxotroph and carries the RP4 plasmid from the E. coli strain SM10, which allows
conjugation (Demarre et al., 2005). Media should be supplemented with 0.3 mM
2,6-diaminopimelic acid (DAP; Sigma-Aldrich, Inc.).
A 5 ml overnight of the E. coli donor strain was grown, statically, at the required
temperature with the addition of the appropriate antibiotic and 0.3 mM DAP. The
strain must be grown statically to prevent damage or shedding of the conjugative
pili. The recipient strain was grown in the presence of the appropriate antibiotic,
shaking, at the required temperature.
The following day, the recipient strain was diluted 1:10 in fresh LB media with
appropriate antibiotics and incubated with shaking at the required temperature to
mid-exponential phase. The recipient and donor strains were collected by
centrifugation at 3,000 x g for 20 minutes at room temperature, with slow
deceleration if capsulated K. pneumoniae strains were used. Bacterial pellets were
washed once with 5 ml of 10 mM sterile MgSO4 (Sigma-Aldrich, Inc.) by gently
pipetting to ensure there is no shedding of conjugative pili. Bacterial cells were
collected by centrifugation as before, and carefully resuspended in 500 µl of sterile
10 mM MgSO4. Both the recipient strain and donor strain were mixed in 100 µl
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volumes of each in a sterile microcentrifuge tube and centrifuged at 12,000 x g for 1
minute at room temperature. The supernatant was discarded and the mixture was
carefully resuspended in 150 µl of sterile 10 mM MgSO4 and spotted on an LB plate
supplemented with 0.3 mM DAP and incubated at 30oC overnight.
Following overnight incubation, the spot on the LB-DAP agar plate was recovered in
1.5 ml of sterile PBS and serial dilutions were performed down to the required
dilution factor, usually 10-6. 100 µl of each of the dilutions were plated on LB with
the appropriate antibiotic, but without the DAP supplementation, to select for only
the recipient strain containing the plasmid. Plates were incubated at temperatures
according to the plasmid origin of replication.

2.4 Bacterial Mutant Construction
2.4.1

Construction of the Markerless A. baumannii Mutant

To mutate A. baumannii lpxO, a suicide vector approach was used as previously
described, with modifications (Flannagan, Linn, & Valvano, 2008). Primer pairs were
designed and designated lpxO_UPFWD & lpxO_UPRVS and lpxO_DOWNFWD &
lpxO_DOWNRVS and were used in distinct PCR reactions to amplify fragments
flanking A1S_0308 (A. baumannii lpxO). Primers were designed based on the A.
baumannii ATCC 17978 genome (GenBank Accession No. CP000521.1). Both the UP
and DOWN amplicons had internal BamHI restriction sites added. The PCR
fragments were gel extracted and subsequently annealed by polymerisation PCR
and amplified as a single fragment to generate a single PCR amplicon of the A.
baumannii lpxO gene using the aforementioned primers, lpxO_UPFWD and
lpxO_DOWNRVS. The resulting 1,655-bp PCR product was then cloned into the
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pGEM®-T Easy Vector and transformed into E. coli C600 cells. Standard
polymerisation PCR reaction constituents: ExTaq buffer (1X), dNTPs (200 µM), UP
fragment (< 1,000 ng), DOWN fragment (< 1,000 ng), ExTaq polymerase (1.25 units),
and deionised water (30.7 µl). Standard polymerisation PCR thermocycling
conditions: initial denaturation 94oC for 4 minutes; annealing (8 cycles): 94oC for 45
seconds, primer Tm for 90 seconds, 72oC for 2 minutes; final extension 72oC for 10
minutes.
Standard amplification PCR reaction constituents: ThermoPol buffer (1X), dNTPs
(200 µM), UPFWD primer (0.2 µM), DOWNRVS primer (0.2 µM), polymerised DNA (<
1,000 ng), Taq polymerase (1.25 units), and deionised water (26.5 µl). Standard
amplification PCR thermocycling conditions: initial denaturation 94oC for 4 minutes;
annealing (35 cycles): 94oC for 45 seconds, primer Tm for 90 seconds, 72oC for 2
minutes; final extension 72oC for 10 minutes; hold 4oC for infinity.
After EcoRI digestion, the 1,655-bp fragment was gel purified and cloned into EcoRIdigested Antarctic Phosphatase (New England Biolabs® Inc.)-treated pGPI-SceI-2
suicide vector (Aubert, Hamad, & Valvano, 2014), and transformed via heat-shock
into E. coli β2163. pGPI-SceI-2ΔlpxO was mobilised into A. baumannii ATCC 17978
by conjugation. The cointegrant clones were selected using LB agar supplemented
with Tp at 37oC. A second crossover event was performed by conjugating the pDAISceI-SacB plasmid (Aubert et al., 2014) into an overnight culture of three Tpresistant co-integrant clones. Exconjugants were selected with LB agar
supplemented with Tet. Up to 100 colonies were patched on Tp-containing agar
and Tet-containing agar. Colonies that were susceptible to Tp were screened by
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colony PCR. Initially, boil-up DNA was generated by taking a single bacterial colony
into 500 µl of sterile PBS and boiling at 95oC for 15-20 minutes, cooling on ice, and
centrifuging at 12,000 x g for 1 minute. Colony PCR constituents: ThermoPol buffer
(1X), dNTPs (200 µM), UPFWD primer (0.2 µM), DOWNRVS primer (0.2 µM), boil-up
DNA (< 1,000 ng), Taq polymerase (0.625 units), and deionised water (18.2 µl). DNA
was amplified as previously described.
The sacB gene allows the pDAI-SceI-SacB vector to be cured from the bacteria by
passaging the Tet-resistant, Tp-sensitive, PCR-confirmed colonies onto fresh 6%
sucrose LB agar without added NaCl (Sigma-Aldrich, Inc.) for 24 hours at 30oC
(Aubert et al., 2014; Flannagan et al., 2008). The resulting colonies were screened
for susceptibility to both Tp and Tet, and confirmed with the colony PCR protocol.
The mutant was named A. baumannii ΔlpxO, frozen in two separate tubes in
glycerol, and stored at -80oC.
2.4.2

Tn7-based Complementation of Bacterial Mutants

To complement the A. baumannii lpxO mutant, DNA fragments containing the
coding and promoter region of lpxO were PCR amplified using Phusion® HighFidelity DNA Polymerase (New England Biolabs® Inc.). The resulting amplicon was
gel-extracted and cloned into an Antarctic Phosphatase-treated pUC18R6KT-miniTn7Km plasmid (Choi et al., 2005), which had been ScaI-digested (New England
Biolabs® Inc.). The resulting plasmid was transformed into E. coli GT115 and
subsequently E. coli β2163. The transposase-containing pTNS2 helper and the
pUC18R6KT-mini-Tn7Km_17978lpxOCom strains were mobilised into the A.
baumannii ΔlpxO strain by triparental conjugation on LB with DAP supplementation
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and incubated at 30oC overnight. The following day, the conjugation was plated on
LB with Km; the pTNS2 thermosensitive plasmid was cured by incubation at 42 oC for
6 hours, followed by overnight incubation at 37oC. Candidate colonies were patched
to screen for sensitivity to Tp. Presence of lpxO was confirmed by colony PCR using
the primers lpxO_UPFWD and lpxO_DOWNRVS. Additionally, correct integration and
orientation of the Tn7 transposon into the target region: 24 bp downstream of the
glmS2 gene, was confirmed by PCR using the primers Tn7-R and glmSF1 (Kumar et
al., 2010).
Additionally, the pUC18R6KT-mini-Tn7Km_17978lpxOCom plasmid was conjugated
into BN1 (Needham et al., 2013) and BN1 ΔlpxL (Mills et al., 2017), which harbours
the pSTNSK plasmid integrated into the strains, and confirmed with E. coli Tn7
primers.
2.4.3

Generation of E. coli Strains Expressing K. pneumoniae Lipid A Structures

To generate the E. coli strains expressing pagP-dependent palmitate residues, two
strains (generated by Dr. Grant Mills, 2016) were made electrocompetent:
BN1ΔlpxL::Tn7lpxL2Com and BN1ΔlpxL::Tn7lpxO::pTM100lpxL2. A miniprep was
prepared of SY327/pQLinkN/pagP (lab collection) and electroporated into both
strains. The former was plated on LB supplemented with Km and Carb; the latter
was plated on Cm, Tet, and Carb. The resulting strains were confirmed by lipid A
analysis using MALDI-TOF (as described below) following induction with 2 mM IPTG
for 4 hours and frozen in glycerol for stocking at -80oC.
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2.5 Total Lipid Extraction and Analysis
This experiment was conducted in its entirety by Raquel Conde Álvarez (University
of Navarra, Spain), to which Raquel kindly granted permission for inclusion into this
doctoral thesis. Total lipids were extracted as described by Bligh and Dyer (Bligh &
Dyer, 1959), and analysed on silica gel 60 high-performance thin-layer
chromatography (HPTLC) plates (Merck Group). Plates were pre-washed by a
solvent migration with chloroform-methanol-acetic acid mixture (13:5:2 [v/v/v])
and dried thoroughly. Samples were applied to the plate, chromatography was
performed in the same mixture of solvents. Plates were developed by charring with
15% sulphuric acid in ethanol (v/v) at 180oC. Spots corresponding to lipids were
quantified by densitometry using a GS-800™ Calibrated Imaging Densitometer and
Quantity One® 1-D Analysis Software (Bio-Rad Laboratories, Inc.).

2.6 Fluorimetry
This experiment was conducted in its entirety by Raquel Conde Álvarez (University
of Navarra, Spain), to which Raquel kindly granted permission for inclusion into this
doctoral thesis. The fluorescent probe N-phenyl-1-naphthylamine (NPN) (SigmaAldrich, Inc.) was used for outer membrane permeability assessment. Fluorimetric
assays were carried out as described previously, with minor modifications (Martínez
de Tejada & Moriyón, 1993). Exponentially growing bacteria were resuspended in 1
mM KCN-10 mM HEPES (pH 7.2) at an OD600 of 0.1 and transferred to fluorimetric
cuvettes. Fluorescence was monitored with an FLS920 Fluorescence Spectrometer
(Edinburgh Instruments, Ltd.): excitation wavelength, 350 nm; emission
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wavelength, 420 nm; slit width, 5 nm. Results were expressed in relative
fluorescence units.

2.7 Lipid A Isolation
2.7.1

Ammonium Hydroxide/Isobutyric Acid Method

In vitro lipid A from E. coli, A. baumannii, and K. pneumoniae was extracted using
the microextraction method (Hamidi et al., 2005) and subjected to negative-ion
matrix assisted laser desorption/ionisation time-of-flight (MALDI-TOF) mass
spectrometric analysis (Llobet et al., 2011). Bacteria were prepared in a 10 ml
overnight and refreshed 1:10 in 10 ml LB for 2.5 hours (mid-exponential growth)
and centrifuged 3,000 x g for 20 minutes. The bacterial pellets were then washed
twice with equal volumes of PB buffer (1.15 g/L di-sodium hydrogen
orthophosphate (VWR™) and 0.2 g/L potassium di-hydrogen orthophosphate
(VWR™)) by centrifugation as above to eliminate salt, LB, and other debris from the
samples. The bacteria were then either frozen at -80oC for downstream
lyophilisation using a VirTis Sentry 2.0 BenchTop K Lyophiliser (SP Industries, Inc.),
or used immediately for the lipid A extraction.
The extraction was conducted on either 10 mg of lyophilised or fresh bacteria, with
lyophilised E. coli K12 MG1655 as an internal control. Lipopolysaccharide (LPS) was
initially extracted by performing one or two washes using fresh 400 µl from a singlephase mixture of chloroform-methanol (1:2 [v/v]; Sigma-Aldrich, Inc.), followed by
centrifugation at 2,000 x g for 15 minutes to remove most of the membrane
phospholipids. Following centrifugation, the supernatant was discarded, and the
pellet was washed a second time with 400 µl of chloroform-methanol-water
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(3:2:0.25 [v/v/v]) and centrifuged again. The insoluble pellet contains the LPS
molecules. Whilst drying, an isobutyric acid-1 M ammonium hydroxide mixture (5:3
[v/v]) was prepared. To the dried cells, 400 µl of the above mixture was added,
followed by vortexing the samples. The crude LPS samples were subsequently
hydrolysed at 95-100oC for 2 hours, with rigorous vortexing every 15-20 minutes to
cleave the Kdo linkage. After 2 hours, samples were placed on ice for 10-15 minutes
to cease the hydrolysis reaction. Lipid A was harvested by centrifugation at 2,000 x
g for 15 minutes, and the supernatant was diluted 1:1 with deionised water into
fresh 2 ml screw-capped tubes, and frozen at -80oC, followed by lyophilisation.
2.7.2

Bligh-Dyer Intracellular Lipid A Extraction

To extract lipid A from intracellular K. pneumoniae a modified Bligh-Dyer method
was performed from a lyophilised or fresh bacterial suspension of K. pneumoniae,
or intracellular infection (Gibbons et al., 2005). Infection for lipid A analysis is
described in detail in section 2.13. Briefly, mammalian cells were infected with K.
pneumoniae 52.145 at a multiplicity of infection (MOI) of 100:1 and the infection
was synchronised by centrifugation at 200 x g for 5 minutes at room temperature
and incubated at 37oC. After 1 hour, cells were washed twice with sterile prewarmed PBS and media was changed to DMEM or RPMI with gentamicin
supplementation (100 µg/ml) and incubated for a further 2.5 hours. Cells were
collected with a cell scraper and pooled into a 15 ml Falcon tube and centrifuged at
1,250 x g for 5 minutes at room temperature. The pellet was resuspended in 800 µl
of PBS, followed by 2 ml of methanol and 1 ml of chloroform, and vortexed. The
resulting mixture was incubated for 30 minutes at room temperature with
occasional vortexing to allow the soluble phospholipids to separate from the
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insoluble LPS, DNA, and protein. The insoluble fraction was centrifuged at 2,000 x g
for 15 minutes at room temperature. The pellet was washed twice more with a
Bligh-Dyer suspension buffer in 4 ml of chloroform-methanol-water (1:2:0.8 [v/v/v])
with centrifugation at 2,000 x g for 15 minutes at room temperature. 3 ml of the
chloroform-methanol-water supernatant was discarded, and the remaining 1 ml
was used to suspend the pellet and subsequently transferred to a fresh 2 ml screwcapped tube and centrifuged 2,500 x g for 5 minutes at room temperature.
Following centrifugation, the supernatant was discarded and resuspended in 400 µl
of fresh isobutyric acid-1 M ammonium hydroxide, and the protocol was continued
as in section 2.7.1.
2.7.3

TRI-Reagent Method

To successfully extract lipid A from intracellular K. pneumoniae, a modified TRIReagent approach was performed (Yi & Hackett, 2000). Mammalian cells were
infected as described previously and upon collection were washed three times in
sterile PBS and lysed with 0.05% saponin in PBS (w/v) at 37oC for 5 minutes. Cells
were pooled and washed in 5 ml of PB buffer and subsequently transferred to a 2
ml screw-capped tube and washed an additional 4 times, collecting pellets by
centrifugation at 13,000 rpm for 1 minute at room temperature. Cells were
lyophilised in 500 µl of PB. Fresh or lyophilised K. pneumoniae or mammalian cells
were suspended in fresh 200 µl of TRIzol® Reagent (Invitrogen™) and vortexed
vigorously and incubated at room temperature for 15 minutes to homogenise the
cell suspension. Following incubation, 20 µl of chloroform was added to encourage
phase separation. The resulting mixture was vortexed vigorously for at least 10
seconds and incubated at room temperature for 10 minutes. The sample was then
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centrifuged at 12,000 x g for 10 minutes, separating the aqueous and organic
phases. A fresh 2 ml screw-capped tube was labelled and the aqueous phase,
containing the crude LPS was transferred via pipette. To harvest additional LPS
molecules, 100 µl of deionised water was added to the organic phase and incubated
at room temperature for 10 minutes, followed by centrifugation at 12,000 x g for 10
minutes. The aqueous phase was pooled with the previously collected aqueous
phase. Two further deionised water steps were performed, with the aqueous
phases pooled into the original 2 ml screw-capped tube, to ensure adequate
collection of the LPS molecules. The aqueous phases were briefly vortexed, frozen
at -80oC, and lyophilised.
Crude LPS was subjected to mild acid hydrolysis to cleave the Kdo bond, and
therefore releasing the lipid A. Lyophilised crude LPS samples were briefly
centrifuged at 12,000 x g and dissolved in 500 µl of mild acid hydrolysis buffer,
composed of: 1% SDS (Melford Laboratories Ltd.) diluted from a 10% SDS stock in
10 mM sodium acetate (Sigma-Aldrich, Inc.; adjusted to pH 4.5 with 4 M
hydrochloric acid, Fisher Scientific UK Ltd.), vortexed vigorously for approximately
30 seconds until the samples was visibly dissolved. The crude LPS suspension was
subsequently heated at 100oC for 1 hour, with routine vigorous vortexing every 15
minutes. The mixture was immediately frozen at -80oC and lyophilised.
To ensure SDS detergent contamination was at a minimum when analysed by the
MALDI-TOF, the lyophilised samples were centrifuged briefly at 12,000 x g for 30
seconds to collect the lipid A. Firstly, 100 µl of deionised water was added to the
lipid A, followed by a brief vortex, and 500 µl of acidified ethanol (prepared in
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advance by combining 100 µl 4 M HCl with 20 ml 95% ethanol) was also added.
Secondly, the lipid A was vortexed again, and harvested by centrifugation at 2,000 x
g for 15 minutes. Thirdly, the sample was then washed twice more with 500 µl of
non-acidified 95% ethanol and centrifuged as before. Finally, the sample was
suspended in 500 µl of PB buffer to ensure efficient freezing prior to freeze-drying,
and the sample was lyophilised to yield purified lipid A ready for MALDI-TOF.
2.7.4

Matrix-Assisted Laser Desorption/Ionisation Time-of-Flight (MALDI-TOF) Mass
Spectrometry

Lyophilised material was washed twice with 400 µl of 100% methanol and
centrifuged at 2,000 x g for 15 minutes. Lipid A was solubilised in 40-100 µl of
chloroform-methanol-water (3:1.5:0.25 [v/v/v]) relative to lipid A pellet size. To
desalt the lipid A samples prior to MALDI-TOF, 20 µl of lipid A (1 mg/ml) was
transferred to a 1.5 ml microcentrifuge tube with a few grains of ion-exchange resin
(H+; Dowex® 50WX8; Sigma-Aldrich, Inc.) and centrifuged at 12,000 x g for 30-60
seconds. A 1 µl aliquot of desalted lipid A was deposited on a MTP-384 polished
steel target plate (Bruker Daltonics, Inc.) and allowed to airdry. An equal volume of
2,5-dihydroxybenzoic acid (2,5-DHB) matrix (Bruker Daltonics, Inc.) saturated in 0.1
mM of citric acid (Sigma-Aldrich, Inc.) or acetonitrile-0.1% trifluoroacetic acid (1:2
[v/v]) and allowed to airdry. Different ratios between the samples and 2,5-DHB
were used when necessary.
Mass spectrometric analyses were performed on an Autoflex™ Speed TOF/TOF
mass spectrometer (Bruker Daltonics, Inc.) in negative reflectron mode with
delayed extraction. All spectra were achieved with ion-accelerating voltage set at
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20 kV and resulting spectra were generated with an average of 300 shots. A peptide
calibration standard (Bruker Daltonics, Inc.) was used to calibrate the MALDI-TOF
prior to analysis of each sample. Lyophilised E. coli MG1655 in addition to wildtype
A. baumannii ATCC 17978 or K. pneumoniae 52.145 grown in LB broth at 37oC with
identical extractions as those tested were used as an internal calibrant, when
relevant.
Important theoretical masses for peak interpretation found in this study are: O, m/z
16; phosphoethanolamine (pEtN), m/z 124; 4-amino-4-deoxy-L-arabinose (L-Ara4N),
m/z 131; C12, m/z 182; C12:OH, m/z 198; C14, m/z 210; C14:OH, m/z 226 and C16, m/z
239. All spectra in this study are represented as percentage intensity of the massto-charge ratio (m/z). All spectra are representative of a minimum of three
independent extractions.

2.8 Survival Assay to Assess the Activity of Antimicrobial Peptides
To assess A. baumannii susceptibility to cationic antimicrobial peptides, a modified
version of the sensitivity assay described by Llobet and co-workers was performed
(Llobet et al., 2011). A. baumannii strains were grown at 37oC in 5 ml LB with
shaking at 180 rpm and collected by centrifugation at 3,000 x g for 15 minutes at
room temperature to the mid-exponential growth phase. Bacteria were then
washed with an equal volume of sterile PBS with the previous centrifugal
conditions. Each strain was diluted in liquid test medium: 1% tryptone soy broth
(Oxoid, Ltd.), 10 mM phosphate buffer (pH 6.5), 100 mM sodium chloride (SigmaAldrich, Inc.) to 3 x 104 CFU/ml. Aliquots of the bacteria (25 µl) were then mixed in
0.2 ml tubes with the appropriate antimicrobial peptide at the indicated
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concentration to a total volume of 30 µl. Polymyxin B Sulphate (Fisher Scientific UK,
Ltd.) and Colistin Sulphate (Sigma-Aldrich, Inc.) were used at a final concentration
of 0.625 µg/ml; recombinant human β-defensin-3 (PeproTech, Inc.) was used at a
final concentration of 3.5 µg/ml. Following 1-hour incubation at 37oC, 15 µl of the
suspension was spread onto LB agar without antibiotics. Colonies were counted
after overnight growth at 37oC. Percent survival of the bacterial strains exposed to
the antimicrobial peptides was calculated through comparison with the unexposed
PBS controls. All assays were performed in duplicate on three independent
occasions.

2.9 Whole Blood Phagocytosis Assay
A. baumannii strains were grown to mid-exponential phase in 5 ml of LB broth on
an orbital shaker (180 rpm) and centrifuged at 3,000 x g for 15 minutes at room
temperature. Bacteria were washed once with sterile PBS and adjusted to OD 600 =
1.00. Three hundred microlitres of fresh human whole blood (used within 30
minutes of collection with 10% citrate dextrose as an anticoagulant) was mixed with
~1 x 107 CFU/100 µl bacterial suspension and incubated on an orbital shaker at 37 oC
(180 rpm) for 3 hours. Following incubation, serial dilutions were performed in
sterile PBS and spread on LB agar without antibiotic supplementation and
incubated overnight at 37oC. Recovered bacterial colony forming units were divided
by the initial bacterial input counts. Experiments were performed in duplicate with
blood from three individual male donors on three independent occasions. All three
donors had no existing medical conditions or current infections; all donors had not
used any anti-inflammatory medication for at least 24 hours prior to blood
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withdrawal. Ethical approval for the use of blood from healthy volunteers to study
bacterial killing was obtained from the Research Ethics Committee of the School of
Medicine, Dentistry, and Biomedical Sciences (Queen’s University Belfast).

2.10 Infection of Galleria mellonella
G. mellonella greater wax moth larvae were purchased from UK Waxworm Limited
and stored at 12oC in the dark without dietary supplementation. All experiments
were performed within 7 days of receipt comprising randomly selected larvae with
a healthy, non-melanised hue and within a weight range of 250-350 mg.
Infections were performed as previously published with minor modifications (Insua
et al., 2013). Briefly, bacteria were grown in 5 ml LB broth until mid-exponential
phase (37oC, 180 rpm) and centrifuged 3,000 x g for 15 minutes at room
temperature, washed once with sterile PBS and adjusted to ~1 x 10 9 CFU/ml.
Bacteria were diluted 1:1 with 50% sterilised glycerol and frozen at -80oC in 300 µl
aliquots to improve inoculation accuracy (Nielsen et al., 2015). Three separate
aliquots of each A. baumannii strain were quantified by serial dilutions and plating
on LB agar without antibiotics. 25% glycerol (in sterile PBS) was also frozen for the
PBS control to ensure the glycerol did not affect the health of Galleria. When
required for experimentation, aliquots of bacterial suspension or PBS were thawed
on ice and diluted to 5 x 106 CFU/ml in sterile PBS. Larvae were subsequently
surface-disinfected with 70% (v/v) ethanol and then injected with 10 µl of the
bacterial suspension, containing 5 x 104 CFUs, in the last right proleg with a 50 µl
Hamilton syringe with a 27-gauge needle. A group of 10 larvae were also injected
with 10 µl of the thawed PBS/glycerol to ensure death was not a result of
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mechanical trauma or glycerol suspension. Larvae were placed in a 9.2 cm Petri dish
and kept at 37oC in the dark and monitored every 24 hours for death. Galleria were
considered dead when unresponsive to physical stimuli. Larvae were examined for
pigmentation and time of death was recorded. Pupa formation was occasionally
observed amongst control larvae after 3 days and therefore experiments were
ceased from this timepoint. The virulence assay was performed in triplicate.
2.10.1 Galleria mellonella Total RNA Extraction
Larvae inoculated with either PBS or the bacterial strains were incubated at 37 oC in
the dark for 12 hours and collected into 2 ml microcentrifuge tubes with 1 ml of
RNAlater™ (Fisher Scientific UK, Ltd.) for storage at 4oC. Galleria were collected and
transferred to 1 ml TRIzol® Reagent (Invitrogen™) and homogenised using a VDI 12
tissue homogeniser (VWR™). RNA extraction, DNase I treatment, and RT-qPCR was
performed as described in 2.13.2.1, 2.13.2.3, and 2.13.2.4.
2.10.2 Galleria mellonella Haemolymph Survival Assay
Larvae were infected with ~1 x 106 CFUs of heat-killed (65oC for 20 minutes) E. coli
MG1655 to prime the antimicrobial factors in the haemolymph and incubated at
37oC for 24 hours. Haemolymph from ten larvae were pooled in an ice-cold
microcentrifuge tube containing 10 µl of 1 mg/ml N-phenylthiourea (Sigma-Aldrich,
Ltd.) to prevent melanisation. Five microlitres of the haemolymph suspension were
then used in the survival assay as previously described in 2.8.

2.11 Luciferase Assays
Reporter strains were grown overnight at 37oC on an orbital shaker (180 rpm) in pH
7 or pH 5.5 LB broth supplemented with Carb. The strains were then subcultured in
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the same conditions until mid-exponential phase and centrifuged at 3,000 x g for 20
minutes at room temperature. Bacteria were then washed once in an equal volume
of phosphate buffer and harvested as before. Strains were then adjusted to OD 600 =
1.00 in phosphate buffer and separated into four aliquots of 100 µl. Each aliquot of
bacterial suspension was mixed with an equal volume of luciferase assay reagent (1
mM D-Luciferin [Synchem UG & Co. KG] in 100 mM citrate buffer, pH 5).
Luminescence was measured immediately with a GloMax® 20/20 Luminometer
(Promega Corp.) and expressed as relative light units (RLU). All measurements were
recorded in quintuplicate on three independent occasions.

2.12 Maintenance, Generation, and General Usage of Mammalian Cells
All cell lines were routinely tested by colleagues Dr. Amy Dumigan or Mr. Ciarán
Hargey for Mycoplasma within the cell media, by performing a TaKaRa PCR
Mycoplasma Detection Set (Takara Bio Inc.). The primers mcgpF1 and mcgpR1,
which target Mycoplasma 16S rRNA, were used to amplify 2.5 µl of 3-6 day old
supernatant from grown cells. As a positive control, pCDK2DN, purified from E. coli
CC118-lpir/pCDK2DN was used according to manufacturer’s guidelines, amplified
with cdk2F and cdk2R. Taq DNA polymerase was used in the reaction with 200 µM
dNTPs, and 100 nM of each primer. Thermocycler conditions were as follows: 35x
cycles of 94oC for 30 seconds, 55oC for 2 minutes, and 72oC for 1 minute.
Cells were seeded approximately 12-16 hours before time of infection, at the
densities shown in Table 1.
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Table 1 Seeding densities in various vessels; Fisher Scientific UK Ltd.

Plate/Dish Type

Seeding Density

Final Volume

(Cells Per Well)
96-well

5.0 x 104

200 µl

24-well

2.5 x 105

500 µl

12-well

5.0 x 105

1 ml

6-well

1.0 x 106

2 ml

35 x 10 mm dish

1.0 x 107

15 ml

Media, PBS, and trypsin were all pre-warmed to 37oC, for a minimum of 30 minutes
before use. Upon seeding, media containing 1% penicillin-streptomycin (pen-strep;
Fisher Scientific UK Ltd.) was used to ensure sterility. The following day, cells were
washed twice with sterile PBS and the media was replaced with the appropriate
media with the exclusion of the pen-strep; one well was used for counting
macrophages for more accurate multiplicity of infection (MOI) calculations.
2.12.1 Immortalised Bone Marrow-Derived Macrophages (iBMDMs)
All iBMDMs were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Fisher
Scientific UK Ltd.) supplemented with 10% foetal bovine serum (FBS; Fisher
Scientific UK Ltd.), 1% pen-strep, and 10 mM HEPES (Sigma-Aldrich, Inc.) at 37oC in a
humidified 5% CO2 incubator. Wild-type and knockout iBMDM cell lines were
purchased from BEI Resources (Table 2), unless generated in-house by a colleague.
Cell lines are derived from C57BL/6J mice with either wild-type alleles or gene
mutations confirmed by genotyping.
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Table 2 Purchased iBMDM cells used in this study

iBMDM Cell Line

BEI Cell Bank Code

Wild-type

NR-9456

TLR2-/-

NR-9457

TLR4-/-

NR-9458

TLR2-/- TLR4-/-

NR-19975

MYD88-/-

NR-15633

TRAM-/- TRIF-/-

NR-9568

TRIF-/- MYD88-/-

NR-15640

IFNAR1-/- and IL10-/- iBMDMs were generated in house. SARM-/- iBMDMs were
generated from SARM-/- mice generously donated by Professor Andrew G. Bowie,
Trinity College Dublin (Gürtler et al., 2014). ASC-/- and AIM2-/- iBMDMs were
generated from ASC-/- AIM2-/-mice generously donated by Professor Clare Bryant,
University of Cambridge (unpublished).
Generation of iBMDM-derived macrophages were performed by Dr. Joana Sá
Pessoa or Dr. Amy Dumigan. To isolate BMDMs (bone marrow-derived
macrophages), tibias and femurs from C57BL/6 or knockout mice (C57BL/6
background) were removed using sterile techniques, and the bone marrow was
flushed with fresh medium. To obtain macrophages, cells were plated in DMEM
supplemented with 20% filtered L929 cell supernatant (source of macrophage
colony-stimulating factor) and maintained at 37oC in a humidified atmosphere of
5% CO2. Medium was replaced with fresh supplemental medium after 1 day. After 5
days, BMDMs were immortalised by exposing them for 24 hours to the J2 CRE virus
(carrying v-myc and v-raf/v-mil oncogenes, kindly donated by Avinash R. Shenoy,
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Imperial College London). This step was repeated on day 7, followed by continuous
culture in DMEM supplemented with 20% (v/v) filtered L929 cell supernatant for 46 weeks. The presence of a homogeneous population of macrophages was accessed
by flow cytometry using antibodies for CD11b (clone M1/70; catalogue number 170112-82; eBioscience) and CD11c (clone N418; catalogue number 48-0114-82;
eBioscience).
2.12.2 THP-1 Monocytes and Downstream Differentiation to Macrophages
THP-1 cells are a human monocyte cell line purchased from ATCC® (TIB-202™), and
were originally sourced from the peripheral blood from a 1 year old male with acute
monocytic leukaemia (Tsuchiya et al., 1982). THP-1 cells were grown in Roswell Park
Memorial Institute media (RPMI 1640; Fisher Scientific UK Ltd.) supplemented with
10% FBS, 1% pen-strep, and 10 mM HEPES. To differentiate THP-1 cells into
adherent macrophages, cells were incubated with 100 ng/ml phorbol-12-myristate13-acetate (PMA; Sigma-Aldrich, Inc.) for 48 hours. From herein, THP-1
nomenclature will only refer to those that have been differentiated, and not the
monocytic form.

2.13 Infection of Macrophages by A. baumannii or K. pneumoniae
A. baumannii was used exclusively as UV-killed bacteria, to ensure that the lipid A
pattern did not change over time. To generate UV-killed A. baumannii, strains were
grown overnight in 5 ml LB and refreshed 1:10 for 2.5 hours to mid-exponential in
fresh LB. The bacteria were harvested by centrifugation at 3,000 x g for 15 minutes
at room temperature, followed by a single wash in an equal volume of sterile PBS.
Following secondary centrifugation, bacteria were adjusted to an OD 600 of 1.00,
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corresponding to approximately 1.2 x 108 CFU/ml and the DNA was denatured by
UV radiation using a Bio-Link® UV-Crosslinker BLX-E254 (Vilber Lourmat). The
conditions were set for 30 minutes at 15 J. Bacterial death was confirmed by plating
100 µl on an LB agar plate, and enumeration was confirmed by serially diluting the
bacteria and plating on LB agar prior to UV-irradiation. Bacterial suspensions were
stored at -80oC. All infections were performed using an MOI of 20:1 – 20 bacterial
cells to 1 mammalian cell.
A single colony of K. pneumoniae was used to inoculate 5 ml LB and incubated at
37oC, shaking on an orbital shaker (180 rpm) overnight. The culture was diluted
1:10 and grown for 2.5 hours to mid-exponential in fresh LB. Following incubation,
bacteria were pelleted by centrifugation at 3,000 x g for 20-25 minutes, at room
temperature, with the addition of using a brake on the deceleration of the
centrifuge to compensate for the capsule. The bacterial pellet was suspended and
adjusted to an OD600 of 1.00, corresponding to approximately 5 x 108 CFU/ml. All
infections were performed using an MOI of 100:1.
For both bacterial species: the infection was synchronised by centrifugation at 200 x
g for 5 minutes with reduced acceleration and deceleration steps of the centrifuge
process to reduce cell detachment from the monolayer, before carefully placing in a
37oC, humidified, 5% CO2 incubator. After 60 minutes, media was aspirated, cells
were washed with sterile PBS pre-warmed to 37oC and replaced with DMEM/RPMI
without pen-strep, but in the presence of gentamycin (100 µg/ml) to kill
extracellular bacteria.
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2.13.1 Adhesion, Phagocytosis, and Intracellular Survival Assay
Macrophages were seeded in 12-well plates in duplicate and macrophages were
infected with K. pneumoniae as previously described for timepoints of 1 hour
(adhesion), 1.5 hours (phagocytosis), and 5 hours (intracellular survival). All media,
PBS, and saponin was pre-warmed to 37oC. Following 1 hour of infection, the
adhesion timepoint was collected: media is aspirated and washed twice with sterile
PBS. Macrophages were lysed with 300 µl of 0.05% saponin prepared in PBS (w/v)
at 37oC, 5% CO2 for 5 minutes. The cell suspension was then serially diluted in PBS
and plated on LB without antibiotics and incubated at 37oC for approximately 16
hours. For the remaining timepoints, cells were washed once with PBS and media
was replaced with fresh medium supplemented with gentamicin to kill extracellular
bacteria. Macrophages were lysed at the indicated timepoints as described. The
following day, bacterial colony-forming units were counted and expressed as
CFU/well.
2.13.2 Collection of Lysates for Immunoblotting
Macrophages were seeded in 12-well plates as previously described and infected
with UV-killed A. baumannii. At the respective timepoints, media was aspirated,
and the cells were washed twice with ice-cold PBS, and lysed with 80 µl of 2x
Laemmli buffer (4% SDS, 20% glycerol, 0.004% bromophenol blue, and 10% βmercaptoethanol prepared in 125 mM Tris-HCl pH 6.8). Once collected, the lysates
were stored at -20oC prior to downstream use.

101

2.13.2.1 Western Blot Analysis
Cell lysates were analysed with immunoblotting by SDS-PAGE (Sodium Dodecyl
Sulphate-Polyacrylamide Gel Electrophoresis). Relevant antibodies were diluted in
3% BSA (w/v) (bovine serum albumin; Melford Laboratories Ltd.) and 0.02% sodium
azide (w/v) are found in Appendix 3.
Lysates were thawed on ice and sonicated with a Digital Sonifier® 450 (Branson
Ultrasonics Corp.) for 10 seconds and 10% amplitude, to improve cell lysis in
addition to fragmenting chromosomal DNA. Following sonication, lysates were
boiled at 95oC for 5 minutes, and cooled on ice for approximately two minutes.
Samples were then centrifuged 12,000 x g for 1 minute to collect the lysates at the
base of the tube.
Gels containing 10% polyacrylamide (Table 3) were generated in glass gel casters
with a depth of 1 mm, and 15-well combs were placed in the stacking component
(Table 4) of the gel. 10 µl of lysates were electrophoresed in a Mini-PROTEAN®
Tetra Cell System (Bio-Rad Laboratories, Inc.) with an SDS-PAGE running buffer
composed of 25 mM Tris, 190 mM glycine, and 0.1% SDS. Additionally, 2.5 µl of a
pre-stained molecular weight marker (New England Biolabs® Inc.) was run alongside
samples for molecular weight verification; 5 µl of Laemmli buffer without lysate was
used to fill empty wells to reduce gel distortion.
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Table 3 SDS-PAGE 10% separating/resolving gel

Constituent

Volume (ml)

De-ionised water

4.0

30% acrylamide/Bis-acrylamide, 29:1

3.3

(Sigma-Aldrich, Inc.)
1.5 M Tris pH 8.8

2.5

10% SDS

0.1

10% ammonium persulphate

0.1

(APS; Sigma-Aldrich, Inc.)
N,N,N’,N’-Tetramethylethylenediamine

0.004

(TEMED; Sigma-Aldrich, Inc.)
Total:

10.0

Table 4 SDS-PAGE 4% stacking gel

Constituent

Volume (ml)

De-ionised water

3.4

30% acrylamide/Bis-acrylamide, 29:1

0.83

1 M Tris pH 6.8

0.63

10% SDS

0.05

10% APS

0.05

TEMED

0.004
Total:

5.0
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Gel electrophoresis was carried out at 80 V until the blue dye had run off the end of
the gel. Proteins were electro-transferred to nitrocellulose membranes at 10 V for 1
hour, with a Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad Laboratories, Inc.) in
transfer buffer (25 mM Tris, 200 mM glycine, and 20% methanol). For
determination of efficient transfer, blots were stained with Ponceau S (SigmaAldrich, Inc.), and removed and washed three times with Tris-Buffered SalineTween (TBST; 20 mM Trizma® base, 150 mM NaCl, pH 7.6, 0.1% [v/v] Tween® 20).
Membranes were blocked in 3% (w/v) BSA in TBST for 1 hour, with agitation at
room temperature. Blocking buffer was removed and an aliquot of primary
antibody was placed on the membrane and incubated at 4oC overnight with
agitation.
The primary antibody was removed, and the membrane was washed three times
with TBST whilst rocking. The respective secondary antibody in 3% BSA or 4% (w/v)
powdered milk prepared in TBST was placed on top and agitated for 2 hours at
room temperature. Following secondary antibody, the membrane was washed a
further three times with TBST and developed by incubation for 1 minute in
Enhanced Chemiluminescence solution (ECL; 100 mM Tris-HCl pH 8.5, 2 mM pcoumaric acid, 12.5 mM Luminol, 0.01% H2O2) at room temperature. Finally, protein
bands were visualised using a G:BOX Chemi XRQ (Synoptics Ltd.).
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2.13.3 Analysis of the Transcription of Inflammatory Markers Expressed by Infected
Macrophages
Macrophages were seeded in 6-well plates as previously described and infected
with UV-killed A. baumannii (MOI 20:1) or live K. pneumoniae (100:1). Upon
collection of timepoints (5 hours for A. baumannii and 3.5 hours for K.
pneumoniae), media was aspirated, and macrophages were washed twice with PBS.
5 hours is used for A. baumannii infections due to the lack of inflammatory
response at prior timepoints; 3.5 hours is used for K. pneumoniae infections as this
is sufficient time for intracellular survival, but is not long enough for significant
macrophage cytotoxicity (Cano et al., 2015). Total RNA was extracted using 1 ml of
TRIzol® Reagent (Invitrogen™) by incubation at room temperature for 5 minutes.
Total RNA was subsequently transferred to a 1.5 ml microcentrifuge tube and
stored at -80oC for downstream RNA extraction.
2.13.4 Analysis of Transcription of Bacterial Genes
In the event of RNA extraction from bacteria: K. pneumoniae was grown to OD600
1.0 in 5 ml of pH 7 or pH 5.5 LB, and bacterial cells were recovered by centrifugation
(3,000 x g, 20 minutes, room temperature) and the supernatant was discarded.
Bacteria were subsequently washed twice with equal volumes of sterile PBS, with
recovery by the above centrifugation conditions. The resulting pellet from the final
centrifugation was lysed in 1 ml of TRIzol® Reagent (Invitrogen™) for 5 minutes at
room temperature and either stored at -80oC or used immediately for RNA
extraction.
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2.13.5 RNA Extraction
The TRIzol®-suspended, homogenised bacteria, Galleria, or macrophages were
thawed on ice, and then incubated at room temperature for 5 minutes to ensure
dissociation of the nuclear pore complex. 200 µl of chloroform was added, vortexed
vigorously, and incubated at room temperature for 3 minutes. Samples were then
phase-separated by centrifugation (12,000 x g, 15 minutes, 4oC). The upper
aqueous phase was transferred to a fresh 1.5 ml microcentrifuge tube; 500 µl of
100% isopropanol was added to this aqueous phase, and the RNA solution was
mixed carefully and incubated at room temperature for 10 minutes, and further
precipitated at -20oC for at least 15 minutes. Total RNA was recovered by
centrifugation (12,000 x g, 15 minutes, 4oC), and the supernatant was discarded. 1
ml of 75% ethanol was added to the RNA pellet and briefly vortexed and
centrifuged at 7,500 x g for 5 minutes at 4oC. Supernatant was carefully aspirated,
and the RNA was airdried for approximately 15 minutes. RNA was resuspended in
20-50 µl of RNase-free water or 1X TE buffer (10 mM Tris-HCl, pH 8; 1 mM EDTA)
for intracellular bacterial RNA. To improve RNA yield and solubilisation, the RNA
was incubated at 55-65oC for 15-20 minutes with gentle, intermittent vortexing.
Extracted RNA was treated with DNase I (F. Hoffman-La Roche Ltd.) as per the
manufacturer’s guidelines. RNA quality, A260/A280 ratio, and RNA concentration
was evaluated using a NanoVue Plus™ spectrophotometer (GE Healthcare Life
Sciences). Each RNA extraction was carried out of three independent occasions.
RNA was stored at -80oC until required for generation of cDNA or intracellular
bacterial RNA purification.
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2.13.5.1 Purification of RNA from Intracellular Bacteria
For intracellular K. pneumoniae RNA extractions, the RNA from macrophage
infections were further treated as per the MICROBEnrich™ Kit (Fisher Scientific UK
Ltd.). All reagents are provided by the kit except for ethanol.
300 µl of Binding Buffer was added to a 1.5 ml microcentrifuge tube and gently
mixed with 30 µl of 10 µg RNA. 4 µl of Capture Oligo Mix was added, and the
mixture was gently vortexed and collected by brief centrifugation. The resulting
mixture was incubated at 70oC for 10 minutes, and subsequently incubated at 37oC
for 1 hour. Samples were equilibrated to room temperature and centrifuged briefly
and transferred to a tube containing 50 µl equilibrated Oligo MagBeads
(equilibrated according to manufacturer’s guidelines). The mixture was gently
vortexed and recovered by brief centrifugation and incubated at 37oC for 15
minutes. Beads were captured by placing samples on a magnetic stand for
approximately 5 minutes at room temperature. Supernatant containing enriched
bacterial RNA was carefully transferred to a Collection Tube on ice. The Oligo
MagBeads were washed with 100 µl of Wash Solution prewarmed to 37 oC, by
gently vortexing and incubating at 37oC for 5 minutes. Oligo MagBeads were
recaptured and the supernatant was pooled with the enriched bacterial RNA on ice,
as before.
Bacterial RNA was precipitated by adding 40 µl of 3 M Sodium Acetate and 4 µl
Glycogen (5 mg/ml) to the pooled RNA tube. 2.5 volumes of ice-cold 100% ethanol
was added, vortexed thoroughly, and precipitated at -20oC overnight. The enriched
bacterial RNA was collected by centrifugation (12,000 x g for 30 minutes).
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Supernatant was discarded and replaced with 750 µl of ice-cold 100% ethanol and
vortexed briefly, followed by centrifugation for 5 minutes at 12,000 x g. This
ethanol wash was repeated. The RNA pellet was airdried for 5 minutes. The
resultant enriched bacterial RNA was resuspended in 20 µl TE buffer and analysed
as previously described.
2.13.5.2 Generation of Complementary DNA (cDNA)
cDNA was generated by retrotranscription of 1 µg of total RNA using Moloney
murine leukaemia virus (M-MLV) reverse transcriptase (Invitrogen™) and random
primers (Invitrogen™). 20 ng of cDNA was used as a template in a 5 µl reaction
mixture from a KAPA SYBR® FAST qPCR Kit (Kapa Biosystems) and target primer mix
according to manufacturer’s instructions.
2.13.5.3 RT-qPCR
RT-qPCR was performed using a Rotor-Gene® Q (QIAGEN©), with the following
thermocycling conditions: 95oC for 3 minutes for hot-start polymerase activation,
followed by 40 cycles of 95oC for 5 seconds and 60oC for 20 seconds. SYBR Green
dye fluorescence was measured at 510 nm. Relative quantities of mRNAs were
obtained using the comparative threshold cycle (ΔΔCT) method by normalising to
hypoxanthine phosphoribosyltransferase 1 (hprt) for macrophages; RNA
polymerase sigma factor, rpoD for K. pneumoniae; and 18S rRNA for Galleria all of
which are found in Appendix 2. All RT-qPCR analyses were repeated on three
independent occasions from three separate RNA extractions.
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2.13.6 Transfection of Macrophages
Macrophages were seeded in 6-well plates and transfected in suspension with 20
nM siRNA using Lipofectamine™ RNAiMAX (Invitrogen™) and Opti-MEM® (Fisher
Scientific UK Ltd.) in a final volume of 2 ml. AllStars negative control siRNA
(QIAGEN©) or ON-TARGETplus SMARTpool siRNA targeting CREB1 (Cat. No. L040959-01, Dharmacon™) were used to transfect cells for 16 hours. Media was
changed to DMEM lacking antibiotics. Cells were subsequently mock-infected with
sterile PBS or infected with UV-killed A. baumannii for 5 hours. RNA was collected
and RT-qPCR analysis was performed as previously described. Knockdown efficiency
was determined using primers for creb (Appendix 2).
2.13.7 Detection of Cytokines in the Supernatants of Infected Macrophages by ELISA
Macrophages were seeded into 6-well or 96-well plates, depending on whether
RNA was also to be collected from the infection. Macrophages were infected with
A. baumannii as previously described. For the experiment with the MAPK JNK
inhibitor, media contained either DMSO (vehicle solution) or 10 µM SP600125
(Sigma-Aldrich, Inc.) for 2 hours prior to infection. After 5 hours, supernatants were
collected into 1.5 ml microcentrifuge tubes or another 96-well plate for 6-well and
96-well infections, respectively. Samples were briefly centrifuged to remove cell
debris and stored at -20oC.
TNF-α in the supernatants was determined using a Murine TNF-α Standard TMB
ELISA Development Kit (Cat. No. 900-T54; PeproTech, Inc.) according to
manufacturer’s instructions. All experiments were performed with technical
duplicates and biological triplicates.
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2.13.8 Infection for Determination of Intracellular Lipid A Structure
Macrophages were seeded in 35 x 10 mm dishes with the appropriate medium for
the cell line. Macrophages were infected at an MOI of 100:1 with K. pneumoniae
strains, and the infection was synchronised as described previously. PBS, media,
and saponin were pre-warmed to 37oC. After 1 hour of infection, macrophages
were washed once with sterile PBS of an equal volume (~15 ml), and media was
changed to media containing gentamicin to kill extracellular bacteria. The infection
then continued for an additional 2.5 hours. Following incubation, cells were washed
twice with sterile PBS, and lysed in 1 ml of 0.05% saponin prepared in PBS (w/v) for
5 minutes at 37oC, 5% CO2. Dishes of macrophages were pooled and, for passaged
samples, 100 µl of the suspension was grown in 10 ml of fresh LB media,
centrifuged at 3,000 x g for 20 minutes at room temperature, and washed twice
with an equal volume of PB and lyophilised. The remaining cells were centrifuged at
3,000 x g for 20 minutes at room temperature. Harvested cells were subsequently
washed 5 times in an equal volume of PB, and lyophilised. Macrophages were then
subjected to one of the lipid A extraction methods. Passaged bacteria were
subjected to the exact same lipid A extraction protocol as the intracellular bacteria.
2.13.9 Fluorescence Microscopy
Macrophages were seeded in 24-well plates on 13 mm diameter glass coverslips. K.
pneumoniae 52.145 expressing IPTG-inducible GFP (pMMB207gfp3.1) was grown in
5 ml of LB supplemented by Cm at 37oC on an orbital shaker (180 rpm) and
subcultured into fresh LB medium with Cm to mid-exponential. The culture was
adjusted to OD600 = 1.00 in sterile PBS (~5 x 108 CFU/ml). Cells were infected as
previously described and media was changed at 60 minutes to DMEM
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supplemented with gentamicin and, when indicated, 100 nM bafilomycin A 1. GFP
was induced with 1 mM IPTG 1 hour prior to fixing cells; 0.5 µM LysoTracker Red
DND-99 (Invitrogen™) was added to the cells 30 minutes prior to fixation. Upon
collection of the timepoints, cells were washed once with pre-warmed, sterile PBS
and 250 µl of 4% (w/v) paraformaldehyde (PFA) for 20 minutes at room
temperature. PFA was discarded and cells were subsequently washed with PBS to
remove excess PFA. Finally, coverslips were submerged in 250 µl of 14 mM
ammonium chloride to reduce background fluorescence of PFA and stored at 4 oC
with an airtight seal until required.
Coverslips were mounted on microscopy glass slides with a drop of Prolong™ Gold
Antifade Mountant (Cat. No. P36930, Invitrogen™). Immunofluorescence was
analysed with a Leica TCS SP5 Confocal microscope (Leica Microsystems GmbH)
with the lasers: argon (for GFP) and helium-neon (for LysoTracker). Microscopy
images were generated using Leica Application Suite X (LAS X©, Leica Microsystems
CMS GmbH) software, version 3.4.2.18368.

2.14 Murine Infection Model
All murine infections were carried out at the Biological Services Unit at Queen’s
University Belfast under the Procedure Individual Licence (PIL): PIL 1696 in
accordance with regulations described in the Animals (Scientific Procedures) Act
1986 under the Procedure Project Licence PPL2770 issued by the UK Home Office.
Experiments were discussed and organised with the relevant Named Training and
Competency Officer(s) (NTCO) and Named Animal Care & Welfare Officer (NACWO)
and approved by the Queen’s University Belfast’s Ethics Committee.
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2.14.1 Mice C57BL/6J
Mice were bred and housed in conditions outlined by the Federation of European
Laboratory Animal Science Association (FELASA). IFNAR1-/- mice have been
described previously (Müller et al., 1994). Wildtype mice were on a C57BL/6J
background and were purchased directly from Harlan Sprague Dawley Inc.
Experiments were carried out using 8-12-week-old mice and gender was matched
between strains of mice. Isoflurane (Halocarbon®) was used as anaesthetic and
applied in an anaesthesia chamber.
2.14.2 Infection of Mice with A. baumannii
Bacterial frozen stocks were prepared as previously described. Briefly, A. baumannii
ATCC 17978 was grown to mid-exponential phase in 10 ml LB broth, harvested by
centrifugation (3,000 x g for 15 minutes at room temperature) and adjusted to ~3 x
108 CFU per 30 µl in a PBS and glycerol (12.5%) suspension, and frozen at -80oC.
Three separate aliquots were serially-diluted and plated on LB agar with and
without chloramphenicol (10 µg/ml) for determination of CFUs. Mice were
anaesthetised and 30 µl of PBS or bacterial suspension was inoculated intranasally.
Infected mice were monitored regularly and were euthanised at the experimental
endpoint unless health had deteriorated to a humane endpoint. Euthanasia was
accomplished by an overdose of isoflurane anaesthetic, followed by cervical
dislocation to ensure death. Lungs, spleen, and NALT were aseptically removed and
placed in 1 ml of cold PBS for bacterial load determination. Homogenisation was
carried out with a VDI 12 tissue homogeniser (VWR™), and organ homogenates
were serially diluted in sterile PBS and plated on LB agar plates supplemented with
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10 µg/ml of chloramphenicol. Plates were incubated at 37oC overnight and bacterial
colonies were counted and expressed as CFU/g of organ.
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Chapter 3 – 2-Hydroxylation of A. baumannii Lipid A
Contributes to Virulence
3.1

A. baumannii LpxO Hydroxylates Lipid A

In silico analysis of the A. baumannii ATCC 17978 genome revealed a putative
homologue of K. pneumoniae and S. enterica serovar Typhimurium lpxO. Primary
sequence similarities revealed that A. baumannii lpxO (locus tag A1S_0308) is 62%
and 59% identical to K. pneumoniae and S. enterica serovar Typhimurium LpxO,
respectively (Fig. 12A).
Figure 12: A. baumannii LpxO 2-hydroxylates lipid A. (A) A. baumannii encodes an lpxO homologue
with 62% and 59% sequence similarity to K. pneumoniae and S. enterica serovar Typhimurium LpxO,
respectively. Negative-ion MALDI-TOF MS spectra of lipid A purified from: (B) A. baumannii ATCC
17978 (ATCC 17978), (C) A. baumannii ΔlpxO (ΔlpxO), and (D) A. baumannii ΔlpxO::Tn7lpxO
(ΔlpxO::Tn7lpxO). Data represent the mass-to-charge (m/z) ratios of each lipid A species detected
and are representative of three extractions. (E) Proposed lipid A structures of the species produced
by wild-type A. baumannii based on previous publications (Beceiro et al., 2011; Boll et al., 2015; Chin
et al., 2015; March et al., 2010; Pelletier et al., 2013).
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To confirm that the identified loci are responsible for the 2-hydroxylation of lipid A,
A. baumannii strain ATCC 17978 lpxO was mutated by double recombination. Lipid
A was extracted from the wild-type and lpxO mutant and subjected to negative-ion
matrix-assisted laser desorption/ionisation time-of-flight (MALDI-TOF) mass
spectrometry. Lipid A produced by the wild-type strain contained the species m/z
1,910, m/z 1,728, and m/z 1,530 (Fig. 12B). These lipid A species correspond to
previously-identified peaks of A. baumannii strains (Beceiro et al., 2011; Boll et al.,
2015; Chin et al., 2015; March et al., 2010; Pelletier et al., 2013). The proposed lipid
A species are shown in (Fig. 12E). The lipid A produced by the lpxO mutant,
however, contained the species m/z 1,894, m/z 1,712, and m/z 1,514; consistent
with a difference of m/z 16 compared to the wild-type strains, which is indicative of
lipid A species lacking 2-hydroxylaurate (C12:OH) (Fig. 12C). Complementation of
the mutant restored the initial wild-type spectra (i.e. m/z 1,910, m/z 1,728, and m/z
1,530; Fig. 12D), demonstrating that lpxO is responsible for 2-hydroxylation of A.
baumannii lipid A. Control experiments showed that the wild-type and lpxO mutant
has similar growth kinetics in rich or minimal media (Fig. 13).
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Figure 13: Growth kinetics of A. baumannii strains. Growth kinetics of A. baumannii ATCC 17978
(ATCC 17978), A baumannii ΔlpxO (ΔlpxO), and A. baumannii ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO)
cultured in LB (solid line) and M9 (dotted line) media over 24 hours at 37 oC. Values are presented as
the mean of five independent experiments.

We sought to determine whether LpxO acts solely on lipid A or if it also
hydroxylates other membrane lipids. Analysis of lipid composition by thin layer
chromatography (performed by Raquel Conde Álvarez, University of Navarra)
revealed that there were no significant differences in the levels of cardiolipin,
phosphatidylglycerol, or phosphatidylethanolamine between any of the three A.
baumannii strains (Fig. 14A).
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Figure 14: lpxO deletion in A. baumannii does not result in outer membrane alterations. (A)
Analysis by thin-layer chromatography of A. baumannii cell envelope phospholipids; right panel
shows the percent of a given phospholipid per total lipid content. (B) Partition of the NPN probe in
the outer membrane of A. baumannii ATCC 17978 (ATCC 17978), A baumannii ΔlpxO (ΔlpxO), and A.
baumannii ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO). Results are representative of three independent
experiments. CL, cardiolipin; PG, phosphatidylglycerol; PE, phosphatidylethanolamine. Experiments
conducted by Raquel Conde Álvarez, University of Navarra.

Additionally, LpxO-mediated permeability changes of the outer membrane to
hydrophobic agents was assessed by measuring the uptake of the hydrophobic
fluorescent probe (1-N-phenylnaphthylamine; NPN) into the cell membrane
(performed by Raquel Conde Álvarez, University of Navarra). NPN is excluded by the
intact bacterial outer membrane but exhibits fluorescence after traversing
perturbed outer membranes (Bengoechea, Díaz, & Moriyón, 1996). An increase in
the fluorescent readout is therefore indicative of increased permeability of the
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outer membrane. However, between the three A. baumannii strains no significant
differences in fluorescence was observed (Fig. 14B); suggesting no major functional
alterations occur upon deletion of lpxO.

3.2

A. baumannii LpxO Hydroxylates the Laurate Linked to the 2’-R-3Hydroxymyristoyl Group of the Lipid A

Based on MALDI-TOF analysis of an lpxLAb mutant in A. baumannii ATCC 17978, it
has been suggested that the laurate residue on the 2’-R-3-hydroxymyristoyl of A.
baumannii may be hydroxylated (Boll et al., 2015). To validate whether this is the
case, a recombinant genetic approach was used by expressing lpxO in E. coli BN1
strain (Needham et al., 2013). Using this E. coli system allows us to assess the
specificity of A. baumannii LpxO to a 12-carbon laurate acyl chain. BN1 produces
the canonical hexa-acylated lipid A of m/z 1,797 (Fig. 15A) corresponding to a β(1’6)-linked disaccharide of glucosamine phosphorylated at the 1- and 4’-positions,
with positions 2, 3, 2’, and 3’ being acylated with R-3-hydroxymyristoyl groups. The
2’ and 3’ R-3-hydroxymyristoyl groups are further acylated with laurate (C12:0) and
myristate (C14:0), respectively (Needham et al., 2013). Expression of A. baumannii
lpxO in E. coli BN1 resulted in hydroxylation of lipid A to give m/z 1,813 (Fig. 15B).
However, LpxO-mediated 2-hydroxylation was not observed upon lpxO expression
in the E. coli BN1 lpxL mutant (Fig. 15C), confirming that LpxO is responsible for the
2-hydroxylation of laurate.
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Figure 15: A. baumannii LpxO modifies the LpxL-transferred lauroyl group. Negative-ion MALDITOF MS spectra of lipid A purified from: (A) E. coli BN1 (BN1), (B) E. coli BN1::Tn7lpxO
(BN1/pLpxOAb), and (C) E. coli BN1-ΔlpxL::Tn7lpxO (BN1 ΔlpxL/pLpxOAb). Data represent the mass-tocharge (m/z) ratios of each lipid A species detected and are representative of three extractions.

3.3

LpxO-Dependent Lipid A Modification Increases A. baumannii Resistance
to CAMPs

Polymyxin B and colistin (polymyxin E) interact with LPS by electrostatic interactions
causing disruption of the outer membrane (Nikaido, 2003; Nizet, 2006). Both of
these antibiotics are predominantly seen as last resort due to their neurotoxicity
and nephrotoxicity. However, polymyxin B is also used topically (Falagas &
Kasiakou, 2006; Velkov et al., 2013). We sought to determine whether LpxOmediated hydroxylation contributes to CAMP resistance in A. baumannii. Results
120

displayed in Figure 16 demonstrate that the lpxO mutant was more susceptible
(~20% and 40% reduction in survival) than the wild-type to polymyxin B and colistin,
respectively. Complementation restored wild-type levels of resistance, suggesting
that LpxO-dependent hydroxylation contributes to intrinsic A. baumannii resistance
to polymyxins.
CAMPs such as defensins are immune-mediated to counteract infection in humans.
Defensins share similar characteristics with polymyxins, such as their initial
detection of the negative-charge of LPS and subsequent pore-forming capabilities
(Nizet, 2006). We asked whether LpxO-controlled lipid A modification may
contribute to human β-defensin 3 (BD3) resistance. BD3 is active against multi-drug
resistant bacteria and has been reported to be upregulated during lung infections
(Curtis et al., 2011; Ishimoto, 2006; Maisetta et al., 2006; Moranta et al., 2010). A.
baumannii shows considerable resistance to BD3 in comparison to other ESKAPE
pathogens (Maisetta et al., 2006). The lpxO mutant was significantly more
susceptible than the wild-type strain to BD3 (Fig. 16C). Complementation restored
BD3 resistance to wild-type levels (Fig. 16C).
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Figure 16: Deletion of lpxO decreases A. baumannii resistance to cationic antimicrobial peptides
(CAMPs). Percent survival of A. baumannii ATCC 17978 (ATCC 17978), A. baumannii ΔlpxO (ΔlpxO),
and A. baumannii ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO) following one-hour exposure to: (A) polymyxin B,
(B) colistin, and (C) human β-defensin-3. Values are presented as the mean ± standard deviation (SD)
of three independent experiments measured in duplicate. ***, P < 0.001; ****, P < 0.0001 for the
indicated comparisons using one-way ANOVA with Bonferroni contrasts.

In summary, LpxO-governed hydroxylation of lipid A promotes resistance to CAMPs.
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3.4

LpxO Contributes to A. baumannii Viability in Human Whole Blood

Bacterial killing assays in whole blood allow ex vivo assessment of the interaction
between pathogens and professional phagocytes. It was then determined whether
LpxO contributes to A. baumannii survival in whole blood, as lipid A was previously
recorded to be a factor of K. pneumoniae survival (Clements et al., 2007; Mills et al.,
2017). The lpxO mutant was recovered in significantly lower numbers than the wildtype strain, whereas there were no differences between the complemented and
wild-type strains (Fig. 17). These findings demonstrate that LpxO-dependent
hydroxylation is associated with increased viability of A. baumannii in human whole
blood.

Figure 17: Deletion of lpxO increases human phagocyte-mediated killing of A. baumannii. 300 µl of
fresh human whole blood (from three different donors) were mixed with 1x10 7 CFUs of A.
baumannii ATCC 17978 (ATCC 17978), A. baumannii ΔlpxO (ΔlpxO), and A. baumannii
ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO) and incubated at 37oC for 3 hours. Bacterial counts recovered were
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then divided by the initial counts. Experiments were performed with duplicate samples on three
independent occasions. *, P < 0.05, versus A. baumannii ATCC 17978 determined using one-way
ANOVA with Bonferroni contrasts.

3.5

A. baumannii lpxO Mutant is Attenuated in a Galleria mellonella
Infection Model

The G. mellonella infection model is widely-used in assessment of A. baumannii
virulence, including assessment of lipid A modifications, especially in early infection
biology due to Galleria only possessing an innate immune system (Boll et al., 2015;
Peleg et al., 2009). Moreover, there is good correlation between virulence in G.
mellonella and that in the mouse model (Gebhardt et al., 2015; Wang et al., 2014).
Equal CFUs of all three A. baumannii strains were injected into the G. mellonella
and survival of larvae was monitored for three days. Sterile PBS inoculation resulted
in no mortality (Fig. 18A). Only 10% survival of Galleria inoculated with wild-type
and complemented strains was observed by day three; however, 50% of Galleria
inoculated with the lpxO mutant survived for the same duration (Fig. 18A).
Antimicrobial peptides (AMPs) are part of the innate immunity of Galleria, which
are expressed upon infection (Tsai, Loh, & Proft, 2016; Wojda, 2017). Several hours
post-infection, Galleria release several AMPs into their haemolymph to counteract
bacterial infection (Insua et al., 2013; Kidd et al., 2017; Tsai et al., 2016; Wojda,
2017). In order to assess whether the lpxO mutant was susceptible to the
antimicrobial peptides released in the haemolymph, G. mellonella were challenged
with heat-killed E. coli to boost the expression of AMPs (Insua et al., 2013; Kidd et
al., 2017), and after 24 hours, the haemolymph was extracted and used to
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determine A. baumannii survival. Results shown in Fig. 18B demonstrate that the
lpxO mutant was more susceptible to G. mellonella peptides than the wild-type
strain. Complementation restored the wild-type levels of resistance to the
haemolymph peptides, indicating that the LpxO-dependent lipid A modification
promotes resistance to a repertoire of infection-responsive AMPs.
Figure 18: A. baumannii lpxO mutant displays decreased virulence in the G. mellonella waxworm
infection model. (A) Percent survival of G. mellonella over 72 hours post-infection with 5x104 CFU
of: A. baumannii ATCC 17978 (ATCC 17978), A. baumannii ΔlpxO (ΔlpxO), and A. baumannii
ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO). Thirty larvae were infected in each group. Level of significance was
determined using the log-rank (Mantel-Cox) test with Bonferroni correction for multiple
comparisons. (B) Percent survival of A. baumannii ATCC 17978 (ATCC 17978), A. baumannii ΔlpxO
(ΔlpxO), and A. baumannii ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO) following one-hour exposure to G.
mellonella haemolymph obtained from larvae challenged with heat-killed E. coli. (C-E) G. mellonella
antimicrobial peptide expression determined after 12 hours of infection with A. baumannii ATCC
17978 (ATCC 17978), A. baumannii ΔlpxO (ΔlpxO), and A. baumannii ΔlpxO::Tn7lpxO
(ΔlpxO::Tn7lpxO) by reverse-transcriptase quantitative real-time PCR. Three larvae per group were
infected and values are presented as the mean ± SD of two independent cDNA preparations
measured in duplicate. In panels B-E: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <0.0001; n.s.,
not significant difference versus A. baumannii ATCC 17978 determined using one-way ANOVA with
Bonferroni contrasts.
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It has previously been reported that there is a correlation between virulence of
Gram-negative pathogens and the expression of G. mellonella AMPs (Insua et al.,
2013; Kidd et al., 2017). We sought to determine whether the LpxO-mediated
modification of the lipid A contributes to limit the expression of Galleria
antimicrobial peptides. 12-hours post-infection, the expression levels of
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gallerimycin, galiomycin, and lysozyme were significantly higher in larvae infected
with the lpxO mutant in comparison to the wild-type strain (Fig. 18C-E).
Complementation restored wild-type levels of AMP transcription, suggesting that
hydroxylated lipid A dampens expression of Galleria AMPs.
Taken together, the findings suggest that LpxO-dependent A. baumannii lipid A
hydroxylation is necessary for the virulence in G. mellonella by limiting production
of AMPs and promoting resistance of AMPs, in order to establish and maintain
infection.

3.6

Hydroxylated A. baumannii Lipid A Reduces Inflammatory Responses in
Macrophages

As previously stated, lipid A is recognised by the TLR4-MD2 complex, which
dimerises and leads to downstream activation of innate signalling pathways,
resulting in inflammation and clearance of the bacterial infection. However,
pathogens are able to remodel their lipid A to evade detection by TLR4 and
therefore reduce inflammation (Maeshima & Fernandez, 2013). It was then
investigated whether LpxO-dependent lipid A modification may help A. baumannii
to limit the activation of inflammatory cytokines. Expression of the TNF-α gene
(tnfα/TNFA) was ~ 20-fold higher in immortalised bone-marrow-derived
macrophages (iBMDMs) challenged with the lpxO mutant than in iBMDMs infected
with the wild-type (Fig. 19A). As expected, this increase in expression also resulted
in an approximate three-times increase in TNF-α secretion when infected with the
lpxO mutant in comparison to the wild-type strain (Fig. 19B). Complementation
restored wild-type levels of both expression and secretion, indicating that the
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presence of the hydroxyl group on wild-type and complemented lipid A results in
decreased pro-inflammatory responses.

Figure 19: lpxO deletion in A. baumannii results in upregulation of inflammatory responses in
macrophages upon infection. (A) tnfα expression in infected iBMDMs for 5 hours with UV-killed A.
baumannii ATCC 17978 (ATCC 17978), A. baumannii ΔlpxO (ΔlpxO), and A. baumannii
ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO) by reverse transcriptase quantitative real-time PCR. Values
presented as the mean ± SD of three independent cDNA preparations measured in duplicate. (B)
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TNF-α secretion by iBMDMs stimulated for 5 hours with UV-killed A. baumannii ATCC 17978 (ATCC
17978), A. baumannii ΔlpxO (ΔlpxO), and A. baumannii ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO). (C)
Immunoblot analysis of IκBα and tubulin levels in lysates of iBMDM cells infected with UV-killed A.
baumannii ATCC 17978 (ATCC 17978), A. baumannii ΔlpxO (ΔlpxO), and A. baumannii
ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO) for the indicated times. (D) Immunoblot analysis of phospho-JNK
(pJNK), phospho-ERK (pERK), phospho-p38 (P-p38) and tubulin levels in lysates of iBMDMs infected
with UV-killed A. baumannii ATCC 17978 (ATCC 17978), A. baumannii ΔlpxO (ΔlpxO), and A.
baumannii ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO). In panels A-B: *, P < 0.05; ****, P < 0.0001, versus A.
baumannii ATCC 17978 determined using one-way ANOVA with Bonferroni contrasts. In C-D: data
are representative of at least three independent experiments.

The recognition of the lipid A pattern by the TLR4-MD2 complex activates NF-κB
and MAP kinase (MAPK)-governed inflammatory responses necessary to clear
bacterial infections. In canonical activation of NF-κB, phosphorylated IκBα is
degraded by the proteasome, which allows NF-κB to translocate into the nucleus
for expression of pro-inflammatory cytokines. All strains triggered comparable IκBα
degradation (Fig. 19C). Additionally, all three strains triggered the phosphorylation
of the MAPKs p38, ERK, and JNK (Fig. 19D), the phosphorylation of JNK was
increased in iBMDMs infected with the lpxO mutant. Quantitatively, JNK
phosphorylation was increased by 22% and 21% at 20- and 40-minutes postinfection with the lpxO mutant, respectively, compared to the wild-type strain. The
complemented strain showed commensurate JNK phosphorylation to the wild-type
lipid A strain at all timepoints. Control experiments showed that A. baumanniimediated TNF-α secretion is dependent on the activation of JNK, as the secreted
cytokine levels were significantly reduced in supernatants of infected iBMDMs
treated with the JNK inhibitor SP600125 (Fig. 20). Collectively, these results indicate
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that the 2-hydroxylation of A. baumannii lipid A curtails JNK-dependent
inflammation.

Figure 20: JNK controls inflammatory response in A. baumannii-infected iBMDMs. TNF-α secretion
upon infection in iBMDMs was analysed in the presence of the MAPK JNK inhibitor (SP600125, 10
µM, 2 hours prior to infection or DMSO [vehicle solution]). Macrophages were stimulated for 5
hours with UV-killed A. baumannii ATCC 17978 (ATCC 17978) and TNF-α levels were determined in
the supernatant of infected cells. ***, P < 0.001; for the indicated comparison using the two-way
ANOVA with Bonferroni corrections for multiple comparisons.

Intriguingly, expression of the anti-inflammatory cytokine IL-10 gene (il10/IL10) was
significantly reduced in iBMDMs infected with the lpxO mutant, whereas no
differences in expression between the wild-type and complemented strains were
observed (Fig. 21A). These results suggested that the hydroxylation of A. baumannii
lipid A contributes to the induction of the anti-inflammatory cytokine, IL-10. To
determine whether the reduced IL-10 levels triggered by the lpxO mutant was
responsible for the increased inflammatory response activated by this mutant,
IL10-/- iBMDMs were infected. Expression levels of the pro-inflammatory cytokine,
TNF-α, were then assessed. No differences in tnfα transcription were observed
between the three strains (Fig. 21B), supporting the hypothesis that the increased

130

inflammatory potential of the lpxO mutant was due to a decrease in the antiinflammatory IL-10 cytokine.

Figure 21: lpxO deletion in A. baumannii results in a decrease in il10 expression. (A) il10 expression
in infected iBMDMs with UV-killed A. baumannii ATCC 17978 (ATCC 17978), A. baumannii ΔlpxO
(ΔlpxO), and A. baumannii ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO) by reverse transcriptase quantitative
real-time PCR. Values are presented as the mean ± SD of three independent cDNA preparations
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measured in duplicate. (B) tnfα expression in infected IL10-/- iBMDMs for 5 hours with UV-killed A.
baumannii ATCC 17978 (ATCC 17978), A. baumannii ΔlpxO (ΔlpxO), and A. baumannii
ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO) by reverse transcriptase quantitative real-time PCR. Values are
presented as the mean ± SD of two independent cDNA preparations measured in duplicate. (C) il10
expression in control (AllStars; AS), and CREB siRNA transfected iBMDMs infected for 5 hours with
UV-killed A. baumannii ATCC 17978 (ATCC 17978) by reverse transcriptase quantitative real-time
PCR. Values are presented as the mean ± SD of two independent cDNA preparations measured in
duplicate. (D) Efficiency of transfection as percent of transcript remaining after transfection. mRNA
levels of the indicated transcripts were accessed 16 hours post-transfection as fold change against
control non-silencing agents (AllStars; AS) after gene normalisation. Values are presented as the
mean ± SD of three independent experiments measured in duplicate. (E) Immunoblot analysis of
phospho-CREB (pCREB) and tubulin levels in lysates of iBMDMs infected with UV-killed A. baumannii
ATCC 17978 (ATCC 17978), A. baumannii ΔlpxO (ΔlpxO), and A. baumannii ΔlpxO::Tn7lpxO
(ΔlpxO::Tn7lpxO). Data are representative of at least three independent experiments. In panels A-D:
n.s., not significant; *, P < 0.05; ***, P < 0.001; ****, P < 0.0001, versus A. baumannii ATCC 17978
determined using one-way ANOVA with Bonferroni contrasts.

We then sought to determine the signalling pathway governing the production of
IL-10 in A. baumannii-infected macrophages. CREB (cAMP response elementbinding protein) is a transcription factor which controls expression of IL-10, and
MAPKs such as p38 and ERK have been shown to co-operate in IL-10 induction
following infection (Mellett et al., 2011; Saraiva & O’Garra, 2010). Since
phosphorylation of p38 and ERK had already been investigated to not show
differences between A. baumannii strains (Fig. 19D), the focus was on the potential
role of CREB to govern IL-10 production in A. baumannii-infected iBMDMs.
Suppression of endogenous expression of CREB using a CREB-specific siRNA (small
interfering RNA) led to a significant decrease in il10 levels in iBMDMs infected with
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the wild-type strain (Fig. 21C), indicating that CREB does indeed control A.
baumannii induction of IL-10. In addition, immunoblotting analysis revealed that
phosphorylation of CREB was decreased in iBMDMs infected with the lpxO mutant
in comparison to iBMDMs infected with the wild-type strain (Fig. 21E).
Densitometry revealed a 19% and 29% decrease in CREB phosphorylation 20-and
40-minutes post-infection with the lpxO mutant compared to wild-type-infected
iBMDMs, respectively. Wild-type levels of CREB phosphorylation were restored with
complementation (Fig. 21E).
In summary, these findings demonstrate that the 2-hydroxylation of A. baumannii
lipid A mediates the production of the anti-inflammatory cytokine IL-10 via CREB
activation. IL-10 subsequently dampens production of pro-inflammatory cytokines
following A. baumannii infection.

3.7

Exploring TNF-α in A. baumannii Infection

We sought to identify the mammalian receptors and adaptors sensing A. baumannii
strains. In order to do this, TLR2-/-, TLR4-/-, and TLR2-/-TLR4-/- iBMDMs were infected
with the three A. baumannii strains and transcription of tnfα was assessed by RTqPCR. There was an overall reduction in tnfα transcription of all strains infected
with each of the TLR-/- cells (Fig. 22A). However, the levels of tnfα transcription was
markedly low in the TLR2-/-TLR4-/- cells. Interestingly, in the same knockout cell
lines, transcription of the interferon-stimulated gene (ISG), mx1, was greatly
reduced (Fig. 22B), signifying that A. baumannii may induce type I IFN in a TLR2- and
TLR4-dependent manner.
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Figure 22: Inflammation as a result of A. baumannii infection is TLR2- and TLR4-dependent. (A)
tnfα or (B) mx1 expression in infected iBMDMs for 5 hours with UV-killed A. baumannii ATCC 17978
(ATCC 17978), A. baumannii ΔlpxO (ΔlpxO), and A. baumannii ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO) by
reverse transcriptase quantitative real-time PCR. Values are presented as the mean ± SD of two
independent cDNA preparations measured in duplicate. *, P < 0.05; ***, P < 0.001 versus A.
baumannii ATCC 17978 of the given cell line determined using one-way ANOVA with Bonferroni
contrasts. Statistics with lines indicate A. baumannii ATCC 17978 of the cell line versus A. baumannii
ATCC 17978 of the wild-type iBMDMs.

To assess whether adaptors downstream of the TLRs were responsible, MYD88-/and TRAM-/-TRIF-/- iBMDMs were infected with the A. baumannii strains. Again, no
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differences were observed between the three strains, but both cell lines evidenced
a reduced expression of both tnfα and mx1 (Fig. 23). Due to the significant role that
TLR4 and TRAM-TRIF seemingly plays in both tnf-α and mx1 transcription to A.
baumannii, we turned to IFN-dependent proteins. In K. pneumoniae, induction of
type I IFN is in a TLR4-TRAM-TRIF-IRF3-dependent manner (Ivin et al., 2017). To
elucidate whether IFN-dependent proteins were involved, such as IRF3 and IFNAR1,
IRF3-/- and IFNAR1-/- iBMDMs were infected with the three Acinetobacter strains.
However, no significant differences were observed between the bacterial strains in
tnfα or mx1 transcription (Fig. 24). Further, a modest reduction in tnfα transcription
was observed in IFNAR1-/-, and reduction in overall transcription of tnfα in the
absence of IRF3 (Fig. 24A). A marked reduction in mx1 transcription was observed
in both knockout cell lines as anticipated (Fig. 24B). The apparent involvement of
mx1 upregulation in A. baumannii infections and the potential role for type I IFNs
suggests that there may be a currently unknown response to A. baumannii in vivo.
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Figure 23: Inflammation as a result of A. baumannii infection is dependent on TLR4 adaptors. (A)
tnfα or (B) mx1 expression in infected iBMDMs for 5 hours with UV-killed A. baumannii ATCC 17978
(ATCC 17978), A. baumannii ΔlpxO (ΔlpxO), and A. baumannii ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO) by
reverse transcriptase quantitative real-time PCR. Values are presented as the mean ± SD of two
independent cDNA preparations measured in duplicate. *, P < 0.05; ****, P < 0.0001 versus A.
baumannii ATCC 17978 of the given cell line determined using one-way ANOVA with Bonferroni
contrasts. Statistics with lines indicate A. baumannii ATCC 17978 of the cell line versus A. baumannii
ATCC 17978 of the wild-type iBMDMs.
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Figure 24: Expression of tnfα and mx1 is IRF3- and IFNAR1-dependent. (A) tnfα or (B) mx1
expression in infected iBMDMs for 5 hours with UV-killed A. baumannii ATCC 17978 (ATCC 17978),
A. baumannii ΔlpxO (ΔlpxO), and A. baumannii ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO) by reverse
transcriptase quantitative real-time PCR. Values are presented as the mean ± SD of two independent
cDNA preparations measured in duplicate. *, P < 0.05; **, P < 0.01; ****, P < 0.0001 versus A.
baumannii ATCC 17978 of the given cell line determined using one-way ANOVA with Bonferroni
contrasts. Statistics with lines indicate A. baumannii ATCC 17978 of the cell line versus A. baumannii
ATCC 17978 of the wild-type iBMDMs.

Additionally, the involvement of the TRIF negative regulator (Carty et al., 2006),
SARM in tnfα or mx1 transcription was examined. SARM-/- cells infected with A.
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baumannii showed an overall reduction in both tnfα and mx1 in a strainindependent manner (Fig. 25).

Figure 25: SARM has a modest effect on A. baumannii infection biology. (A) tnfα or (B) mx1
expression in infected iBMDMs for 5 hours with UV-killed A. baumannii ATCC 17978 (ATCC 17978),
A. baumannii ΔlpxO (ΔlpxO), and A. baumannii ΔlpxO::Tn7lpxO (ΔlpxO::Tn7lpxO) by reverse
transcriptase quantitative real-time PCR. Values are presented as the mean ± SD of two independent
cDNA preparations measured in duplicate. *, P < 0.05; **, P < 0.01 versus A. baumannii ATCC 17978
of the given cell line determined using one-way ANOVA with Bonferroni contrasts. Statistics with
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lines indicate A. baumannii ATCC 17978 of the cell line versus A. baumannii ATCC 17978 of the wildtype iBMDMs.

Similarly to K. pneumoniae, the TLR4-TRAM-TRIF-IRF3 axis is heavily involved in
transcription of the IFN-stimulated gene, mx1. However, many other receptors and
proteins are seemingly involved. To research whether IFN plays a role in infection
biology of A. baumannii, a murine infection model was utilised. Wild-type and
IFNAR1-/- mice were infected with wild-type A. baumannii ATCC 17978 and bacterial
loads were determined from homogenised organs. No differences were observed in
bacterial loads in both wild-type and IFNAR1-/- lung or NALT (nasal-associated
lymphoid tissue), however, dissemination of the infection to the spleen was
significantly higher in spleen homogenates (Fig. 26).

Figure 26: Type I IFN may play a role in reduction of disseminating A. baumannii. WT and IFNAR1-/mice (n=5 per group) were infected intranasally (3x108 CFU of A. baumannii ATCC 17978) and
bacterial loads were determined in lungs, spleens, and NALTs at 24 hours post-infection. Bacterial
load is presented as CFU per gram of analysed organ per infected mouse. Horizontal bars represent
the bar and SEM, with an unpaired Student’s t test. *, P < 0.05.

Altogether, the results of this chapter show that hydroxylated lipid A contributes to
overall survivability of A. baumannii, suggested by increased resistance to clinical
and host CAMPs, resistance to whole human blood, and Galleria haemolymph.
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Furthermore, hydroxylated lipid A has anti-inflammatory properties to persist
within the host by utilising the anti-inflammatory cytokine IL-10 in a CREBdependent manner. Preliminary results indicate that type I IFN may also play a role
in Acinetobacter infection biology.
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Chapter 4 – PhoPQ-Regulated Lipid A Modifications Contribute
to K. pneumoniae Survival Inside Macrophages
4.1

K. pneumoniae Modifies its Lipid A with Hydroxyl and Palmitoyl Groups
Inside Macrophages

As previously described, K. pneumoniae can survive within Klebsiella-containing
vacuoles (KCVs) of macrophages (Cano et al., 2015). Publications regarding an
intracellular LPS receptor led us to investigate whether intracellular K. pneumoniae
may remodel its lipid A in order to survive phagocytosis by pathogens (Shi et al.,
2014; Vanaja et al., 2016). K. pneumoniae survives intracellularly in a specific KCV
characterised by its acidification and prevention of lysosomal fusion to the
phagosome via PI3K-Rab14 (Cano et al., 2015). This mechanism is identical to the
canonically intracellular pathogens Salmonella and Mycobacterium (Kuijl et al.,
2007; Kyei et al., 2006; Smith et al., 2007). In order to assess whether lipid A
remodelling is involved in this phenomenon, we ran control experiments on
uninfected iBMDMs to determine whether Klebsiella-like contaminating peaks were
present in MALDI-TOF analyses. MALDI-TOF analysis using the Bligh-Dyer extraction
protocol from published articles (Mohamed et al., 2017; Gibbons et al., 2005)
revealed that a single contaminating peak at m/z 1,963 is present in non-infected
iBMDMs (Fig. 27A). Moreover, using a TRIzol lipid A extraction protocol (Yi &
Hackett, 2000), the same peak was also revealed (Fig. 27B). This peak overlaps with
a pEtN residue (m/z 124) on the hydroxylated K. pneumoniae lipid A species (m/z
1,840) which would therefore obscure results from MALDI-TOF of infected
macrophages.
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The presence of this contaminant peak means that analysis and determination of
intracellular K. pneumoniae lipid A peaks would not be possible unless the peak is
removed. Several attempts were made to design an extraction protocol which
removes the contaminating peak while still extracting K. pneumoniae lipid A. In
order to remove the contaminating peak, macrophages were initially lysed with icecold water and lyophilised prior to the TRIzol lipid A extraction protocol. Water was
chosen to reduce the presence of potential reagents which may appear on the
MALDI-TOF spectra, such as detergents. This procedure did not eliminate the
contaminating peak either (Fig. 27C).

Figure 27: Non-infected iBMDMs contain a lipid species similar to pEtN-modified K. pneumoniae
lipid A. Negative-ion MALDI-TOF mass spectrometry spectra of wild-type iBMDMs extracted with:
(A) Bligh-Dyer method, (B) TRIzol method, and (C) water lysis of macrophages prior to TRIzol
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method. Data represent the mass-to-charge (m/z) ratios of each extraction and are representative of
at least three extractions.

The contaminating peak of m/z 1,963 was eventually eradicated by saponin-lysis of
the iBMDM membranes prior to the TRIzol extraction, suggesting that the
contaminating peak may be a membrane-bound sphingolipid due to the structural
similarities between lipid A and sphingolipids (Nikaido, 2003). This method in
particular was used as it incorporates a detergent clean-up step – thus allowing
saponin to be removed with water and acidified ethanol, in addition to PB washes
prior to initial lyophilisation.
We wished to assess whether this method would be useful to determine the lipid A
species produced by K. pneumoniae in vitro. The resulting lipid A species from in
vitro extracellular K. pneumoniae treated with this method is a hexa-acylated
species of m/z 1,824, corresponding to two glucosamines, two phosphates, four R3-hydroxymyristates, and two myristates on positions 2’ and 3’ of R-3hydroxymyristate (Fig. 28A-B). Additionally, a smaller peak is found at m/z 1,840
which corresponds to the above structure, but a hydroxyl group is found on the
myristate secondary acyl chain of the 2’-R-3-hydroxymyristate (Fig. 28A-B). Other
species detected were consistent with the addition of L-Ara4N (m/z 131) or
palmitate (m/z 239) to the predominant hexa-acylated species (m/z 1,824) to
produce lipid A species of m/z 1,955 and m/z 2,063, respectively (Fig. 28A-B). These
lipid A species are consistent with those published with other lipid A extraction
protocols (Clements et al., 2007; Kidd et al., 2017; Llobet et al., 2015).
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Figure 28: Extracellular K. pneumoniae extracted using the TRIzol method. (A, left) Negative-ion
MALDI-TOF mass spectrometry spectrum of lipid A purified from Kp52.145. Data represents the
mass-to-charge (m/z) ratio of each lipid A species detected and is representative of at least three
extractions. (B, right) Table showing a breakdown of each peak with regards to modification of the
‘base’ structure, m/z 1,824. (C) Proposed lipid A structures of the species produced by extracellular
K. pneumoniae based on previous publications (Kidd et al., 2017; Llobet et al., 2015; Mills et al.,
2017).

Intracellular K. pneumoniae lipid A was extracted using the TRIzol method and was
proven to be more extensively modified. This lipid A spectrum shows a ratio-switch
between the two predominant species in which the hydroxylated species, m/z
1,840, is the principal peak, with its corresponding palmitated lipid A species (m/z
2,079) also more prominent than the other palmitate peaks (m/z 2,036-2,063) (Fig.
29A and Fig. 30). Additionally, m/z 1,797 is also present, this E. coli-like lipid A
species is seldomly seen in K. pneumoniae (Fig. 29A and Fig. 30) (Llobet et al., 2015).
This corresponds to a hexa-acylated lipid A with the presence of a laurate acyl chain
at the 2’-R-3-hydroxymyristate position (Mills et al., 2017). A novel peak is also seen
at m/z 1,813, which has not been reported in K. pneumoniae before. The difference
of m/z 16 suggests that this may correspond to a hydroxylated species of m/z 1,797
(Fig. 29A and Fig. 30). Both of the m/z 1,797 and m/z 1,813 structures also have
corresponding palmitate (m/z 239) residues attached resulting in species m/z 2,036
and m/z 2,052, respectively (Fig. 29A and Fig. 30). The intracellular lipid A pattern
was lost in minimally-passaged K. pneumoniae, emphasising that lipid A returns to
extracellular species when removed from intracellular conditions (Fig. 29B).
Proposed skeletal structures are found in Fig. 30.
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Figure 29: Intracellular K. pneumoniae lipid A is modified with hydroxyl, lauroyl, and palmitoyl
groups. Negative-ion MALDI-TOF mass spectrometry spectra of lipid A purified from: (A) Intracellular
K. pneumoniae, with non-infected iBMDMs shown in red and (B) K. pneumoniae passaged in fresh LB
broth for 24 hours at 37oC. Data represent the mass-to-charge (m/z) ratios of each lipid A species
detected and are representative of three extractions. (Bottom) Table showing a breakdown of each
peak with regards to modification of the ‘base’ structure, m/z 1,824. * m/z 1,797 is not generated
from m/z 1,824, rather it has a C12 at the 2’-R-3-hydroxymyristoyl by activity of LpxL1 instead of the
C14 by activity of LpxL2 as in the case of m/z 1,824 (Mills et al., 2017). ** This is the ‘base’ structure
and therefore, for simplicity, is not referred to as modified.
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Figure 30: Proposed skeletal structures of intracellular K. pneumoniae lipid A. (A) Structures with a
laurate (C12) modification of the 2’-R-3-hydroxymyristoyl by activity of LpxL1. (B) Structures with a
myristate (C14) modification of the 2’-R-3-hydroxymyristoyl by activity of LpxL2. Black arrows
correspond to proposed LpxO-mediated hydroxylation of lipid A structures. Blue arrows correspond
to proposed PagP-mediated palmitoylation of lipid A structures.

Next, we wanted to assess whether this lipid A profile would be similar in human
macrophages. Therefore, the same extraction was performed on differentiated
human THP-1 cells. The resulting intracellular lipid A species from THP-1 cells
infected with K. pneumoniae matched the lipid A pattern found in iBMDMs (Fig.
31A). Furthermore, to ensure K. pneumoniae can restore its extracellular lipid A
structure, bacteria were minimally passaged in fresh LB and subjected to MALDITOF. Passaged bacteria were found to express the extracellular lipid A structure of
K. pneumoniae (Fig. 31B).

Figure 31: Intracellular K. pneumoniae lipid A possesses the same modifications in human
differentiated THP-1 cells as in murine iBMDMs. Negative-ion MALDI-TOF mass spectrometry
spectra of lipid A purified from: (A) K. pneumoniae inside THP-1 cells with non-infected cells shown
in red and (B) K. pneumoniae following 24-hour passage in fresh LB broth. Data represent the massto-charge (m/z) ratios of each lipid A species detected and are representative of three extractions.
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4.2

Lauroylation, Hydroxylation, and Palmitoylation of Intracellular K.
pneumoniae Lipid A is LpxL1-, LpxO-, and PagP-Dependent, Respectively

Next, we followed a genetic approach to decipher the molecular structures of
intracellular lipid A. Several mutants of lipid A-modifying genes were run through
the saponin-treatment lipid A iBMDM infection model and extracted for MALDI-TOF
analyses. The spectrum obtained from the intracellular lpxL1 mutant resulted in the
loss of the lipid A species: m/z 1,797, m/z 1,813, m/z 2,036, and m/z 2,052 (Fig.
32A). This suggests that the potentially hydroxylated species such as m/z 1,813 and
m/z 2,052 must be on the laurate residue due to their omission from the lipid A
spectra in the lpxL1 mutant (Mills et al., 2017). Spectra obtained from the lpxO
mutant showed the omission of peaks m/z 1,813, m/z 1,840, m/z 2,052, and m/z
2,079 (Fig. 32B). This reduction in the atomic mass of oxygen (m/z 16) proves that
hydroxylation of the lipid A species is LpxO-dependent (Llobet et al., 2015). Lastly,
the pagP mutant revealed the lack of palmitated lipid A species: m/z 2,036, m/z
2,052, m/z 2,063, and m/z 2,079 (Fig. 32C). These peaks are consistent with PagPmediated palmitoylation (m/z 239) due to their omission in the spectrum of the
pagP mutant (Guo et al., 1998). Wild-type intracellular K. pneumoniae lipid A
species were restored upon complementation (Fig. 32).
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Figure 32: Intracellular K. pneumoniae lipid A modifications are mediated by LpxL1, LpxO, and
PagP. Negative-ion MALDI-TOF mass spectrometry spectra of lipid A purified from intracellular: (A)
K. pneumoniae 52.145 ΔlpxL1 (Kp52.145 ΔlpxL1) and K. pneumoniae 52.145 ΔlpxL1::Tn7lpxL1
(Kp52.145 ΔlpxL1::Tn7lpxL1), (B) K. pneumoniae 52.145 ΔlpxO (Kp52.145 ΔlpxO) and K. pneumoniae
52.145 ΔlpxO::Tn7lpxO (Kp52.145 ΔlpxO::Tn7lpxO), and (C) K. pneumoniae 52.145 ΔpagP (Kp52.145
ΔpagP) and K. pneumoniae 52.145 ΔpagP::pypagP (Kp52.145 ΔpagP::pypagP). Data representative
the mass-to-charge (m/z) ratios of each lipid A species detected and are representative of three
extractions.
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4.3

Intracellular Lipid A Modifications are PhoPQ-Dependent

Since the two-component regulatory systems PhoPQ and PmrAB govern lipid A
modifications in K. pneumoniae, we wanted to investigate whether they also
control the intracellular K. pneumoniae lipid A modifications. To determine which
bacterial regulatory system was involved, lipid A was extracted from iBMDMs
infected with pmrAB and phoQ mutants. The pmrAB mutant expressed wild-type
intracellular lipid A species (Fig. 33B), indicating that these are not responsible for
the lipid A modifications found in iBMDMs. However, lipid A from iBMDMs infected
with the phoQ mutant expressed lipid A which predominantly contains the nonhydroxylated m/z 1,824 lipid A species and only the corresponding nonhydroxylated, palmitated peak at m/z 2,063 (Fig. 33C). Complementation restored
wild-type intracellular lipid A (Fig. 33D). In colistin-resistant K. pneumoniae isolates,
mutations in mgrB are often found (Poirel et al., 2015; Wright et al., 2015).
Mutation of mgrB has been shown to induce PhoPQ-mediated lipid A modifications,
shown by extensive lipid A remodelling, owing to the fact that MgrB is a negative
regulator of PhoPQ signalling (Kidd et al., 2017). The lack of impact on the
intracellular MALDI-TOF analysis in the mgrB mutant further reflects that
intracellular K. pneumoniae lipid A modifications are indeed PhoPQ-governed (Fig.
33A).
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Figure 33: Intracellular K. pneumoniae lipid A modifications are PhoPQ-dependent. Negative-ion
MALDI-TOF mass spectrometry spectra of lipid A purified from intracellular: (A) K. pneumoniae
52.145 ΔmrgB (Kp52.145 ΔmrgB), (B) K. pneumoniae 52.145 ΔpmrAB (Kp52.145 ΔpmrAB), (C) K.
pneumoniae 52.145 ΔphoQ (Kp52.145 ΔphoQ), and (D) K. pneumoniae 52.145 ΔphoQ::Tn7phoQ
(Kp52.145 ΔphoQ::Tn7phoQ). Data represent the mass-to-charge (m/z) ratios of each lipid A species
detected and are representative of three extractions.

To assess the transcriptional regulation of phoQ in the intracellular lipid A profile,
iBMDMs were infected with wild-type Kp52.145, the phoQ mutant, and a
complemented phoQ strain and transcription of lpxL1, lpxO, and pagP was assessed
after bacterial RNA extraction. Wild-type Kp52.145 showed an approximate 3-fold
increase in transcription of each gene in comparison to extracellular K. pneumoniae
(Fig. 34). Intriguingly, the phoQ mutant expressed extracellular-like levels of
transcription of each gene, in agreement with the prior MALDI-TOF analysis (Fig.
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34). Complementation restored wild-type levels of transcription of all three genes
(Fig. 34).

Figure 34: PhoPQ regulates intracellular LpxL1-, LpxO-, and PagP-governed modifications.
Expression of lpxL1, lpxO, and pagP determined from extracellular K. pneumoniae 52.145 (Kp52.145)
grown to mid-exponential phase in LB broth (grey bar) or after 5 hours of infection (black bars) with
K. pneumoniae 52.145 (Kp52.145), K. pneumoniae 52.145 ΔphoQ (Kp52.145 ΔphoQ), and K.
pneumoniae 52.145 ΔphoQ::Tn7phoQ (Kp52.145 ΔphoQ::Tn7phoQ) by reverse-transcriptase
quantitative real-time PCR. Values are represented as the mean ± SD of three independent cDNA
preparations measured in duplicate. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; n.s., not
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significant versus intracellular K. pneumoniae 52.145 determined using one-way ANOVA with
Bonferroni contrasts.

4.4

LpxO- and PagP-Dependent Lipid A Modifications are Required for
Intracellular Survival of K. pneumoniae

To assess the contribution of these lipid A modifications to intracellular K.
pneumoniae survival, iBMDMs were infected with wild-type Kp52.145, the lpxO
mutant, and the pagP mutant; at indicated timepoints, iBMDMs were washed with
sterile PBS and lysed with 0.05% saponin and bacterial counts were determined by
plating on LB agar plates without antibiotic supplementation. No differences in
initial contact (60 minutes post-infection) numbers were found – indicating that
adherence to the mammalian cells and uptake of bacteria were equal among strains
(Fig. 35A). At this point, remaining wells were incubated with DMEM supplemented
with 100 µg/ml gentamicin, which does not penetrate eukaryotic cells and
therefore is only bactericidal to extracellular populations of bacteria (Elsinghorst,
1994). Bacterial counts for the phagocytosis timepoint (90 minutes) showed that
there was a significant increase in uptake of bacteria in both the lpxO and pagP
mutants compared to the wild-type (Fig. 35B). However, although internalised
bacterial counts were higher, the level of intracellular survival (5 hours) were
significantly lower in both the lpxO and pagP mutants (Fig. 35C), indicating that
lpxO and pagP mutants are attenuated in intracellular survival. Complementation of
lpxO and pagP restored wild-type levels of survival at all timepoints (Fig. 35).
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Figure 35: Deletion of lpxO and pagP impair K. pneumoniae survival in macrophages. Contact (A),
phagocytosis (B), and intracellular survival (C) of: K. pneumoniae 52.145 wild-type (Kp52.145), K.
pneumoniae 52.145 ΔlpxO (Kp52.145 ΔlpxO), K. pneumoniae 52.145 ΔlpxO::Tn7lpxO (Kp52.145
ΔlpxO::Tn7lpxO), K. pneumoniae 52.145 ΔpagP (Kp52.145 ΔpagP), and K. pneumoniae 52.145
ΔpagP::pypagP (Kp52.145 ΔpagP::pypagP).Data are representative of three independent
experiments with two technical replicates. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001; n.s. not
significant versus Kp52.145 determined using one-way ANOVA with Bonferroni contrasts.

Altogether, these findings show that K. pneumoniae extensively decorates its lipid A
with hydroxyl and palmitate groups when residing in mouse and human
macrophages. These particular modifications allow K. pneumoniae to survive the
hostile environment of macrophages. The PhoPQ two-component regulatory
system controls the remodelling of K. pneumoniae lipid A in macrophages.
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Chapter 5 – Intracellular K. pneumoniae Lipid A Modifications are
TLR4- and TRAM/TRIF-Dependent by Affecting Vacuolar
Conditions
5.1

Intracellular Lipid A Modifications are Partially TLR4-Dependent

Following the establishment of the lipid A pattern expressed by K. pneumoniae
inside of macrophages in Chapter 4, we sought to determine whether TLRs may
orchestrate intracellular lipid A remodelling. First, double-knockout iBMDMs, TLR2-/TLR4-/-, were infected with Kp52.145 and lipid A was extracted. Lipid A from TLR2-/TLR4-/- iBMDMs were considerably less hydroxylated and palmitated than lipid A
from wild-type iBMDMs (Fig. 36A-B). TLR4, as previously mentioned, is responsible
for Gram-negative pathogen recognition on the cell surface of macrophages. TLR4-/iBMDMs were infected with wild-type K. pneumoniae, and lipid A was extracted for
MALDI-TOF analysis. Due to reports of atypical LPS recognition by TLR2 in response
to Gram-negative bacteria such as Leptospira interrogans and Helicobacter pylori
(Nahori et al., 2005; Que-Gewirth et al., 2004; Smith et al., 2003; Smith et al., 2011;
Yokota et al., 2007), TLR2-/- iBMDMs were also infected. Intracellular K. pneumoniae
lipid A extracted from TLR2-/- iBMDMs showed an identical lipid A profile to the
wild-type iBMDMs (Fig. 36C). However, lipid A extracted from TLR4-/- iBMDMs was
less hydroxylated and palmitated (Fig. 36D). Therefore, suggesting that the
mechanistic effect of TLR4 is responsible for these lipid A modifications, and not
TLR2. Lipid A extracted from passaged K. pneumoniae restored the extracellular
lipid A pattern (Fig. 36).

156

Figure 36: K. pneumoniae lipid A extracted from TLR4-/- iBMDMs are less hydroxylated and
palmitated. Negative-ion MALDI-TOF mass spectrometry spectrum of lipid A purified from: (A) Wild-
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type, (B) TLR2-/-TLR4-/-, (C) TLR2-/-, and (D) TLR4-/- iBMDMs infected with Kp52.145. Data represents
the mass-to-charge (m/z) ratio of each lipid A species detected and is representative of at least three
extractions. Lipid A was also extracted from bacteria passaged in fresh LB broth (right).

Accumulatively, these results suggest that TLR4 signalling contributes to the
intracellular K. pneumoniae lipid A remodelling.

5.2

TRAM and TRIF are Responsible for Downstream Intracellular K.
pneumoniae Lipid A Modifications

As TLR4 was not solely responsible for the intracellular lipid A phenotype of K.
pneumoniae, we next sought to determine the involvements of the adaptors
engaged by TLR4. Wild-type Kp52.145 was used to infect TRAM-/-TRIF-/-, MYD88-/-,
and TRIF-/-MYD88-/- iBMDMs, and lipid A was subsequently extracted and subjected
to MALDI-TOF analyses. Lipid A extracted from MYD88-/- iBMDMs was equivalent to
the K. pneumoniae lipid A expressed in wild-type iBMDMs (Fig. 37). However, the
lipid A pattern of K. pneumoniae inside TRAM-/-TRIF-/- appears less hydroxylated and
laurated than lipid A extracted from wild-type iBMDMs (Fig. 38). Lipid A extracted
from TRIF-/-MYD88-/- iBMDMs, however, is consistent with lipid A from wild-type
iBMDMs, suggesting that TRIF alone is not sufficient to change the intracellular lipid
A pattern (Fig. 39).
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Figure 37: Intracellular K. pneumoniae lipid A from MYD88-/- iBMDMs is identical to lipid A
extracted from wild-type iBMDMs. Negative-ion MALDI-TOF mass spectrometry spectrum of lipid A
purified from MYD88-/- iBMDMs infected with Kp52.145. Data represents the mass-to-charge (m/z)
ratio of each lipid A species detected and is representative of at least three extractions.

Figure 38: Intracellular K. pneumoniae lipid A from TRAM-/-TRIF-/- iBMDMs is less hydroxylated and
laurated than lipid A extracted from wild-type iBMDMs. Negative-ion MALDI-TOF mass
spectrometry spectrum of lipid A purified from TRAM-/-TRIF-/- iBMDMs infected with Kp52.145. Data
represents the mass-to-charge (m/z) ratio of each lipid A species detected and is representative of at
least three extractions.
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Figure 39: Intracellular K. pneumoniae lipid A from TRIF-/-MYD88-/- iBMDMs is identical to lipid A
extracted from wild-type iBMDMs. Negative-ion MALDI-TOF mass spectrometry spectrum of lipid A
purified from TRIF-/-MYD88-/- iBMDMs infected with Kp52.145. Data represents the mass-to-charge
(m/z) ratio of each lipid A species detected and is representative of at least three extractions.

Altogether, the data suggests that TLR4-TRAM-TRIF signalling acts as a stimulus for
K. pneumoniae to remodel its lipid A intracellularly.

5.3

Investigation into Other Relevant Enzymes to K. pneumoniae Infection

K. pneumoniae has previously been shown to induce type I IFN, such as IFN-β, in a
TLR4-TRAM-TRIF-IRF3-dependent manner (de Vasconcelos, 2017: Thesis; Ivin et al.,
2017). Since our group has shown that TLR4-TRAM-TRIF mediates type I IFN we
wished to assess whether the lipid A intracellular remodelling is controlled by type I
IFN. In order to investigate this, IFNAR1-/- and IRF3-/- iBMDMs were infected with K.
pneumoniae and the lipid A was assessed by MALDI-TOF. Lipid A from both IFNAR1/-

and IRF3-/- iBMDMs exhibited ‘wild-type’ intracellular lipid A patterns, with

extracellular lipid A profiles evident after passaging in LB medium (Fig. 40).
Intracellular pathogens such as Salmonella enterica serovar Typhimurium trigger
the caspase-1-dependent inflammasome which results in macrophage pyroptosis
(Fink & Cookson, 2007). The type I IFN-induced AIM2 (absent in melanoma 2)
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inflammasome utilises the inflammasome adaptor protein ASC (apoptosisassociated speck-like protein containing a CARD), which has previously been
reported to be essential for LPS-induced procaspase-1 activation, in conjunction
with caspase-1 (Yamamoto et al., 2004). The AIM2 inflammasome is a sensor of
PAMPs and induction of this inflammasome can result in pyroptosis or maturation
and secretion of IL-18 and IL-1β (Lugrin & Martinon, 2018; Schroder & Tschopp,
2010). To investigate whether the AIM2 inflammasome is involved in the
intracellular K. pneumoniae lipid A profile, ASC-/- and AIM2-/- iBMDMs were infected
with Kp52.145 and lipid A spectra were obtained. Neither cell line resulted in lipid A
differences to infected wild-type iBMDMs (Fig. 41). Collectively, this indicates that
the type I IFN phenotype has no relation to the intracellular lipid A decorations.

Figure 40: Intracellular K. pneumoniae lipid A from IFNAR1-/- and IRF3-/- iBMDMs is identical to
lipid A extracted from wild-type iBMDMs. Negative-ion MALDI-TOF mass spectrometry spectrum of
lipid A purified from: (A) Wild-type, (B) IFNAR1-/-, and (C) IRF3-/- iBMDMs infected with Kp52.145.
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Data represents the mass-to-charge (m/z) ratio of each lipid A species detected and is representative
of at least three extractions.

Figure 41: Intracellular K. pneumoniae lipid A from ASC-/- and AIM2-/- iBMDMs is identical to lipid A
extracted from wild-type iBMDMs. Negative-ion MALDI-TOF mass spectrometry spectrum of lipid A
purified from: (A) Wild-type, (B) ASC-/-, and (C) AIM2-/- iBMDMs infected with Kp52.145. Data
represents the mass-to-charge (m/z) ratio of each lipid A species detected and is representative of at
least three extractions.

Next, SARM-/- iBMDMs were infected with K. pneumoniae for lipid A analysis. SARM
is a negative-regulator of TRIF, and as stated previously, SARM levels are sharply
increased upon TLR4 activation (Carty et al., 2006). Unpublished data suggests that
intracellular survival of K. pneumoniae is reduced in SARM-/- (Insua, 2017: Thesis).
However, lipid A from SARM-/- iBMDMs showed little difference to wild-type
iBMDMs, with extracellular K. pneumoniae lipid A returning after low passage (Fig.
42).
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Figure 42: Intracellular K. pneumoniae lipid A from SARM-/- iBMDMs is identical to lipid A
extracted from wild-type iBMDMs. Negative-ion MALDI-TOF mass spectrometry spectrum of lipid A
purified from SARM-/- iBMDMs infected with Kp52.145. Data represents the mass-to-charge (m/z)
ratio of each lipid A species detected and is representative of at least three extractions. Lipid A was
also extracted from bacteria passaged in fresh LB broth (right).

Lastly, K. pneumoniae has been shown to induce the anti-inflammatory cytokine IL10 in lungs of germ-free mice, suggesting K. pneumoniae limits inflammation in an
attempt to proliferate within the host (Greenberger et al., 1995). The exact cause of
IL-10 induction by K. pneumoniae has not yet been fully established. However,
unpublished data from our research group suggests that E. coli LPS and whole
bacteria expressing hydroxylated Klebsiella-like lipid A species significantly
increased secretion of IL-10 in iBMDMs (Mills, 2017: Thesis). Due to the link
between this result and the presence of hydroxylated lipid A species in iBMDMs,
IL10-/- iBMDMs were infected with Kp52.145 and the intracellular lipid A was
determined. No differences were observed with lipid A from IL10-/- in comparison to
wild-type iBMDMs (Fig. 43) thus indicating that IL-10 secretion has no effect on the
lipid A pattern.
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Figure 43: Intracellular K. pneumoniae lipid A from IL10-/- iBMDMs is identical to lipid A extracted
from wild-type iBMDMs. Negative-ion MALDI-TOF mass spectrometry spectrum of lipid A purified
from IL10-/- iBMDMs infected with Kp52.145. Data represents the mass-to-charge (m/z) ratio of each
lipid A species detected and is representative of at least three extractions. Lipid A was also extracted
from bacteria passaged in fresh LB broth (right).

5.4

Vacuolar Conditions are Responsible for LpxL1-, LpxO-, and PagPDependent Lipid A Modifications

It has previously been published that the survival phenotype of K. pneumoniae is
based on persistence within KCVs by preventing phagosome maturation and fusion
with lysosomes (Cano et al., 2015). In order to determine whether the intracellular
lipid A pattern is associated with the specific conditions of the vacuole, wild-type
iBMDMs were infected with Kp52.145 and cells were treated with the specific
inhibitor of the vacuolar-type H+-ATPase, bafilomycin-A1 (Cano et al., 2015; Dröse &
Altendorf, 1997). Microscopy with Lysotracker, which stains low pH compartments,
revealed that bafilomycin A1 successfully inhibited acidification of the vacuole (Fig.
44A). Lipid A extracted from bafilomycin A1-treated iBMDMs revealed a distinct
difference in comparison to untreated iBMDMs (Fig. 44B). Lipid A extracted from
these cells appear less palmitated, laurated, and hydroxylated.
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Figure 44: Effect of vacuolar acidification on intracellular K. pneumoniae lipid A. (A) Microscopy
analysis showing that bafilomycin A1 (100 nM) treatment abrogates LysoTracker staining of the KCV.
iBMDMs were infected with Kp52.145 harbouring pMMB207gfp3.1, expressing gfpmut3.1 under the
control of an IPTG-inducible promoter. IPTG (1 mM) was added 1.5 hours before fixation. Images
were taken 2.5 hours post-infection and are representative of duplicate coverslips in two
independent experiments. (B) Negative-ion MALDI-TOF mass spectrometry spectrum of lipid A
purified from bafilomycin A1-treated iBMDMs infected with Kp52.145. Data represents the mass-tocharge (m/z) ratio of each lipid A species detected and is representative of at least three extractions.
Lipid A was also extracted from bacteria passaged in fresh LB broth (bottom).

To investigate whether acidic pH is sufficient to recapitulate the intracellular lipid A,
Kp52.145 was grown in LB pH 5.5 to mid-exponential phase and subjected to
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MALDI-TOF analysis. The spectrum revealed that lipid A is extensively hydroxylated,
shown by the predominant peak of m/z 1,840 and its associated palmitated peak,
m/z 2,079 (Fig. 45A). Additionally, the hydroxylated peak m/z 1,866 was also
observed as well as an L-Ara4N residue (+ m/z 131) attached to its m/z 1,840 base
structure, resulting in a m/z 1,971 lipid A structure which is not observed
intracellularly (Fig. 45B) (Llobet et al., 2015). Intriguingly, LpxL1- and PagPdependent modifications were not as pronounced as initially anticipated. In order
to ascertain the involvement of transcription of the relevant lipid A-modifying
genes, RNA was extracted from K. pneumoniae grown at pH 7.0 and pH 5.5.
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Figure 45: K. pneumoniae lipid A when grown in pH 5.5. (A) Negative-ion MALDI-TOF mass
spectrometry spectrum of lipid A purified from Kp52.145 grown in LB pH 5.5. Data represents the
mass-to-charge (m/z) ratio of each lipid A species detected and is representative of at least three
extractions. (B) Proposed structures of m/z 1,866 and m/z 1,971 based on published literature
(Llobet et al., 2015).

RT-qPCR revealed that expression of lpxL1 and pagP were ~ 1.5-fold higher in K.
pneumoniae grown at pH 5.5 than at pH 7.0 (Fig. 46A-B). However, both lpxO and
phoP were shown to give a 2-fold increase in transcription (Fig. 46C-D). To further
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understand this, expression of the phoPQ operon, lpxO, pagP, and lpxL1 were
assessed at pH 7.0 and pH 5.5. Quantitative analysis of transcription of these loci
was examined using transcriptional fusions containing a promoterless firefly gene
(lucFF) under the control of the relevant locus promoter gene. Luciferase activity
evidenced that promoter activity of lpxL1, lpxO, and phoPQ were significantly
higher at pH 5.5 than at pH 7.0 (Fig. 47A; C-D). Additionally, activity of pagP was
modestly higher at pH 5.5 (Fig. 47B).

Figure 46: Transcription of intracellular K. pneumoniae lipid A-modifying genes. Kp52.145 was
grown to mid-exponential phase in pH 7.0 (black bar) and pH 5.5 (grey bar) and RNA was extracted.
Reverse transcriptase quantitative real-time PCR was used to assess transcription of: (A) lpxL1, (B)
pagP, (C) lpxO, and (D) phoP. Values are presented as the mean ± SD of three independent cDNA
preparations measured in duplicate. *, P < 0.05; **, P < 0.01, versus Kp52.145 grown in pH 7.0
determined using a Mann-Whitney U test.
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Figure 47: Activity of K. pneumoniae lpxL1, pagP, lpxO, and phoPQ promoters are increased in low
pH conditions. Kp52.145 strains harbouring lucFF transcriptional reporters were grown to midexponential phase in pH 7.0 (grey bar) and pH 5.5 (chequered bar) and luciferase activity was
assessed. Activity of: (A) lpxL1, (B) pagP, (C) lpxO, and (D) phoPQ promoters in Kp52.145 grown in LB
pH 7.0 and pH 5.5. Values are presented as the mean ± SD of three independent experiments
measured in quadruplicate. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001, versus Kp52.145 grown in
pH 7.0 determined using a Mann-Whitney U test.

Principally, these findings suggest that pH alone is insufficient to recapitulate the
intracellular lipid A pattern, although an increase in transcription of relevant
enzymes was observed in a PhoPQ-dependent manner.
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5.5

Acidic pH is Insufficient to Reduce Viability of K. pneumoniae

In order to evaluate whether any of the individual lipid A modifications reduce
growth of bacteria in low pH, growth curves were performed on all K. pneumoniae
mutants of lipid A-modifying genes found in the laboratory collection. All strains
grew in LB at pH 7.0 with no differences observed between strains (Fig. 48A-B). At
pH 5.5, the lpxL2 mutant showed a delay in growth (Fig. 48C). LpxL2 is responsible
for the m/z 1,824 lipid A peak of K. pneumoniae, by acylating the 2’-R-3hydroxymyristoyl group with a myristate residue (C14:0) (Mills et al., 2017).
Therefore, the lpxL2 is also missing the m/z 1,840 hydroxylated species, and both of
the associated palmitated residues at m/z 2,063 and m/z 2,079, respectively.
Mutants of lpxL1, lpxO, and pagP showed modest but non-significant differences to
the wild-type K. pneumoniae (Fig. 48D).

Figure 48: Growth kinetics of K. pneumoniae lipid A mutants in LB pH 7.0 (A-B) and pH 5.5 (C-D).
Strains were grown in LB (A-B) pH 7.0 and (C-D) pH 5.5 for 24 hours at 37oC, the study-relevant
mutants are on the right. Values are presented as the mean of five independent experiments.
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In minimal media (M9), the same experiment was performed. However, at pH 7.0,
pagP and pmrC mutants had reduced growth rates in comparison to the wild-type
(Fig. 49A-B). The reduced growth of the pmrC mutant was surprising, as this has not
been shown in MALDI-TOF, suggesting this is either below the levels of detection, or
may be an artefact of growing K. pneumoniae in M9 minimal media. In M9 pH 5.5,
the same strains were attenuated, and only a modest reduction in growth was
observed in lpxL1 and lpxO mutants (Fig. 49C-D).

Figure 49: Growth kinetics of K. pneumoniae lipid A mutants in M9 pH 7.0 (A-B) and pH 5.5 (C-D).
Strains were grown in M9 (A-B) pH 7.0 and (C-D) pH 5.5 for 24 hours at 37oC, the study-relevant
mutants are on the right. Values are presented as the mean of five independent experiments.

5.6

Creation of E. coli Strains Expressing Intracellular K. pneumoniae Lipid A

The subsequent work involved utilising the E. coli recombinant system to express
lipid A of other organisms to generate LPS consisting of only one lipid A species. In
the laboratory collection, we possess E. coli constructs expressing only one
Klebsiella-like peak including: m/z 1,797 (canonical, unmodified E. coli), m/z 1,813
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(E. coli BN1 complemented with K. pneumoniae LpxO), and m/z 1,824 (E. coli BN1
ΔlpxL complemented with K. pneumoniae LpxL2). In order to complete the
intracellular K. pneumoniae LPS molecules, E. coli strains expressing m/z 1,840, m/z
2,063, and m/z 2,079 were created and subjected to MALDI-TOF (Fig. 50). These E.
coli strains will allow us in the near future to assess the inflammatory pattern
activated by these single lipid A molecules, and to evaluate the activation of TLR4
signalling and the intracellular LPS receptor.
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Figure 50: E. coli strains expressing intracellular K. pneumoniae lipid A structures. Negative-ion
MALDI-TOF mass spectrometry spectrum of lipid A purified from: (A) E. coli BN1
ΔlpxL::Tn7lpxO/pTM100lpxL2, (B) BN1 ΔlpxL::Tn7lpxL2/pQLinkNpagP, and (C) E. coli BN1
ΔlpxL::Tn7lpxO/pTM100lpxL2/pQLinkNpagP. Data represents the mass-to-charge (m/z) ratio of each
lipid A species detected and is representative of at least three extractions. Proposed structures
(right) indicate the chemical group which has been engineered onto the lipid A (red).
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Chapter 6 – Discussion
6.1

2-Hydroxylation of A. baumannii Lipid A Contributes to Virulence

The work described in Chapter 3 of this study demonstrates that A. baumannii
encodes a lipid A hydroxylase, LpxO, which mediates the 2-hydroxylation of the
laurate transferred by LpxLAb. This study demonstrates that LpxO-mediated 2hydroxylation of the lipid A protects the pathogen from cationic antimicrobial
peptides (CAMPs), mediates resistance to phagocytosis, and limits the activation of
inflammatory responses by macrophages. Additionally, our findings show that the
lpxO mutant is attenuated in the G. mellonella infection model, and it induces a
heightened AMP response. Altogether, this evidence supports that LpxO directly
affects the virulence of A. baumannii.
Many Gram-negative pathogens are known to produce lipid A containing
hydroxylated fatty acids, including Salmonella, Klebsiella, Bordetella, Pseudomonas,
Legionella, and Vibrio cholerae, as well as environmental bacteria such as
Marinomonas and the symbiont Aliivibrio fischeri (V. fischeri) (Gibbons et al., 2000,
2008; Hankins et al., 2011; Krasikova et al., 2004; Kulshin et al., 1991; Llobet et al.,
2015; MacArthur et al., 2011; Phillips et al., 2011; Vorob’eva et al., 2005; Zähringer
et al., 1995). Mechanistically, lipid A hydroxylation is achieved by either LpxOmediated hydroxylation of acyl chains or by transfer of a hydroxylated fatty acid by
the acyltransferase, LpxN (Gibbons et al., 2000; Hankins et al., 2011; Llobet et al.,
2015). A. baumannii encodes an LpxO homologue which hydroxylates the laurate
linked to the 2’-R-3-hydroxymyristoyl position of lipid A. Although our results and
those of Boll et al. conclusively demonstrate the function of A. baumannii LpxO,
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there is diversity on the lipid A position and fatty acid modified by other LpxO
homologues (Boll et al., 2015). For example, K. pneumoniae LpxO hydroxylates the
myristate linked to the same position, whereas Salmonella enterica serovar
Typhimurium LpxO hydroxylates the myristate linked to the 3’-R-3-hydroxymyristoyl
position (Gibbons et al., 2000; Llobet et al., 2015). Additionally, LpxN, which
transfers a hydroxylated laurate residue in V. cholerae promotes CAMP resistance
(Hankins et al., 2011). The fact that lipid A hydroxylation seemingly plays a
conserved role counteracting innate immunity, independently of how the
hydroxylation is achieved, strongly suggests that incorporation of the hydroxyl
group to lipid A is of paramount importance.
Our results clearly show that the 2-hydroxylation of lipid A is another mechanism of
A. baumannii to avoid activity of both clinical and host CAMPs. Of note, the
hydroxylation of the lipid A also mediates resistance to CAMPs in K. pneumoniae
and V. cholerae (Hankins et al., 2011; Kidd et al., 2017; Llobet et al., 2015; Mills et
al., 2017). These findings suggest that hydroxylation by LpxO is an evolutionarily
conserved mechanism of resistance against CAMPs. The fact that A. baumannii lipid
A is constitutively hydroxylated supports the notion that LpxO-mediated lipid A
modification can be considered part of the intrinsic resistome of this pathogen
against CAMPs. Similarly, LpxMAb-dependent hepta-acylation of lipid A is also part
of the A. baumannii intrinsic resistome (Boll et al., 2015). Inversely, the
modification of A. baumannii lipid A with pEtN and GalN are inducible mechanisms
of resistance so far only found in lipid A of clinical isolates as a result of colistin
treatment (Beceiro et al., 2011; Chin et al., 2015; Pelletier et al., 2013). Future
experimentation is required to assess the relative contribution of these
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mechanisms to counteract CAMPs. An extreme mechanism of inducible resistance
is the loss of the LOS due to mutations in early lipid A biosynthetic genes (Moffatt
et al., 2010). However, these strains increase the expression of other outer
membrane molecules, polysaccharides, and transporters which may also play a role
in the resistance to CAMPs (Boll et al., 2016; Henry et al., 2012).
Another novel finding of this study is that LpxO-dependent lipid A hydroxylation
attenuates the activation of defence responses. In G. mellonella, infection with the
lpxO mutant upregulated the expression of AMPs whereas in macrophages, the
lpxO mutant elicited a heightened inflammatory response. These results reinforce
the notion that G. mellonella is a suitable surrogate infection model to assess the
activation of early innate immune responses. The findings of this work are
consistent with earlier studies investigating K. pneumoniae LpxO-mediated lipid A
modification (Insua et al., 2013; Kidd et al., 2017; Mills et al., 2017). Overall, this
suggests that the presence of a hydroxyl group on a secondary acyl chain of lipid A
is a conserved microbial immune evasion strategy.
TLR4 signalling is essential for initiating inflammatory responses in vitro and in vivo
to clear A. baumannii infections (Knapp et al., 2006; March et al., 2010). Therefore,
it would be tempting to conclude that 2-hydroxylation of A. baumannii lipid A limits
recognition by TLR4. However, our data showed that LpxO-mediated hydroxylation
contributes to the expression of IL-10 in macrophages following infection. The fact
that no differences were found in the immune responses activated by the wild-type
and lpxO mutant in IL10-/- iBMDMs strongly suggests that there are no differences
in the recognition of the LOS with or without hydroxylation. Similarly, no
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differences were observed between strains in triggering TNF-α by TLR2-/- or TLR4-/iBMDMs. Collectively, this evidence is consistent with the notion that A. baumannii
LpxO-mediated lipid A modification is an immune evasion mechanism dependent
on the production of the anti-inflammatory cytokine IL-10. Providing additional
evidence for this, the activation of the transcriptional factor, CREB, is necessary for
the expression of IL-10 in macrophages (Saraiva & O’Garra, 2010), and is
significantly reduced in iBMDMs infected with the lpxO mutant. It is intriguing that
the induction of anti-inflammatory responses upon recognition of a hydroxylated
lipid A might be an evolutionarily conserved mechanism to dampen immune
responses. Further studies investigating other Gram-negative pathogens which
synthesise hydroxylated lipid A are required for validation of this hypothesis.
Preliminary results from murine infection models in this study suggest that type I
IFN may play an important role in Acinetobacter infection biology. However, based
on transcription of tnfα and mx1, this does not appear to be dependent on LpxOmediated hydroxylation of A. baumannii lipid A. Additional studies on A. baumannii
lipid A modifications will prove lipid A involvement in this phenotype. Similarly,
investigating LOS-deficient strains of A. baumannii may be worthwhile as studies
have shown that LPS can induce IFN-β via endocytosis of the TLR4 complex (Kagan
et al., 2008). Additionally, K. pneumoniae LPS was deemed a crucial factor in TLR4mediated type I IFN induction (Ivin et al., 2017). Further elucidation of the
involvement of type I IFN in A. baumannii infections may reveal novel therapeutics
targeting host immunity, rather than the pathogen itself.
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6.2

Deciphering the Intracellular Lipid A Expressed by K. pneumoniae

In this study we have uncovered that intracellular K. pneumoniae consists of
extensively hydroxylated, palmitated, and laurated lipid A species. These lipid A
modifications are governed by PhoPQ. Our data revealed that these lipid A
modifications are important for intracellular survival. Interestingly, our data is
consistent with the notion that the acidic environment of the KCV is a cue sensed
by K. pneumoniae to remodel its lipid A. Finally, we have presented evidence
showing that TLR4-TRAM-TRIF signalling dictates this lipid A remodelling. It is
tempting to speculate that this signalling axis controls the KCV environment.
Intracellular lipid A has previously only been analysed from the intracellular
pathogens S. enterica serovar Typhimurium, Burkholderia cenocepacia, and Shigella
flexneri (Mohamed et al., 2017; Gibbons et al., 2005; Paciello et al., 2013).
However, in the S. enterica serovar Typhimurium paper of 2005, no MALDI-TOF was
performed on the bacteria within macrophages (Gibbons et al., 2005). Lipid A was
instead 32P-radiolabelled and subjected to thin-layer chromatography; in this
analysis an unknown contaminant was found in the uninfected RAW264.7
macrophages. This is indicated by a question mark in the study as it seemingly
corresponds to a lipid A-like species within the macrophages (Gibbons et al., 2005).
Additionally, the B. cenocepacia study demonstrated several peaks in uninfected
macrophages using MALDI-TOF with mass-to-charge (m/z) ratios of: m/z 1,511, m/z
1,855, and m/z 1,965 (Mohamed et al., 2017). The S. flexneri study did not include
an uninfected control (Paciello et al., 2013). Fortuitously, in these studies none of
the bacteria possess lipid A species which correspond to the peaks found through
MALDI-TOF, based on the Mohamed et al. 2017 study. The research in Chapter 4 of
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this study demonstrates that it is possible to remove the m/z 1,963 contaminating
peak present in published studies of intracellular pathogens which interferes with
the lipid A analysis.
We have conclusively proven that the burdensome contaminating macrophage lipid
peak identified by MALDI-TOF, and presumably the same found in 32P-radiolabelled
thin-layer chromatography, can be entirely eradicated with a modified lipid A
purification method. Initially, saponin-treating macrophages prior to a modified
lipid A extraction resulted in removal of the contaminating macrophage peak whilst
still extracting lipid A species for MALDI-TOF analysis. Saponin complexes with
membrane-bound cholesterol and sequesters it away, leaving pores within the
membrane (Schuck et al., 2003). However, saponin is a foaming detergent and
therefore would result in high background in MALDI-TOF MS and may affect
reproducibility (Amado et al., 1997; Börnsen, 2000). Incorporation of several
phosphate buffer (PB) washes allowed for sufficient removal of saponin, based on a
trial-and-error approach in which the number of PB washes was increased by one
each time. PB was used instead of PBS for the sole purpose that it has reduced salt
content, which can also obscure sample peaks and repress signals in MALDI spectra
(Börnsen, 2000). We had anticipated that excessive PB washes would result in
sample reduction as is often the case in macroscopic observation of bacterial
pellets, so careful consideration was given to this step. One determining factor in
deciding to use the lipid A isolation method from Yi & Hackett is that it utilises 1%
sodium dodecyl sulphate (SDS) for mild acid hydrolysis of the Kdo linkage,
separating the lipid A moiety from the remainder of the LPS structure (Caroff,
Tacken, & Szabó, 1988; Yi & Hackett, 2000). The involvement of SDS, another
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detergent which may affect MALDI-TOF analysis, meant that a clean-up step was
incorporated using acidified ethanol and subsequent non-acidified ethanol washes
(Yi & Hackett, 2000). In our lipid A samples, this not only removed SDS, but would
presumably also remove any residual saponin which may have remained from the
PB washes.
Here we present compelling evidence that lipid A produced by K. pneumoniae
intracellularly is extensively modified with hydroxyl, palmitoyl, and lauroyl chemical
groups. Our study also proved that intracellular K. pneumoniae lipid A modifications
were not species-specific, as the same lipid A profile was observed in both mouse
and human macrophages. We showed that intracellular lipid A modifications were
governed by the enzymatic activities of LpxO, PagP, and LpxL1, respectively. We
have shown that the expression of these enzymes is upregulated in macrophages
compared to the extracellular environment in a PhoPQ-dependent manner. In S.
enterica serovar Typhimurium, lipid A extracted from intracellular bacteria in
RAW264.7 cells was found to be decorated with pEtN, L-Ara4N, hydroxyl and/or
palmitoyl groups (Gibbons et al., 2005). These findings are similar, but not identical,
to the findings of this thesis. Modifications with pEtN and L-Ara4N were not
observed in intracellular K. pneumoniae lipid A. However, the presence of
hydroxylated and palmitated K. pneumoniae lipid A species is consistent with those
in S. enterica serovar Typhimurium. Interestingly, it cannot be postulated that the
modification of the lipid A is a conserved feature of intracellular pathogens because
the intracellular lipid A produced by Shigella flexneri is not modified; in fact it is
hypoacylated (Paciello et al., 2013). Of note, we have not observed any
hypoacylation of K. pneumoniae lipid A extracted from macrophages.
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In contrast with the data presented in this study, S. enterica serovar Typhimurium
grown in pH 6.0 has been shown to closely resemble intracellular lipid A species
(Gibbons et al., 2005). Interestingly, we have found that acidic pH alone is
insufficient to reproduce the intracellular K. pneumoniae lipid A species. A
limitation of the Gibbons et al. study is that MALDI-TOF was never performed on
the intracellular lipid A, but it was performed on E. coli grown in conditions
mimicking the vacuole such as acidic pH and/or low Mg2+. E. coli does not possess
LpxO and therefore 2-hydroxylation would never be seen by MALDI-TOF analysis
(Gibbons et al., 2000). The presence of m/z 1,797 and m/z 1,813 peaks in our study
was surprising. These particular peaks correspond to a non-hydroxylated and
hydroxylated hexa-acylated lipid A, with their palmitated counterparts (m/z 2,036
and m/z 2,052, respectively). This has only ever been reported in Salmonella spp.
grown in abundant oxygen (Fernández et al., 2018; Gibbons et al., 2000). These
peaks have never been observed in K. pneumoniae grown under any condition.
Previous studies from our group have shown that LpxO only modifies LpxL2dependent acylation (Llobet et al., 2015; Mills et al., 2017). However, here we have
shown that this is not the case intracellularly, as hydroxylation is also observed on
LpxL1-dependent acyl chains. Our results indicate extensive hydroxylation of both
LpxL1- and LpxL2-dependent acylation. Therefore, our data suggests that K.
pneumoniae LpxO function is actually position-dependent, and not fatty acid
dependent. Hydroxylated K. pneumoniae lipid A is an important virulence factor in a
murine infection model (Llobet et al., 2015). Unsurprisingly, K. pneumoniae strains
expressing hydroxylated lipid A species have been shown to be more resistant to
host CAMPs and more virulent in a G. mellonella infection model (Mills et al., 2017).
181

In our study we identified that the lpxO mutant resulted in decreased survival
intracellularly. Noting these LpxO-dependent roles, and the fact that K. pneumoniae
subverts host immunity through hydroxylation of lipid A (Kidd et al., 2017; Llobet et
al., 2015; Mills et al., 2017), may also explain why K. pneumoniae extensively
hydroxylates lipid A intracellularly. LpxO may perturb the hostile environment of
the KCV or may simply reinforce the outer membrane of K. pneumoniae.
Intriguingly, our findings suggest that hyperacylation, in addition to hydroxylation,
of lipid A is beneficial for survival of intracellular populations of K. pneumoniae.
PagP-dependent acylation is also beneficial for K. pneumoniae survival within a
survival assay in the amoeba, Dictyostelium discoideum (March et al., 2013).
Similarly, increased acylation patterns have also been observed in lipid A extracted
from Burkholderia cenocepacia-infected macrophages (Mohamed et al., 2017).
However, enzymes responsible for the production of penta-acylated lipid A species
in B. cenocepacia were not fully determined. It is unclear whether penta-acylated
species were a result of increased expression of lpxL and/or decreased expression
of pagL (Mohamed et al., 2017).
Here we have also reported LpxL1-dependent modification of intracellular K.
pneumoniae lipid A. Previously, PhoPQ has been demonstrated to negativelyregulate lpxL1 expression (Mills et al., 2017). Furthermore, clinical isolates of K.
pneumoniae possessing mutations in mgrB, the negative feedback regulator of
PhoPQ, have also corroborated this finding (Kidd et al., 2017). Contrastingly, data
presented in our study proves this is not the case intracellularly; suggesting that
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negative regulation of lpxL1 by PhoPQ may in fact be condition-dependent. Further
studies are required to fully elucidate the regulation of LpxL1 by the PhoPQ system.
When grown in acidic pH, K. pneumoniae lipid A does not recapitulate the
macrophage phenotype. For example, in acidic pH, the PmrF-governed L-Ara4N
modification was seen (m/z 1,971) which is not found inside of the macrophage.
TLR4 activation is responsible for phagosome maturation and in turn, vacuolar
conditioning, including acidification (Blander, 2004; Kinchen & Ravichandran, 2008;
Weiss & Schaible, 2015). KCVs halt phagosome maturation by inhibiting
phagolysosome fusion (Cano et al., 2015), effectively leaving KCVs in stasis at ~ pH
5.5. When comparing the growth in LB and M9 media at pH 5.5, no differences
were observed with regards to the lpxO mutant, suggesting that the reduced
intracellular survival of the lpxO mutant is not due to reduced survival at acidic pH.
However, the pagP mutant showed reduced growth in M9 at both neutral and
acidic pH. This may explain why the pagP mutant is attenuated within the
macrophage. The exact KCV condition is currently unknown, although pH has been
shown to be acidic in these compartments (Cano et al., 2015). Nonetheless, it has
been shown that magnesium and iron di-cation levels are in the micromolar range
in Salmonella-containing vacuoles (Portillo et al., 1992). Specific conditions of the
KCV should be elucidated. Furthermore, studies assessing K. pneumoniae lipid A
modifications in acidic pH with varying concentrations of Mg2+ and Fe2+ would be
worthwhile.
Our data shows that TLR4 signalling does indeed control the intracellular lipid A,
evidenced by the differences in the lipid A pattern when extracted from TLR4-/-

183

iBMDMs. It has been shown that TLR4-dependent acidification of the Salmonellacontaining vacuole is required for upregulation of virulence genes involved in
intracellular survival and growth in S. enterica serovar Typhimurium (Arpaia et al.,
2011). Presumably, the same is true for KCVs, and therefore the TLR4-controlled
environment of the KCV triggers the lipid A remodelling. Future studies are
warranted to investigate this hypothesis. The importance of TLR4 in K. pneumoniae
infection biology is supported by data from our group demonstrating a reduction in
intracellular survival of K. pneumoniae in TLR4-/- iBMDMs (Insua, 2017: Thesis).
Due to time restraints, the E. coli strains expressing Klebsiella intracellular lipid A
structures were not used for experimentation. However, the rationale behind this is
to investigate specific functions of singular lipid A structures seen intracellularly.
Future studies would involve extracting whole LPS from these strains using the
Westphal method (hot phenol water extraction) adapted from Galanos and Leong
publications, in addition to using the whole E. coli bacteria (Galanos, Lüderitz, &
Westphal, 1969; Leong et al., 1970). This would allow us to challenge mammalian
cells with the exact LPS structures found intracellularly and assess the function of
each structure independently. The approach is based on combinatorial lipid A
engineering (Needham et al., 2013). With our intracellular-like LPS structures we
can assess transcription and secretion of MyD88-dependent cytokines (e.g. TNF-α,
IL-6, IL-1β, IL-8) and TRIF-dependent cytokines (G-CSF, RANTES, MCP-1), as well as
anti-inflammatory cytokines such as IL-10 (Needham et al., 2013). Identifying which
lipid A species is responsible for specific downstream signalling of TLR4, both with
regards to pro-inflammatory and anti-inflammatory responses, would provide huge
insights into Klebsiella infection biology. There is an exciting possibility that the
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intracellular lipid A structures are not being recognised by the intracellular LPS
receptor. The potential translation of these findings may result in the development
of anti-sepsis drugs to block the pro-inflammatory cascade during K. pneumoniae
septic shock (Peri & Piazza, 2012). Unpublished data from our group already
suggests that hydroxylated lipid A species, such as m/z 1,866, a K. pneumoniae lipid
A species principally found in vivo, results in an IL-10-dependent anti-inflammatory
phenotype (Llobet et al., 2015; Mills: Thesis). This finding further corroborates the
A. baumannii LpxO-dependent anti-inflammatory phenotype presented in Chapter
3.

6.3

Future Direction of Research

The WHO has recently included A. baumannii in the list of pathogens for which new
research and development of new therapeutics is urgently needed. Acinetobacter
infections are particularly troublesome within the healthcare setting and intensive
care units due to its ability to resist disinfectants and develop antimicrobial
resistance. The emergence of pan-drug resistant isolates emphasises the urgent
need for developing alternative therapeutics. Among other possibilities, and based
on the results of this work, we put forward the idea that anti-virulence therapeutics
are a viable option to counteract A. baumannii infections. Compounds directed to
block LpxO may render A. baumannii susceptible to host CAMPs and may limit the
attenuation of inflammatory responses. Interestingly, this approach may be useful
to treat other infections caused by other multidrug resistant pathogens producing
hydroxylated lipid A species, such as Pseudomonas and Klebsiella, which are also
among the WHO top priority pathogen list.
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With regards to the intracellular K. pneumoniae lipid A pattern, it would be a novel
idea to design host-targeted therapeutics. Targeting the TLR4-TRAM-TRIF axis may
block the signalling pathways necessary for K. pneumoniae lipid A remodelling and
therefore leave K. pneumoniae susceptible to clearance by the host. Additionally,
the intracellular lipid A-modifying enzymes LpxO, PagP, and LpxL1 may also prove to
be worthwhile targets for therapeutics.
Further elucidation of the intracellular lifestyle of K. pneumoniae is required, and
certainly to assess whether this phenomenon occurs in other Klebsiella species such
as K. oxytoca which is another human pathogen (Hoffmann et al., 2010; Savino et
al., 2009, 2011). Although lipid A-modifying enzymes contribute to K. pneumoniae
survival intracellularly, how these lipid A species function may shed light on a
currently unknown mechanism of infection biology. These lipid A species may
simply reinforce the outer membrane of K. pneumoniae to better survive the
hostile environment of the KCV. Alternatively, K. pneumoniae may utilise various
lipid A species from within the KCV to prevent phagosome maturation by avoiding
fusion of the lysosome to the KCV. It would also be interesting to assess whether
these lipid A structures are recognised by the intracellular LPS receptor and what
part this may play in pathogenesis. Furthermore, transcriptomics may reveal many
previously unknown, and potentially critical, mechanisms that K. pneumoniae
exploits in order to assist its intracellular survival.
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Chapter 7 – Conclusions
In this study we have identified several key enzymes responsible for lipid A
modifications in two prominent ESKAPE pathogens: Acinetobacter baumannii and
Klebsiella pneumoniae. Our work has not only elucidated the role of lipid A
modifications in virulence within the host, but also established a conserved LpxO
enzyme which contributes to virulence in both pathogens.
Constitutive LpxO-mediated hydroxylation of lipid A is necessary for the resistance
profile of A. baumannii to endogenous and exogenous challenges found within the
human host, such as cationic antimicrobial peptides and blood. Furthermore, lipid A
hydroxylation contributes to the resistance of Galleria mellonella defences.
Moreover, this lipid A modification also limits the activation of G. mellonella
antimicrobial peptides. Altogether, LpxO-dependent lipid A modification is a bonafide factor of A. baumannii virulence, which plays a critical role in thwarting host
defences.
We have shown how hydroxylated lipid A is not only less inflammatory, but actually
anti-inflammatory, in comparison to unhydroxylated lipid A species by induction of
IL-10 in a CREB-dependent manner.
In this work we have developed a method to determine the intracellular lipid A of K.
pneumoniae. By combining biochemistry and genetic approaches we determined
the lipid A expressed by K. pneumoniae. This lipid A is extensively modified with 2hydroxylation and palmitoylation governed by LpxO and PagP. LpxO has been
shown to be a key enzyme in vivo for K. pneumoniae (Llobet et al., 2015), and we
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have also shown its importance in A. baumannii infection in vitro. PhoPQ is the
transcriptional regulator controlling the intracellular lipid A remodelling. The
recently identified LpxL1 enzyme is seemingly dependent on the presence of TRAMTRIF intracellularly. Additionally, TLR4-TRAM-TRIF signalling and acidic pH of the
KCV is an important cue mediating the intracellular lipid A remodelling. We have
proven that K. pneumoniae species that fail to modify lipid A with hydroxyl and
palmitoyl groups are susceptible to the hostile environment of the vacuole,
however, not to acidic pH.
In summary, we have contributed to the notion that LpxO-mediated 2hydroxylation of the lipid A moiety of lipopolysaccharide/lipooligosaccharide is of
critical importance in Gram-negative pathogenesis. These findings have shed light
into the infection biology of Acinetobacter and Klebsiella spp. This work asks
whether seemingly indispensable enzyme, LpxO, in A. baumannii and K.
pneumoniae may also play a key role in the virulence of other pathogenic bacteria.
Furthermore, our results have identified potential novel therapeutic targets to
combat the global epidemic antimicrobial resistance crisis.
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Appendices
Appendix 1: Strains and plasmids used in this study
Bacterial strain or plasmid

Genotype or comment(s)

Source or
reference

Strains
A. baumannii
ATCC® 17978

Wild-type strain

American Type
Culture Collection

ATCC® 17978 ΔlpxO

ATCC® 17978 with the lpxO gene
inactivated

This study

ATCC® 17978-ΔlpxO::Tn7lpxO

ATCC® 17978, ΔlpxO;
Tn7Km_17978lpxOCom integrated into
attTn7 site, KmR

This study

C600

thi thr leuB tonA lacY supE

Laboratory
collection

GT115

F- mcrA Δ(mrr-hsdRMS-mcrBC)
ϕ80lacZΔM15 ΔlacX74 recA1 rpsL (strA)
endA1 Δdcm uidA(ΔmluI)::pir-116
ΔsbcC-sbcD

InvivoGen

β2163

F RP4-2-Tc::Mu-d dapA::(erm-pir), Kmr
, Emr

(Demarre et al.,
2005)

MG1655

F- λ- ilvG rfb-50 rph-1

Laboratory
collection

BN1

W3110 ΔeptA ΔlpxT ΔpagP

(Needham et al.,
2013)

BN1 ΔlpxL

BN1 ΔlpxL::FRT; the lpxL gene was
inactivated
BN1 ΔlpxL::FRT; Tn7Km_17978lpxOCom
integrated into attTn7 site, Kmr

(Mills et al., 2017)

BN1 ΔlpxL::Tn7lpxL2

BN1ΔlpxL::FRT; Tn7-T-Km-lpxL2
integrated into attTn7 site, Kmr

(Mills et al., 2017)

BN1 ΔlpxL::Tn7lpxO-Kpn
BN1 ΔlpxL::Tn7lpxOKpn/pTM100lpxL2

BN1ΔlpxL::FRT; Tn7-Cm_KpnLpxOCom
integrated into attTn7 site; Cmr
BN1ΔlpxL::FRT::Tn7LpxO; with pTM100
containing lpxL2; Cmr Tetr

Laboratory
collection
This study

BN1 ΔlpxL::Tn7lpxOKpn/pQLINKNpagP

BN1ΔlpxL::FRT::Tn7LpxO; with pQLINKN
containing pagP; Cmr Carbr

This study

E. coli

BN1 ΔlpxL::Tn7lpxO

This study

This study
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BN1 ΔlpxL::Tn7lpxOKpn/pTM100lpxL2/pQLINKNpagP

BN1ΔlpxL::FRT::Tn7LpxO::TM100lpxL2;
with pQLINKN containing pagP; Cmr Tetr
Carbr

This study

Clinical isolate; serotype O1:K2;
sequence type ST66

(Nassif &
Sansonetti, 1986)

Kp52.145 ΔlpxL1

Kp52.145 with the lpxL1 gene
inactivated

(Mills et al., 2017)

Kp52.145 ΔlpxL1::Tn7lpxL1

Kp52.145 ΔlpxL1; Tn7Km_lpxL1 was
integrated into the attTn7 site, Kmr

(Mills et al., 2017)

Kp52.145 ΔlpxO

Kp52.145 with the lpxO gene
inactivated

(Llobet et al.,
2015)

Kp52.145 ΔlpxO::Tn7lpxO

Kp52.145, ΔlpxO; Tn7Cm_KpnlpxOCom
integrated into attTn7 site, Cmr

(Llobet et al.,
2015)

Kp52.145 ΔpagP

Kp52.145 with the pagP gene
inactivated

(Kidd et al., 2017)

Kp52.145 ΔpagP::pypagP

Kp52.145, ΔpagP; pDAI/pagP
integrated into py site

Laboratory
collection

Kp52.145 ΔphoQ

Kp52.145 with the phoQ gene
inactivated, Kmr

(Llobet et al.,
2011)

Kp52.145 ΔphoQ::Tn7phoQ

Kp52.145, ΔlpxO; Tn7Cm_KpnphoQCom
integrated into attTn7 site, Cmr

(Llobet et al.,
2015)

Kp52.145 ΔlpxL2

Kp52.145 with the lpxL2 gene
inactivated

(Mills et al., 2017)

Kp52.145 ΔpmrF

Kp52.145 with the pmrF gene
inactivated

(Llobet et al.,
2011)

Kp52.145 ΔpmrC

Kp52.145 with the pmrC gene
inactivated

(Llobet et al.,
2011)

Kp52.145 ΔmgrB

Kp52.145 with the mgrB gene
inactivated

(Kidd et al., 2017)

Kp52.145 ΔpmrAB

Kp52.145 with the pmrAB genes
inactivated

(Llobet et al.,
2011)

Kp52.145 pMMB207-gfp3.1

Kp52.145 harbouring the plasmid
pMMB207gfp3.1; GFP expression under
IPTG induction; Cmr

Laboratory
collection

Cloning plasmid, Ampr

Promega

Suicide vector, R6Kgamma origin of
replication, Mob-, carries an I-SceI
endonuclease site, Tpr

(Aubert et al.,
2014)

K. pneumoniae
Kp52.145

Plasmids
pGEM-T Easy
pGPI-SceI-2
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pDAI-SceI-SacB

Expresses the I-SceI endonuclease
gene, sacB, Tetr

(Aubert et al.,
2014)

pTNS2

T7 transposase expression vector,
oriR6K, Ampr

(Crépin, Harel, &
Dozois, 2012)

pUC18R6kT-mini-Tn7TKm

pUC18R6KT-mini-Tn7TKm
complementation vector, Ampr, Kmr

(Choi et al., 2005)

pGEMΔlpxO

pGEM-T Easy containing ΔlpxO; Ampr

This study

pGPI-SceI-2ΔlpxO

pGPI-SceI-2 containing ΔlpxO; Tpr

This study

pUC18R6kT-mini-Tn7Km-lpxO

pUC18R6kT-mini-Tn7Km containing
lpxO gene for complementation; Ampr,
Kmr

This study

pGP-Tn7-Cm_KpnlpxOCom

pGP-Tn7-Cm containing lpxO gene for
complementation; Ampr, Cmr

(Llobet et al.,
2015)

pTM100lpxL2

pTM100 containing the lpxL2 gene of
Kp52.145; Tetr

Laboratory
collection

pQLinkN_KpnpagP

pQLinkN containing the pagP gene of
Kp52.145; IPTG-inducible; Ampr

Laboratory
collection

pMMB207-gfp

GFPmut3.1 gene variant; bright green
fluorescence; IPTG-inducible; Cmr

(Grabenstein,
Fukuto, Palmer, &
Bliska, 2006)

Appendix 2: Primers used in this study
Method and target gene
Mutagenesis and
complementation
A. baumannii
lpxO

Primer

Sequence (5’-3’)

Ab_lpxO_UP_F1
Ab_lpxO_DWN_F1(BamHI)

Ab_lpxO_DWN_R1
KpnLpxL1ComF
KpnLpxL1ComR

GTA CAG CTC CGG TAC ACA TTT A
1
GGA TCC TGG TTC CTC ATG CTT GGA
AT
1
GGA TCC TAG GGT TGA TTC GGT ACC
TTT G
ATA GGA AAC TAG CCC GAC AAA G
GCC GGT TAA AAA GCA GCC AA
AGG AAA TAA ACG GCG GGC AT

Ab_glmS_F1
Tn7_Right

TTT GCT GAT GAA AAT AGC GG
CAC AGC ATA ACT GGA CTG ATT TC

E.coli_glmS_UP
E.coli_glmS_DWN
E.coliLpxL_check_F

TCG ACT GGG CGT ACA AAA CC
CGG GAA ACC ATA CCG GAG TT
GCA CAC TAA TTA TGC GCC CG

E.coli_pTn7L_F1

ATT AGC TTA CGA CGC TAC ACC C

Ab_lpxO_UP_R1(BamHI)

Tn7 insertion
E. coli
Tn7 insertion
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qPCR
hprt

tnfα

E.coli_pTn7R_R1

CAC AGC ATA ACT GGA CTG ATT TC

mHPRT_F1
mHPRT_R1

GAT CAG TCA ACG GGG GAC AT
GGT CCT TTT CAC CAG CAA GC

mTNFα_F1

TTC TGT CTA CTG AAC TTC GGG GTG
ATC GGT CC
GTA TGA GAT AGC AAA TCG GCT GAC
GGT GTG GG

mTNFα_R1

mx1

mMX1_F1
mMX1_R1

GAC TAC CAC TGA GAT GAC CCA GC
ATT TCC TCC CCA AAT GTT TTC A

il10

mIL10_F1

GGA CTT TAA GGG TTA CTT GGG TTG
CC
CAT GTA TGC TTC TAT GCA GTT GAT
GA

mIL10_R1

creb

mCREB1_F1
mCREB1_R1

TAA CAG TGC CAA CCC CCA TTT
CCT GTA CCC CAT CCG TAC CA

18S

Galleria_18S_F1
Galleria_18S_R1

ATG GTT GCA AAG CTG AAA CT
TCC CGT GTT GAG TCA AAT TA

lysozyme

Gall_Lysozyme_F1
Gall_Lysozyme_R1

TCC CAA CTC TTG ACC GAC GA
AGT GGT TGC GCC ATC CAT AC

galiomycin

Gall_Galiomycin_F1
Gall_Galiomycin_R1

CCT CTG ATT GCA ATG CTG AGT G
GCT GCC AAG TTA GTC AAC AGG

gallerimycin

Gall_Gallerimycin_F1
Gall_Gallerimycin_R1

CGC AAT ATC ATT GGC CTT CT
CCT GCA GTT AGC AAT GCA CTC

rpoD

Kpn_RpoD_F1
Kpn_RpoD_R1

CCG GAA GAC AAA ATC CGT AA
CGG GTA ACG TCG AAC TGT TT

lpxL1

Kpn_LpxL1_F1
Kpn_LpxL1_R1

TAT CGC CCC AAC GAC AAC C
AAA CAG TGG GGC GAA GAC G

lpxO

Kpn_LpxO_F2
Kpn_LpxO_R2

TCG CTA CGC TTT CAT CTG GG
TCA GGC GAT TCT CAC CAC TG

pagP

Kpn_PagP_F2
Kpn_PagP_R2

CGC TGG GAT GAG AAA GGG AA
CGT GAC GCC GAG GGT ATA G

mcgp

mcgp_F1
mcgp_R1

ACA CCA TGG GAG CTG GTA AT
CTT CWT CGA CTT YCA GAC CCA AGG
CAT

1

BamHI site underlined
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Appendix 3: Antibodies used in this study
Antibody

Species

Manufacturer

Working dilution

Cat. Number

α-tubulin

Mouse

Sigma-Aldrich

1:4000

T5168

IκBα

Rabbit

Cell Signalling

1:1000

4812S

phospho-JNK

Rabbit

Cell Signalling

1:1000

9251S

phospho-ERK

Rabbit

Cell Signalling

1:1000

9101

phospho-CREB

Rabbit

Santa Cruz Biotechnology

1:1000

sc-7978-R

phospho-p38

Rabbit

Cell Signalling

1:1000

4511

anti-rabbit HRP

Goat

BioRad

1:10000

170-6515
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