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Abstract 
 

Burkholderia cenocepacia, an opportunistic Gram-negative bacterium that 

causes serious respiratory infections in patients with cystic fibrosis, 

produces the extracellular bacterial lipocalin protein BcnA upon exposure to 

sublethal concentrations of bactericidal antibiotics. BcnA captures a range 

of antibiotics outside bacterial cells, providing a global extracellular 

mechanism of antimicrobial resistance.  In this thesis, I report that water-

soluble and liposoluble forms of vitamin E inhibit antibiotic binding by BcnA. 

In vitro, both vitamin E forms bind strongly to BcnA and contribute to reduce 

the MICs of antibiotics. Expression of BcnA was required for the adjuvant 

effect of vitamin E. In vivo, vitamin E and norfloxacin treatment significantly 

increased Galleria mellonella larva survival upon infection in a BcnA-

dependent manner. Together, my findings suggest that vitamin E can be 

used to increase killing by bactericidal antibiotics through interference with 

lipocalin binding. 

 

The transcription of bcnA gene increases upon antibiotic stress, which 

stimulates the oxidative stress and membrane lipid peroxidation. BcnA 

lipocalin, and associated proteins BcoA cytochrome and BarA reductase are 

involved in membrane peroxidation stress response to antibiotics and other 

forms of oxidative stress. I report that bcnA, bcoA and barA deletion mutants 

display enhanced membrane lipid peroxidation and fail to survive under 

conditions that stimulate peroxidative stress (e.g. Tellurite treatment, cold 

stress and salt stress).  Peroxidation also affects the functionality of the 

bacterial outer membrane. Absence of BcnA compromises the permeability 

of the outer membrane, resulting in the release of extracellular DNA leading 

to a depletion aggregation phenotype and cell death. Together, my findings 

uncover a novel peroxidation quenching mechanism based on B. 

cenocepacia BcnA, BcoA and BarA, which protects the bacterial cell 

envelope against lipid peroxidation stimulated by antibiotic or metal stress, 

in the presence of oxygen.  
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1.1. Introduction. 
 

The World Health Organization has singled out antibiotic resistance as one of the 

“greatest threats facing the world”. This problem is further aggravated by the 

emergence of opportunistic, multidrug resistance Gram-negative bacteria (e.g. 

Acinetobacter species, Burkholderia cepacia complex, Stenotrophomonas 

maltophilia, and the Enterobacteriaceae) (1). Ineffective antibiotics make it difficult 

to fight the pathogenic Gram-negative bacteria, as well as the Gram-positive 

methicillin-resistant Staphylococcus aureus, both of which are major threats 

worldwide (2). Failure to eradicate infections by antimicrobial resistant bacteria 

leads to chronic bacterial exposure to sublethal concentrations of antibiotics, which 

in turn elicits adaptive bacterial stress responses, resulting in increased intrinsic 

multidrug resistance and antibiotic tolerance. This vicious cycle is particularly 

pervasive in immunocompromised patients, and virtually in all persistent infections 

involving biofilms (as most infections of indwelling medical devices, wounds, and 

mucosal sites). Therefore, multidrug resistant, opportunistic bacteria thrive in 

environments dominated by chronic inflammation and high, but ineffective 

concentrations of antibiotics. This, coupled with limited development of new 

antibiotic agents, poses a considerable toll on patients, public health systems, and 

the economy. 

1.2. Antibiotic resistance. 
Antibiotic resistance is the ability of bacteria to resist and multiply in the presence 

of therapeutic level of antibiotics (3). Bacteria can be intrinsically resistant to certain 

antibiotics and can also acquire resistance to antibiotics (Figure 1.1). Acquired 

resistance is induced upon exposure of previously susceptible bacteria to 

antibiotics. Intrinsic resistance is the ability to resist the antibiotic action as the 

result of a natural trait independent of antibiotic selective pressure (4, 5). 

 

1.2.1. Acquired antibiotic resistance. 
This type of resistance involves mutations of antibiotic target genes in the 

chromosome and horizontal genetic transfer (HGT) events (4, 6). HGT occurs 

through natural transformation (by incorporating and recombining free DNA 

fragments arising from dying organisms into the bacterial chromosome), 

transduction (by bacteriophages) and conjugation (by plasmids and conjugative 

transposons) (6).  



 
3 

A single point mutation in a gene encoding the antibiotic target can confer acquired 

resistance to the antibiotic, leading to non-susceptible bacteria. For example, 

mutations in topoisomerase IV and DNA gyrase genes lead to resistance to 

fluoroquinolones (7). Resistance to polymyxin B can occur by a plasmid mediated 

modification of the lipid A component in the outer membrane of lipopolysaccharides 

resulting in a reduction of the net negative charge of lipid A, thereby preventing the 

antibiotic from penetrating the outer membrane (8). Other mechanisms of acquired 

resistance include enzymatic chemical modification of the antibiotic itself, 

rendering it inactive. Antibiotic modifying enzymes may either destroy the 

antibiotics, such as β-lactamases and extracellular proteases, or modify the 

structure of antibiotic by chemical transformations, such as aminoglycoside-

modifying enzymes (Figure 1.1) [references in (6)]. 

 

1.2.2. Intrinsic antibiotic resistance. 
The intrinsic resistance to different classes of antibiotics is genetically encoded 

within the bacterial genome and not typically related to horizontal gene transfer (4, 

9).  Intrinsic resistance is generally attributed to impermeability of the Gram-

negative outer membrane along with multidrug resistant efflux pumps that 

effectively decrease the intracellular concentration of antibiotics (Figure 1.1). The 

intrinsic resistance of bacterial pathogens also involves a complex network of 

genetic loci (gene inactivation and transposon insertion libraries); deletion of such 

genes makes bacteria more sensitive to antibiotics (4). 

 

1.2.2.1. Mechanisms of intrinsic resistance to antibiotics. 
1.2.2.1.1. Reduced permeability. 
The thick peptidoglycan layer of Gram-positive bacteria has a large permeability 

threshold and allows molecules of up to 57 kDa to penetrate, making Gram-positive 

bacteria more susceptible to antibiotics than Gram-negative bacteria. In contrast, 

Gram-negative bacteria are intrinsically resistant to many antibiotics owing to their 

outer membrane (OM), which acts as a permeability barrier [references in (9)]. The 

Gram-negative OM possesses proteins, phospholipids, and lipopolysaccharides 

(LPS) and separates the external environment from the periplasm. It is an 

asymmetric lipid bilayer in which the lipopolysaccharide makes the outer leaflet. 

The physicochemical properties of LPS contribute to reduce membrane fluidity 

(10).  
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The OM acts as the first line of defence against penetration of toxic compounds, 

including antibacterial agents. The OM contain porins, which form protein channels 

within the OM to allow the uptake of nutrients.  

 

Porins restrict the influx of numerous antibiotics, but they also allow the passage 

of certain antibiotics (e.g. imipenem in Pseudomonas aeruginosa). However, 

bacteria can alter the type of porins expressed by the down-regulation of porin 

gene expression or acquisition of mutations impairing porin function (5). For 

example, mutations in the oprD gene, which encode the porin OprD in P. 

aeruginosa produce resistance to carbapenem (5). Also, the innate resistance of 

Acinetobacter baumanii  and Pseudomonas to β-lactams is due to downregulation 

of porins expression [references in (5)]. Clinical isolates of Klebsiella pneumoniae 

that fail antimicrobial therapy were found to exhibit a shift in porin expression from 

OmpK35 to produce a variant of OmpK36 (a smaller channel size), by insertion 

two residue to its Loop (L3) lead to an increase in resistance to a wide range of β-

lactam antimicrobials  (11). 

 

Alternatively,  a constitutive modification of the OM results in intrinsic resistance; 

for example, the OM of Burkholderia cenocepacia with LPS molecules modified by 

the positively charged aminoarabinose sugar prevents binding of antimicrobial 

peptides to the bacterial cell surface, making these bacteria highly resistant to 

antimicrobial peptides (12). 
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Figure 1.1. Antibiotic resistance mechanisms in bacteria. Bacteria are intrinsically or 
acquired resistance to antibiotics because of impermeable bacterial OM, mutation of 
porins, expression of efflux pump, inactivation of antibiotic by covalent modification or by 
degradation of antibiotic, overproduction or mutation in the target protein, and/or 
expression extracellularly antibiotic interceptors. This figure was created using Biorender 
(https://app.biorender.com). 
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1.2.2.1.2. Efflux pumps. 
Efflux pumps are found in almost of bacterial species and can be chromosome- or 

plasmid-encoded. Bacterial efflux pumps transport molecules including antibiotics 

outside the cell. This mechanism of antibiotic resistance was first reported for 

tetracyclines [references in (4, 6)], but it has become apparent that efflux pumps 

contribute to the intrinsic resistance against multiple antibiotics in Gram-positive 

and Gram-negative bacteria. Efflux pumps can either be substrate specific such as 

the Mef efflux transporters in streptococci, which transport 14- and 15- membered 

macrolides only, or they can transport different substrates and are known as 

multidrug resistance (MDR) efflux pumps such as the E. coli AcrAB efflux system 

(4, 6), which can export a wide range of chemically distinct substrates. MDR efflux 

pumps are ubiquitous; they are present in all living cells, from humans to bacteria 

(13).  The genes encoding MDR pumps belong to the bacterial core genome in the 

sense that most members of a given species harbour the same efflux pumps (13). 

A single bacterial cell usually contains more than 10 different efflux pumps and 

each efflux pump can transport different substances (13). The efflux pumps 

expression is regulated by local regulators, which is located upstream of the efflux 

pump structural genes (13). In the case of Gram-positive organisms, some efflux 

pumps can work independently of any other protein, while in Gram-negative 

organisms, they form tripartite complexes capable to pass through both bacterial 

membranes (13). These efflux pumps complexes are composed of an outer 

membrane protein, a membrane fusion protein and the inner membrane efflux 

pump (14). 

 
There are five main classes of efflux pumps: 

I. ATP binding cassette (ABC) transporters: They use adenosine 

triphosphate (ATP) hydrolysis to provide energy for either uptake or export the 

substrate (e.g. lipopolysaccharides, peptide antibiotics, hydrolytic enzymes and 

toxins) (15). Structurally, ABC transporters contain transmembrane domains 

(TMDs) with nucleotide-binding domains (NBDs) that bind and hydrolyze ATP to 

provide energy for the transport. There are conformational changes happen during 

dimerization and dissociation of the NBDs, which are mediated by ATP binding 

and hydrolysis (16, 17). Examples of these pumps are the Staphylococcus 

epidermidis MrsA, which is plasmid-encoded, and MsrC, encoded in the 

chromosome of Enterococcus faecalis, which confers resistance to macrolides and 

streptogramin B [references in (5)].  
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In E. coli and other Gram-negative bacteria, the ABC efflux pump MacB confers 

drug resistance and virulence. MacB forms a tripartite complex with the periplasmic 

protein MacA and the outer membrane protein TolC, called MacAB-TolC (18). 

These pumps help to transport antibiotics (e.g. macrolide) and also the transport 

of lipopolysaccharides, outer membrane lipopeptides and protoporphyrin (18). 

They directly transport substrates from the inner leaflet of the inner membrane and 

cytoplasm to the exterior and the transport is set to ATP hydrolysis by MacB (18). 

 

The other efflux pumps are secondary active transporters that are powered by 

proton motive force captured in transmembrane ion gradients, to export their 

substrate (14). 

II. Major facilitator superfamily (MFS) proteins: They are membrane proteins 

expressed in all kingdoms of life, which transport drugs, metabolites, 

oligosaccharides and amino acids (19). The members of this MFS proteins function 

as monomers. They consist of 400 to 600 amino acid residues in length and 

possess twelve or fourteen transmembrane helices (TMHs) arranged as two 

domains, each of which is consist of bundle of six helices (19).  E. coli EmrD, for 

example, has 12 TMHs forming a dense structure with four of the transmembrane 

helices (H3, H6, H9, and H12) setting away from the interior, and the remaining 

transmembrane helices forming the inner cavity (20, 21). The inner cavity takes in 

lipophilic drugs, either through the cytoplasm or through the inner membrane 

leaflet, and then the rocker-switch model transported the drug outside (21). 

Another example, EmrAB, forms a tripartite efflux pump with TolC (the outer 

membrane protein). E. coli emrAB is overexpressed and contributed to a 

resistance against uncouplers of oxidative phosphorylation, such as 

tetrachlorosalicylanilide (TCS) and 3-chlorophenylhydrazone (CCCP), and 

hydrophobic compounds such as nalidixic acid and thiolactomycin (22, 23). And in 

the Rhizobium etli, nitrogen- fixing bacteria that form nodules in Leguminosae 

roots, they use the RmrAB MFS-based efflux pump to get rid of the toxic effects of 

plant flavonoids (24). 

 

III. Multidrug and toxic-compound efflux (MATE): They classified into the 

NorM, DinF (DNA damage-inducible protein F) and eukaryotic subfamilies, 

according to amino acid sequences similarity (25). The MATE transporter can 

extrude polyaromatic and cationic drugs using either the H+ or Na+ electrochemical 

gradient.  
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The structures of NorM and DinF subfamily members composed of six TMHs. They 

display a V-shaped of two similarly folder domains which are amino- terminal (TM1-

TM6) and carboxy-terminal (TM7-TM12) domains associated with pseudo-twofold 

symmetry and it can form a central cavity facing the extracellular space (25). The 

bottom of the central cavity located near the centre of membrane bilayer plus an 

outward open state, help ions and/or solvent molecules to diffuse freely into the 

central cavity (25). Neisseria gonorrhoeae NorM can use ionic and hydrogen 

bonding to interact with the drug in a central cavity near to the membrane-

periplasm interface (25). Three key residues that are involved in Na+ coordination 

(N. gonorrhoeae NorM D377, Y294 and E261) are highly conserved in the NorM 

and eukaryotic subfamilies and shared in the transport process (25).  The 

transporter protein uses different subsets of amino acids to bind with cation and 

drugs simultaneously (25). There is indirect coupling mechanism between the 

fluxes of Na+ and drug and this mechanism is mediated by different conformational 

changes of protein to recognize the drugs from the cytoplasmic side (25). 

 

IV. Small multidrug resistance (SMR) proteins: These are small inner 

membrane proteins, having four TMHs and contribute to resistance against 

quaternary ammonium compounds and lipophilic cations in archaea and bacteria 

(26). A representative family member is EmrE protein in E. coli. The first three 

TMHs form a substrate-binding site, while the fourth helix is involved in 

dimerization interactions (14). The loop connecting third and fourth helices forms 

a β-strand structure, which holds the fourth helix near to the drug- binding site (27, 

28). During the transport process, the pump changed between inward facing and 

outward-facing states and both states are identical but they have opposite 

orientation in the membrane (27).  Drug properties affect the transport rate of the 

pump, and single- residue substitution in the drug binding site could change the 

specificity of SMR pumps (27). The Acinetobacter chlorhexidine efflux protein 

(AceI) has recently been identified as a proteobacterial antimicrobial compound 

efflux (PACE) family. AceI and its homologues have contributed to resistance 

against synthetic bactericidal agents (benzalkonium, proflavine, acriflavine and 

chlorhexidine). AceI has a similar size and predicted secondary structure to SMR 

family member [reference in (14)]. 
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V. Tripartite resistance nodulation division family (RND): Proteins in this family 

are chromosomally encoded in Gram-negative bacteria (14). The RND proteins 

are relatively large and form mainly homotrimers. The bacterial RND is part of a 

tripartite assembly and composed of three larger domains: the TMDs, the pore 

domain and the docking domain (14). The TMDs consist of twelve α-helices and is 

the channel for proton movement, responsible for the efflux of the drug in the pore 

domain, which is the main location of drug entry and consists of the four 

subdomains PN1 and PN2, extend into the periplasm, placed between TMH1 and 

TMH2, and PC1 and PC2 subdomains located between TMH7 and TMH8 (29, 30). 

These four subdomains form the two main drug- binding cavities: the proximal (or 

access) and distal (or deep binding) pockets. The docking domain consists of the 

DN and DC subdomains, and binds to the periplasmic protein (29, 30). The 

movements between the PN2 and PC1 subdomains consider as the opening and 

closing of the distal binding pocket, whereas the PN1 and PC2 subdomains moved 

as a rigid body. These relative movements closed the periplasmic entry pathway 

and prevented the reverse flow of drugs to the periplasm (14).  

 

The RND pumps transport metal ions, hydrophobic and amphiphilic compounds 

(31). For example, P. aeruginosa has the RND tripartite efflux pump called MexAB-

OprM, which contributes resistance to ß-Lactams and fluoroquinolones (32). 

Another example is the AcrAB-TolC system found in E. coli, which is composed of 

a transporter protein AcrB (located in the inner membrane), a linker protein AcrA 

(in the periplasmic space), and a protein channel TolC (in the outer membrane), 

plays a role in multidrug resistance (chloramphenicol, fusidic acid, some β-lactams, 

novobiocin, tetracyclines and fluoroquinolones) (5). The AcrAB is regulated by the 

superoxide-sensitive SoxR system, and the soxR-regulated genes represented a 

coordinated response against antibiotics (33). 

 

1.2.2.1.3. Extracellular antibiotic resistance. 

Current research focuses on antibiotic resistance mechanisms that occur within 

bacterial cells (4, 34). However, emerging new mechanisms of resistance involve 

chemical communication through secreted molecules into the extracellular space, 

called antibiotic interceptors. They are extracellular molecules with the ability to 

sequester antibiotics outside the bacterial cells and prevent it from reaching its 

target. For example, S. aureus released phosphatidylglycerol decoys from the 

membrane, which bind and inactivate daptomycin (35).  
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Many pathogenic bacteria (K. pneumoniae, Streptococcus pneumoniae, or P.  

aeruginosa) release  polysaccharides from the bacterial surface upon exposure to  

polymyxin B (36). P. aeruginosa biofilms, rich in extracellular DNA (eDNA), can 

scavenge tobramycin and decrease the bacterial killing (37). S. epidermidis 

biofilms release eDNA upon exposure to sublethal concentration of vancomycin. 

The eDNA can bind to vancomycin, obstructing its penetration through the biofilm, 

leading to increase the survival of bacteria (38). E. coli cells produce higher levels 

of extracellular indole upon expose to ampicillin and kanamycin, which can protect 

bacterial cells from antibiotic damage (39). Indole is produced by Gram-positive 

and Gram-negative bacteria (40). It is an aromatic heterocyclic compound derived 

from tryptophan in a reaction mediated by the TnaA tryptophanase.  

Indole is recognized as a signal molecule which controls diverse aspects of 

bacterial physiology including biofilm formation (40). The bacterial signalling 

molecule indole is sensed in a heterogeneous manner and induces the formation 

of persister bacterial cells, causing activation of oxidative stress of OxyR and 

phage shock of Psp pathways through a periplasmic or membrane component and 

allows bacteria to protect a sub-population against antibiotic treatment (41). 

Furthermore, the improved response to antibiotics mediated by indole was 

attributed to the stimulation of certain drug efflux pumps (42, 43). 

Our laboratory recently discovered that B. cenocepacia K56-2 secretes putrescine, 

a polyamine, and the bacterial lipocalin protein BcnA upon bactericidal antibiotic 

challenge (polymyxin B, rifampicin, norfloxacin, and ceftazidime), enabling bacteria 

to grow in the presence of otherwise inhibitory concentrations of the drugs (39, 44, 

45). Lipocalin proteins are an ancient family of small proteins. They produce from 

plants into the soil, from insects and by host cells in body fluids and tissues.  They 

have the ability to bind hydrophobic ligands but have different and often not well 

defined functions, depending on the cell types and organisms (46). The lipocalins 

will be discussed in more detail in the next section.  

 

1.3. Lipocalins. 
The lipocalins are a large group of small extracellular proteins exhibiting great 

structural and functional diversity, both within and between species (46, 47). They 

have been described in eukaryotes, but also recognized in bacteria and the first 

bacterial lipocalins proteins have been identified in E. coli (48).  
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Bacterial lipocalin (Bcn) proteins are a widespread family of conserved small, 

secreted proteins. Lipocalin genes are present in ~5500 bacterial genomes 

spanning Gram-positive and Gram-negative bacteria, typically annotated as a 

"conserved hypothetical protein gene" and also referred as yceI. Some studies 

report Bcn (YceI) protein expression under conditions of environmental stress, 

such as starvation and high osmolarity (49).  

Some of the bacterial lipocalins are proposed to bind amphiphilic molecules such 

as undecaprenyl phosphate and sequester toxic fatty acids or amides (50), while 

others may bind isoprenoid lipids (51, 52) and chlorophenoxy herbicides (53). 

 
1.3.1. Lipocalin structure. 
The mass of lipocalin proteins ranges from 18 to 20 kDa. The lipocalin protein 

family is composed of a core set of closely related proteins, the kernel lipocalins 

and a smaller number of more divergent sequences, the outlier lipocalins (47). 

Kernel lipocalins share three conserved sequence motifs called structurally 

conserved regions (SCRs), which are common in all lipocalins and can be used as 

a diagnostic of family membership (46). The outlier lipocalins match no more than 

two of these three motifs and are more diverse, forming distinct groups at the 

sequence level, for example: Von Ebner’s-gland proteins (VEG), the alpha-1-acid 

glycoproteins (AGPs) and odorant-binding proteins (46). The lipocalin fold has a 

three-dimensional structure consisting of eight antiparallel β-strands folded into a 

continuously hydrogen-bonded barrel-shaped, followed by a-helix at C- terminus 

(Figure 1.2). The number of disulfide bridges can vary from zero to three in 

mammalian lipocalins. The barrel-shaped is characterized by one open and other 

closed end (46). The interior cavity is a binding site for hydrophobic ligands. The 

SCRs represent a structural element composed of three loops that are close to 

each other in the three-dimensional structure and construct the bottom of the β-

barrel (54). The lipocalins differ in primary sequence, especially in the region 

corresponding to the disorganized "top" loops (46). The recent molecular modelling 

studies in our laboratory show that the antibiotics interact with the "rim" of the top 

loop (44). 
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Figure 1.2. An example for crystal structure of Human lipocalin ApoD. A side view of 
the lipocalin β-barrel (in the blue colour) with the characteristic a-helix in the back (in orange 
colour), PDB accession: 2HZR. Figure is modified from (55). 
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1.3.2. Lipocalins phylogeny. 

Lipocalins were classified into 14 monophyletic clades based on protein 

sequences, which were carried out using with the MOLPHY 2.3 software as 

previously reported in (56), (Figure1.3). The less ancient a lipocalin, the higher the 

rates of amino acid sequence, while the more modern lipocalins show a tendency 

to present more gene duplications in a given species and an increase in ligand 

binding contacts (56). 

A rooted tree for lipocalins include the bacterial lipocalins (Clade I), while the 

lipocalins of clade II includes ancient metazoan (Arthropods and mammalian 

Apolipoprotein D) (Fig 1.3) (56). The second branch of the rooted tree clusters the 

retinol binding protein (Clade III), which have been extensively found in eukaryotes 

(56). A long branch separated Clades I, II and III from the rest of the family 

members that indicates a large sequence divergence (Fig 1.3) (56). The rest of the 

tree reflects to the entire genome duplications and/or individual gene duplication 

events during vertebrate evolution [reference in (56)]. Clades IV and V represent 

the result of a duplication from a gene that was closer in sequence to the 

prostaglandin D syntheses (56). A similar evolutionary pathway (Clades VI and VII) 

can be suggested for a1-microglobulin, which show immune suppressive activities 

and the complement 8g lipocalins, which could be involved in the regulation of the 

complement cascade, respectively (56). The chemoreceptor lipocalins (e.g. 

Odorant-binding proteins and VEG), urinary proteins, and AGPs (Clades VIII–XIII) 

which are considered as the outlier lipocalins and have a large amino acid 

sequence divergence (Fig 1.3) (56). 
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Figure 1.3. Phylogenetic tree of lipocalins rooted with the bacterial and arthropodan 
lipocalin (surrounded by black square) sequences as the outgroup. The 14 monophyletic 
clades are labeled with roman numerals. Lipocalin proteins appear individually labelled by 
red lines. The scale bar represents branch length (amino acid substitutions/100 residues). 
The tree is modified from (56). 
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1.4. Eukaryotic lipocalins. 
 

1.4.1. Retinol binding protein (RBP). 
RBP was the first prototype lipocalin. It is characterized with the three-dimensional 

structure of lipocalin proteins family, as a cylindrical structure. RBP is synthesized 

in the liver, and then it requires binding to lipophilic vitamin A in its alcohol form 

(retinol) to trigger its secretion (57, 58). In the plasma, RBP binds to the 

transthyretin protein, to prevent loss of RBP through glomerular filtration. The 

physiological function of RBP is the mobilization, delivery and transport of vitamin 

A to peripheral tissues (57). 

 

 

1.4.2. Apolipoprotein D (ApoD). 
ApoD proteins are components of plasma lipoprotein particles, which composed of 

a monolayer of phospholipid and cholesterol encompassing a triglyceride core and 

cholesteryl ester (47). ApoD is anchored in the external monolayer of the 

lipoprotein particle and is exposed to the aqueous milieu. The hydrophobic surface 

loop of ApoD is associated with the high-density lipoprotein (HDL) between the β-

strands 7 and 8, where the adjacent cysteine residue formed an intermolecular 

disulfide bond with HDL (47, 48). Also, the expression of ApoD is occurred in the 

nervous system, it accumulates in remyelinating peripheral nerves subsequent 

damaging in the nerve (59, 60). The expression of ApoA is associated with the 

conditions of membrane stress or remodelling. ApoD strongly binds arachidonic 

acid (Kd~10-8 M) and also is associated with lecithin-cholesterol acyl transferase, 

which acts as phospholipase and as esterase. ApoD scavenges arachidonic acid 

and prevents its conversion into cholesterol and arachidonic acid is involved in the 

prostaglandin synthesis (59). 

 

1.4.3. Human tear lipocalin (lcn-1).   
lcn-1 can bind to different classes of lipophilic ligands, including fatty acids, 

phospholipids, glycolipids, cholesterol and retinol. In human tear fluid, lcn-1 

maintains the integrity of the tear by scavenging lipids from hydrophobic surfaces 

and delivering them to the liquid phase of tears (61-63). The lcn-1 level increases 

in bronchial secretions of cystic fibrosis patients, which corresponds with increased 

levels of airway lipids (63, 64). Human teratocarcinoma-derived (NT2) precursor 

cells express low amounts of lcn-1 mRNA, while the production of lcn-1 increases 

by treatment with hydrogen peroxide (H2O2), an inducer of lipid peroxidation (63). 
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The isolated holo-lcn-1 from the medium of cells treated by H2O2, is bound with F2-

isoprostanes, which is a lipid peroxidation product (63). Also, lcn1 specifically binds 

arachidonic acid and several lipid peroxidation products including 7β-

hydroxycholesterol, 8-isoprostane and 13-hydroxy-9,11-octadecadienoic acid. lcn-

1 protects cells against deleterious effects of oxidative stress by scavenging 

harmful lipophilic molecules (63). 

 

1.4.4. Insecticyanin.  
This is a blue biliprotein found in the haemolymph of the insect Manduca sexta and 

it is associated with yellow carotenoids, which play an important role in the 

camouflage coloration of the insect.  

Insecticyanin has the same structural motif of human serum retinol binding protein: 

an eight-stranded of β -barrel flanked on one side by an a-helix. It binds to biliverdin 

which is the chromophore responsible for giving insecticyanin its intense blue 

coloration (65). 

 

1.4.5. Arabidopsis thaliana AtTIL and AtCHL. 
Arabidopsis plant cells produce two lipocalins orthologues: temperature-induced 

lipocalin (TIL) and chloroplast lipocalin (CHL) (66, 67). These lipocalins protect the 

plant from temperature, drought and photooxidative stress which induce lipid 

peroxidation (67, 68). Deletion of AtCHL and AtTIL decrease the seed longevity 

and increase the accumulation of peroxidised linolenic acid derivatives, leading to 

loss the seed germination capacity (67, 68). In seeds of the mutants lacking one 

of the lipocalins, there is an increase in the expression of gene of the other 

lipocalin, suggesting that AtCHL and AtTIL have overlapping functions in leaves 

and in seeds and they involved in the lipid protection (67, 68). The modulation of 

lipid metabolism by plant lipocalins represent an important factor in the resistance 

to oxidative stress and in seed longevity (67, 68). 

 

1.5. Bacterial lipocalins. 

1.5.1. Escherichia coli Blc.  
Blc was the first bacterial lipocalin identified and is an ApoD eukaryotic lipocalin 

homolog (47, 48). Blc and ApoD are found in asymmetric bilayers; Blc is anchored 

to the inner leaflet of the Gram-negative outer membrane and ApoD is located in 

the plasma exposed surface of mammalian lipoproteins (48). Blc is expressed at 

high osmolarity and in stationary growth phase under the control of the rpoS s-
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factor. Blc is translated with a type-2 signal peptide and it accumulates in the 

cytoplasmic membrane as a precursor protein before being processed into a 

mature protein. Then the  mature soluble Blc is located in the periplasmic space 

(47). Blc has a typical lipocalin structure with eight-stranded antiparallel b-barrels, 

followed by C-terminal a-helix  (47).  Blc crystallized as a dimer. A vaccenic 

(octadec-11-enoic) acid molecule, a naturally occurring trans-fatty acid, is bound 

inside the cavity of one monomer, while the other monomer is empty (Figure 1.4) 

(69). Blc binds several fatty acids of different length, from myristic acid (C14, Kd= 

3.3 µM) to arachidonic acid (C20, Kd= 1.8 µM), displaying good affinity. Blc can 

also bind ampicillin, but with slightly lower affinity than fatty acid (Kd= 5.0 µM).  

Lysophospholipids (LPLs) exhibit much higher binding affinities to Blc (e.g. oleoyl, 

Kd= 0.039 µM and palmitoyl, Kd= 0.011 µM). This suggests that Blc plays an 

important role in a cell envelope LPLs transport (69).  The different arrangement 

of the Blc dimer is due to the unusual number of hydrophobic phenylalanine (Phe) 

groups exposed to the surface and also due to a few movements of surface loops 

(69). It orients the polarity of the protein to improve the insertion into the membrane 

on one side and the binding function on the opposite side (69). Blc is also 

generated at alkaline pH and it can help to invert the pH gradient, generate amine 

by amino acid decarboxylase (70). 
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Figure 1.4. X-ray Structure of Blc in complex with vaccenic acid inside monomer B (left) 
is red and monomer A (right) is blue. An arrow indicates Vaccenic acid, which represents 
in ball and sticks, PDB accession: 2ACO. Figure is modified from (69). 
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1.5.2. Thermus thermophilus TT1927b. 
TT1927b, considered a polyprenyl pyrophosphate binding protein, also belongs to 

the lipocalin family. TT1927b binds the polyisoprenoid chain by hydrophobic 

interactions inside the barrel (51, 71). Isoprenoid quinones composed of a core 

quinone and a hydrophobic isoprenoid chain of different length, exist in many 

organisms (51, 71). Polyprenyl pyrophosphates are used as isoprenoid side-chain 

precursors. Quinones play important roles in respiratory chain and in controlling 

oxidative stress (51, 71). T. thermophilus mainly has menaquinone (MK) with 8 

isoprenyl units (C40). TT1927b naturally binds octaprenyl pyrophosphate in T. 

thermophilus and it has either octaprenyl pyrophosphate synthase or 

polyprenyltransferase activity (51, 71). TT1927b is required in C40 isoprenoid 

transport or storage. There is also a prospect that TT1927b is involved in an 

unknown pathway of isoprenoid metabolism (51, 71). 

 

1.5.3. Vibrio cholerae VlpA. 
VlpA, a haemin binding outer membrane protein considered to be essential for V. 

cholerae, is required for iron uptake and synthesis of haemin in vivo outcompeting 

the host haemin binding protein (72). The vlpA gene is near to the adhesion operon 

encoding colonization factors, suggesting VlpA may play a role in bacterial 

adhesion to host cells (72, 73).  

 

1.5.4. Helicobacter pylori HP1286. 
HP1286 is an E. coli Blc-homolog of 182 amino acid of which the first 17 residues 

are predicted to be a signal for secretion into the periplasmic space (50, 74). 

HP1286 is encoded by a gene located upstream of htrB, which is involved in lipid 

A biosynthesis (50, 74). The structure of the HP1286 protein is slightly similar to 

that of the polyisoprenoid binding protein TT1927b from T. thermophilus and Blc 

from E. coli. The protein crystalizes as dimers formed by two identical monomers. 

Each monomer has eight antiparallel b-sheets, each of which interacts with the 

nearby one by hydrogen bonds (50). A molecule with a linear chain of about 22 

carbon atoms inside the barrel cavity of each monomer was also identified by mass 

spectroscopy, suggesting the natural ligand for HP1286 could be a negatively 

charged fatty acid with an amide like structure.  
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The HP1286 protein is overexpressed H. pylori growing under acidic stress. 

Therefore, it is possible that this lipocalin contributes to adaptation to acidic 

conditions and inflammation by sequestering toxic fatty acids or alternatively, it 

supplies bacterial membranes with fatty acids (50). 

 

1.5.5. Neisseria meningitidis GNA1030. 
GNA1030, also named Ubiquinone-8 binding protein (NUbp), is highly conserved 

in Neisseria species and is about 66% similar to E. coli Blc in amino acid sequence. 

The protein shares the common lipocalin fold and binds a lipid molecule inside its 

core (75). NUbp proteins, both in periplasmic and cytoplasmic forms (when 

expressed without the leader peptide), are noncovalently associated to 

ubiquinone-8 (Ub8) (75). Ub8 is a lipid soluble molecule involved in membrane-

bound electron transport chain as an electron carrier. Ub8 is a free-radical 

scavenging antioxidant also involved in reducing lipid peroxidation stress (76, 77). 

N. meningitidis shows high sensitivity to antimycin A, suggesting the wild type 

strain refills the membrane with Ub8 and generates higher amounts of hydrogen 

superoxide (75). However, the wild type strain is resistant to myxothiazol, 

suggesting that supplying Ub8 to the membrane through NUbp recoups the 

interruption of electron transport chain (75).  In the absence of the lipocalin protein, 

the mutant strain is resistant to antimycin A and sensitive to myxothiazol (both are 

respiratory electron transport chain inhibitors). Therefore, NUbp is proposed to act 

as a reservoir of Ub8 to refill the inner bacterial membrane (75). 

 

1.5.6. Aeromonas immune modulator AimA. 
Aeromonas species are symbiont bacteria of the zebrafish larvae (78). The 

zebrafish is a gnotobiotic vertebrate model which displays optical transparency and 

has a fully sequenced genome (79, 80). The molecular structure of AimA is similar 

to mammalian Lipocalin-2 (LCN2) (78), a known regulator of intestinal 

inflammation. LCN2 was purified from neutrophil granules and played an important 

role in neutrophil migration (78, 81, 82). AimA is required during colonization to 

suppress the intestinal inflammation, that effects on both bacterial and host 

survival. AimA prevents the accumulation of intestinal neutrophil and protects the 

Aeromonas growth against host intestinal inflammation, lipopolysaccharides 

intoxication and septic shock (78). AimA is the first bacterial lipocalin proteins that 

facilitate mutualistic interactions both host and resident bacteria (78). 
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1.5.7. Burkholderia cenocepacia BcnA. 
B. cenocepacia possesses 2 lipocalin homologues, BCAL3310 (annotated as 

BcnB) and BCAL3311 (annotated as BcnA). The bcnA and bcnB genes are located 

on the same strand, 63 bp apart, within the chromosome 1 of strain K56-2 (44). 

The intergenic region (63 bp) has the potential to form strong RNA secondary 

structures. It might explain the reason of the different expression of both proteins 

against antibiotics (44).  

B. cenocepacia secretes BcnA, but not BcnB, into the extracellular space upon 

exposure to bactericidal antibiotics (49). The ΔbcnA mutant is more sensitive than 

wild type to different classes of bactericidal antibiotics, demonstrating BcnA 

contributes to antibiotic resistance (44). Purified B. cenocepacia BcnA at 

micromolar concentrations enhances bacterial survival and virulence in the 

Galleria mellonella larvae infection model when challenged with several Gram-

negative bacteria (B. cenocepacia, P. aeruginosa, Acinetobacter, Klebsiella) and 

the Gram-positive S. aureus USA300 (44). Further, BcnA protects a polymyxin B-

sensitive P. aeruginosa strain from polymyxin B killing in an intraperitoneal mouse 

infection model. Therefore, exogenous BcnA increases the survival of infecting 

bacteria upon infection (44). The three-dimensional structure of the B. cenocepacia 

BcnA and molecular modelling established the notion that the interactions of BcnA 

with antibiotics involve binding of the antibiotic molecule to disorganized loops at 

the rim top of the barrel (Figure 1.5). Crystalized BcnA contains an octaprenyl 

pyrophosphate molecule bound to the hydrophobic tunnel extending from one end 

of the barrel in each structure (Figure 1.6). The bcnA gene is regulated in response 

to antibiotic stress and to superoxide ion stress, suggesting BcnA function is not 

only the antibiotic binding and it might be associated with oxidative stress upon 

antibiotic exposure (44).  
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Figure 1.5. Docking binding model of BcnA with norfloxacin. The antibiotic (in 
blue) binds at the rim top of the barrel. Key amino acids (in red), which side chains 
interact with the antibiotic are indicated. Figure is modified from (44). 
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Figure 1.6. Crystal structure of BcnA bound to octaprenyl-like molecule (in the cyan 
colour) inside the lipocalin tunnel, PDB accession: 5IHX. Figure is modified from (44). 
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1.6. Bacterial lipocalin associated gene. 

Examination of lipocalin encoding genes in Gram-negative bacteria reveal that 

most of them are associated to a conserved upstream gene that encodes a 

membrane cytochrome b-561. Cytochromes b-561 (CYB561s) are a family of 

diheme transmembrane (TM) proteins present in animal and plant cells, using 

ascorbate (ASC) as an electron donor (83, 84). They contain six TMs of which the 

four central TMs make the CYB561 core where two heme b-molecules are found 

interacting with conserved histidine residues. Each of the heme molecules are 

located at positions near the boundaries of the TMs with the cytoplasmic and extra 

cytoplasmic edges. This central core forms the conserved domain of the family, 

which is present in bacterial b-561 proteins (83, 84). Cytochrome b-561 is named 

this way based on the characteristic alpha-band absorption maximum (84). In 

eukaryotes, CYB561 is an oxidoreductase with two ascorbate-

monodehydroascorbate binding sites, plays a role in ascorbate recycling and ferric-

chelate reduction (85). In animals, chromaffin granules CYB561 

(CGCytb/CYB561A1) reduces monodehydroascorbate (MDHA) to ASC, using 

electrons provided by ASC on the other side of vesicle membranes in chromaffin 

granule, and so it is involved in catecholamine synthesis (86). The role of CYB561s 

in ASC regeneration was also found in erythrocytes, where intracellular ASC 

reduces extracellular MDHA (87). CYB561 has a ferric (Fe3+) reductase activity 

and iron homeostasis, in response to hypoxia and iron deficiency (88). In the 

duodenal epithelial mouse cells, DCytb/CYB561A2 reduces intestinal Fe3+-

chelates before uptake through Fe2+ transporter and the ASC, which is an electron 

donor to mouse DCytb/CYB561A2 (89). Another example, Arabidopsis 

TCytb/CYB561B1 reduces Fe3+ in the vacuolar lumen, for transport to the 

cytoplasm and using ascorbate (as electron donor) binding site which is located on 

the cytoplasmic protein side (90). 

 

The function of this protein family in prokaryotes is not well understood. In E. coli, 

cytochrome b-561 helps in electron transfer reactions between quinol and 

cytochrome d (which is part of the cytochrome bd protein complex and a quinol 

triheme oxidase). In the anaerobic Moorella thermoacetica, electrons are 

transferred from quinols to cytochrome d through cytochrome b-561, and 

presumably cytochrome d rapidly reoxidizes the quinol-reduced b-561 (84). 
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In Gram-negative bacteria (e.g. B. cenocepacia, E. cloacae, E. coli, V. cholerae 

and P. aeruginosa), lipocalin (bcn) and b-561 genes are co-transcribed forming an 

operon (44, 91). In other cases (e.g. Sphingomonas and Agrobacterium), a fused 

bcn and b-561 gene hybrid is present. In addition to the other bacteria (e.g. 

Klebsiella, Acinetobacter, Achromobacter and Helicobacter), the bcnA orthologues 

are monocistronic genes. The role of associated cytochrome b-561 with lipocalin 

is still unclear.  
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1.7. Oxidative stress in bacteria. 
 
The oxygen respiration is fundamental to the life of higher animals, plants and 

bacteria. A natural effect of aerobic respiration is the formation of reactive oxygen 

species (ROS) as by-products (92, 93). ROS are formed by the partial reduction of 

molecular oxygen and they include superoxide anions (O2
−), hydrogen peroxide 

(H2O2) and hydroxyl radicals (OH•), all of which can damage DNA, protein and 

lipids, with variable levels of severity ultimately leading to cell death (Figure 1.7) 

(92).  

 
In bacteria, the electron transport chain is activated by exposure to UV radiation, 

potassium tellurite, paraquat or bactericidal antibiotics, causing oxidative stress 

(92-95). These stimuli induce the formation of O2− and H2O2 which in turn damage 

iron-sulphur clusters, thereby releasing ferrous iron (Fe2+). The ferrous iron is 

required for hydroxyl radical formation, could come from iron storage proteins or 

iron-sulfur clusters  (92, 93).  This iron reacts with H2O2 in the Fenton reaction and 

produce OH•
 radicals which directly damage DNA, lipids, and proteins (92, 93). 

Lipids are an important target of oxidative stress. The OH• radical causes damage 

to the lipid in the bacterial membrane, causing the lipid peroxidation and lead to 

formation of harmful lipid peroxides (LOOH). Lipid peroxidation affects bacterial 

membrane fluidity; more radicals are formed because lipid peroxides degrade into 

toxic aldehydes (C3-C9) such as acrolein, 4-hydroxynonenal and malondialdehyde 

(MDA). These toxic reactive aldehydes are long lived and can oxidize DNA and 

proteins, ultimately causing bacterial cell death (Fig.1.7) (92, 93, 96). 

 

1.7.1. Agents inducing ROS. 
 
1.7.1.1. Antibiotics. 

At lethal doses, bactericidal antibiotics (b-lactams, aminoglycosides, quinolones) 

induce hydroxyl radical and the formation of highly deleterious oxidative radical 

species (95). This study using the dye hydroxyphenyl fluorescein (HPF), which is 

a highly specific to hydroxyl radicals in vitro, showed that HPF fluorescence 

increased in E. coli and S. aureus and so they concluded that bacteria produced 

hydroxyl radicals for the bactericidal antibiotics (ampicillin, kanamycin and 

norfloxacin) and not the bacteriostatic antibiotics (rifamycin, chloramphenicol, 

tetracycline, and erythromycin) (95). 
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Figure 1.7. Proposed model for oxidative stress. Agents induce oxidative stress, 
stimulate oxidation of NADH via the electron transport chain and subsequent the 
superoxide and hydrogen peroxide formation. Superoxide damages iron-sulphur clusters, 
making ferrous iron available for oxidation by the Fenton reaction. The Fenton reaction 
leads to hydroxyl radical formation and the hydroxyl radicals oxidize DNA and proteins. The 
OH• radical stimulates the outer and inner bacterial lipid membrane, leads to LOOH 
formation. LOOH degrades into toxic MDA, which is long lived, oxidized DNA, proteins and 
cause cell death. Figure is modified from (95).  
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A previous study also showed that the combination of antibiotics and thiourea, 

which can stop the damaging effects of hydroxyl radicals produced through the 

Fenton reaction, delayed significantly cell death resulting in increased bacterial 

survival relative to antibiotic treatment alone (95). In the same study, there was a 

significant decrease in bacterial death by adding of 2,2’-dipyridyl [iron chelator, also 

used by (97)], confirming that hydroxyl radicals are involved in bactericidal 

antibiotic-induced cell death. The main source for Fenton-mediated hydroxyl 

radical formation is the intracellular ferrous iron, after treatment with bactericidal 

drugs. It was also found an increase in bacterial survival in case of the iscS 

knockout strain, which unable to synthetize the iron-sulfur cluster, related to a 

reduction in hydroxyl radical formation. However, the external iron has no a 

significant role in effecting killing by bactericidal drugs (95). In Salmonella enterica, 

the iron-citrate efflux transporter  and the ferritin-like Dps iron storage protein, 

which help to provide iron homeostasis and limit the potential for Fenton chemistry, 

were shown to protect cells against antibiotic lethality (98). The superoxide anion 

produced through oxidation of the respiratory chain driven by oxygen, contributes 

in leaching ferrous ion from iron-sulfur clusters  and the conversion of (nicotinamide 

adenine dinucleotide) NADH to NAD+ (Figure 1.7) (99). Gene expression analyses 

identified NADH-coupled electron transport (NADH dehydrogenase I) as the key 

upregulated pathway by the bactericidal antibiotic treatments (95). The mutant 

strain unable of  producing isocitrate dehydrogenase (icdA), which catalyzes the 

first of reduced NADH-producing reactions, decreased the bacterial killing, 

following norfloxacin treatment, which had an increase in the NAD+/ NADH ratio, 

altered NAD+ metabolism indicative of changing in tricarboxylic acid (TCA) cycle 

activity and oxidative phosphorylation (95).  

 
Metabolome profile after bacterial treatment with bactericidal antibiotics identified 

different cellular responses which are an increase in concentrations of central 

carbon metabolites, active breakdown of the nucleotide pool, oxidation to 

glutathione pools, reduced lipid levels. These findings were underscored in an 

important study by Belenky et. al. (96), who showed for E. coli that bactericidal 

antibiotics increased the levels of protein carbonylation, MDA modification on 

bacterial protein and the level of 8-oxo-guanine in DNA and RNA; These results 

suggested that MDA adducts production and formation of 8-oxo-guanine are due 

to the Fenton oxidants, which generated in cells exposed to bactericidal antibiotics. 
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These toxic downstream metabolic by-products of ROS production (e.g. MDA and 

8-oxo-guanine in DNA and RNA) are more stable than ROS (96) and result in 

cellular damage and dysfunction, which contributed bacterial mutagenesis and cell 

death (100). Another study was done by Yeom et. al. (101) in P. aeruginosa, it was 

found that antibiotics induced the transcription of OxyR-regulated genes, which are 

activated by intracellular H2O2, and increased the level of 8-oxo-guanine in DNA. 

Antibiotic sensitivity was increased in the DahpC mutant (ahpC stands for 

alkylhydroperoxide reductase C, which is oxidative stress related gene) (101), 

indicating that ROS generation was contributing to drug lethality. 

 

On the other hand, Liu and Imlay (102) observed that in E. coli MG1655 the major 

classes of antibiotics (norfloxacin, kanamycin and ampicillin) did not exert their 

lethal actions through oxidative stress and that lethality more likely resulted from 

the direct inhibition of cell-wall assembly, protein synthesis, and DNA replication. 

An E. coli mutant that lacks catalase and peroxidase activities could not scavenge 

H2O2 and this molecule more easily accumulated to reach toxic levels, leading to 

substantial damage to proteins and DNA (103). However, this mutant was more 

resistant to ampicillin or kanamycin than the wild-type cells. On the contrary, the 

mutant was more sensitive to norfloxacin, an effect that might result from the pre-

existing DNA damage in the scavenger mutant, coupled with the inhibitory effect 

of norfloxacin upon DNA metabolism (104). RT-PCR analysis indicated that OxyR-

controlled genes were not induced when E. coli cells were treated with ampicillin 

and norfloxacin and they accumulated lethal damage within one hour. However, 

these antibiotic-treated cells robustly activated katG and ahpC when exogenous 

H2O2 was added as a control (102). In the same study, it was observed that the 6-

phosphogluconate dehydratase, an iron-sulfur enzyme, quickly lost activity in 

superoxide-stressed cells; the overall enzyme activity diminished after hours of 

antibiotic treatment, but the fraction of enzymes with incomplete clusters did not 

significantly rise. In contrast, in the mutants lacking superoxide dismutase, the 

entire enzyme population was inactive due to iron-sulfur clusters damage (102). 

The recA strains exhibited little or no hypersensitivity to the killing doses of 

kanamycin or ampicillin, suggesting that these antibiotics had little effect on the 

rate of DNA damage. The recA mutants were hypersensitive to norfloxacin, since 

this antibiotic directly introduces DNA strand breaks by interrupting the catalytic 

cycle of topoisomerases (102).  
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The polA (encoding DNA polymerase I) mutants were more resistant to kanamycin 

and ampicillin than the wild-type strains, which reflected the slower growth rate of 

this mutant. The authors concluded that these antibiotics did not cause lethal 

damage to the DNA in these cells (102). Thiourea, a scavenger of hydroxyl 

radicals, diminished the antibiotic-augmented HPF fluorescence. However, 

thiourea failed to block HPF oxidation, even at high doses, suggesting HPF was 

oxidized by the high valence iron (FeO2+) initially formed by the Fenton reaction, 

instead of the hydroxyl radical and thiourea. The fluorescence of the oxidized HPF 

dye product was quenched by addition of the same doses of thiourea that were 

used in antibiotic studies. Therefore, HPF is not an approapriate dye to monitor 

hydroxyl-radical scavenging activity (102).  

 
1.7.1.2. Paraquat. 
is N,N′-dimethyl-4,4′-bipyridinium dichloride, classified as viologen and non-

selective herbicides (105). Paraquat can penetrate into the cell interior, it 

reduced by an electron donor such as NADPH or flavins, then the reduced 

paraquat transfer the electron to oxygen and produce superoxide (106). 

This redox cycling increases the intracellular superoxide formation above 

the usual rate, causing toxicity to aerobic cells (106). The activation of 

superoxide dismutase (SOD) in E. coli strains challenged with paraquat, due to 

induction of superoxide radicals, which activate superoxide response SoxR protein 

via direct oxidation of the bound iron-sulfur cluster in this sensor protein (106). 

According to Abrashev et. al. (107), V. cholerae exposed to paraquat for 1 h, 

causing an oxidative stress, which induced both superoxide anion and H2O2 

generation, an increase of carbonyl content in cell proteins (4-fold higher than in 

control cells) and significant increase in the enzymatic activity of SOD in paraquat 

treated cells in dose-dependent manner. Another study showed a moderate 

increase in oxidative stress contributed in more oxidative damage of elongation 

factor G (EF-G) and the b-subunit of ATPase in E. coli, grown in paraquat and 

decrease in cell viability (108). 
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1.7.1.3. Nitric oxide. 
Nitric oxide (NO) is a short-lived molecule and play an important role in defending 

against infection. NO is synthesized by one of three NO synthase (NOS) enzymes: 

inducible NOS (iNOS) and endothelial NOS (eNOS) and neuronal NOS (nNOS) 

which expressed in the neurons (109). iNOS or eNOS are activated in 

macrophages, mast cells, monocytes, dendritic cells, neutrophils and natural killer 

(NK) (109). The regulation of nNOS and eNOS depend on calcium entry into the 

cell, and produce low fluxes of NO for short time, while iNOS generates high 

amounts of NO when induced, acts as a defence against microbes  (109). NO is a 

small radical gas, able to cross the membranes and it reacts spontaneously with 

oxygen or superoxide, produce reactive oxygen and nitrogen intermediates that 

cause the formation of antimicrobial species (109). Reactive nitrogen oxide species 

(RNOS) causes oxidative and nitrosative damage by altering DNA, inhibiting 

enzyme function, and inducing lipid peroxidation. The S-nitrosylation is a covalent 

addition of NO+ to cysteine thiol in a protein to form S-nitrosothiol and it is an 

important mechanism for NO mediated toxicity against microbes (109). Gastric NO 

plays a role in host defence, the combination of gastric acid and nitrite is 

bactericidal (109). H. pylori generate superoxide radicals upon exposure to the 

bactericidal NO, the concentration of which is relatively high in gastric juice. This 

results in the morphological transformation of H. pylori from a bacillary to a coccoid 

form (110). The transformation of H. pylori was associated with oxidative 

modification of DNA, as characterized by 8-hydroxyguanine generation, due to the 

oxidative stress induced by endogenously generated ROS (110). The H. 

pylori transformation was also accompanied with oxidative modification of cellular 

proteins, for example urease enzyme, which allowed the bacterial survival in acidic 

gastric juice. The activity of urease enzyme, the superoxide dismutase and 

catalase activity in H. pylori  reduced during the transformation stress (110). 

 
1.7.1.4. Metals. 
Many heavy metals, such as iron (Fe), zinc (Zn) and copper (Cu) are required in 

trace amounts for bacterial growth. However, bacteria must limit free intracellular 

levels to prevent toxicity (111, 112). Heavy metals bind to free thiol groups, 

disrupting protein structure and function.  

Copper (Cu) is one of the heavy metals that generates reactive oxygen species 

(ROS) via auto-oxidation or Fenton-like reactions. First, the oxidation of NADPH, 

causing a production of H2O2 intracellularly and then the superoxide dismutase 
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activity and subsequent H2O2 can interact with copper to give ROS (111). Cu-

induced oxidative stress and lipid peroxidation, causing a damage in the cell 

membrane, increase the membrane permeability and cell death.  

The transcriptional profiles of P. aeruginosa exposed to Cu shock results in 

upregulating several gene involved in active transport function (111) and in 

oxidative stress response (113, 114) such as superoxide dismutase, catalase, 

genes involved in organic hydroperoxide resistance and genes involved in the DNA 

SOS response and repair. 

Zinc, is the second most abundant transition metal in humans and occurs as the 

divalent cation Zn2+ (115). The concentration of Zn2+ are raised in response to 

bacterial infection and inflammation as a result of Zn2+ release from damaged or 

apoptotic cells, and from metallothionein which is cysteine-rich metal binding 

proteins that are important for zinc and copper homeostasis, presents in liver and 

kidney (115). It was reported the biocidal effect of zinc oxide (ZnO) nanoparticles 

against P. aeruginosa, that these nanoparticles release Zn2+ ions which react with 

the thiol groups of protein, inhibited respiratory enzymes, facilitating the generation 

of ROS and cause damaging in the bacterial cell (116). 

 

Tellurite metal is a strong oxidizing agent over a variety of cell components.  The 

tellurite could exert its toxicity in E. coli by producing intracellularly ROS, decreased 

in the thiol content, increased the cellular content of protein carbonyl groups and 

also increased thiobarbituric responsive substances (TBARs). Upon the tellurite 

exposure, there is a decreased in the activity of aconitase enzyme and a 

significantly increased  in the activity of superoxide dismutase (117-119). E. coli 

can resist potassium tellurite under anaerobic conditions, due to the inability to 

produce ROS in absence of oxygen (119). Rhodobacter capsulatus challenged 

with potassium tellurite exhibit increased superoxide dismutase activity and confer 

a resistance to tellurite when challenged with the superoxide radical generated by 

paraquat (120). 

 

Cadmium is a non-essential metal that is toxic at low concentration. It is used for 

stabilization of plastics, corrosion protection, pesticides, and fertilizers (121). 

Cadmium enters bacterial cell through divalent ion transport systems, it can bind 

to sulfhydryl groups of proteins interfering with important cellular functions and can 

also cause single-strand breakage of DNA in E. coli [references in (121)]. 
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1.7.2. Defence mechanisms 
Aerobic bacteria can protect themselves against the deleterious effect of ROS with 

enzymes (catalases and superoxide dismutases) that detoxify ROS. The 

expression of these enzymes and other antioxidant defences is regulated by the 

OxyR and SoxRS regulons (92) . 

 

1.7.2.1. The OxyR proteins.  
OxyR is a bacterial regulator of the peroxide stress response, belongs to the LysR 

type transcriptional regulator (LTTR) family (122). The OxyR protein consists of 

305 amino acid residues, an N-terminal DNA-binding domain with helix-turn-helix 

motif and is connected to the C-terminal regulatory domain and oligomerization 

domain (residues 80–305) (122, 123). The C-terminal domain contains the redox-

active cysteines (Cys-199 and Cys-208) that interfere the redox-dependent 

conformational switch [references in (123)]. The H2O2-dependent activation of 

OxyR starts with oxidation of Cys199 to a sulfenic acid intermediate (Cys199-

SOH), then followed by the rapid formation of a specific disulfide bond between 

Cys199 and Cys208 (122, 123).  Oxidized OxyR is inactivated upon reduction of 

the Cys199–Cys208 disulfide bond, indicating that OxyR functions as a reversible 

cellular redox switch (124). 

 

The oxidized form of OxyR activates transcription of genes for the bacterial 

defence against oxidative stress (124, 125). For example: In E. coli, two catalases 

convert H2O2 to H2O and O2: (A) Hydroperoxidase I, which is present during 

aerobic growth and (B) Hydroperoxidase II, which is induced during stationary 

phase (92). Studies in P. aeruginosa PAO1 using proteomics, suggested that the 

hypothetical protein PA3529 significantly altered by a dimer formation in a manner 

analogous to AhpC; after hydrogen peroxide treatment through a disulfide bond. 

AhpC is a redox enzyme responsible for eliminating peroxides in bacterial cells 

(126). DNA-binding protein (Dps) protects DNA from oxidation (92). Thioredoxin 

oxidoreductase transfers electrons from NADPH to thioredoxin via a flavin carrier 

(92). Glutaredoxin reduces the disulfide bonds in the presence of glutathione 

(GSH, an electron donor) and then glutathione reductase re-reduced GSH. After 

the oxidative stress, GSH-glutaredoxin restores OxyR to the reduced state (125). 
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1.7.2.2. The SoxR and SoxS proteins.  
They are partners in redox-sensing and global transcription activation. The SoxR 

is a 17 KDa polypeptide and it belongs to the MerR family of transcriptional 

activation. Upon exposure to Paraquat or NO ( superoxide agents), the [2Fe-2S] 

clusters in SoxR are oxidized and then SoxR protein is activated (125). The 

oxidized form of SoxR enhances the transcription of the soxS gene. The SoxS 

protein activates transcription of genes that increase the resistance to oxidative 

agents and antibiotics (92, 125). These inducible genes are SOD, which is 

superoxide dismutases, convert O2
– to H2O2 and O2 (92). Endonuclease IV repairs 

DNA, which is induced by oxidative stress, and exonuclease III, which is activated 

in stationary phase and starvation (92). Glucose-6-phosphate dehydrogenase 

reconstitutes the NADPH pool and re-reduction of oxidized metals by NADPH-

ferredoxin reductase (92, 125). Efflux pump (AcrAB) excretes toxicants (125). An 

untranslated small RNA, is named as micF RNA, which downregulates the 

expression of the porin and reduced the permeability (125). 

 

1.7.2.3. Repair of Cysteine and Methionine residues in the cytoplasm. 

Oxidative damage can also result in protein modification: loss of catalytic activity, 

formation of carbonyl group, decrease its stability, protein-protein crosslinks, 

formation of S-S bridges, increasing its sensitivity to proteolysis and amino acid 

modifications (92, 127). Cysteine (Cys) and Methionine (Met)  amino acids are 

sensitive to oxidation due to the presence of electron-rich sulfur atom in their side 

chain (127).  Cys side chain has thiol (-SH) group, which is powerful nucleophile, 

reacts with O2
- yields thiyl radical (RS•). Thiyl radicals can react with OH• to 

produce sulfenic acids which are highly reactive species and forming a disulfide 

bond with Cys or irreversibly oxidized to sulfonic acid (–SO3H) and sulfinic acid (–

SO2H) (128).  

The enzyme DsbG, a soluble oxidoreductase, catalyzed the formation of disulfide 

bonds between Cys residues in proteins. The first periplasmic protein was reduced 

by DsbG was YbiS.  YbiS is a periplasmic enzyme, attaches the lipoprotein outer 

membrane to the bacterial cell wall using a single catalytic Cys residue (127, 128). 

The sulfur atom in the thio-ether side chain of Met can be oxidized to sulfoxide, 

then Met oxidized into methionine sulfoxide, which can be renovated by methionine 

sulfoxide reductase (92, 127). 
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1.7.2.4. Aldehyde reductase.  
Malondialdehyde (MDA) is a major lipid peroxidation product and is generated due 

to the oxidation of membrane polyunsaturated fatty acids. MDA can bind 

spontaneously to the proteins and produce covalent adducts (96). E. coli YqhD, is 

an aldehyde reductase contributed to resistance against ROS-generating 

compounds (paraquat, H2O2, chromate or tellurite) (119, 129, 130). This YqhD may 

be part of a glutathione-independent antioxidant system (119, 130). In vitro, this 

protein catalyzes NADPH-dependent reduction of acetaldehyde, 

malondialdehyde, propanaldehyde, butanaldehyde, and acrolein, and plays a 

critical role in detoxifying toxic aldehydes (130).  

 

1.7.2.5. Natural polyamines. 
Natural polyamines were found in almost all living organisms. They are consisting 

of diamines (putrescine and cadaverine) and oligoamines (spermidine and 

spermine) (131). In plants, polyamines are involved in growth, development, and 

modulation of the defence responses to different environmental stresses. They 

also have acid neutralizing and antioxidant properties (132). In humans, 

polyamines regulate cell growth and stabilize negative charges of DNA, influencing 

RNA transcription and protein synthesis and they have anti-inflammatory and 

immunosuppressive properties (133, 134).  ln bacteria, they produce polyamines, 

except in most S. aureus strains; polyamines are toxic to such strains as they lack 

polyamines detoxifying enzymes (135). The most common bacterial polyamines 

are putrescine and spermidine. Cadaverine is only synthesized when putrescine 

synthesis is blocked or under anaerobic conditions at low pH, when there is excess 

lysine, its amino acid precursor (136). Polyamines play an important role in 

bacterial growth, resistance to acid, scavenging free radical ion, signalling cellular 

differentiation and biofilm formation (136). Polyamines contribute to increase the 

antibiotic resistance in different bacterial species.  

 

B. cenocepacia K56-2 released putrescine in response to sublethal bactericidal 

antibiotic concentrations, which in turn to oxidative stress (39, 49). Putrescine 

protects K56-2 extracellularly by quenching antibiotics (e.g. Polymyxin) to bind to 

the bacterial surface and intracellularly by ameliorating oxidative damage and 

protect membrane from lipid peroxidation (39, 45, 49).  
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E. coli cells produced 2-3 folds increase in cell polyamine content (putrescine and 

spermidine) in respond to oxidative stress induction by sublethal concentrations of 

fluoroquinolones, aminoglycosides and cephalosporins, this is due to upregulation 

of the ornithine decarboxylase (137). Also, the resistance of N. gonorrhoeae to 

antimicrobial peptides is due to putrescine and other polyamines in genital mucosal 

fluids, they are enhancing bacterial survival during infection by decreasing bacterial 

susceptibility to host-derived antimicrobials [reference in (39)]. Spermine can block 

the porin of P. aeruginosa OprD resulting in increased resistance to imipenem 

(138). Spermidine upregulates efflux pumps in Burkholderia pseudomallei, 

(BpeAB-OprB, AmrAB-OprB and BpeEF-OprC), contributing in the resistance of 

aminoglycoside and macrolide, induces biofilm formation through the increased 

efflux of N-acyl homoserine lactones (139). Moreover, exogenous polyamines 

reduced intracellular ROS production, preventing the damage of proteins and DNA, 

increasing cell viability and growth recovery and antibiotic resistance (137). 
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1.8. Antibiotic Adjuvants. 
 

One of approach which used to minimize the emergence and impact of antibiotic 

resistance is Adjuvants, also known as antibiotic resistance breakers (140, 141). 

Antibiotic adjuvants are compounds that have little or no killing activity themselves 

but act to minimize resistance or enhance antibiotic inhibitory effect (141). 

 

1.8.1. Antibiotic resistance inhibitors. 
The b-lactamase inhibitor is antibiotic adjuvants, which directly inhibit antibiotic 

resistance (141, 142). Clavulanic acid, an example of b-lactamase inhibitor, 

combined synergistically with amoxicillin and prevent its hydrolysis by forming an 

irreversible bond with a serine b-lactamase enzyme, which hydrolytically inactivate 

cephalosporin, carbapenem and penicillin drugs by a ring-opening mechanism 

(143). Combination of clavulanic acid with amoxicillin form Augmentin, a drug used 

in treatment of bronchitis over 30 years. The diazabicyclooctanes called Avibactam  

(a new class of b-lactamase inhibitor) used with ceftazidime, is effective against 

extended-spectrum b-lactamases and type A carbapenemases such as K. 

pneumoniae carbapenemase (144). The Zn-dependent metallo b-lactamases 

contributes to resistance against all penicillins, cephalosporins, and carbapenems, 

use Zn2+ as enzymatic cofactor during hydrolysis of b-lactam antibiotics (142). 

Aspergillomarasmine A is produced by Aspergillus versicolor, it is a polyamino acid 

in nature and it can inhibit metallo (type B) b-lactamases in combination with 

meropenem, shows potency in the infection of murine models. It operates by 

sequestering Zn2+ ion which is essential for catalytic activity (145). Another study 

in a mouse model of metallo b-lactamases positive K. pneumoniae infection, a 

single dose of the combination of meropenem and aspergillomarasmine A can 

protect up to 95% survival after five days post infection (145). 

 

Phenylalanine-arginine β-naphthylamide (PaβN) is an inhibitor of RND efflux 

systems. It is broad-spectrum adjuvants, enhances the activity of different classes 

of antibiotics (142). Combining PaβN with levofloxacin decreased the development 

of resistance by more than four-fold of magnitude, in P. aeruginosa [reference in 

(142)]. However, due to its toxicity have been prevented its use in the clinic (142).  

A 3,4-dibromopyrrole-2,5-dione compound, was produced by marine microbial 

extracts. It enhances the activity of ciprofloxacin, erythromycin and 

chloramphenicol against MDR Gram-negative strains (141). In E. coli strain which 

overexpressed AcrAB-TolC efflux pump, showed a dose-dependent increase in 
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fluorescence due to the accumulation of a fluorescent dye (Hoechst 33342, which 

stains DNA) (146), while no fluorescence in less resistant strain of E. coli, 

incapable of expressed RND pumps. So, this compound targets and inhibits the 

RND pump (146). Another study showed that Conessine is extracted from the 

Holarrhena antidysenteric plant, it is a steroidal alkaloid and it can inhibit the 

activity of the MexAB-OprM efflux pump overexpressed in P. aeruginosa and 

improve the killing effect of all the antibiotics examined including cefotaxime, 

erythromycin, levofloxacin, novobiocin, rifampicin and tetracycline (147). 

 

Another class of adjuvants, which targeting host defence mechanisms, operate on 

host properties to improve antibiotic action and do not directly impact bacterial cell. 

Immunomodulatory peptides such as LL-37 can enhance antimicrobial activity of 

the innate immune system (142). These peptides destabilize the outer membrane 

of bacteria by formation of short beta sheet and they considered as antibiotic 

molecules (141). However, the therapeutic use of these antimicrobial peptides 

remains in doubt mainly due to their highly costs production, the metabolic stability, 

and development of mechanisms of bacterial resistance by protease secretion 

(141). 

 
1.8.2.  Vitamins. 
Vitamins are used as antibiotic adjuvants, they have beneficial effect on the 

immune system especially in the case of elder people and immunocompromised 

patients who exhibit poor immune responses and are at a high risk of infection 

(148).  
 
Menadione (2-methyl-1,4-naphthoquinone) is a soluble synthetic form of vitamin 

K. It has an anti-hemorrhagic activity and it maintains blood clotting and bone 

formation (149). It has an antibacterial activity against Gram-negative bacteria (P. 

aeruginosa and E. coli) and effects on the bacterial membrane permeability, due 

to it is a lipid-soluble nature and has a lipophilic action on the bacterial cell 

envelope, causing a disruption of the fluid mosaic membrane (141). It used in 

combination with amikacin or neomycin, showed an increase in the killing effect of 

the antibiotics and providing a synergistic action of this combination therapy (141).   

 

Menadione had anti-H. pylori effect via decreasing the transcription of type IV 

secretion system (T4SS) components, which involved in translocation of H. pylori 

virulence factors (such as cytotoxin-associated protein A and vacuolating cytotoxin 
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A) into the host cells (149). Menadione can also downregulate urease protein and 

vacuolating cytotoxin A, which are necessary for H. pylori colonization. Menadione 

inhibited the activation of nuclear factor kB (NF-kB) which induced by H. pylori and 

so it reduced the expression of pro-inflammatory cytokines (149). 

 
Vitamin C (ascorbic acid) is one of essential micronutrients for human health, it is 

cofactors, donates electrons for monooxygenase and hydroxylase involved in the 

synthesis of collagen, neurotransmitters and carnitine (150). It is an antioxidant, 

protects the human body from deleterious effects ROS and free radicals (150). The 

pathogen H. pylori decreases vitamin C levels in gastric juice, by reducing its 

intake, impairing ascorbate secretion and increasing the oxidation to protect 

themselves from gastric acid and lead to increase in ROSs levels (151, 152). 

Jarosz et. al. showed that daily high dose of vitamin C for chronic gastritis patients 

infected with H. pylori, treat 30% of patients and also there was an increase in the 

total level of vitamin C in the gastric juice for 4 weeks after treatment suspension 

(153). Furthermore, when supplemented vitamin C (a dose of 500 mg/day) along 

with the therapy of bismuth sub-citrate, metronidazole and amoxicillin could 

increase H. pylori eradication rate, from 49% to 78% of treated patients (154). 

 

Vitamin E (Alpha-tocopherol) is naturally present in many products of both plant 

and animal origin, such as: egg yolk, oily seeds, dark-red vegetables, vegetable 

oils and in the liver (155, 156). There are eight naturally occurring forms of vitamin 

E (157) and α-tocopherol, is the most bioavailable form of dietary supplementation,  

enhances adaptive immune responses, particularly in the elderly (158). Vitamin E 

inhibits the lung injury in mice in the response to LPS by reducing PMN migration 

into the lung airway space (159). Another study recommended the early 

administration of vitamin E with the antibiotic treatment in acute phase of urinary 

tract infection because of its significant effect on the improvement of clinical 

symptoms in infected girls (160). A combination of vitamins E and C to the triple 

therapy, including amoxicillin, clarithromycin and a proton pump inhibitor, 

increased the eradication rate of H. pylori up to 85%, but the mechanism is unclear 

(152).  

 

Proton pump inhibitors are used to reduce gastric acid, because the efficacy of 

antibiotics lost in the acidic environment of the stomach (149). Vitamins E and C 

may increase the activity of the antibiotics by decreasing the oxidative stress in the 

gastric mucosa and strengthening the immune system by increasing total 
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antioxidant capacity (152). Vitamin C eliminates ROS and reduces the number of 

N-nitrosamines in the gastric fluid. Vitamin C helps in deoxidation of vitamin E, 

which is oxidized during deoxidation of ROS oxidation. Vitamin E is also an 

antioxidant agent by impairing the peroxidation pathway. And the study on mouse 

models infected with pyelonephritis by E. coli, Bennett et.al.  (161) demonstrated 

that pyelonephritic rats treated by ciprofloxacin with vitamins A and E resulted in 

significantly less kidney inflammation, as compared with untreated rats or rats 

treated with antibiotic alone. 

 

Water-soluble vitamin E is one of biologically active forms of vitamin E, is D-α-

tocopheryl polyethylene glycol 1000 succinate (TPGS). It is produced by 

esterification reaction between vitamin E succinate and polyethylene glycol (PEG) 

1000 (162). FDA has approved that water-soluble vitamin E can use as a safe 

pharmaceutical adjuvant as a solubilization, wetting, spreading agent and 

emulsification (162, 163). TPGS can solubilize water-soluble and lipophilic 

molecules forming various types of micelles (164). It has been served as an 

excipient for overcoming multidrug resistance and for increasing the absorption 

and permeation of many drugs like cyclosporines, taxanes, steroids, and antibiotics 

[reference in (162)]. TPGS influences lipid ordering within biological membranes 

and its derivatives can inhibit the P-glycoprotein multi-drug efflux pump (165), due 

to the allosteric modulation that TPGS binds to the non-transport active binding 

site of P-gp ATPase (P-gp energy source of active transport) (166).  The PEG 

length (200–6000) of vitamin E succinate derivatives can affect the inhibition 

activity on the efflux pump (167). TPGS was found to inhibit the P-gp mediated 

talinolol transport, it increased serum concentration of talinolol up to 100% after 

coadministration and result in increasing of talinolol bioavailability (168). TPGS is 

an effective vitamin E supplement for the patient with severe fat malabsorption. 

Aqua-E (micellized fat-soluble vitamin E), contains TPGS significantly increased 

the absorption of a-tocopherol in malabsorption patients with cystic fibrosis 

compared fat-soluble vitamin E alone. It maintains the normal plasma 

concentrations of a-tocopherol, raised adipose tissue a-tocopherol concentrations, 

and prevented the progression of the neurological abnormalities resulting 

from vitamin E deficiency [reference in (162)].   

Vitamin E-loaded silicone hydrogel contact lenses achieve an increase in the 

release duration of antibiotic levofloxacin and antifungal chlorhexidine eye drops 

(169). 
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In general, vitamins are good example of antibiotic adjuvants. Vitamins facilitate 

many of our body mechanisms, able to prevent and help in treat some diseases 

such as heart problems, high cholesterol levels, eye and skin disorders. 
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1.9. Hypotheses and Thesis overview.  

My thesis work will be carried on Burkholderia cenocepacia, which is a Gram-

negative bacterium commonly found in the environment, associated with the 

rhizosphere (170). Some strains of B. cenocepacia can cause damaging in plant 

cells with accumulation of fluids which is called the "water soaking" phenotype in 

the plant tissue, using a type IV secretion system (171). B. cenocepacia is also an 

opportunistic pathogen for cystic fibrosis (CF) patients and chronic granulomatous 

disease. It causes serious respiratory infections which are associated with faster 

decline in lung function, causing a high risk of acquiring the fatal cepacia syndrome 

(172-174). The epidemic strain J2315 is a member of the electrophoretic type 12 

lineage (ET12) of B. cenocepacia, it is first appeared in mid 1990 in Europe and 

United Kingdom and Canada CF populations (175). Then, this lineage emerged as 

a highly virulent CF pathogen (176). A prototypic ET12 strain is a B. cenocepacia 

K56-2 and it is isolated from a CF patient in Toronto, Canada, and clonally related 

to the ET12 index case strain J2315.  

 

The genome of B. cenocepacia strain J2315 contains nearly 8 Mbp having three 

circular chromosomes and a plasmid with high G+C content (177). The 

chromosomes are approximately size 3.9, 3.2 and 0.9 Mbp and genes are 

designated names BCAL, BCAM and BCAS respectively with a unique 4- digit 

number for each gene. The plasmid is 92 kbp and genes are annotated as pBCA 

with a specific number. It is also estimated that the genome contains 120 

pseudogenes, 75 insertion sequences and 14 genomic islands. Most of B. 

cenocepacia studies are managed using J2315 or the clonally related CF clinical 

isolate K56-2 due to its lower resistance to antibiotics than J2315, which enables 

easier genetic manipulations (177). Strain K56-2 was used in the work conducted 

in this thesis. 

 

B. cenocepacia is intrinsically resistant to most antibiotics, with a very high level of 

resistance towards polymyxin B  (49) and it is ability to chemically communicate 

from high resistant bacteria of a heterogeneous population to less resistant 

bacterial cells, increasing their level of antibiotic resistance (49). This makes B. 

cenocepacia a very difficult to eradicate.  
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In our laboratory has discovered that K56-2 subpopulations arising from a 

homogenous culture that are resistant to higher levels of polymyxin than the rest 

of the cells in the culture, and protect the less resistant bacterial cells of the same 

or other species (such as P. aeruginosa and E. coli) in mixed populations (49). 

Communication of resistance depended on upregulation of putrescine synthesis 

and BcnA, a widely conserved low-molecular weight secreted extracellular protein. 

Deletion of genes for the synthesis of putrescine and BcnA repeal the protection 

(49). Putrescine competes with polymyxin for surface binding and protect bacteria 

against antibiotic-induced oxidative stress. BcnA expression increases in response 

to sublethal concentration bactericidal antibiotic stress and to paraquat stress (44).  

Elucidation of the three-dimensional structure of the B. cenocepacia BcnA and 

molecular modelling established the notion that the interactions of BcnA with 

antibiotics involve binding of the antibiotic molecule to disorganized loops at the 

rim top of the barrel (44). Strongly hydrophobic molecules (e.g. octaprenyl-

phosphate) bind to the interior of the lipocalin tunnel structure (44), suggesting the 

primary role of BcnA is not antibiotic binding. This suggests BcnA has a dual 

binding modality. Previous findings in our laboratory by molecular modelling 

indicated that the alkyl chain of vitamin E (a hydrophobic ligand) is buried into the 

BcnA pocket, while its cyclic head is placed towards entrance of the pocket. This 

brings the question of whether vitamin E can antagonize BcnA antibiotic 

scavenging. This is supported by biological studies using infections of Galleria 

mellonella larvae with P. aeruginosa PAO1, which show that treatment with 10 µM 

of α-tocopherol significantly reduced the protective effects of BcnA on the infecting 

P. aeruginosa (44).  

 

Therefore, I will test two hypotheses. The first hypothesis is that Vitamin E can be 

employed as antibiotic adjuvant to reduce resistance. Studies to address this 

hypothesis are presented in Chapter Two, where I determine the optimal forms of 

vitamin E for antagonism of antibiotic binding by BcnA and establish that vitamin E 

can serve as an antibiotic alternative in vivo during infection. 

 

However, despite these findings there is little understanding about the 

physiological role of bacterial lipocalins. I suggest BcnA function may be 

associated with oxidative stress upon antibiotic exposure. Therefore, B. 

cenocepacia will be used as a model to investigate the physiological function of 

BcnA in protecting bacteria from antibiotic stress, in particular from oxidation 

reactions that may damage the bacterial outer membrane. 
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My second hypothesis is that BcnA plays a role in protecting bacteria against 

peroxidised lipids to prevent membrane disruption and formation of toxic reactive 

aldehydes. My research, described in Chapter Three will focus on characterizing 

the lipocalin BcnA and its associated proteins (Cytochrome b561 and Aldehyde 

reductase), which I propose act in concert to protect bacteria from membrane lipid 

peroxidation. 
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Vitamin E increases antimicrobial sensitivity by 
inhibiting bacterial lipocalin antibiotic binding 
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2.1. Introduction. 
 
Antimicrobial resistance is an increasingly serious global health problem 

underpinned by the emergence of opportunistic, multidrug resistant bacteria (1-3). 

It is imperative to find new ways of treating bacterial infections, especially those 

caused by Gram-negative pathogens (4). We recently discovered that the 

opportunistic bacterium Burkholderia cenocepacia can resist antibiotics by 

mechanisms operating extracellularly and induced in response to near-lethal 

antibiotic concentrations (5, 6). This means that under chemotoxic stress microbes 

can fight antibiotics even before they reach bacterial cells. Key molecules involved 

in this mechanism are the polyamine putrescine and bacterial lipocalins, a highly 

conserved group of b-barrel-shaped proteins of unknown function (YceI family) 

produced by more than 5,500 bacterial species (5, 7).  

 

Gram-negative bacterial species belonging to the Burkholderia cepacia complex 

(8), especially B. cenocepacia, are opportunistic pathogens that cause deleterious 

chronic respiratory infections in  patients with cystic fibrosis (9, 10). Once 

established, infection by B. cenocepacia is very difficult to eradicate since these 

bacteria display high-level of intrinsic antibiotic resistance to many different 

antibiotics (11, 12). We showed that B. cenocepacia K56-2 produces two lipocalin 

homologues, BcnA (BCAL3311) and BcnB (BCAL3310), of which only BcnA is 

secreted to the extracellular space and primarily involved in conferring increased 

antimicrobial resistance (5, 7). Lipocalins are a functionally diverse family of small 

ligand-binding proteins that are common to many organisms, from bacteria to man 

(13, 14), which share a conserved β-barrel architecture, as mentioned in Chapter 

one (15). Both BcnA and other bacterial lipocalins from different pathogens such 

as P. aeruginosa, Mycobacterium tuberculosis, and S. aureus heterologously 

expressed in B. cenocepacia, contribute to augment multidrug antibiotic resistance 

in vitro and in vivo (7).  

 

Further, antimicrobial peptides (e.g. polymyxin B, colistin) and other bactericidal 

antibiotics (e.g. rifampicin, norfloxacin, ceftazidime) can displace the hydrophobic 

probe Nile Red bound to purified BcnA, suggesting this lipocalin binds to a range 

of bactericidal antibiotics (7).  
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Liposoluble vitamin E (α-tocopherol) and K2 (menaquinone) can overcome 

antibiotic resistance mediated by bacterial lipocalins (7). This finding provides an 

unexpected option to combat extracellular antimicrobial resistance. Using 

molecular modelling, we established that the alkyl chain of liposoluble vitamin E is 

buried into the BcnA β-barrel tunnel and its cyclic head placed towards the 

entrance of the tunnel (7). Therefore, I hypothesized that vitamin E reduces 

antimicrobial resistance by binding to BcnA with higher affinity than antibiotics, thus 

suppressing the contribution of BcnA to antibiotic resistance. 

 

In this Chapter, I investigated the mechanism by which vitamin E sensitizes B. 

cenocepacia to several different antibiotics. I show that both water-soluble and 

liposoluble forms of vitamin E, in combination of with antibiotics, significantly 

reduce the MIC levels of several bactericidal antibiotics against B. cenocepacia. 

Further, the vitamin E's adjuvant effect requires BcnA since it is not manifested in 

mutants unable to produce the lipocalin. Using the wax moth Galleria mellonella 

infection model, I also demonstrate that treatment with vitamin E and antibiotics 

after infection resulted in increased survival of infected Galleria larvae, suggesting 

that vitamin E has an adjuvant effect that enhances the effectiveness of various 

bactericidal antibiotics. 

  



 
61 

2.2. Materials and methods. 
 
2.2.1. Strains and reagents.  
The bacterial strains and plasmids used in this study are listed in Table 2.1. 
Bacteria were cultured in Mueller Hinton broth (MHB) or Luria Broth (LB) at 37°C. 

Antibiotics (Sigma-Aldrich, UK) were diluted in water, except for polymyxin B 

(PmB), which was diluted in 0.2% bovine serum albumin with 0.01% acetic acid. 

TPGS (Sigma-Aldrich, UK) was dissolved in water at a concentration of 140 mM. 

Liposoluble α-tocopherol (Vitamin E, Sigma-Aldrich, UK) was dissolved in dimethyl 

sulfoxide (DMSO). 

 

2.2.2. Molecular biology methods. 
Genomic DNA was extracted from 1 ml overnight bacterial cultures suspended in 

LB. After centrifugation, bacterial pellets were resuspended in 400 μl lysis buffer 

containing sodium dodecylsulfate (SDS) and incubated at room temperature for 10 

min. Protein and cell debris were precipitated by adding 200 μl NaCl and incubating 

in ice for 20 min, followed by centrifugation at 4000 rpm for 15 min. The supernatant 

was precipitated with absolute ethanol, centrifuged and the DNA pellets were 

resuspended in diethylpyrocarbonate-treated deionized water. All procedures were 

carried out using DEPC-treated water. Genomic DNA (gDNA) samples were stored 

at -20°C. RNA was extracted and purified using the RNeasy Mini Plus Kit (Qiagen), 

as indicated by the manufacturer. RNA samples were treated 5 μl of DNase and 5 

μl of 10x DNase buffer (Turbo DNA Free) were added to 40 μl of RNA in a 1.5 ml 

eppendorf tube. Reactions were incubated at 37°C for 1.5 h and terminated by 

adding 10 μl DNase inactivation reagent followed by incubation for 5 min at room 

temperature. DNase-treated samples were centrifuged for 5 min and the 

supernatant containing the RNA was stored at -80°C. Purity and quality of the RNA 

samples were determined by agarose gel electrophoresis using 1% agarose gels 

supplemented 1:10 with Midori green. Also, RNA samples were screened for gDNA 

contamination after DNase treatment by PCR with 16S control primers. cDNA 

synthesis was carried out using the RevertAid kit according to the manufacturer’s 

instructions. This kit allows for initial priming of RNA samples with random primers 

followed by cDNA synthesis. The initial step allows for degradation of RNA 

secondary structure prior to reverse transcription. cDNA samples were kept at -

20°C until used. PCR reactions were carried out with the Dream Taq PCR Master 

Mix (ThermoFisher Scientific) and the primer pairs are listed in Table 2.2. 

  



 
62 

2.2.3. Purification of BcnA protein.  
Escherichia coli BL21 bacteria harbouring pET28a-bcnA were grown for 3 h with 

500 mM isopropyl thio-β-galactoside (ThermoFisher Scientific, UK) at 25°C; 

bacteria were harvested, resuspended in 50 mM phosphate buffer PBS pH 7.4 

(Sigma-Aldrich, UK) with protease inhibitors (Roche Diagnostic GMbH, Germany), 

and lysed using a cell disrupter at 27 KPSI (Constant Systems). The lysate was 

cleared by centrifugation at 16,000 xg for 60 min at 4°C (Sorvall RC 6 plus, 

Germany), and the supernatant was filtered through 0.2 μm in-line filters. The 

supernatant was passed through HisTrap FF 5 ml column, using AKTA Start (GE 

Healthcare Bio-science, Sweden). The purified protein was detected by 

Coomassie blue staining following 16% SDS-PAGE and quantified by Bradford 

assay using bovine serum albumin (BSA) as standard. 
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Table 2.1. Bacterial strains and plasmids used in Chapter Two. 

 
aBCRRC, B. cepacia Research and Referral Repository for Canadian CF Clinics.  
bTetR, Tetracycline resistance. 
 
 
 

Strains or plasmid  Relevant Characteristicsa Sources  
and/or 
reference 

Strains 
Burkholderia cenocepacia 
K56-2 ET12 clone related to J2315, CF clinical isolate aBCRRC 

(16) 

ΔbcnA Deletion of bcnA gene in K56-2 (7) 

ΔbcnB Deletion of bcnB gene in K56-2 (7) 

ΔbcnAB Deletion of bcnA and bcnB in K56-2 (5) 
ΔbcoA Deletion of bcoA gene in K56-2 (7) 

ΔbcnABΔbcoA Deletion of bcnA, bcnB and bcoA in K56-2 (7) 

 

ΔbcnA:pDA17 

 

K56-2 ΔbcnA carrying pDA17; bTetR 

 

This study 

ΔbcnAB:pDA17 K56-2 ΔbcnB carrying pDA17; bTetR This study 

ΔbcnABΔbcoA: pDA17 K56-2 ΔbcnAB ΔbcoA carrying pDA17; bTetR This study 

ΔbcnA:pbcnA K56-2 ΔbcnA carrying bcnA cloned in pDA17; 
bTetR 

(7) 

ΔbcnAB:pbcnA K56-2 ΔbcnA carrying bcnA cloned in pDA17; 
bTetR 

This study 

ΔbcnABΔbcoA:pbcnA K56-2 ΔbcnA carrying bcnA cloned in pDA17; 
bTetR 

 

This study 

Escherichia coli 
BL21 

 
F−dcm ompT hsdS(rB−mB−) gal 

 
Novagen 

Pseudomonas aeruginosa 

PAO1 Non-CF clinical isolate (17) 
 
Plasmids 

  

pDA17 oripBBRI, TetR, mob+, Pdhfr, FLAG epitope  (18) 

pExpbcnA bcnA gene without signal peptide encoding 

sequence cloned in pET28a(+) 

(5) 

pbcnA pDA17 harbouring bcnA gene C-terminus 
FLAG, TetR 

(7) 
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Table 2.2. Primers used in RT-PCR. 
 
Target Gene or 
Intergenic 
region 

Sequence Sense Product 
Length 

BCAL 3310 
GGCACGATCAAGTTCGACGG Forward 

189 
GTAGTCGAGGCCGAAATCGT Reverse 

BCAL 3311 
ACAAGTACAACGTGACCGGC Forward 

167 
GATCGACGTGTCCTTCCACT Reverse 

BCAL 3312 
CGAACATCCCGGTCGTCTAT Forward 

200 
AAAGGGAAGCATGCGCGAC Reverse 

BCAL 3310-11 
CTCGCGGCGCTCAAG Forward 

142 
GACGCGACAAGCGCC Reverse 

BCAL 3311-12 

CGGACGAAGTGCAGATCAAGT Forward 

171 AAAGCCGAGAACGACAGCGA Reverse 
TATAATCAGCCGCCACGGCA Reverse 

16S Control 
GTAAAGCGTGCGTAGGTGGT Forward 

195 
CTTTCGTGCCTCAGTGTCAG Reverse 
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2.2.4. Checkerboard assays.  
TPGS or α-tocopherol were combined with different concentrations of norfloxacin, 

ceftazidime or polymyxin B and the effect of each combination was tested against 

the parental B. cenocepacia K56-2, various mutant strains and their corresponding 

complement strains and also P. aeruginosa PAO1. In the combination studies, the 

final ranges of drug dilutions used were 2 to 128 μg/ml for norfloxacin and 2 to 512 

μg/ml for ceftazidime, as recommended by CLSI for minimum inhibitory 

concentration (MIC) of antibiotics testing by broth microdilution (19). The final 

ranges of TPGS were 0.175 to 2.8 mM and for liposoluble α-tocopherol 8 to 1024 

μg/ml. Inocula were prepared by diluting an overnight broth culture of each of the 

selected isolates in double strength cation-adjusted MHB to reach a final inoculum 

of 5 x 105 CFU/ml. One honeycomb plate was used for each isolate. Each well 

received 50 μl of the antibiotic under test, 50 μl of the vitamin E form, and 100 μl 

of the inoculated double strength broth. Plates were incubated at 37°C with 

continuous shaking in a Bioscreen C (MTX Lab Systems, Vienna, VA) for 20 h. 

The MIC endpoint was read as the lowest concentration of antibiotic at which the 

percent an optical density at 600 nm (OD600) relative to no antibiotics control was 

≤10%, which corresponded to no visible growth. 

 

2.2.5. In vitro antibiotic challenge assays.  
Challenge assays were performed as previously described (20) with few 

modifications. Bacterial cultures with an OD600 of 0.0002 in MHB were challenged 

with MIC25 of norfloxacin for 2 h or polymyxin B for 6 h, in either absence or 

presence of 0.7 mM TPGS and incubated at 37°C at 180 rpm. Samples were 

withdrawn and serially diluted in PBS. Then, 10-μl aliquots were spotted onto the 

surface of MH agar plates. The plates were incubated at 37°C for 24 h and the 

resulting colonies were counted. 
 

2.2.6. In vitro antibiotic protection assays. 
Overnight cultures of the mutants (ΔbcnA, ΔbcnAB and ΔbcnABΔbcoA) in MHB 

were diluted to an OD600 of 0.005 in fresh cation-adjusted MHB containing different 

concentrations of norfloxacin and 1.5 μM of BcnA protein, with or without 0.7 mM 

TPGS, and incubated at 37°C with medium by continuous shaking in a Bioscreen 

C. Bacterial growth was assessed turbidimetrically at 600 nm. The MIC endpoint 

was read as the lowest concentration of norfloxacin at which the percent OD600 

relative to no antibiotics control was ≤10%, which corresponded to no visible 

growth. 
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2.2.7. Isothermal Titration Calorimetry (ITC). 
ITC experiments were performed on Microcal iTC200 microcalorimeter (Malvern, 

UK). The sample cell was rinsed twice with 330 μl PBS (pH 7.4) before one rinse 

with approximately 330 μl of purified BcnA protein solution, which was left soaking 

for at least 2 min. The sample cell was reloaded with the protein solution (0.03 mM) 

and the syringe was loaded with ligand solution (TPGS or Norfloxacin), purged and 

refilled two times. Ligand concentration in the cell ranged from 20- to 1000-fold 

greater than that of protein. Run parameters were as follows: 18 injections, initial 

delay 60 sec, spacing 240 sec, filter period 5 sec, injection volume 2 μl, cell 

temperature of 25°C, reference power of 10 μcal/sec, stirring speed of 1500 rpm 

and low feedback mode. The blanks included PBS buffer with the ligand solution. 

Data were analysed with the Origin software provided by the instrument 

manufacturer. 
 

2.2.8. Galleria mellonella larvae infection.  
G. mellonella larvae were acquired from UK Waxworms Ltd., stored in wood 

shavings in the dark at 16 °C prior to infection, and used within 2 weeks of receipt. 

Larvae of approximate weight of 250 to 350 mg were used. Larval infection assays 

were performed as previously described (18, 21) . Bacteria were grown in 5 ml LB, 

harvested during exponential phase, resuspended in sterile PBS and serially 

diluted. Larvae were injected with 10 μl of the bacterial suspension in absence and 

presence of TPGS, containing approximately 8x103 CFU of either K56-2 WT or 

ΔbcnA or ΔbcnA + 1.5 μM BcnA protein, using a microliter Hamilton syringe. A 

group of 10 control larvae were injected with 10 μl of PBS in parallel. Larvae were 

incubated at 37°C in the dark and their viability was checked at 24 h intervals over 

a period of 72 h, according to visual colour change and lack of movement upon 

stimuli. Three independent experiments were performed.  
 

In similar assays, at 48 h postinfection, haemolymph samples were collected from 

10 larvae/group (approximately 100 μl) in microcentrifuge tubes containing 50 μl 

of a saturated solution of 1 mg/ml N-phenylthiourea (Sigma-Aldrich, UK) and 100 

μl of 1% sodium deoxycholate (Sigma-Aldrich, UK). The haemolymph was 

immediately serially diluted in PBS and then inoculated on LB agar plates 

supplemented with spectinomycin at 100 μg/ml and incubated at 37°C for 24 h 

after which colonies were counted. Three independent experiments were routinely 

performed. 
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For antibiotic treatment of infected G. mellonella larvae, overnight cultures were 

diluted in PBS, pH 7.4, to a final concentration of 102 CFU of either K56-2 or ΔbcnA. 

The larvae were injected with 10 μl of the bacterial suspensions or sterile PBS (10 

larvae/group in each experiment) with Hamilton syringe and incubated at 37°C in 

the dark for 24 h. Then larvae treated with MIC of norfloxacin or 1.4 mM of TPGS 

or both together and again kept at 37°C in the dark and their viability were checked. 

After 48 h postinfection, haemolymph was pooled and CFU were determined by 

viable count technique using 200 μg/ml spectinomycin agar. The same method 

was used for Galleria mellonella larvae infected with 10 CFU of PAOI or K56-2 for 

2 h only then treated with MIC of norfloxacin or 1.7 mM of TPGS or both together. 

 

2.2.9. Statistical analyses. 
All statistical analyses were conducted with GraphPad Prism 5.0. The results are 

indicated as the mean ± the standard error of the mean (SEM). A paired t test was 

used to compare the means of two matched groups. Experiments were conducted 

with a minimum of three biological repeats, each with at least 2 technical repeats. 
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2.3. Results. 
 
2.3.1. bcnA is part of a three-gene operon. 

B. cenocepacia K56-2 produces two lipocalin homologues, BcnA (BCAL3311) and 

BcnB (BCAL3310), of which only BcnA is secreted to the extracellular space and 

primarily involved in conferring increased antimicrobial resistance (5, 7). Both bcnA 

and bcnB genes in B. cenocepacia are linked to an upstream gene encoding a 

predicted membrane cytochrome b-561 protein (BCAL3312), which annotated as 

bcoA (bcnA cytochrome oxidase-associated gene). bcnA and bcoA are commonly 

linked loci in many bacterial genomes (e.g. P. aeruginosa and Salmonella). The 

genomic organization of the bcn region in B. cenocepacia suggests that bcoA, 

bcnA, and bcnB are cotranscribed (7).  

 

To determine if these is the case, RT-PCR assays were performed using primers 

spanning gene sequences and intergenic regions of these three genes (Fig. 2.1 
and Table 2.2). PCR amplification of the cDNA templates gave amplicons of the 

expected sizes comparable to genomic DNA (Fig. 2.1), while PCR using the 

negative control failed to give any detectable amplification, indicating the cDNA 

samples were clear of genomic DNA contamination (Fig. 2.1A, lanes 2). These 

results indicate that bcoA, bcnA and bcnB form a three-gene operon in B. 

cenocepacia (Fig. 2.1B).  
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Figure 2.1. bcoA, bcnA, and bcnB form an operon. (A) PCR amplification using cDNA 
and gDNA templates derived from B. cenocepacia K56-2. Lanes: M, 100 base pairs ladder; 
1, gDNA-derived PCR product; 2, the negative control (no RT during cDNA synthesis); 3, 
cDNA-derived PCR product. All samples were run in the same gel; the dotted white lines 
are for clarity only. (B) Intragenic amplicons are in black, intergenic regions in blue. The 
direction of transcription is indicated.  Primers and PCR amplicon positions from (A) are 
indicated by the black (intragenic regions) and blue (intergenic regions) arrow pairs. (This 
experiment was performed by Matthew Herdman, Honor’s student). 
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2.3.2. The effect of vitamin E on B. cenocepacia antibiotic resistance 
depends on the BcnA protein. 
 
We previously reported that BcnA increases multidrug antibiotic resistance in B. 

cenocepacia by sequestering bactericidal antibiotics in the extracellular milieu, a 

property that could be inhibited by liposoluble vitamins like vitamins E and K2 (7). 

To better characterize the effect of vitamin E on selected antibiotic molecules in 

the presence or absence of BcnA expression, I performed checkerboard assays 

using D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) and several 

bactericidal antibiotics. In contrast to authentic vitamin E (α-tocopherol), TPGS is 

a water-soluble vitamin E derivative that arises from the esterification of D-α-

tocopheryl succinate with polyethylene glycol (22). I used norfloxacin (a 

fluoroquinolone), ceftazidime (a b-lactam), and polymyxin B (an antimicrobial 

peptide) as model bactericidal antibiotics whose activity is affected by BcnA (7). 

Checkerboard assays demonstrated that 0.7 mM was the most effective 

concentration of TPGS to work in combination with the antibiotics. When TPGS 

was given together with norfloxacin there was an 8-fold reduction in the MIC of the 

parental strain to the antibiotic (MIC of 8 ± 2 μg/ml), compared to bacteria exposed 

to only norfloxacin (MIC of 64 ± 15 μg/ml; p = 0.004), while TPGS had no effect in 

the norfloxacin MIC values (8.5 ± 1.2 μg/ml) of the ΔbcnA mutant (Figure 2.2A). 

The lower norfloxacin MIC values for ΔbcnA reflect the reduction in antibiotic 

resistance associated to the loss of BcnA, which in the case of norfloxacin are 8-

fold lower than in the parental (bcnA+) strain (7), and comparable to the MIC of the 

parental strain in the presence of TPGS. These results indicate that TPGS can 

reduce the norfloxacin MIC values to similar levels as found in the absence of the 

bcnA gene, suggesting that TPGS directly inhibits BcnA functionality. 

  

I also evaluated the role of the other proteins encoded by the bcoA-bcnAB operon. 

The MIC of norfloxacin against the ΔbcnB mutant (64 ± 10.5 μg/ml) was reduced 

to 32 ± 7.4 μg/ml when combined with TPGS (p = 0.02). Similar results were 

obtained with norfloxacin-TPGS against the ΔbcoA mutant, where the MIC 

decreased from 32 ± 5.2 μg/ml to 16 ± 3 μg/ml (p = 0.01) (Fig. 2.2A). It should be 

noted that all these mutants were constructed as unmarked non-polar deletions 

(7), and therefore contain a functional bcnA gene, which explains the lesser effect 

in MIC values. However, the minor reduction in MIC shown by ΔbcoA mutant may 

be attributable to the absence of the predicted cytochrome b561 protein encoded 

by this gene.  
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The combination mutants ΔbcnAB and ΔbcnABΔbcoA had increased sensitivity to 

norfloxacin alone (MIC of 32 ± 7.4 and 8 ± 2 μg/ml, respectively; Fig. 2.2A), and 

TPGS had no additional effect in reducing these values even lower (Fig. 2.2A), 

supporting the notion that the TPGS effect is clearly noticeable in the presence of 

BcnA. Similar results were obtained with ceftazidime (Fig. 2.2B). In this case, all 

isolates producing BcnA (strain K56-2 and the ΔbcnB and ΔbcoA mutants) had 

MIC values of 288, 256 and 256 μg/ml, respectively, which were 4-fold reduced in 

combination with TPGS. Like with norfloxacin, addition of TPGS had no effect on 

the MIC against mutants with bcnA gene deletions. Therefore, TPGS can 

contribute to the reduce MIC levels of two different antibiotics in a BcnA-dependent 

manner. 

 

I performed complementation experiments to confirm if the observed results were 

related to the presence of a functional bcnA gene. The genetically complemented 

strains ΔbcnA, ΔbcnAB, and ΔbcnABΔbcoA, all carrying a plasmid expressing 

BcnA, exhibited increased antibiotic resistance (MIC mean values of norfloxacin 

48, 96 and 112 μg/ml and MIC mean values of ceftazidime 384, 384 and 448 μg/ml, 

respectively; Fig. 2.2C and D). However, the complemented strains had reduced 

MIC values for norfloxacin and ceftazidime (by approximately >2 fold) when they 

were treated with 1.4 mM TPGS and antibiotics (Fig. 2.2C and D), demonstrating 

that TPGS works through BcnA. I interpreted the higher concentration of TPGS 

required in these experiments as a consequence of the overexpression of BcnA 

from a plasmid instead from the native promoter at the chromosomal location of 

the bcnA gene.  

 

The observed results did not depend on the vitamin E formulation since liposoluble 

vitamin E (at 0.2 mM) in combination with norfloxacin also resulted in increased 

antibiotic activity when the treated strains expressed BcnA or in mutants 

genetically complement by introducing the BcnA encoding plasmid (Fig. 2.3). 

Because BcnA becomes important when B. cenocepacia is exposed to 

subinhibitory concentrations of bactericidal antibiotics (5, 7).  
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Figure 2.2. Vitamin E antibiotic adjuvant effect depends on BcnA protein. (A) MIC of 
norfloxacin alone or in combination with 0.7 mM of TPGS against Burkholderia strains, 
determined by broth microdilution in cation-adjusted MHB at 20 h. Data points are from 4 
independent experiments, each done in duplicate (n=8). (B) MIC of ceftazidime alone or 
combined with TPGS against Burkholderia strains in MHB at 20 h (n=4, from 2 independent 
experiments). (C) MIC of norfloxacin alone or mixed with 1.4 mM TPGS against ΔbcnA 
mutants carrying pDA17 and ΔbcnA mutants harbouring pDA17 bcnA, determined by broth 
dilution methods in MHB at 20 h (n=4, from 2 independent experiments). (D) MIC of 
ceftazidime alone or mixed with 1.4 mM TPGS against ΔbcnA mutants carrying pDA17 and 
ΔbcnA mutants harbouring pDA17 bcnA at 20 h (n=4, from 2 independent experiments). 
Results are shown as the mean of MIC ± SEM, and P values were calculated by the paired 
t test. 
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Figure 2.3. The effect of norfloxacin and 0.2 mM liposoluble vitamin E combination 
against Burkholderia strains, MIC of norfloxacin alone or in mixed with of liposoluble 
vitamin E, determined by broth microdilution in cation-adjusted MHB at 20 h (n=6, from 3 
independent repeats). Results are shown as MIC mean ± SEM, using paired t test. 
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I also evaluated the effect of TPGS in bacteria exposed to sub-MIC antibiotic 

concentrations using in this case norfloxacin and polymyxin B. Sub-inhibitory 

antibiotic concentrations were defined as 25% of the MIC (MIC25) for each of the 

strains used and surviving bacteria were enumerated after challenge with 

norfloxacin and polymyxin B for 2 and 6 h, respectively.  

 

Norfloxacin and TPGS in combination caused around 50% reduction in the number 

of surviving K56-2 bacteria, compared to norfloxacin alone (Fig. 2.4A). Similar 

results were obtained by challenging the mutant strains ΔbcnB and ΔbcoA (Fig. 
2.4C and E). On the other hand, ΔbcnA, ΔbcnAB, ΔbcnABΔbcoA showed nearly 

the same number of bacterial counts compared to norfloxacin challenge alone 

either in absence or presence of TPGS (Fig. 2.4B, D and F). Challenge 

experiments with polymyxin B at 256 μg/ml (MIC25) and TPGS up to 6 h also 

revealed a significant reduction in the number of surviving bacteria relative to 

challenge with polymyxin B alone for the parental K56-2 and the ΔbcnB and ΔbcoA 

mutant strains (Fig. 2.4G, I and K), but no significant changes in the absence of 

BcnA protein, irrespective of the addition of TPGS (Fig. 2.4I, J and L). 

 

The effect of the antibiotic alone or in combination with TPGS also resulted in 

significant growth rate reduction over time for the parental K56-2 strain treated with 

norfloxacin (at MIC25) and TPGS when compared to treatment with norfloxacin only 

(Fig. 2.5A). In contrast, the ΔbcnA mutant treated with norfloxacin and TPGS 

showed no difference in growth rate compared to treatment with antibiotic alone 

(Fig. 2.5B). 

 

Together, the combined results of the experiments in this section demonstrate that 

vitamin E, either in soluble or liposoluble forms, exerts an adjuvant effect 

enhancing the bactericidal activity of different antibiotics in a BcnA-dependent 

manner. 
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Figure 2.4. Antibiotic challenge assays. Burkholderia strains were challenged with MIC25 
of norfloxacin (Nor), which varied for each strain (16 μg/ml for the parental strain K56-2 and 
the ΔbcnB strain, 8 μg/ml for ΔbcnAB and ΔbcoA strains, and 2 μg/ml for ΔbcnA and 
ΔbcnAB ΔbcoA strains) with or without 0.7 mM TPGS (A to F) in cation-adjusted MHB for 
2 h at 37°C. For challenge with polymyxin B (PmB), bacteria were exposed to MIC25 (256 
μg/ml of polymyxin B for all strains), with or without 0.7 mM TPGS (G to L), using non-
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cation-adjusted MHB for 6 h at 37°C. (A and G) Wild-type K56-2; (B and H) ΔbcnA strain; 
(C and I) ΔbcnB strain; (D and J) ΔbcnAB double mutant; (E and K) ΔbcoA strain; (F and 
L) ΔbcnABΔbcoA triple mutant. Results are shown as the mean MIC ± SEM, by determining 
the CFU of surviving bacteria. P values were calculated by the paired t test. Data represent 
the results of 3 independent experiments, each done in duplicate (n=6).  
 

 

 

 
 
Figure 2.5. The growth curve of (A) a wild type and (B) ΔbcnA which are challenged 
with MIC25 of norfloxacin, with or without TPGS. The growth curves are generated by 
the automated Bioscreen C monitored for 24 h using MHB. Results are shown as the mean 
of Log (OD600). P values were calculated by the paired t test. Data represent the results of 
3 independent experiments, each done in duplicate (n=6). 
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2.3.3. Vitamin E prevents BcnA antibiotic binding. 
 
To determine the mechanism of the vitamin E antibiotic adjuvant effect, I performed 

chemical complementation experiments in which 1.5 μM purified BcnA was added 

to the various ΔbcnA mutants in the presence or absence of the antibiotic, and with  

or without TPGS. Exogenously added BcnA protein conferred increased 

norfloxacin resistance to ΔbcnA, ΔbcnAB, and ΔbcnABΔbcoA mutants (MIC 

values of 64, 76 and 32 μg/ml, respectively), but this effect was abolished in the 

presence of TPGS resulting in MICs of 9, 16 and 8 μg/ml for the three strains 

(ΔbcnA, ΔbcnAB, and ΔbcnABΔbcoA, respectively) (p < 0.01, Fig. 2.6). Similar 

results were also obtained using the ΔbcnA mutant treated with norfloxacin, 0.2 

mM liposoluble vitamin E, and 1.5 μM BcnA protein; the MIC decreased from 32 ± 

11.31 μg/ml to 4 ± 0 μg/ml (p = 0.04). In this experiment, the MIC of norfloxacin 

was reduced by 8-fold compared to the treatment with BcnA protein only (p = 0.04).  

 

Together, these experiments support the idea that TPGS and liposoluble vitamin 

E interact with BcnA protein directly and prevent antibiotic capture by BcnA. 

 

Binding of TPGS and norfloxacin to BcnA was investigated by isothermal titration 

microcalorimetry (ITC), a bioanalytical technique that provides the 

thermodynamics parameters of the interactions between molecules by measuring 

the dissipated or absorbed heat upon the binding event, allowing the calculation of 

association and dissociation (KD) constants, and the enthalpy (ΔH°), entropy (ΔS°) 

of the interaction and Gibbs free energy  (ΔG° ) (23-25). The binding properties of 

TPGS towards BcnA indicated a KD of nearly 6 μM with a stoichiometry (N value) 

approaching 1 (Table 2.3), indicating the binding of one monomer of BcnA per 

TPGS molecule, which is also in agreement with the hyperbolic shape of the 

titration thermogram (Fig. 2.7A). The calculated negative ΔH0 and positive ΔS° 

values of the TPGS-BcnA interaction suggested that strong electrostatic 

interactions play a key role in binding, and the ΔG° of -7.876 Kcal indicates the 

binding reaction is favourable and spontaneous. The binding properties of 

norfloxacin towards BcnA showed a KD of 4.9 mM, with a stoichiometry of 0.77 

(Table 2.3), denoting also the binding of one monomer of BcnA per norfloxacin 

molecule.  
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In contrast to the titration thermogram for TPGS, the thermogram for norfloxacin 

corresponded to an endothermic binding interaction with BcnA (Fig. 2.7B). A 

positive ΔH° (Table 2.3) usually indicates that the complex formation between 

norfloxacin and BcnA is mainly driven by hydrophobic interactions (26, 27). The 

calculated dissociation binding constant for TPGS-BcnA was approximately 800-

fold higher than that of norfloxacin-BcnA (Table 2.3), consistent with the high 

concentration of norfloxacin required to detect binding to BcnA.  

 

These results agree with previously reported molecular dynamics studies showing 

that norfloxacin weakly binds BcnA at the flexible loops in the rim of the BcnA cavity 

(7). Together, the chemical complementation experiments and the direct binding 

assays demonstrate that BcnA binds strongly to vitamin E and this high-affinity 

interaction prevents BcnA antibiotic binding.   
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Figure 2.6. In vitro protection assays against norfloxacin with 1.5 μM of BcnA protein 
in absence or presence of 0.7 mM TPGS.  MIC of norfloxacin alone or with BcnA or 
combined with BcnA and TPGS against ΔbcnA, ΔbcnAB, and ΔbcnABΔbcoA mutants 
in MHB at 20 h. The results were obtained from 4 independent experiments, each by 
duplicate (n=8) and plotted as the mean of MIC ± SEM. (** p < 0.01 from paired t test). 
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Table 2.3. Physicochemical binding parameters of TPGS and norfloxacin to 
BcnA 
 

Parameter      BcnA-TPGS           BcnA- Norfloxacin 

N        0.731 ± 0.01  0.77 ± 0.02 

KD (μM)   6   4900 

ΔH° (cal mol-1)             -7539 ± 1553              4520 ± 315.4 

ΔS° (cal.mol-1.K-1)  13.5                         21.4 

ΔG°= ΔH°-TΔS° (cal)  -7876   3985 

 
The binding affinity (K) and enthalpy change (ΔH°) were obtained from ITC profiles fitting 
to "one set of binding sites" modelled by Origin 7 software. ΔG° and TΔS° were determined 
by the equations ΔG° = − RT lnK and TΔS° = ΔH° − ΔG°. N is the binding stoichiometry. 
KD is the dissociation constant. The data presented are the average of two experiments. 
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Figure 2.7. Binding analyses by microcalorimetry. (A) ITC data of TPGS binding to 
BcnA (Exothermic binding interaction). (B) ITC data of Norfloxacin binding to BcnA 
(Endothermic binding interaction). The bottom panel shows that the binding isotherm 
(integrated heats of binding) is obtained by plotting the areas under the peaks in the top 
panel against the molar ratio of ligand (TPGS or norfloxacin) added to BcnA present in the 
cell (the raw data of titration of ligand with protein). Using the one site model from MicroCal 
Origin software. 
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2.3.4. Vitamin E treatment enhances in vivo survival of Burkholderia-infected 
Galleria mellonella larvae.  
 
We reported previously that co-administration of BcnA and Burkholderia to G. 

mellonella larvae increases the bacterial load and reduces larvae survival. 

Because infected G. mellonella larvae mount a cellular and humoral response 

characterized by the production of multiple antimicrobial peptides (28, 29), these 

results suggested BcnA can bind and neutralize antimicrobial peptides (in a similar 

way as polymyxin B).  

 

I employed the G. mellonella infection model to probe the effect of the BcnA-

inhibitory activity of TPGS after infection with the parental strain and the ΔbcnA 

mutant using a dose of 8 x 103 CFU for each strain. At 48 h postinfection, both the 

parental K56-2 strain and the ΔbcnA mutant chemically complemented by co-

injection of 1.5 μM BcnA caused great mortality resulting in less than 20% larvae 

survival and no larvae survived at 72 h (Fig. 2.8A). As expected, the control 

experiment using ΔbcnA showed survival rates of 45% and 40% at 48 and 72 h, 

respectively (Fig. 2.8A). Administering 0.7 mM of TPGS together with the bacterial 

inoculum enhanced survival up to 90% and 80% at 48 and 72, respectively, in 

larvae infected with either K56-2 or the ΔbcnA strain plus BcnA protein (Fig. 2.8A). 

In contrast, the survival of larvae infected with ΔbcnA, was not significantly 

improved by co-administration of TPGS in comparison to infection with ΔbcnA only.  

 

Analysis of the bacterial loads recovered from the larvae's haemolymph at 48 h 

demonstrated that K56-2 bacterial CFU decreased up to 6-log in the presence of 

TPGS compared to the bacteria only infection (Fig. 2.8B). Similar results were 

obtained with the chemically complemented mutant bacteria in the presence of 

TPGS; while no significant difference was observed in the bacterial counts of 

larvae infected with ΔbcnA in the presence or absence of TPGS (Fig. 2.8B).  
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Figure 2.8. In vivo protection assays using G. mellonella infection model. (A) Larvae 
were infected with 8x103 CFU of B. cenocepacia K56-2, ΔbcnA, and ΔbcnA + 1.5 μM BcnA 
protein in the presence or absence of 0.7 mM of TPGS. Larvae survival was monitored 
over 72 h postinfection.  (B) Haemolymph from at least three B. cenocepacia-infected 
larvae was extracted and pooled at 48 h postinfection to determine the bacterial CFU/ml 
by plating onto LB agar containing 200 μg/ml spectinomycin (to prevent the growth of 
larvae's endogenous microbial flora). The results represent the mean and the SEM from 3 
independent biological replicates (*** p ≤ 0.001, ns, non-significant). P values were 
determined by paired t test. 
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I also investigated if the norfloxacin-TPGS combination can be applied as a 

treatment for previously infected G. mellonella larvae. For this experiment, larvae 

were infected with 100 CFU of the parental K56-2 strain or the ΔbcnA mutant and 

treatment with norfloxacin only, TPGS only or norfloxacin plus TPGS was given at 

24 h postinfection.  

 

Compared to norfloxacin or TPGS only treatments, the survival of K56-2 infected 

larvae increased to more than 80% upon treatment with norfloxacin and TPGS 

(Fig. 2.9A), and this correlated with at least a 3-log reduction in the bacterial load 

(Fig. 2.9B). In contrast, the combination of norfloxacin and TPGS did not protect 

larvae infection with ΔbcnA (Fig. 2.9C and D). These results indicate that TPGS 

can improve the in vivo efficacy of an antibiotic in a BcnA-dependent manner. 
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Figure 2.9. Treatment of G. mellonella infected larvae with norfloxacin or norfloxacin 
+ TPGS in combination type or ΔbcnA mutant. Larvae were infected with 100 CFU of 
bacteria for 24 h, and then treated with the MIC of norfloxacin appropriate to each bacterial 
strain with or without 1.7 mM of TPGS. Percent survival and the bacterial load (CFU/ml) in 
the larvae's haemolymph were determined at 48 postinfection. (A) and (B) Percent survival 
and bacterial load, respectively, of larvae infected with the parental K56-2 strain. (C) and 
(D) Percent survival and bacterial load, respectively, of ΔbcnA-infected larvae. The results 
represent the mean and SEM of 3 biological repeats. (* p ≤ 0.05, ** p ≤ 0.01, ns, non-
significant). P values were determined by paired t test. 
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2.3.5. Vitamin E increases antibiotic susceptibility in P. aeruginosa. 
 
To investigate if the adjuvant effect of TPGS can be applicable to other bacterial 

species, I performed in vitro and in vivo experiments using the classical P. 

aeruginosa PAO1 strain. In vitro, the combination of norfloxacin and ceftazidime 

with 1.4 mM TPGS showed significant reduction (over 3-fold) in the MICs of both 

antibiotics against the strain PAO1 in comparison to the MICs for the antibiotic-

only treatments (Figure 2.10A). I also performed the treatment of infected larvae 

using norfloxacin or the combination of norfloxacin + TPGS. Because strain PAO1 

is highly virulent for G. mellonella, I used an inoculum of 10 bacterial cells per larva 

and performed the treatments at 2 h postinfection, which is sufficient time to 

establish an infection (30). A statistically significant difference was seen between 

the survival of untreated larvae and that of larvae treated with norfloxacin and 

TPGS E together (Fig. 2.10B).  

 

Similar results were obtained, as expected, in the control experiments using larvae 

infected with the B. cenocepacia K56-2 strain at a dose of 10 bacterial cells per 

larva. In this case, while the survival rate of untreated G. mellonella was 30%, more 

than 80% survival was obtained in larvae treated with norfloxacin and TPGS (Fig. 
2.10B).  

 

Therefore, these results support the notion that the benefit of vitamin E as antibiotic 

adjuvant treatment is not specific to B. cenocepacia. 
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Figure 2.10. Vitamin E can reduce the antibiotic resistance of P. aeruginosa PAO1. 
(A) MIC of norfloxacin and ceftazidime with and without 1.4 mM TPGS against PAO1 using 
microdilution method at 24 h (n=4, from 2 independent experiments and 2 biological 
replicas). Results are shown as the mean of MIC ± SEM and compared using the paired t-
test. (B) Norfloxacin-TPGS treatment of G. mellonella larvae infected with 10 CFU of P. 
aeruginosa PAO1 or B. cenocepacia K56-2 for 2 h, and then treated with MIC of norfloxacin 
or 1.7 mM of TPGS or both together. Percent of larvae survival was monitored after 24 h. 
n=3 (* p ≤ 0.05, ** p ≤ 0.01). P values were determined by paired t test. 
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2.4. Discussion. 
 
Recently, it was established that production and secretion of the bacterial lipocalin 

BcnA, especially from bacteria exposed to near-lethal antibiotic concentrations, 

provides. B. cenocepacia and other Gram-negative bacteria an additional 

mechanism of resistance against different classes of bactericidal antibiotics (5, 7). 

Increased resistance is based on the ability of BcnA to scavenge antibiotics in the 

extracellular milieu. In this chapter, I demonstrate BcnA binding to water-soluble 

and liposoluble forms of vitamin E increases bacterial susceptibility to antibiotics 

both in vitro and during infection using the G. mellonella model. I found that the 

potentiating effect of vitamin E on antibiotic activity occurs only in bacteria that 

produce BcnA but not in mutants lacking the bcnA gene. I further show that vitamin 

E binds directly to the purified B. cenocepacia BcnA lipocalin with an affinity in low 

nanomolar concentrations, while the model antibiotic norfloxacin binds with an 

affinity in the micromolar level. Therefore, I conclude that vitamin E-bound BcnA 

results in a net increase of free antibiotic concentration, explaining both the 

increase antibiotic susceptibility and the dependence of BcnA for this phenotype. 

 

In addition to authentic vitamin E, I employed here TPGS, a succinylated 

polyethylene glycol-bound derivative of vitamin E that retains the same properties 

of α-tocopherol but it is water soluble. Water solubility allows for more reproducible 

quantitative experimental conditions. Further, TPGS is already used in the 

pharmaceutical industry as a wetting, emulsification, solubilization, and spreading 

agent (22, 31). TPGS can solubilize water-soluble and lipophilic molecules forming 

various types of micelles (32) and increasing the solubility of drugs like 

cyclosporines, taxanes, steroids, and antibiotics [reference in (22)]. Administration 

of vitamin E has been reported to enhance antibiotic activity, but the mechanism 

appears to be indirect. For example, administration of vitamin E prior to infection 

improves the in vivo efficacy of antibiotics in wounds experimentally infected with 

methicillin-resistant S. aureus (33) due to a general improvement in immunological 

parameters. Similarly, vitamin E administration reduces inflammation in a rat of 

model of E. coli pyelonephritis (34) and in a Streptococcus pneumoniae lung 

infection model (35).  

 

 

 



 
89 

In contrast, I demonstrate that the antibiotic adjuvant effect of vitamin E and TPGS, 

at least in B. cenocepacia and P. aeruginosa, is associated to the presence of a 

functional BcnA protein, thus revealing a previously unappreciated connection 

between a bacterial lipocalin and vitamin E binding.  

 

Vitamin E is considered as the main antioxidant in biological membranes (36), and 

many of its beneficial effects in immunoregulation (37) are attributed to its radical 

scavenging activity in lipophilic environments, resulting in the stabilization of 

polyunsaturated fatty acids in membrane lipids. At the same time, the physical 

properties of vitamin E make this molecule and its derivatives useful carriers for 

drug delivery in general (22) and in particular, for pulmonary drug delivery (38-40). 

Given my results, it might be feasible to consider including vitamin E in antibiotic 

formulations delivered by nebulization to patients with cystic fibrosis to increase 

their efficacy. In summary, I conclude vitamin E acts as a lipocalin antibiotic binding 

inhibitor, helping to increase the effective concentration of antibiotics around 

bacterial cells, suggesting that vitamin E could be used as an antibiotic adjuvant in 

combination with antibiotics for the treatment of infections caused by multi-drug 

resistant Burkholderia and other similar multidrug resistant bacteria.  
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Chapter Three 
 
Bacterial lipocalins protect the outer bacterial 

membrane from lipid peroxidation 
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3.1. Introduction.   
 
Aerobic bacteria use molecular oxygen for respiration and oxidation of nutrients 

(1). Reactive byproducts of oxygen metabolism, also called reactive oxidative 

species “ROS” are commonly produced by cells grown aerobically (1, 2). ROS, 

including superoxide anion radical (O2-), hydrogen peroxide (H2O2) and highly 

reactive hydroxyl radicals (OH•), are also produced upon bacterial exposure to 

physical agents (such as UV radiation) or chemicals that generate intracellular O2
- 

(e.g. potassium tellurite, paraquat and bactericidal antibiotics), and they generally 

cause oxidative stress (1, 3). To attenuate ROS-generated oxidative damage, 

bacteria produce antioxidant enzymes (e.g. superoxide dismutases, 

catalases/peroxidases). Hydroxyl radicals are generated through the Fenton 

reaction in which cytoplasmic-solvent ferrous iron is oxidized by H2O2 to give OH• 

(1, 2), which can lead to lipid oxidation. The consequence of free radical's activity 

on bacterial cell membrane, is the formation of lipid peroxides (LOOH). Lipid 

peroxidation is an autoperoxidation reaction that results in the destruction of acyl 

chains of the phospholipids and the concomitant production of toxic reactive 

aldehydes (C3-C9) such as acrolein, 4-hydroxynonenal and malondialdehyde 

(MDA), and ultimately affects membrane fluidity. Toxic reactive aldehyde species 

are long lived and can oxidize DNA and proteins, leading to bacterial cell death (1, 

3, 4). 

 

How bacterial cells overcome lipid peroxidation, especially the double membraned 

Gram-negatives, is virtually unknown. The gram-negative bacterial cell envelope 

consists of two membranes, the inner membrane and the outer membrane (OM). 

They are separated by the periplasmic space containing the peptidoglycan layer 

(5). The inner membrane is a phospholipid bilayer, the outer membrane is an 

asymmetrical bilayer, consisting of phospholipids in the inner leaflet and 

lipopolysaccharides (LPS) in the outer leaflet.  The OM separates the external 

environment from the periplasm and reduces the membrane fluidity (5).  

It provides a  selective barrier that protects the bacteria from harmful compounds, 

such as antibiotics, in the environment (5). Nothing is known on how the OM 

phospholipids are protected from lipid peroxidation. 
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We previously reported that the opportunistic human pathogen B. cenocepacia 

produces two bacterial lipocalin proteins (BcnA and BcnB), of which only BcnA is 

transcribed in the response to near-lethal concentrations of bactericidal antibiotics 

and paraquat (6, 7). The BcnA lipocalin fold has a three-dimensional structure 

composed of eight antiparallel β-strands folded into a barrel shape, with relative 

unstructured (flexible) loops at the open end (7). The antibiotics interact with the 

"rim" formed by the loops and their binding properties are weaker compared with 

molecules that can access the interior of the tunnel, which is the binding site for 

more hydrophobic ligands (e.g., Nile red and Vitamin E). Because of this structural 

characteristic, we suspect that antibiotic binding may not be the primary function 

of BcnA, and lipocalins in general may have other as yet undiscovered role (7). 

Interestingly, we previously found the crystal structure of BcnA bind to octaprenyl-

like molecules into the lipocalin β-barrel tunnel. It is presently unclear if octaprenyl-

like molecules are a physiological substrate of BcnA or they are trapped by the 

lipocalin as an artifact during protein purification before crystallization (7). 

Octaprenyl-like molecule serves as a side chain of ubiquinone (also known as 

Coenzyme Q) (Figure 3.1), which play an important role in the electron and its 

function as antioxidant (8). 

 

Examining the synteny of bcnA orthologues in Gram-negative bacteria revealed 

that in most cases bcnA-like genes are linked to an upstream gene encoding a 

predicted membrane cytochrome b-561 protein, which I have renamed as bcnA-

associated cytochrome oxidase gene or bcoA, BCAL3312 (Figure 3.2) (7). In 

some bacteria, there is a fused gene hybrid encodes a BcoA-BcnA chimera, 

suggesting even further that BcnA and BcoA proteins may physically interact. In 

other bacteria, the bcnA orthologues are monocistronic genes (Figure 3.2). In 

these cases, it is possible that a bcoA gene homologue is located elsewhere in the 

chromosome. 

 

I also showed by RT-PCR that bcnA and bcoA are co-transcribed in B. 

cenocepacia (Chapter 2, Figure 2.1) (9), providing additional proof that both genes 

are arranged in an operon structure and they are also co-regulated by antibiotic 

stress and paraquat (7, 9). The physical and regulatory link between bcnA and 

bcoA, suggest both of their products may have an antioxidant function. Because 

of the periplasmic and membrane locations of BcnA and BcoA,  
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I hypothesize these proteins may be involved in protecting OM phospholipids from 

peroxidation, particularly under oxidative stress mediated by antibiotics at near 

lethal concentration or other pro-oxidant molecules, such as paraquat or toxic 

metals. 

 

Studies in E. coli under tellurite-induced oxidative stress have identified the yqhD 

gene, which encodes a cytoplasmic aldehyde reductase required for detoxification 

of reactive aldehydes (3). Indeed, lipid peroxidation-derived reactive aldehydes are 

highly toxic and long lasting compared to superoxide ion and other reactive oxygen 

species and detoxified by aldehyde reductases in the bacterial cytoplasm. yqhD 

orthologues are also conserved in thousands of bacterial genomes albeit unlinked 

to bcnA and bcoA. B. cenocepacia contains an yqhD ortholog, bcam0596, which 

as in E. coli, may contribute to neutralize reactive toxic aldehydes (e.g. MDA) that 

are byproducts of membrane lipid peroxidation. Therefore, I propose the yqhD 

gene product may also be part of an anti-peroxidation system together with BcnA 

and BcoA, and I have renamed yqhD as barA (bcnA-associated aldehyde 

reductase gene) (Figure 3.3).  

 

The experiments discussed in this Chapter were designed to test the hypothesis 

that the products of bcnA, bcoA, and barA are components of a hitherto 

unrecognized pathway to protect bacteria from membrane lipid-derived 

peroxidation damage, according to the model in Figure 3.3. 
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Figure 3.1. Chemical structures of Octaprenyl-phosphate and Ubiquinone. The 
isoprenyl unit (surrounded by the blue square) is a five-carbon unit that constitutes the 
basic building block of isoprenoids (e.g. Ubiquinones). Octaprenyl-like molecule serves as 
a side chain of ubiquinone. Ubiquinone is a parabenzoquinone with methoxy groups on 
carbon 2 and 3 and a methyl group on carbon 5 plus a polyisoprene chain the length of 
which varies among the species. Structures were created with Molview (http://molview.org). 
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Figure 3.2. A diagram represents lipocalin region in Burkholderia and orthologues 
in other Gram-negative bacteria. The neighbouring genes were identified using B. 
cenocepacia bcnA in the SyntTax web server. Asterisks indicate promoters in the B. 
cenocepacia bcnA region that respond to antibiotic stress and paraquat, as detected by lux 
fusions. Putative promoter regions were found upstream of bcoA and downstream from 
bcnB, next to a predicted Rho-independent transcription termination sequence (7). This 
agrees with the transcription mapping by RT-PCR presented in Fig. 2.1, Chapter 2. 

Figure 3.3. A proposed protection model of the outer Gram-negative membrane from 
lipid peroxidation. Lipocalin BcnA functions as a toxic lipid detoxifier, binding to 
peroxidised lipids and quenching autoperoxidation reactions. Additional protection may 
arise from BcoA in the inner membrane, as it has predicted antioxidant function and BarA 
in the cytosol that converts aldehydes into alcohols, resulting in the removal of toxic 
reactive aldehyde (e.g. MDA) from cytosolic space. 
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3.2. Materials and Methods. 
 
3.2.1. Strains and reagents. 
The bacterial strains and plasmids used in this Chapter are listed in Table 3.1. 

Bacteria were cultured in Luria Broth (LB) at 37ºC. Antibiotics (Sigma-Aldrich, 

United Kingdom) were diluted in water, except for polymyxin B, which was diluted 

in 0.2% bovine serum albumin with 0.01% acetic acid. Potassium tellurite, bovine 

serum albumin (BSA), Sodium chloride (NaCl), ascorbic acid and butylated 

hydroxytoluene (BHT) were purchased from Sigma Aldrich (United Kingdom).  

 
3.2.2. Recombinant DNA methods. 
DNA ligations, restriction endonuclease digestions, and agarose gel 

electrophoresis were performed according to standard techniques (10). Restriction 

enzymes and T4 DNA ligases were purchased from Roche Diagnostics, Germany. 

HotStar HiFidelity polymerase (Qiagen) was used to carry out PCR amplifications. 

Taq polymerase (Qiagen) was used to perform Colony-PCR. Amplifications were 

done according to the manufacturer's instructions and optimized for each primer 

pair. DNA sequencing was performed at Eurofins Genomics (GATC, UK). 

 

3.2.3. Construction unmarked deletion mutants. 
Unmarked, non-polar deletion mutants of barA, bcal3476, bcal3477, bcal3476-

3477 and bcal3312-3476 were constructed using the method of Flannagan et al. 

(11). Briefly, ~500 bp DNA fragments flanking both the upstream and downstream 

regions of each gene were PCR amplified and cloned into the suicide vector pGPI-

SceI. E. coli GT115 cells were transformed with the ligation mixture by the calcium 

chloride method (12). Transformants were selected on LB agar plates containing 

50 μg/ml trimethoprim. Resistant colonies were screened by colony-PCR. 

Mobilization of plasmids into B. cenocepacia was conducted by triparental mating 

(13) using the pRK2013 helper plasmid (14) on SOB plates.  

 

Co-integrants were isolated by plating on LB agar plates supplemented with 100 

μg/ml trimethoprim (to select for Burkholderia co-integrants) and 50 μg/ml 

gentamicin (to counter select the E. coli containing helper and mutagenic 

plasmids). The next step was to generate a double crossover mutant using the 

pRK2013 helper plasmid and donor E. coli DH5α pDAI-SceI-SacB (11, 15).  
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The co-integrants were then resolved by plating onto a LB agar containing 150 

μg/ml tetracycline (to select for Burkholderia carrying pDAISceI-SacB) and 50 

μg/ml gentamicin and incubated at 37 °C for 2 days. Twenty different colonies were 

patched onto two LB agar plates, one containing 150 μg/ml tetracycline and 50 

μg/ml gentamicin, and the other containing 100 μg/ml trimethoprim. This step is 

performed to confirm excision of the deletion plasmid by screening for tetracycline 

resistant, trimethoprim sensitive colonies using upstream forward primer and 

downstream reverse primer (15). The replicative vector pDAI-SceI-SacB was 

cured by growing the deletion mutants in LB broth without antibiotics for 24 h and 

serially diluted up to 10-5. Then, 50 μl of each dilution on 5% sucrose LB agar 

plates lacking salt and incubated sucrose plate at 37°C overnight. The resulting 

isolated colonies onto LB agar and LB agar plus 150 μg/ml tetracycline. 

Tetracycline sensitivity indicated loss of pDAI-SceI-SacB (15). The mutants 

obtained were re-isolated and stored at −80°C.  

 

3.2.4. Complementation experiments. 
A plasmid constitutively expressing BcoA was constructed by amplifying bcal3312 

gene. Amplicons were digested with NdeI-XbaI and cloned into a similarly digested 

plasmid pDA17, resulting in pDA17-BcoA. For complementation in B. cenocepacia, 

pDA17-bcnA (7) was introduced into the mutant strains ΔbcnAB or ΔbcnABΔbcoA, 

and pDA17-bcoA was introduced into the mutant strains ΔbcoA or ΔbcnABΔbcoA 

by triparental mating as described above. The empty vector pDA17 was used as a 

negative control in the complementation experiments. 
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Table 3.1. Bacterial strains and plasmids used in Chapter Three. 

Strains or plasmid  Relevant Characteristicsa Sources  
or reference 
 

Strains 
Burkholderia cenocepacia 
K56-2 

 

ET12 clone related to J2315, CF clinical isolate. bBCRRC (16) 

 

 

ΔbcnA 

 

ΔBCAL3311, Deletion of bcnA gene in K56-2. 

 

(6) 

 

ΔbcnA:pDA17 

 

K56-2 ΔbcnA carrying pDA17; TetR. 

 

This study 
ΔbcnA:pBcnA K56-2 ΔbcnA carrying bcnA cloned in pDA17; TetR. (7) 

ΔbcnB ΔBCAL3310, Deletion of bcnB gene in K56-2. (6) 

ΔbcnB:pDA17 K56-2 ΔbcnB carrying pDA17; TetR. This study 

ΔbcnAB Deletion of bcnA and bcnB in K56-2. (6) 

ΔbcnAB:pDA17 K56-2 ΔbcnAB carrying pDA17; TetR. This study 

ΔbcoA ΔBCAL3312, Deletion of bcoA gene in K56-2. (7) 

ΔbcoA:pDA17 K56-2 ΔbcoA carrying pDA17; TetR. This study 

ΔbcoA:pbcoA 

 

K56-2 ΔbcoA carrying bcoA cloned in pDA17; TetR. This study 

ΔbcnABΔbcoA Deletion of bcnA, bcnB and bcoA in K56-2. (7) 
ΔbcnABΔbcoA: pDA17 K56-2 ΔbcnAB ΔbcoA carrying pDA17; TetR. This study 
ΔbcnABΔbcoA:pBcnA K56-2  ΔbcnAB ΔbcoA carrying  bcnA cloned in 

pDA17; TetR. 

This study 

ΔbcnABΔbcoA:pBcoA K56-2  ΔbcnAB ΔbcoA carrying  bcoA cloned in 

pDA17; TetR. 

This study 

Δbcal3476 Deletion of putative type-b-cytochrome b561 gene 

in K56-2. 

This study 

Δbcal3477 Deletion of catalase gene in K56-2. This study 

Δbcal3476-3477 Double deletion of bcal3476 and bcal3477 gene in 

K56-2. 

This study 

ΔbcoAΔbcal3476 Double deletion of bcal3476 gene in the 

background of ΔbcoA (ΔBCAL3312). 

This study 

ΔbarA ΔBCAM0596, Deletion of barA gene in K56-2. This study 
ΔbarA:pDA17 

 

 

 

K56-2 ΔbarA carrying pDA17; TetR. This study 
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aTetR , Tetracycline resistance, TpR, trimethoprim resistance, KanR, kanamycin resistance. 
bBCRRC, B. cepacia Research and Referral Repository for Canadian CF Clinics.  

 

 

 

 

 

 

 

 
Escherichia coli 
DH5α F- Φ80lacZ M15 endA1 recA1 supE44 hsdR17(rK- 

mK+)deoR thi-1 nupG supE44 gyrA96relA1 
Δ(lacZYA-argF)U169, λ-. 
 

Laboratory 
stock 

GT115 F- mcrAΔ(mrr-hsdRMS-mcrBC)Φ80ΔlacZΔM15 
ΔlacX74recA1rpsL(StrA) endA1Δdcm uidA(ΔMluI) 
::pir116ΔsbcC-sbcD. 
 

Invivogen 

Plasmids 

pDA17 

 

oripBBRI, TetR, mob+, Pdhfr, FLAG epitope.  D. Aubert, 

unpublised 

pDAI-SceI-SacB oripBBR1, TetR, Pdhfr, mob+, expressing I-SceI, 

SacB. 

Laboratory 

stock 
pGPI-SceI oriR6K, TpR , mob+, including an I-SceI restriction 

site. 

Laboratory 

stock 

pRK2013 oricolE1, RK2 derivative, KanR, mob+, tra+. Laboratory 

stock 

pExpbcnA bcnA gene without signal peptide encoding 

sequence cloned in pET28a(+). 

(6) 

pBcnA 

 
pDA17 harbouring bcnA gene C-terminus FLAG, 
TetR. 

(7) 

pBcoA pDA17 harbouring bcoA gene, TetR. This study 

pDelbcal3476 pGPI-SceI with fragments flanking BCAL3476, 

TpR. 

This study 

pDelbcal3477 pGPI-SceI with fragments flanking BCAL3476, 

TpR. 

This study 

pDelbarA pGPI-SceI with fragments flanking BCAM0596, 

TpR. 

This study 
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3.2.5. Purification of BcnA protein. 
BcnA protein was purified as described in the Material and Method section of 

Chapter 2. 

 

3.2.6. Measuring membrane lipid peroxides using diphenyl-1-
pyrenylphosphine (DPPP).  
Lipid peroxides measurements were performed as previously described with few 

modifications (17). DPPP (Invitrogen) was dissolved in dimethyl sulfoxide (DMSO, 

Sigma Aldrich) to prepare a stock solution at concentration of 1 mM and stored in 

dark under Nitrogen at -20°C. Overnight cultures in LB were washed twice and 

then diluted to an optical density at 600 nm (OD600) of 1 in phosphate-buffered 

solution (PBS), pH 7.4, containing 100 μM DPPP and incubated for 60 min in the 

dark at room temperature. Fluorescence from DPPP=O was measured with a 

POLARstar Omega microplate reader (BMG LABTECH, Ortenberg, Germany) with 

a 351 nm wavelength for excitation and 420 nm for emission. 

 

3.2.7. Total proteins collection and lysis for ELISA. 
Overnight cultures were diluted to OD600 of 0.5-0.6 in 50 mL LB. Cells were then 

treated with 0.5 MIC of norfloxacin or 1024 μg/ml polymyxin B for 2 h and incubated 

at 37°C with shaking at 180 rpm. Bacteria were harvested, resuspended in PBS, 

pH 7.4, with 1x protease inhibitor (Roche Diagnostic GmBH, Germany) and 1 μg 

ml-1 DNase I (Roche), and lysed using a cell disruptor at 27 kpsi (Constant 

Systems).  The cellular debris was removed after centrifugation at 10,000 xg for 

15 min at 4°C. Samples were cleared by centrifugation at 16,000 xg for 60 min at 

4°C (Sorvall RC 6 Plus, Germany), and the supernatant (total soluble proteins) was 

frozen at -80 °C. A Bradford assay was used to quantify protein concentration. 

 
3.2.8. MDA-ELISA assays. 
ELISA assays were performed as previously described (4) with few modifications. 

4 µg of sample proteins were diluted into 1 ml of coating buffer 

(carbonate/bicarbonate, 100 mM, pH 9.6). 200 µl of each sample was added to 

ELISA plates (Nunc MaxiSorp). Control wells contained only coating buffer. The 

plate was covered with sealing tape and incubated at 4°C overnight. After the 

incubation, the plate was washed five times with 300 µl of PBS/Tween20 (0.05%) 

per well. 250 µl of 5% BSA (blocking buffer) in PBS, pH 7.4, was added to each 

well and incubated at room temperature for 2 h.  
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Plates were washed as above and 200 µl of 1:500 anti-malondialdehyde antibody 

(Abcam, United Kingdom) was added and incubated at 37°C for one hour. Plates 

were washed four times with PBS/Tween20, and then a secondary goat anti-rabbit 

horse-radish peroxide (HRP, Abcam) antibody (1:10000) was added and 

incubated for 1 h at room temperature. This was followed by a final wash, and then 

200 µl of 3,3',5,5'-tetramethylbenzidine (TMB) reagent (Sigma Aldrich) was added 

to each well and incubated in the dark at room temperature. After sufficient colour 

development, 100 μl of 2 M HCl (Sigma Aldrich) were added. Absorbance of each 

well was measured with POLARstar Omega microplate reader (BMG LABTECH, 

Ortenberg, Germany) at 570nm. 

 
3.2.9. Cold stress assay. 
Overnight cultures were diluted in LB medium to a final concentration of 103 

CFU/ml and incubated at 8°C for 24 h. Samples were withdrawn and serially diluted 

in PBS, pH 7.4. Then, 10 μl portions were deposited onto the surface of LB agar 

plates. The plates were incubated at 37°C for 24 h, and the resulting colonies were 

counted. 

 

3.2.10. Salt stress assay.  
Salt stress assay was performed as previously described (18). Briefly, overnight 

cultures were inoculated in the fresh medium LB or LB with high salt 426 mM NaCl 

to obtain an OD600 of 0.005. Growth was monitored over 60 h by determining the 

OD600 every 5 h using a Bioscreen C automated growth curve analyzer (MTX Lab 

Systems, Vienna, VA, USA). 
 
3.2.11. Oxidative stress treatment. 
Bacterial cultures in LB were challenged with 30 μM tert-Butyl hydroperoxide (THB) 

with bacterial inoculum of 106 cfu/ml for 1 h at 37ºC with shaking. After the 

treatment, Samples were withdrawn and serially diluted in PBS, pH 7.4. Then, 10 

μl aliquots were spotted onto the surface of LB agar plates. The plates were 

incubated at 37ºC for 24 h, and the resulting colonies were counted. 
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3.2.12. Aerobic and Anaerobic assay.  
Bacterial cultures with an OD600 of 0.00001 (≈ 103 CFU/ml) in LB were challenged 

with MIC25 of norfloxacin for 4 h and incubated at 37ºC at 180 rpm. Samples were 

withdrawn and serially diluted in PBS. Then, 10 μl aliquots were spotted onto the 

surface of LB agar plates. The plates were incubated with or without a CampyGen 

Compact system (19) following the manufacturer’s instructions (Oxoid, 

Basingstoke, UK) at 37ºC for 24 h, and the resulting colonies were counted. 

 

3.2.13. Challenge assay using cytochrome oxidase complex inhibitors. 
Overnight bacterial cultures (K56-2, ΔbcnA and ΔbcnA:pBcnA) were diluted to 

OD600 of 0.01 and treated with cytochrome oxidase inhibitors (either 1 mM 

Antimycin A or 0.1 mM Myxothiazol) for 1 h at 37ºC and then the number of viable 

cells were determined as described above. 

 

3.2.14. 1,1- diphenyl-2-picrylhydrazyl (DPPH) antioxidant assay. 
This assay was performed as previously described with some modifications (20-

22). 250 μl of 200 μM of DPPH dissolved in methanol was added to 750 μl of BcnA 

protein (final concentrations were 1.25 to 20 μM). The reaction mixture was kept 

in dark at room temperature for 30 min. Then, 200 μl were transferred to each of 

the 96-well microplates. In the blank control, the sample was substituted with 

methanol. In the positive control, the sample was substituted with BHT or ascorbic 

acid or BSA. The absorbance was measured at 517 nm using POLARstar Omega 

microplate reader.  

 

The DPPH scavenging activity was calculated by the following equation: 
Scavenging effect (%) = (1 - Asample517/Acontrol517) x 100 

 

3.2.15. Naphthylamine (NPN) fluorescence assay.  
NPN assay was performed as previously described (23) with some modification. 

NPN (Sigma Aldrich) was dissolved in acetone (Sigma Aldrich) to prepare a stock 

solution at concentration of 0.5 mM and diluted in 5 mM HEPES buffer, pH 7.2, to 

a concentration 50 µM. The NPN stock solution was freshly prepared for each 

experiment. Bacteria were grown in 5 ml LB, harvested during exponential phase 

to obtain OD600 of 0.5 and then washed twice and resuspended in HEPES buffer.  

 

 



 
106 

The 96 wells plate were supplemented with total volume 250 µl: (i) 250 µl HEPES 

buffer (ii) 200 µl HEPES buffer and 50 µl NPN (iii) 100 µl bacterial suspension and 

150 µl HEPES buffer (iv) 100 µl bacterial suspension, 100 µl HEPES buffer and 50 

µl NPN. Fluorescence was measured after 3 min, with a POLARstar Omega 

microplate reader 355 nm for excitation and 420 nm for emission.  

 

The NPN uptake factor was calculated to evaluate fluorescence of samples as 

follows: (Sample background fluorescence with NPN – Sample fluorescence, no 

NPN) ÷ (HEPES background fluorescence with NPN – HEPES fluorescence, no 

NPN). 

 

3.2.16. Microscopy. 
Bacterial viability was assessed according to the Live/Dead BacLight kits 

(ThermoFisher, L7007) with some modifications. Overnight bacterial cultures in LB 

were washed twice with PBS and then diluted 1:10 in PBS. The sample cells were 

fluorescently stained with Syto 9 and propidium iodide according to the 

instructions, 10 µl of each stained cell solution was added to 0.8% agarose slide. 

Cells were imaged using Zeiss microscope at 100x magnification. 

 
Samples of overnight bacterial cultures diluted 10x and were placed on 0.8% 

agarose slides, covered by a coverslip and examined by Zeiss microscope at 100 

X magnifications.  

 
The wild type was challenged with the spent media of ΔbcnA for 2 h, in the 

presence of 1 ml of DNase I (AppliChem - UK, the stock concentration is 21,726 

U/mL and is prepared with 0.15 M NaCl solution). And 1ml of 0.15 M NaCl solution 

was used as a control. 

 

3.2.17. Statistical analysis. 
All statistical analyses were conducted with GraphPad Prism 5.0. The results were 

expressed as the mean ± the standard deviation (SD). Statistics were performed 

using t test and two-way analysis of variance (ANOVA). For comparison of the 

mean results of mutant vs wild type were analyzed by the unpaired t test that 

compare the means of two unmatched groups. Experiments were conducted using 

a minimum of three biological repeats, each with at least 2 technical repeats.   
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3.3. Results. 
 
3.3.1. BcnA, BcoA and BarA are required to maintain reduced levels of 
membrane lipid peroxidation stress. 
Lipids are major targets of oxidative damage. Free radicals accumulated in the 

periplasmic space or in the extracellular milieu can attack bacterial OM and initiate 

membrane lipid peroxidation, which destroys the phospholipid acyl chain and 

generates toxic reactive aldehydes (e.g. MDA). To address the hypothesis that 

BcnA, BcoA, and BarA contribute to reduce lipid-mediated peroxidation. I first 

measured membrane lipid peroxides using the membrane soluble diphenyl-1-

pyrenylphosphine (DPPP) in the wild type bacterium and in the corresponding 

isogenic bcnA, bcoA, and barA deletion mutants. DPPP is a non-fluorescent 

molecule that partitions in lipid bilayers and reacts stoichiometrically with lipophilic 

peroxides in the membrane to give a fluorescent DPPP oxide (DPPP=O) (17). The 

fluorescence intensity of DPPP=O was measured after 60 min in bacteria grown 

with or without MIC levels of potassium tellurite, which mediates superoxide ion 

generation (Fig. 3.4). Under non-tellurite treatment (steady state), the fluorescence 

intensity of DPPP=O was significantly higher than the parental strain (P = 0.0001), 

only in ΔbcnA and ΔbcnABΔbcoA triple deletion mutant. In contrast, upon tellurite 

treatment, the fluorescence intensity was significantly higher than wildtype, in the 

mutants unable to produce BcnA or BcoA or BarA (Fig. 3.4, P ≤ 0.001). The 

fluorescence signal of DPPP=O was reduced to almost at the same level as in the 

wild type strain upon complementation of the mutants with plasmids encoding 

BcnA or BcoA (P > 0.05). Unfortunately, despite numerous attempts the barA gene 

could not be recombinantly cloned for reasons that remain unclear and therefore, 

complementation with barA could not be performed. No significant differences 

relative to wild type were found in the peroxidation levels of the ΔbcnB mutant (P 

= 0.6). Together, these results indicate that the mutants defective in bcnA, bcoA, 

and barA, display a higher level of membrane peroxidation under tellurite -induced 

oxidative stress conditions. 
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Figure 3.4. DPPP assay to measure lipid peroxidation levels in B. cenocepacia 
strains. Bacterial strains treated with MIC of potassium tellurite, varied for each strain 
according to their individual sensitivities (50 μg/ml for the parental strain K56-2 and ΔbcnB;  
25 μg/ml for ΔbarA, ΔbcnA:pBcnA, ΔbcoA and ΔbcoA:pBcoA; 12.5 μg/ml for ΔbcnA and 
ΔbcnABΔbcoA). Under non-tellurite treatment, the level of DPPP=O in the ΔbcnA and 
ΔbcnABΔbcoA mutants was significantly higher than in K56-2 (P = 0.0001). Upon tellurite 
treatment, the peroxidation level in ΔbcnA, ΔbcoA and ΔbarA mutants was significantly 
higher than that of K56-2 (P ≤ 0.001). The levels of DPPP=O in the ΔbcnB mutants and in 
the genetically complemented strains, relative to K56-2, was not significant (P > 0.05) 
(determined by unpaired t test). Results are shown as the mean of DPPP=O fluorescence 
± SD. Data represent the results of 3 independent experiments, each done in duplicate 
(n=6). 
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Lipid peroxidation results in the production of reactive aldehydes, such as MDA 

(4). Therefore, I quantified the levels of MDA by an ELISA assay that measures 

proteins modified by the toxic MDA using an anti-malondialdehyde specific 

antibody (4). The levels of MDA modified proteins is proportional to the level of lipid 

peroxidation and MDA production.  In these experiments, bacteria were pretreated 

with different bactericidal antibiotics, norfloxacin and polymyxin B, at 

concentrations equivalent to their half MICs. The results using norfloxacin show 

that in the absence of the BcnA protein, the MDA levels increased by 3-fold 

compared to wild type under exposure to near-lethal concentration of norfloxacin 

(Fig. 3.5A, P < 0.001). MDA levels returned to wild type concentrations upon 

genetic complementation (P = 0.7). Similarly, a statistically significant increase in 

the levels of MDA was seen in ΔbcoA mutant vs. parental strain (P < 0.05), which 

returned to wild type levels by complementation with BcoA. In the case of ΔbarA, 

there was also a significant 2-fold increase in the level of modified protein in 

comparison to wild type (P < 0.001). As, in the case of the DPPP experiments, 

there was no difference in the level of MDA modified protein between wild type and 

ΔbcnB. Similar results were obtained with in bacteria incubated with 1024 μg/ml 

polymyxin B (Fig. 3.5B). 

 

The combined results of the experiments above demonstrate that bacteria lacking 

BcnA, BcoA and BarA have higher levels of membrane peroxidation that increases 

upon antibiotic- or metal-induced stress and is also reflected in a higher production 

of the MDA peroxidation byproduct.  
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Figure 3.5. Indirect ELISA determines the level of MDA modified protein.  Total 
proteins collected from bacterial cultures that was challenged with sub-lethal concentration 
of bactericidal antibiotics (A) 0.5 MIC Nor, norfloxacin, varied for each strain (32 μg/ml for 
K56-2, ΔbarA, ΔbcnB and ΔbcoA:pBcoA, 24 μg/ml for ΔbcnA:pBcnA, 16 μg/ml for ΔbcoA, 
4 μg/ml for ΔbcnA and ΔbcnABΔbcoA).  or (B) 1024 µg/ml PmB, polymyxin B. The MIC of 
PmB against Burkholderia strains was higher than 1024 μg/ml and the limited solubility of 
PmB in the culture medium at concentrations higher than 2048 μg/ml precluded the 
determination of the exact MIC for PmB (7), so I treated all the strains with the same 
concentration of PmB. Results are shown as the mean of absorbance ± SD, P values were 
calculated by the unpaired t test. Each strain was tested in duplicate in three independent 
experiments. 
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3.3.2. BcnA, BcoA and BarA are required for bacterial growth conditions 
associated to peroxidation membrane stress.  
I investigated whether physical conditions leading to peroxidation could also 

require BcnA, BcoA and BarA, for bacterial growth. One of these conditions is cold 

stress, which increases lipid peroxidation in plants, such as Arabidopsis thaliana 

(24), but has not been investigated for peroxidation in bacteria. Figure 3.6A shows 

the bacterial survival after stress, resulting from exposing wild type and mutant 

strains to 8°C for 24 h. The wild type strain was much more resistant to this 

treatment, as evidenced by a 37% of bacterial recovery at the end of the 

experiment. In contrast, ΔbcnA, ΔbcoA, and ΔbcnABΔbcoA mutants showed a 

significant reduction in bacterial recovery relative to wild type (P < 0.0001), being 

ΔbcnA the most affected by cold (8% recovery). Similar results were obtained by 

growing ΔbarA mutant in 8°C; the bacterial survival was reduced by ≈2-fold 

compared to wild type (Fig. 3.6A, P = 0.001). Bacterial recovery from cold 

exposure was restored to wild type levels in the mutants complemented for either 

BcnA or BcoA production. As with the previous experiments, no difference was 

seen in the bacterial survival of ΔbcnB vs. wild type (P = 0.8). I confirmed that the 

cold treatment induces lipid peroxidation by measuring the DPPP=O fluorescence 

in the wild type and the ΔbcnA mutant (Fig. 3.6B). The results confirm that the 

level of lipid peroxidation for ΔbcnA at 8°C is higher than for the parental strain 

K56-2.  

 

In many Gram-negative bacteria, bcnA and bcoA genes are part of the same 

operon, and in some bacteria, they are fused in one gene (Fig. 3.2). I hypothesized 

here that BcnA and BcoA have a putative antioxidant function. In Bc K56-2 

genome, there are other cytochromes b561 and they are linked either to catalase 

or oxidoreductase. I tried to find out if these cytochromes b561 could help in 

bacterial survival under stress. I create a mutant in one of these cytochrome b561 

gene (bcal3476), which is linked to catalase gene (bcal3477) and I test the 

bacterial survival for these mutants under cold temperature. In Figure 3.6C, there 

are no differences in bacterial counts between wild type and mutants (Δbcal3476, 

Δbcal3477 and Δbcal3476-3477), while there is a significant reduction in the 

bacterial survival in case of mutants ΔbcoA and ΔbcoAΔbcal3476. We conclude 

that bcoA gene is an important cytochrome b561 which associated with bcnA gene 

and protects the bacterial survival from the stress. 
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Another condition associated to peroxidation changes is osmotic stress. In this 

case, I cultured the bacterial strains in LB with 171 mM NaCl (isosmotic) or in LB 

with 426 mM NaCl (hyperosmotic), as previously established previously in our 

laboratory (18). Both wild type and the ΔbcnB mutant did not show a growth defect 

when cultured in high salt LB while the ΔbcnA mutant grew poorly (Fig. 3.7A). And 

a ΔbarA mutant treated with high salt showed a significant reduction in the growth 

rate at 25 h from treatment with low salt concentration (P< 0.0001). The same 

results were obtained with ΔbcoA, it also showed a significant reduction in the 

growth of at 40 h, implying that cytochrome b561 protects bacteria at the stationary 

phase (Fig. 3.7A). Growth under high salt conditions was restored to wild type 

levels in the genetically complemented mutant strains carrying a plasmid 

expressing BcnA or BcoA (Fig. 3.7A). I validated that high salt conditions lead to 

peroxidation stress by measuring the level of hydroxyl radical and lipid peroxides 

by using DPPP assay after growing bacteria in high-salt LB. Compared to wild type, 

the level of lipid peroxides was high in ΔbcnA grown under in high-salt LB for 24 h 

(Fig. 3.7B, P= 0.0012).  
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Figure 3.6. Cold assays. (A) Bacterial strains (103 CFU/ml) were exposed to 8°C for 24 h. 
Results are shown as the mean and the error bar indicates to SD, by determining the CFU 
of surviving bacteria, from 3 independent biological replicates. P values were calculated by 
the unpaired t test. (B) DPPP treatment of K56-2, ΔbcnA and ΔbcnA:pBcnA grown for 24 
h in low temperature. DPPP=O fluorescence is measured within 60 min. The results 
represent the mean ± SD from 2 independent experiments. ****, P < 0.0001. (C) CFU/ml of 
surviving wild type and cytochrome b561 mutant strains were grown at 8°C for 24 h. The 
results represent the mean ± SD from 2 independent experiments. P values were 
calculated by the unpaired t test, comparing the mean results of the mutant relative to the 
wild type. 
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Figure 3.7. Growth of Burkholderia strains in high-salt conditions. (A) Bacterial strains 
were cultured at 37°C over 60 h in LB containing either 171 mM NaCl (low salt- black 
colour) or 426 mM NaCl (high salt-pink colour). The Log of OD values are the means of 
three independent experiments and each strain was analysed by duplicate. ****, P< 0.0001. 
(B) Level of lipid peroxides in of K56-2, ΔbcnA and ΔbcnA:pBcnA grown in low and high 
salt LB for 24 h. The results represent the mean ± SD from 2 independent experiments 
(n=4). P values were calculated by the unpaired t test. 
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Furthermore, I also performed oxidative challenge experiments, to see if the loss 

function of BcnA, BcoA and BarA proteins increase the bacterial sensitivity to 

oxidative chemical stress. Previous work in the lab showed that hydrogen peroxide 

is detoxified by B. cenocepacia catalases enzymes (KatA and KatB) (25, 26). 

Therefore, I used tert-Butyl hydroperoxide (THB) is a catalase resistant analogue 

of hydrogen peroxide that generates free radicals in the presence of copper or iron 

ions (27). Bacterial strains were exposed to 30 μM THB, lipid peroxidation-

promoting agent. Figure 3.8 shows that a brief exposure of 1 h to THB caused a 

reduction in the number of survivors for ΔbcnA relative to K56-2 was more than 

40% (P = 0.0001). Similar results were obtained by challenging the ΔbcnABΔbcoA 

and ΔbarA/ΔbcnABΔbcoA mutants. However, ΔbarA, ΔbcnB mutants and the 

genetic complemented strains (ΔbcnA:pBcnA, ΔbcnABΔbcoA:pBcnA) showed 

nearly the same  number of bacterial count which are treated with THB, compared 

to the wild type. On the other hand, there is a significant reduction in the number 

of surviving bacteria in case of ΔbcoA relative to the parental strain (P = 0.03) and 

no significant changes in the complement strain ΔbcoA:pBcoA (P = 0.08). In the 

case of ΔbcnABΔbcoA:pBcoA, there was a 26% reduction in the number of 

survivors relative to K56-2, the reason is the absence of BcnA (P = 0.0001).    

 

Together, the combined results of the experiments described in this section 

demonstrate that BcnA, BcoA and BarA play a role in adaptation of B. cenocepacia 

to multiple stress conditions that have in common increased levels of peroxidation.  
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Figure 3.8. ΔbcnA cells are more sensitive to THB mediated oxidative stress. 
Sensitivity of Burkholderia strains to THB determined by challenging 106 cfu/ml bacterial 
inoculum by 30 μM THB in LB for 1 h at 37°C. Results are shown as the mean of CFU of 
surviving bacteria ± SD, P values were calculated by the unpaired t test. N = 6 from 3 
independent experiments each done in duplicate. 
 



 
117 

3.3.3. The effect of lipocalin proteins requires molecular oxygen. 
 
I reasoned that if BcnA, BcoA and BarA are required during peroxidation stress 

these proteins would be dispensable in the absence of molecular oxygen. Based 

on the antimicrobial survival test (Chapter 2), the MIC value of norfloxacin for the 

ΔbcnA mutant is 8-fold lower than wild type. Therefore, a lower concentration of 

norfloxacin was used in these experiments to account for the increased sensitivity 

of ΔbcnA. Bacteria were challenged with 0.25 MIC of norfloxacin and then surviving 

bacteria were enumerated after growing them in the anaerobic jars using the 

CampyGen Compact system, which produces microaerophilic conditions (5% O2, 

10% CO2 and 85% N2) (19). Under anaerobiosis (Figure 3.9A), there was a slight 

increase in the number of untreated bacterial survivors relative to initial inoculum 

by 1 log. However, in the presence of 0.25 MIC of norfloxacin, the number of 

survivors is the same as the initial inoculum (≈ 103 CFU/ml). The results show no 

significant differences in bacterial cell survival among wild type and mutant strains 

(in both case untreated and treated with norfloxacin). This means that under 

anaerobiosis, wildtype and mutant strains exhibit the same antibiotic sensitivity 

(Fig. 3.9A). In contrast, under aerobic conditions, as the control experiment (Fig. 
3.9B), there was an increased number of untreated survivors averaging 3 logs 

relative to the initial inoculum. In the presence of norfloxacin, bacteria incapable of 

producing BcnA showed significant reduction in the number of surviving bacteria 

relative to wild type (P = 0.0003). These results indicate that ΔbcnA is more 

sensitive to antibiotic in the presence of oxygen. Similar results were obtained by 

challenging the ΔbarA and ΔbcoA mutant strains (P < 0.05). The bacterial growth 

was restored in mutants genetically complemented with either BcnA or BcoA 

encoding plasmid. As before, the ΔbcnB mutant treated with norfloxacin showed 

no difference in growth rate, compared to wild type (P = 0.503).  

 

I conclude that these proteins were required during stress under only aerobic 

conditions. 
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Figure 3.9. Aerobic and Anaerobic assay. Burkholderia strains were challenged with 
0.25 MIC of norfloxacin for 4 h and then determining (A) CFU of surviving bacteria under 
low- oxygen concentration growth conditions, (B) CFU of surviving bacteria grown under 
aerobic conditions. The results represent the mean ± SD from 2 independent experiments 
(n=4). P values were calculated by the unpaired t test. 
 
 
 
 
 



 
119 

3.3.4. The cytochrome oxidase inhibitors decrease the bacterial survival in 
both wild type and ΔbcnA. 
 
I investigated if the BcnA plays a role in peroxidation mediated by the electron 

transport chain. Donnarumma et. al. (28) observed that the highly conserved 

Neisseria lipocalins (GNA1030) appears to bind ubiquinone-8, which is a derivative 

of octaprenyl-phosphate, suggesting a role for this protein in antioxidant defence, 

perhaps by delivering ubiquinone-8 to the bacterial membrane or the periplasmic 

space.  

 

Similarly, we previously found the crystal structure of BcnA has been bind to 

octaprenyl-pyrophosphate (7), which is a precursor for the side chain of isoprenoid 

quinones (e.g. ubiquinone-8). I then evaluated the function of BcnA as quinones 

carrier in the respiratory chain, by testing the effect of respiratory electron transport 

inhibitors (e.g. Antimycin A and Myxothiazol) on wild type strain, the ΔbcnA mutant 

and the genetic complement strain. The bacterial strains treated with either 1 mM 

Antimycin A or 0.1 mM Myxothiazol are sensitive than the untreated one by more 

than 50%. However, there are no differences in the growth of survivors among 

bacterial strains treated with the electron transport inhibitors (Fig 3.10).  

 

We conclude that BcnA protein plays no role in protection against malfunction of 

the electron transport chain. 
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Figure 3.10. ΔbcnA is not involved in the respiratory chain. The effect of respiratory 
chain inhibitors (A) 1 mM Antimycin A or (B) 0.1 mM Myxothiazol were assessed on the 
growth of Burkholderia strains by determining the viable counts. The results represent the 
mean ± SD from 2 independent experiments (n=4). P values were calculated by the 
unpaired t test. 
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3.3.5. DPPH radical scavenging activity assay. 
 
All the previous experiments indicated that BcnA, BcoA and BarA are involved in 

bacterial protection from membrane derived peroxidative stress. While the possible 

mechanisms for BcoA and BarA can be inferred (one based on membrane redox 

reaction and the other on the conversion of toxic aldehydes into non-toxic alcohols) 

the mechanism of BcnA is not obvious. We speculated that BcnA could be able to 

scavenge radicals as an antioxidant. To investigate the antioxidant mechanism of 

BcnA, I purified BcnA protein and then measuring its activity by using DPPH radical 

assay. DPPH is a stable free radical, which has an unpaired valence electron at 

one atom of nitrogen bridge and gives a maximum absorption at 517 nm (purple 

colour).  

The DPPH radical accepts the transferable hydrogen from an antioxidant and 

result in the reduced form of DPPH.  The colour turns from purple to yellow with 

respect to the number of electrons captured (20, 22). I determined the DPPH 

radical scavenging activity of ascorbic acid and butylated hydroxytoluene (BHT), 

two common antioxidants used as standards for comparing antioxidant activity. I 

also used BSA, bovine serum albumin as a control protein. I found that BcnA and 

BSA proteins exhibited concentration dependent scavenging effect on DPPH 

radical and lower than that of ascorbic acid and BHT. They quickly reached to the 

scavenging plateau state at 10 μM. The DPPH radical scavenging effects at 10 μM 

were 78%, 64%, 32.6%, 21% for ascorbic acid, BHT, BcnA and BSA respectively. 

At this concentration, the scavenging activity of both ascorbic acid and BHT is 

significantly different from that of the BcnA protein (Fig. 3.11, P < 0.001).  

Moreover, the concentration 10 μM of BcnA showed a higher scavenging effect 

than that of BSA and this difference was statistically significant (P < 0.001, 

Fig.3.11).  

I conclude that BcnA has a stronger antioxidant activity than BSA, so it presumably 

could protect the OM of Burkholderia by intercepting lipid peroxyl radicals, to 

terminate the lipid peroxidation. I envisage that the radical form of BcnA may be 

neutralized by the BcoA protein, but this has not been experimentally confirmed. 
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Figure 3.11. DPPH scavenging effect by ascorbic acid, BHT, BcnA and BSA. DPPH 
assays (n = 6) from 3 independent experiments each done in duplicate, plotted as the mean 
of percentage of DPPH radical scavenging activity ± SD). The percentage of DPPH radical 
scavenging activity of both ascorbic acid and BHT is significantly higher than BcnA protein 
at 10 μM (P < 0.001, determined by two-way ANOVA and the Bonferroni post hoc test). 
The percentage of DPPH radical scavenging activity of BcnA is significantly higher than 
BSA protein (P < 0.001, determined by unpaired t test). 
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3.3.6. ∆bcnA cells are more permeable than the wild type. 
 
To examine if peroxidation affects the functionality of the outer membrane, we 

assayed the outer membrane permeability of wild type and ∆bcnA, using NPN 

assay. NPN is a nonpolar fluorescent probe that readily enters damaged 

membranes and only fluoresces in the hydrophobic environment of the membrane 

(23). Thus, higher NPN fluorescence values indicate more permeable bacterial 

membranes (23). The result revealed the NPN uptake values of ∆bcnA to be 

around two-fold more than that of K56-2. The average NPN uptake ratio of Bc K56: 

∆bcnA was 1:2.083 (Table 3.2).  

Possible reasons for these disparities, in table 3.2, are: variations in overnight 

culture OD or NPN concentration, and/or variations in the time between NPN 

addition and fluorescence measurement. Delays in fluorescence measurement 

after NPN addition can allow more NPN incorporation into the membrane resulting 

in higher fluorescence readings (29). 

 

Therefore, under steady state condition, ∆bcnA has a two-fold more permeable 

OM than wild type as measured by NPN. This increased membrane permeability 

of ∆bcnA may be linked to the consequences of oxidative stress and membrane 

lipid peroxidation in the absence of BcnA.  
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Table 3.2. Fluorescence values obtained in NPN uptake assay using  
wild type and ΔbcnA cells. 
 

Sample NPN Fluorescence 
value (mean ± 

SD) 

Fluorescence 
value after 

background 
subtraction 

NPN 
uptake 
value 

NPN 
uptake 

value ratio 
(K56-2: 
∆bcnA) 

Buffer - 28 37 1  
 
 

1: 2.28 

Buffer + 65 
Bck56-2 - 34 ± 5.83 76 2.05 
Bck56-2 + 110 ± 6 
ΔbcnA - 41.5 ± 1.76 173.5 4.69 
ΔbcnA + 215 ± 2.94 
Buffer - 17 72 1  

 
 

1: 2.07 
 

Buffer + 89 
Bck56-2 - 21 ± 2.65 81.5 1.1 
Bck56-2 + 102.5 ± 0.71 
ΔbcnA - 22 ± 1.73 164 2.28 
ΔbcnA + 186 ± 1.41 
Buffer - 23.75 ± 1.71 82.75 1  

 
 

1: 1.90 

Buffer + 106.5 ± 2.89 
Bck56-2 - 28.25 ± 3.3 132.25 1.6 
Bck56-2 + 160.5 ± 5.92 
ΔbcnA - 34 ± 1.73 251 3.03 
ΔbcnA + 285 ± 2.65 

 
Three boxes compose the table with each representing a separate biological repeat with 
three technical replicates. The two-tailed P value of the NPN uptake ratios is 0.0006 which 
is statistically significant, with a SD of 0.155.  (This experiment was done by Christina Biamis 
-MSci). 
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We also carried out Live/Dead Baclight bacterial viability staining to distinguish 

between live and dead bacteria. Live cells are stained green by SYTO 9, while 

dead cells and electronegative extracellular DNA (eDNA) are stained red by 

propidium iodide. The ∆bcnA cells become more permeable to propidium iodide 

and more dead cells (stained red) was found in the mutant culture as compared to 

wild type strain (fig. 3.12).  

 

Live and dead cells were quantified from 4 planes per strain revealing 

approximately 1% of cells being dead in K56-2, and 7% in ΔbcnA. A statistically 

significant P value of 0.0030 was obtained by comparing percentage dead cells 

between strains, meaning ΔbcnA cultures have significantly more dead cells than 

K56-2. Although there is more cell death in mutant cultures, 93% of ΔbcnA cells 

from an overnight culture were still live (compared to 99% live in K56-2) indicating 

the absence of BcnA does not drastically affect viability. It is possible that the effect 

on viability is overestimated as BacLight instructions according to manufacturer, 

mentioned that live cells with very damaged membranes can be considered dead 

in this assay. This is due to the SYTO 9 green dye entering all cells and the 

propidium iodide entering cells with damaged membranes, reducing green staining 

in these cells. Conversely, one study found that BacLight SYTO 9 stain does not 

enter Gram-negative cells to the same extent as Gram-positive, likely due the OM, 

underestimating cell death levels (30). Another observation here that ∆bcnA cells 

appear in aggregates and not in the wild type. These results imply that lack of bcnA 

leads to increase the OM permeability. 
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Figure 3.12. Live-Dead staining of wild type and ΔbcnA. Live bacteria appear 
fluorescent green, while dead bacteria appear fluorescent red. Arrow indicates a red 
fluorescent with extracellular DNA. Leica DM5500 used to acquire images at 100 X 
magnification. BcK56-2 cells showing normal distribution, relatively few dead cells. ΔbcnA 
cells are aggregating and there are more dead cells Images are taken by Christina Biamis 
(MSci) and they are representatives of 2 independent repeats.  
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3.3.7. Loss of lipocalin proteins induce bacterial aggregation via a Depletion 
mechanism. 
 
I examined microscopically bacterial cultures of wild type and ΔbcnA to investigate 

if the absence of BcnA could be reflected in obvious morphological changes in the 

bacterial cells. The microscopic examination of the overnight bacterial cultures 

grown in LB (no polymer added) revealed that in absence of BcnA protein, the 

mutant bacterial cells formed aggregates (Fig. 3.13), which were absent in the wild 

type bacteria and in the genetically complemented ΔbcnA mutant. The aggregates 

were organized as laterally stack rods. Secor et. al. (31) reported that polymer-rich 

host secretions (e.g. DNA and mucin) cause P. aeruginosa to aggregate by an 

aggregation depletion mechanism. This is a physical mechanism whereby 

polymers present in the area between adjacent particles (such as bacterial cells) 

become constrained and rod-shaped bacteria will align laterally to maximize space, 

so the polymer concentration between cells is zero. The difference in polymer 

concentration across the cell generates an osmotic pressure that physically holds 

aggregates together [reference in (31)].  

 

Leaving the overnight culture tubes on the bench for another 24 h, showed the 

ΔbcnA bacteria were deposited at the bottom (Fig. 3.14).  I also examined the wild 

type which expressed mCherry and grown in the same culture of ΔbcnA  (Figure 
3.15) and it shows that the mixed bacterial culture laterally aligned aggregates, 

which is caused by a neutral or like-charged high molecular weight (HMW) polymer 

(31), and B. cenocepacia’s surface contains LPS (negatively charged) and any 

depletion aggregation-causing polymer should be electronegative (or neutral). An 

obvious polymer for ΔbcnA aggregation is the electronegative extracellular DNA 

(eDNA).  
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Figure 3.1. Phase contrast microscopy of Burkholderia strains. Bacteria were grown 
in LB for 24 h and then examined using oil immersion objective lens in a Zeiss microscope 
(Magnification: 100X). Images are representatives of 2 independent repeats, 10 µm. 
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Figure 3.14. A representation image of aggregation depletion formation is present in 
ΔbcnA mutants. 
 
 

 
Figure 3.15. Growing K56-2 expressed mCherry and ΔbcnA together.  Wild type 
expressed mCherry and ΔbcnA are cultured together in the same LB for 24 h and then 
examined by Zeiss microscope at 100 X magnifications. Images are representatives of 2 
independent repeats. Bars, 10 µm. 
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The wild type was challenged with a spent down media from the overnight culture 

of ΔbcnA for 2 h, with or without DNase I. Dnase I hydrolyses DNA into 

tetranucleotides, preventing it from acting as HMW polymer and thus abolishes 

DNA-induced aggregation.  Dnase I at 22 µg/ml was added, the microscopic 

examination showed aggregation of wild type bacteria in ΔbcnA spent medium 

without Dnase I (Fig. 3.16A), while there were no aggregates in the presence of 

Dnase I where the wild type bacterial cells were present in a monodisperse state. 

Although some smaller aggregates remain after Dnase I addition, the lack of large 

aggregates shows that eDNA is required for the aggregating phenotype. And I 

challenging ΔbcnA in a spent down media of wild type for 2 h, no aggregations are 

found (Fig. 3.16B).  

 

Therefore, the mutant ∆bcnA cells release a high level of eDNA than the parental 

strain, lead a depletion aggregation and indicate more cell death. Together, the 

combined results of NPN, cell viability and aggregation indicate that the lack of 

BcnA results in a compromise of the OM permeability. 
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Figure 3.16. ΔbcnA cells release DNA in the spent media. Phase contrast microscopy 
of (A) K56-2 was challenged in spent media of ΔbcnA with or without Dnase I for 2 h, (B) 
ΔbcnA were left in spent media of K56-2 without Dnase I for 2 h. Bacteria was examined 
using oil-immersion objective lens in a Zeiss microscope (Magnification: 100 X). Images 
are representatives of 2 independent repeats, Bars, 10 µm. 
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3.4. Discussion. 
 
Emergence of antibiotic resistant pathogenic bacteria are responsible for life-

threatening conditions. The escalating problem of antibiotic resistance in human 

infection depends on: (i) emergence of newer pathogens with multidrug resistance 

(e.g. Acinetobacter species, Burkholderia cepacia complex, Stenotrophomonas 

maltophilia, and the Enterobacteriaceae); (ii) re-emergence of highly resistant 

strains (e.g. Mycobacterium tuberculosis and Neisseria gonorrhoeae); (iii) rapid 

evolution of resistance genes and their transfer among Gram-positive and Gram-

negative pathogens; (iv) use of large volumes of antimicrobials in agriculture and 

veterinary medicine, (v) frequent antibiotic prescriptions for viral infections or 

access to antibiotics by the public without medical prescriptions (32). Exposure to 

sublethal concentrations of antibiotics elicits bacterial oxidative stress, stimulate 

the production of ROS, such as superoxide radical and hydrogen peroxide. Stress 

responses involving ROS include membrane lipid peroxidation and production of 

toxic reactive aldehydes such as acrolein and MDA, resulting in damage of cellular 

processes (4, 33). We discovered a previously unrecognized mode of antibiotic 

resistance in B. cenocepacia operating in the extracellular space, which depends 

on molecules produced and released by bacteria in response to sublethal antibiotic 

concentrations. This means microbes fight antibiotics even before they reach 

bacterial cells. Key molecules involved in this mechanism are the polyamine 

putrescine and lipocalin protein BcnA (6). BcnA scavenges different classes of 

antibiotics from the extracellular milieu. BcnA binds isoprenoids (e.g. octaprenyl-

phosphate) into the interior of the barrel lipocalin shaped protein, while low-affinity 

antibiotic binding occurs at the rim of the molecule. bcnA gene transcription 

increases upon antibiotic stress, which stimulates the oxidative stress and 

membrane lipid peroxidation (7). This suggests the possibility that BcnA may play 

a role in bacterial protection against oxidative stress. This chapter has shown that 

BcnA lipocalin, and associated proteins (BcoA cytochrome and BarA reductase) 

are involved in membrane peroxidation stress response to antibiotics and other 

forms of oxidative stress. I showed that in absence of both BcnA and BcoA, 

bacteria have high level of lipid peroxides when induced by potassium tellurite. The 

same results were seen in the case of ΔbarA. It has been reported in E. coli cells 

incapable of producing aldehyde reductase showed a decreased tolerance to 

compounds whose toxicity is involved in superoxide generation like paraquat and 

potassium tellurite (3), confirming that aldehyde reductase also can protect 

bacteria from ROS-generating damage.  
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These authors also reported that aldehyde reductase mutant cells showed an 

increase in concentration of intracellular peroxides, suggesting that enzyme can 

detoxify reactive aldehydes that cause increase intracellular peroxides (3). I also 

examined malondialdehyde adducts which are more stable and long-life than ROS 

(4), I found that mutant cells (ΔbcnA, ΔbcoA and ΔbarA) treated with 0.5 MIC of 

bactericidal antibiotics, significantly increased the level of malondialdehyde 

modified proteins. I also test the bacterial growth in anaerobiosis condition, I found 

that the function of lipocalin proteins is not required as there is no peroxidation 

stress in absence of oxygen and I observed there is no difference in bacterial 

growth between wild type and mutant strains. I conclude that BcnA in combination 

with BcoA and BarA can protect Burkholderia OM from antibiotic stress and 

oxidative damage. In addition to antibiotic stress, I employed here non-antibiotic 

stress, a cold and salt stress. Mutant strain (ΔbcnA, ΔbcoA or ΔbarA) showed a 

growth defect and high level of lipid peroxides when growing in either 8°C or high 

NaCl concentration. 

 

Additional evidence supporting this notion; the plant model Arabidopsis thaliana, 

lipocalin protein AtCHL is involved in protecting plant cells from lipid peroxidation 

conditions in both low temperature stress and photo-oxidative stress (24). In some 

cases, like Helicobacter pylori HP1286 (34), the lipocalin may contribute to 

adaptation to acidic conditions and inflammation by sequestering toxic fatty acids. 

The mammalian odorant-binding protein, a soluble lipocalin, protects E. coli cells 

from hydrogen peroxide-induced stress (35). Studies in P. aeruginosa using 

proteomics, suggested that the hypothetical protein PA3529 significantly altered 

by a dimer formation in a manner analogous to alkylhydroperoxide reductase C 

(AhpC); after hydrogen peroxide and paraquat treatment through a disulphide 

bond (36). Barker and Manning identified Vibrio cholerae VlpA, an OM protein 

resembling a lipocalin. VlpA binds haemin and plays also a role in bacterial 

adhesion to host cells (37). Handa et al. (38) studied the biosynthesis pathway of 

the isoprenoid quinone in Thermus thermophilus HB8 and found that a novel 

polyprenyl pyrophosphate binding protein, TT1927b belongs to the lipocalin like 

family. Quinones play important roles in respiratory electron transport and in 

controlling oxidative stress. The highly conserved Neisseria lipocalin (GNA1030) 

appears to bind ubiquinone-8, a derivative of octaprenyl-phosphate, suggesting a 

role for this protein in antioxidant (28).  



 
134 

My results also suggest that peroxidation affects the functionality of the bacterial 

outer membrane. First, the permeability assay using NPN assay revealed that the 

ΔbcnA mutant is more permeable than the wild type. The higher NPN uptake 

values correlate with higher antimicrobial susceptibilities (39), indicating the 

relevance of OM permeability regarding antibiotic resistance.  Second, the 

microscopical examination shows that in the absence of BcnA only, there is a 

depletion aggregation, phenotype related to the high amounts of eDNA in the 

growth media. This is a consequence of loss permeability of OM and releasing of 

DNA; when bacterial cells die, their genomic and plasmid DNA is released into the 

environment (40). It also confirms my hypothesis that BcnA protect the outer lipid 

membrane from peroxidation even in the normal growth condition.  Secor et. al. 

(31) observed the depletion aggregation increases the antibiotic tolerance of P. 

aeruginosa via mechanisms mediated by the LexA SOS regulon.  

 

In summary, a new quenching mechanism based on B. cenocepacia BcnA, BcoA 

and BarA proteins, which involved in resistance to ROS-generating compounds 

and reactive aldehydes. They play an important role in the response mechanism 

against oxidative stress and act as a first defence in protecting the outer bacterial 

membrane from lipid peroxidation. 
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4.1. General overview. 
 
Antimicrobial resistance is an increasingly serious global health problem. Multidrug 

resistant Gram-positive and Gram-negative bacteria are difficult to treat and may 

even some be already untreatable with conventional antibiotics (1, 2). Bacteria can 

be intrinsically resistant to some antibiotics and also can be acquired resistance by 

mutations in chromosomal genes and by horizontal gene transfer. Intrinsic 

resistance to antibiotics is developed by several mechanisms, bacteria can 

minimize the intracellular concentrations of the antibiotic as a result of poor 

penetration due to impermeable outer membrane of Gram-negative bacteria, 

downregulation of porins or increase expression of antibiotic efflux. Modification of 

the antibiotic target by genetic mutation and inactivation of the antibiotic by 

hydrolysis or by transfer a chemical group (3). Unveiling the various mechanisms 

of genetic transfer that contribute to the spread of antibiotic resistance has been a 

major breakthrough. However, these findings have overshadowed other potentially 

important mechanisms of resistance mediated by non-genetic factors. Indeed, the 

horizontal transfer of genetic determinants encoding antibiotic resistance markers 

have been considered as the only mechanism of transfer of antibiotic resistance 

across bacterial populations (4). However, bacteria possess signal transduction 

machineries that rely on chemical signals enabling cell-to-cell communication and 

coordinating multicellular behaviour. The best examples are N-acyl-homoserine 

lactone and non-N-acylhomoserine lactone-based quorum sensing systems (5), 

which have been extensively reviewed and will not be discussed here. The overall 

antibiotic resistance of a bacterial population results from the combination of a wide 

range of susceptibilities displayed by subsets of bacterial cells. Bacterial 

heteroresistance to antibiotics has been documented for several opportunistic 

Gram-negative bacteria (6). We previously reported that B. cenocepacia is 

heteroresistant to PmB and different classes of bactericidal antibiotics (7, 8). Highly 

resistant subpopulations of heteroresistant bacteria such as with B. cenocepacia, 

could further complicate the clinical picture of polymicrobial infections by providing 

protection to other sensitive bacteria through chemical signals, such as the 

polyamine putrescine and secreted lipocalin proteins (7, 9). These molecules are 

produced and released by bacteria to the extracellular space in response to 

sublethal antibiotic concentrations (7).  
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In my thesis, I aimed to characterize the lipocalin function by using vitamin E 

outcompetes antibiotic for BcnA binding and one of the important goals was to find 

out a new role for BcnA and associated proteins in the peroxidative responses 

against antibiotics. 

 

4.2. Vitamin E: A potential solution to defend against antibiotic 
hijacking. 
 
Vitamin E in particular, could be an excellent antibiotic adjuvant. The molecule is 

considered the main antioxidant in biological membranes and it has potent 

immunoregulatory activities (10), and vitamin E deficiency impairs humoral and 

cell-mediated immune responses (10, 11). There are eight naturally occurring 

forms of vitamin E and dietary supplementation of the most bioavailable form, α-

tocopherol, enhances adaptive immune responses, particularly in the elderly (12). 

Αlpha-tocopherol treatment of mice prevents lung injury in response to LPS by 

reducing PMN migration into the lung airway space (13), and α-tocopherol 

supplementation can improve the outcome of experimental pneumonia in mice 

(14). Further, vitamin E improves the in vivo efficacy of antibiotics in an animal 

model of wounds infected with methicillin-resistant S. aureus (15), and it can help 

reducing smoke damage on alveolar cells (16).  

 

We have previously reported that B. cenocepacia secreted the extracellular 

lipocalin protein BcnA upon exposure to sublethal concentrations of bactericidal 

antibiotics and BcnA captures a range of antibiotics outside bacterial cells, 

providing a global extracellular mechanism of antimicrobial resistance (9).  In 

chapter two, I investigated water-soluble (TPGS) and liposoluble forms of vitamin 

E as inhibitors of antibiotic binding by BcnA.  I showed that vitamin E enhanced 

the killing effect of antibiotics (norfloxacin and ceftazidime) only in bacteria that 

produce BcnA (decreasing in MIC by ≥ 4-fold). In contrast, vitamin E and antibiotics 

combination did not improve the antibiotic killing effect in mutants lacking of bcnA 

gene. I demonstrated that in vitro, BcnA bind strongly to TPGS and not to 

norfloxacin, using microcalorimetry. This method can be used for determining all 

binding parameters in a single experiment, using label-free sample. It offers high 

sensitivity, a wide affinity range and reduced sample consumption.  
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In addition, the molecular docking model showed that the alkyl chain of liposoluble 

vitamin E is buried into the b-barrel tunnel of the BcnA and its cyclic head is situated 

in the entrance of the tunnel (9). I also showed in vivo using the Galleria mellonella 

larva infection model whereby the treatment of TPGS and norfloxacin, at least in 

B. cenocepacia and P. aeruginosa, is significantly increased the survival of larvae 

upon infection in a BcnA-dependent manner.  Together, these data suggest that 

the expression of BcnA was required for the adjuvant effect of vitamin E and it can 

help in increasing the free antibiotic concentration and increasing its killing effect 

through interference with lipocalin binding.  

 

Vitamin E is considered as a useful carrier for the pulmonary drug delivery, so it is 

important to consider the vitamin E in combination with antibiotics treatment for 

cystic fibrosis patients to increase their efficacy against multidrug-resistant 

bacteria. 

 

4.3. Lipocalin proteins are required for adaption to oxidative damage. 
 
Oxidative stress is associated with pathological inflammation in many diseases, 

such as rheumatoid arthritis, inflammatory bowel disorders, and atherosclerosis. 

Oxidative damage is also considered as a critical process in mutagenesis, 

tumorigenesis, and aging (17). The oxidative stress occurs in bacteria exposed to 

sub-lethal concentration of antibiotics (e.g. during treatment of chronic and biofilm 

infections), cobalt, tellurite and ionizing radiation (18, 19). Bacteria respond to 

oxidative stress by expressing defence enzymes and regulatory mechanisms, as 

discussed in Chapter 1. I posit that bacterial lipids in the outer membrane are 

susceptible to oxidation and results in lipid peroxides and toxic reactive aldehydes 

(20, 21). In Chapter 3, I investigated the role of lipocalins as a protection 

mechanism used by bacteria to protect outer membrane lipids from peroxidation. 

The previous data showed that bcnA gene transcription in B. cenocepacia 

increases upon antibiotic and paraquat stress generated by exposure to sub-

inhibitory antibiotic concentrations, which is in turn related to oxidative stress and 

membrane lipid peroxidation (9). 

 

In Chapter 3, I showed that bacterial mutants defective in BcnA production display 

enhanced membrane lipid peroxidation and fail to survive under conditions that 

stimulate peroxidative stress. This suggests that BcnA plays a role in protecting 

bacteria against toxic byproducts of lipid peroxidation.  
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Another important gene is bcoA (cytochrome b-561), which is genetically linked to 

bcnA gene in Gram-negatives. RT-PCR showed that both bcnA and bcoA are co-

transcribed in B. cenocepacia (22).  Also, I identified B. cenocepacia aldehyde 

reductase gene is called bcam0596 and named as barA. This gene in E. coli 

encodes a cytoplasmic NADPH-dependent aldehyde reductase that catalyses in 

vitro the reduction of acetaldehyde, malondialdehyde, propanaldehyde, 

butanaldehyde, and acrolein, and plays a critical role in detoxifying toxic aldehydes 

(21). BcnA, BcoA and BarA orthologues are also conserved in thousands of 

bacterial genomes.  

 

Measuring the level of lipid peroxides using DPPP compound which has been 

proved to be a sensitive probe for lipid hydroperoxides and not hydrophilic one. 

Thus, DPPP was subsequently used as a fluorescent probe for the measurement 

of the extent of oxidation in solution and in low-density lipoprotein particles and to 

monitor lipid peroxidation in living cell membranes (23). In absence of BcnA, BcoA 

and BarA proteins, bacteria display enhanced in membrane lipid peroxides and fail 

to survive under conditions that stimulate peroxidative stress (e.g. Tellurite 

treatment, cold stress and salt stress). In the Arabidopsis thaliana, two BcnA 

orthologues are involved in protecting plant cells from lipid peroxidation, due to 

high light and cold temperature (24). The mammalian odorant-binding protein, a 

soluble lipocalin, protects E. coli cells from hydrogen peroxide-induced stress (25). 

In P. aeruginosa, PA0423 gene transcription is overexpressed in response to 

hydrogen peroxide and paraquat (26).  

 

I detected the level of modified protein due to toxic malondialdehyde which is 

byproduct of ROS production and is more stable than ROS. In general, the sub-

lethal concentration of bactericidal antibiotics (e.g. norfloxacin and PmB) 

significantly increased the levels of malondialdehyde modified proteins. Similarly, 

E. coli treated with bactericidal antibiotics, exhibited cytotoxic changes which is an 

indication of the oxidative stress, including higher levels of protein carbonylation, 

malondialdehyde adducts, nucleotide oxidation, and double-strand DNA breaks 

(18). And here, the level of modified protein increased significantly in the absence 

of BcnA, BcoA and BarA proteins  
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BcnA and other lipocalins (9), have been crystallized with octaprenyl-like 

molecules bound to the lipocalin tunnel. The highly conserved Neisseria lipocalin 

(GNA1030) appears to bind ubiquinone-8 (27), suggesting a role for this protein in 

antioxidant defence, by delivering ubiquinone-8 to the bacterial membrane or the 

periplasmic space.  So, I investigated the antioxidant mechanism of BcnA using 

DPPH radical assay. The BcnA protein showed a radical scavenging effect, 

suggesting it might scavenge lipid peroxides. BcoA could function as a membrane 

redox reaction and the BarA protein converts toxic aldehydes into non-toxic 

alcohols. Together, BcnA, BcoA cytochrome and BarA aldehyde reductase play a 

role in bacterial adaptation to different stresses under aerobic conditions only.  

 

Lipid peroxidation modifies the properties of the outer bacterial membrane such as 

membrane fluidity and permeability. The results showed that ΔbcnA had double 

outer membrane permeability compared to the wild type using NPN probe which 

fluoresces in the hydrophobic environment of the membrane, making it an outer 

membrane permeability probe (28). Moreover, the ΔbcnA culture had more dead 

cells than wild type when examined by live/dead Baclight bacterial viability staining, 

and ΔbcnA cells appeared in aggregates. Also, wild type bacterial cells formed 

aggregates when treated with ΔbcnA spent media for 2 h, and these aggregates 

disappeared by addition of Dnase I. We interpreted these observations as a 

consequence of loss permeability of the cell envelope in the absence of BcnA, 

which would result in the extracellular release of DNA, which is responsible for this 

bacterial aggregation. The depletion bacterial aggregates were found at the 

chronic infection sites due to presence of polymer-rich host secretion and it 

induced marked antibiotic tolerance that was dependent on the SOS response, a 

stress response activated by genotoxic stress [reference in (29)]. Interestingly, 

bacterial lipocalin production is restricted to bacteria with an external permeability 

barrier, such as the Gram-negative outer membrane (30). In contrast, the 

membrane-anchored bacterial lipocalin Blc in E. coli binds phospholipids and may 

be involved in bacterial membrane repair or maintenance (31). Therefore, this 

research reveals a novel peroxidation quenching mechanism based on B. 

cenocepacia BcnA, BcoA and BarA, which protects the bacterial cell envelope 

against lipid peroxidation stimulated by antibiotic or metal stress. 
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4.4. Ongoing and future research. 
 
Much remains to be investigated to understand the effect of antibiotic-induced 

peroxidation on the physiology of bacterial cells. Global methodologies such as 

microarrays (Biolog) and RNA-seq, will help to identify upregulated genes under 

antibiotic or paraquat induced stress. 

 

Another important aspect is to determine the secretion state of BcnA in protection 

against lipid peroxidation. We have previously determined that BcnA can be 

secreted to the extracellular space (9), but the protein lacks of any known signals 

for export outside the bacterial outer membrane. In some bacteria, the BcnA and 

BcoA orthologues are expressed as a chimeric protein and analysis of these 

proteins predicts a soluble BcnA domain exposed to the periplasm space.   

 

Therefore, a chimeric B. cenocepacia bcoA-bcnA gene should be constructed to 

express BcnA C-terminally fused to BcoA in the ΔbcnABΔbcoA triple deletion 

mutant. The location of the chimeric protein in the bacterial membrane can be 

confirmed by Western blot of membrane fractions and the functionality of the 

chimera in protection against peroxidation will be assayed as described in Chapter 

three. 

 

Quenching peroxides may not be sufficient since autoperoxidised lipids are 

destroyed. Recently, it has been reported that the Pqi proteins in E. coli form a 

transmembrane complex that bridges the inner and outer membranes, and PqiB is 

a phospholipid binding protein (32). Pqi proteins are also required for outer 

membrane homeostasis (33). Therefore, it is conceivable that protection against 

lipid peroxidation (especially in the outer membrane) may include a system to 

restore or replace damaged phospholipids, working in parallel with the quenching 

protein BcnA, BcoA and BarA. 

 

4.5. Significance and Concluding Remarks. 
 
Using B. cenocepacia as a model opportunistic Gram-negative bacterium that 

causes serious respiratory infections in patients with cystic fibrosis.  
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In this thesis, I report that vitamin E (water-soluble and liposoluble) combined with 

bactericidal antibiotics, contributed to enhance bacterial killing both in vitro and in 

vivo. This adjuvant effect of vitamin E requires the presence of BcnA, a bacterial 

lipocalin produced by the cystic fibrosis pathogen B. cenocepacia. Since most 

bacteria produce lipocalins like BcnA, I propose these findings could be translated 

into making novel antibiotic adjuvants to potentiate bacterial killing by existing 

antibiotics. I also reported for the first time a new mechanism by B. cenocepacia 

BcnA, BcoA and BarA proteins, they act as a first defence in protecting the outer 

bacterial membrane from oxidative stress, lipid peroxidation and from cell lysis.  

 

BcnA, BcoA cytochrome and aldehyde reductase play a role in bacterial adaptation 

to different stresses under aerobic conditions. BcnA protein is required by B. 

cenocepacia for outer membrane maintenance or stability. 
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ABSTRACT Burkholderia cenocepacia is an opportunistic Gram-negative 

bacterium that causes serious respiratory infections in patients with cystic fibrosis. 

Recently, we discovered that B. cenocepacia produces the extracellular bacterial 

lipocalin protein BcnA upon exposure to sublethal concentrations of bactericidal 

antibiotics. BcnA captures a range of antibiotics outside bacterial cells, providing a 

global extracellular mechanism of antimicrobial resistance. In this study, we 

investigated water-soluble and liposoluble forms of vitamin E as inhibitors of 

antibiotic binding by BcnA. Our results demonstrate that in vitro, both vitamin E 

forms bind strongly to BcnA and contribute to reduce the minimal inhibitory 

concentrations of norfloxacin (a fluoroquinolone) and ceftazidime (a b-lactam), 

both of them used as model molecules representing two different chemical classes 

of antibiotics. Expression of BcnA was required for the adjuvant effect of vitamin 

E. These results were replicated in vivo using the Galleria mellonella larvae 

infection model whereby vitamin E treatment, in combination with norfloxacin, 

significantly increased larvae survival upon infection in a BcnA-dependent manner. 

Together, our data suggest vitamin E can be used to increase killing by bactericidal 

antibiotics through interference with lipocalin binding. 

 

IMPORTANCE  Bacteria exposed to stress mediated by sublethal antibiotic 

concentrations respond by adaptive mechanisms leading to an overall increase of 

antibiotic resistance. One of these mechanisms involves the release of bacterial 

proteins called lipocalins, which have the ability to sequester antibiotics in the 

extracellular space before they reach bacterial cells. We speculated that interfering 

with lipocalin mediated antibiotic binding could enhance the efficacy of antibiotics 

to kill bacteria. In this work, we report that when combined with bactericidal 

antibiotics, vitamin E contributes to enhance bacterial killing both in vitro and in 

vivo. This adjuvant effect of vitamin E requires the presence of BcnA, a bacterial 

lipocalin produced by the cystic fibrosis pathogen Burkholderia cenocepacia.  
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Since most bacteria produce lipocalins like BcnA, we propose our findings could 

be translated into making novel antibiotic adjuvants to potentiate bacterial killing 

by existing antibiotics.   
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Antimicrobial resistance is an increasingly serious global health problem 

underpinned by the emergence of opportunistic, multidrug resistant bacteria (1-3). 

It is imperative to find new ways of treating bacterial infections, especially those 

caused by Gram-negative pathogens (4). We recently discovered that the 

opportunistic bacterium Burkholderia cenocepacia can resist antibiotics by 

mechanisms operating extracellularly and induced in response to near-lethal 

antibiotic concentrations (5, 6). This means than under chemotoxic stress microbes 

can fight antibiotics even before they reach bacterial cells. Key molecules involved 

in this mechanism are the polyamine putrescine and bacterial lipocalins, a highly 

conserved group of b-barrel-shaped proteins of unknown function (YceI family) 

produced by more than 5,500 bacterial species (5, 7).  

Gram-negative bacterial species belonging to the Burkholderia cepacia 

complex (8), especially B. cenocepacia, are opportunistic pathogens that cause 

deleterious chronic respiratory infections in  patients with cystic fibrosis (9, 10). 

Once established, infection by B. cenocepacia  is very difficult to eradicate since 

these bacteria display high-level of intrinsic antibiotic resistance to many different 

antibiotics (11, 12). We showed that B. cenocepacia secretes the extracellular 

bacterial lipocalin protein BcnA (BCAL3311) upon challenge with different classes 

of bactericidal antibiotics (5, 7). Lipocalins are a functionally diverse family of small 

ligand-binding proteins that are common to many organisms, from bacteria to man 

(13, 14), which share a conserved β-barrel architecture (15). Both BcnA and other 

bacterial lipocalins from different pathogens such as Pseudomonas aeruginosa, 

Mycobacterium tuberculosis, and Staphylococcus aureus heterologously 

expressed in B. cenocepacia, contribute to augment multidrug antibiotic resistance 

in vitro and in vivo (7).  
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Further, antimicrobial peptides (e.g. polymyxin B, colistin) and other bactericidal 

antibiotics (e.g. rifampicin, norfloxacin, ceftazidime) can displace the hydrophobic 

probe Nile Red bound to purified BcnA, suggesting this lipocalin binds to a range 

of bactericidal antibiotics (7).  

Liposoluble vitamins E (α-tocopherol) and K2 (menaquinone) can overcome 

antibiotic resistance mediated by bacterial lipocalins (7), but the mechanism of 

inhibition was not fully elucidated. We hypothesized that vitamin E reduces 

antimicrobial resistance by binding to BcnA with higher affinity than antibiotics, thus 

suppressing the contribution of BcnA to antibiotic resistance. In this study, we 

investigated the mechanism by which vitamin E sensitizes B. cenocepacia to 

several different antibiotics. We show that both liposoluble and water-soluble forms 

of vitamin E, in combination of with antibiotics, significantly reduce the MIC levels 

of several bactericidal antibiotics against B. cenocepacia. Further, the potentiating 

ability of vitamin E on antibiotics requires BcnA since it is not manifested in mutants 

unable to produce the lipocalin. Using the wax moth Galleria mellonella infection 

model, we also demonstrate that treatment with vitamin E and antibiotics after 

infection resulted in increased survival of infected Galleria larvae, suggesting that 

vitamin E has an adjuvant effect that enhances the effectiveness of various 

bactericidal antibiotics. 
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RESULTS 

bcnA is part of a three-gene operon. 

B. cenocepacia K56-2 produces two lipocalin homologues, BcnA (BCAL3311) and 

BcnB (BCAL3310), of which only BcnA is secreted to the extracellular space and 

primarily involved in conferring increased antimicrobial resistance (5, 7). Both bcnA 

and bcnB genes in B. cenocepacia are linked to an upstream gene encoding a 

predicted membrane cytochrome b561 protein (BCAL3312), which we have 

annotated as bcoA (bcnA cytochrome oxidase-associated gene). bcnA and bcoA 

are commonly linked loci in many bacterial genomes (e.g. Pseudomonas 

aeruginosa and Salmonella). The genomic organization of the bcn region in B. 

cenocepacia suggests that bcoA, bcnA, and bcnB are cotranscribed (7). To 

determine if these is the case, we performed RT-PCR assays using primers 

spanning gene sequences and intergenic regions of these three genes (Fig. 1 and 

Table S1). PCR amplification of the cDNA templates gave amplicons of the 

expected sizes comparable to genomic DNA (Fig. 1), while PCR using the negative 

control failed to give any detectable amplification, indicating the cDNA samples 

were clear of genomic DNA contamination (Fig. 1A, lanes 2). These results indicate 

that bcoA, bcnA and bcnB form a three-gene operon in B. cenocepacia (Fig. 1B).  

 

The effect of vitamin E on B. cenocepacia antibiotic resistance depends 

on the BcnA protein. 

We previously reported that BcnA increases multidrug antibiotic resistance in B. 

cenocepacia by sequestering bactericidal antibiotics in the extracellular milieu, a 

property that could be inhibited by liposoluble vitamins like vitamins E and K2 (7). 

To better characterize the effect of vitamin E on selected antibiotic molecules in 

the presence or absence of BcnA expression, we performed checkerboard assays 

using D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) and several 

bactericidal antibiotics. In contrast to authentic vitamin E (α-tocopherol), TPGS is 
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a water-soluble vitamin E derivative that arises from the esterification of D-α-

tocopheryl succinate with polyethylene glycol (16). We used norfloxacin (a 

fluoroquinolone), ceftazidime (a b-lactam), and polymyxin B (an antimicrobial 

peptide) as model bactericidal antibiotics whose activity is affected by BcnA (7). 

Checkerboard assays demonstrated that 0.7 mM was the most effective 

concentration of TPGS to work in combination with the antibiotics. When TPGS 

was given together with norfloxacin there was an 8-fold reduction in the MIC of the 

parental strain to the antibiotic (MIC of 8 ± 2 μg/ml), compared to bacteria exposed 

to only norfloxacin (MIC of 64 ± 15 μg/ml; p = 0.004), while TPGS had no effect in 

the norfloxacin MIC values (8.5 ± 1.2 μg/ml) of the ΔbcnA mutant (Fig. 2A). The 

lower norfloxacin MIC values for ΔbcnA reflect the reduction in antibiotic resistance 

associated to the loss of BcnA, which in the case of norfloxacin are 8-fold lower 

than in the parental (bcnA+) strain (7), and comparable to the MIC of the parental 

strain in the presence of TPGS. These results indicate that TPGS can reduce the 

norfloxacin MIC values to similar levels as found in the absence of the bcnA gene, 

suggesting that TPGS directly inhibits BcnA functionality. We also evaluated the 

role of the other proteins encoded by the bcoA-bcnAB operon. The MIC of 

norfloxacin against the ΔbcnB mutant (64 ± 10.5 μg/ml) was reduced to 32 ± 7.4 

μg/ml when combined with TPGS (p = 0.02). Similar results were obtained with 

norfloxacin-TPGS against the ΔbcoA mutant, where the MIC decreased from 32 ± 

5.2 μg/ml to 16 ± 3 μg/ml (p = 0.01) (Fig. 2A). It should be noted that all these 

mutants were constructed as unmarked non-polar deletions (7), and therefore 

contain a functional bcnA gene, which explains the lesser effect in MIC values. 

However, the minor reduction in MIC shown by ΔbcoA mutant may be attributable 

to the absence of the predicted cytochrome b561 protein encoded by this gene. 

The combination mutants ΔbcnAB and ΔbcnABΔbcoA had increased sensitivity to 

norfloxacin alone (MIC of 32 ± 7.4 and 8 ± 2 μg/ml, respectively; Fig. 2A), and 

TPGS had no additional effect in reducing these values even lower (Fig. 2A), 
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supporting the notion that the TPGS effect is clearly noticeable in the presence of 

BcnA. Similar results were obtained with ceftazidime (Fig. 2B). In this case, all 

isolates producing BcnA (strain K56-2 and the ΔbcnB and ΔbcoA mutants) had 

MIC values of 288, 256 and 256 μg/ml, respectively, which were 4-fold reduced in 

combination with TPGS. Like with norfloxacin, addition of TPGS had no effect on 

the MIC against mutants with bcnA gene deletions. Therefore, TPGS can 

contribute to the reduce MIC levels of two different antibiotics in a BcnA-dependent 

manner. 

 We performed complementation experiments to confirm if the observed 

results were related to the presence of a functional bcnA gene. The genetically 

complemented strains ΔbcnA, ΔbcnAB, and ΔbcnABΔbcoA, all carrying a plasmid 

expressing BcnA, exhibited increased antibiotic resistance (MIC mean values of 

norfloxacin 48, 96 and 112 μg/ml and MIC mean values of ceftazidime 384, 384 

and 448 μg/ml, respectively; Fig. 2C and D). However, the complemented strains 

had reduced MIC values for norfloxacin and ceftazidime (by approximately >2 fold) 

when they were treated with 1.4 mM TPGS and antibiotics (Fig. 2C and D), 

demonstrating that TPGS works through BcnA. We interpreted the higher 

concentration of TPGS required in these experiments as a consequence of the 

overexpression of BcnA from a plasmid instead from the native promoter at the 

chromosomal location of the bcnA gene. 

 The observed results did not depend on the vitamin E formulation since 

liposoluble vitamin E (at 0.2 mM) in combination with norfloxacin also resulted in 

increased antibiotic activity when the treated strains expressed BcnA or in mutants 

genetically complement by introducing the BcnA encoding plasmid (Fig. S1). 

Because BcnA becomes important when B. cenocepacia is exposed to 

subinhibitory concentrations of bactericidal antibiotics (5, 7), we also evaluated the 

effect of TPGS in bacteria exposed to sub-MIC antibiotic concentrations using in 

this case norfloxacin and polymyxin B. Subinhibitory antibiotic concentrations were 
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defined as 25% of the MIC (MIC25) for each of the strains used and surviving 

bacteria were enumerated after challenge with norfloxacin and polymyxin B for 2 

and 6 h, respectively. Norfloxacin and TPGS in combination caused around 50% 

reduction in the number of surviving K56-2 bacteria, compared to norfloxacin alone 

(Fig. 3A). Similar results were obtained by challenging the mutant strains ΔbcnB 

and ΔbcoA (Fig. 3C and E). On the other hand, ΔbcnA, ΔbcnAB, ΔbcnABΔbcoA 

showed nearly the same number of bacterial counts compared to norfloxacin 

challenge alone either in absence or presence of TPGS (Fig. 3B, D and F). The 

effect of the antibiotic alone or in combination with TPGS also resulted in significant 

growth rate reduction over time for the parental K56-2 strain treated with 

norfloxacin (at MIC25) and TPGS when compared to treatment with norfloxacin only 

(Fig. S2A). In contrast, the ΔbcnA mutant treated with norfloxacin and TPGS 

showed no difference in growth rate compared to treatment with antibiotic alone 

(Fig. S2B). Challenge experiments with polymyxin B at 256 μg/ml (MIC25) and 

TPGS up to 6 h also revealed a significant reduction in the number of surviving 

bacteria relative to challenge with polymyxin B alone for the parental K56-2 and 

the ΔbcnB and ΔbcoA mutant strains (Fig. 3G, I and K), but no significant changes 

in the absence of BcnA protein, irrespective of the addition of TPGS (see Fig. 3I, J 

and L). 

 Together, the combined results of the experiments in this section 

demonstrate that vitamin E, either in soluble or liposoluble forms, exerts an 

adjuvant effect enhancing the bactericidal activity of different antibiotics in a BcnA-

dependent manner. 
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Vitamin E prevents BcnA antibiotic binding. 

To determine the mechanism of the vitamin E antibiotic adjuvant effect, we 

performed chemical complementation experiments in which 1.5 μM purified BcnA 

was added to the various ΔbcnA mutants in the presence or absence of the 

antibiotic, and with or without TPGS. Exogenously added BcnA protein conferred 

increased norfloxacin resistance to ΔbcnA, ΔbcnAB, and ΔbcnABΔbcoA mutants 

(MIC values of 64, 76 and 32 μg/ml, respectively), but this effect was abolished in 

the presence of TPGS resulting in MICs of 8 μg/ml for the three strains (p = 0.02; 

Fig.4). Similar results were also obtained using the ΔbcnA mutant treated with 

norfloxacin, 0.2 mM liposoluble vitamin E, and 1.5 μM BcnA protein; MIC the MIC 

decreased from 32 ± 11.31 μg/ml to 4 ± 0 μg/ml (p = 0.04). In this experiment, the 

MIC of norfloxacin was reduced by 8-fold compared to the treatment with BcnA 

protein only (p = 0.04). Together, these experiments support the idea that TPGS 

and liposoluble vitamin E interact with BcnA protein directly and prevent antibiotic 

capture by BcnA. 

 Binding of TPGS and norfloxacin to BcnA was investigated by isothermal 

titration microcalorimetry (ITC), a bioanalytical technique that provides the 

thermodynamics parameters of the interactions between molecules by measuring 

the dissipated or absorbed heat upon the binding event, allowing the calculation of 

association and dissociation (KD) constants, and the enthalpy (ΔH°) and entropy 

(ΔS°) of the interaction (17-19). The binding properties of TPGS towards BcnA 

indicated a KD of nearly 6 μM with a stoichiometry (N value) approaching 1 (0.73; 

Fig. 5C), indicating the binding of one monomer of BcnA per TPGS molecule, 

which is also in agreement with the hyperbolic shape of the titration thermogram 

(Fig. 5A). The calculated negative ΔH0 and positive ΔS° values of the TPGS-BcnA 

interaction suggested that strong electrostatic interactions play a key role in 

binding, and the ΔG° of -7.876 Kcal indicates the binding reaction is favorable and 
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spontaneous. The binding properties of norfloxacin towards BcnA showed a KD of 

4.9 mM, with a stoichiometry of 0.77 (Fig. 5C), denoting also the binding of one 

monomer of BcnA per norfloxacin molecule. In contrast to the titration thermogram 

for TPGS, the thermogram for norfloxacin corresponded to an endothermic binding 

interaction with BcnA (Fig. 5B). A positive ΔH° (Fig. 5C) usually indicates that the 

complex formation between norfloxacin and BcnA is mainly driven by hydrophobic 

interactions (20, 21). Indeed, hydrogen bonding has been proposed as a 

mechanism for the binding of norfloxacin to activated carbon nanotubes (22) and 

polydopamine microspheres (23). The calculated dissociation binding constant for 

TPGS-BcnA was approximately 800-fold higher than that of norfloxacin-BcnA (Fig. 

5C), consistent with the high concentration of norfloxacin required to detect binding 

to BcnA. Together, these results agree with previously reported molecular 

dynamics studies showing that norfloxacin weakly binds BcnA at the flexible loops 

in the rim of the BcnA cavity (7). Therefore, the chemical complementation 

experiments and the direct binding assays demonstrate that BcnA binds strongly 

to vitamin E and this high-affinity interaction prevents the much weaker BcnA 

antibiotic binding.  

 

Vitamin E treatment enhances in vivo survival of Burkholderia-infected G. 

mellonella larvae.  

We reported previously that co-administration of BcnA and Burkholderia to G. 

mellonella larvae increases the bacterial load and reduces larvae survival. 

Because infected G. mellonella larvae mount a cellular and humoral response 

characterized by the production of multiple antimicrobial peptides (24, 25), these 

results suggested BcnA can bind and neutralize antimicrobial peptides (in a similar 

way as polymyxin B). We employed the G. mellonella infection model to probe the 

effect of the BcnA-inhibitory activity of TPGS after infection with the parental strain 

and the ΔbcnA mutant using a dose of 8 x 103 CFU for each strain.  
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At 48 h post-infection, both the parental K56-2 strain and the ΔbcnA mutant 

chemically complemented by co-injection of 1.5 μM BcnA caused great mortality 

resulting in less than 20% larvae survival and no larvae survived at 72 h (Fig. 6A). 

As expected, the control experiment using ΔbcnA showed survival rates of 45% 

and 40% at 48 and 72 h, respectively (Fig. 6A). Administering 0.7 mM of TPGS 

together with the bacterial inoculum enhanced survival up to 90% and 80% at 48 

and 72, respectively, in larvae infected with either K56-2 or the ΔbcnA  strain plus 

BcnA protein (Fig. 6A). In contrast, the survival of larvae infected with ΔbcnA, was 

not significantly improved by co-administration of TPGS in comparison to infection 

with ΔbcnA only. Analysis of the bacterial loads recovered from the larvae's 

hemolymph at 48 h demonstrated that K56-2 bacterial CFU decreased up to 6-log 

in the presence of TPGS compared to the bacteria only infection (Fig. 6B). Similar 

results were obtained with the chemically complemented mutant bacteria in the 

presence of TPGS; while no significant difference was observed in the bacterial 

counts of larvae infected with ΔbcnA in the presence or absence of TPGS (Fig. 

6B).  

 We also investigated if the norfloxacin-TPGS combination can be applied 

as a treatment for previously infected G. mellonella larvae. For this experiment, 

larvae were infected with 100 CFU of the parental K56-2 strain or the ΔbcnA mutant 

and treatment with norfloxacin only, TPGS only or norfloxacin plus TPGS was 

given at 24 h postinfection. Compared to norfloxacin or TPGS only treatments, the 

survival of K56-2-infected larvae increased to more than 80% upon treatment with 

norfloxacin and TPGS (Fig. 7A), and this correlated with at least a 3-log reduction 

in the bacterial load (Fig. 7B). In contrast, the combination of norfloxacin and TPGS 

did not protect larvae infection with ΔbcnA (Fig. 7C and D). These results indicate 

that TPGS can improve the in vivo efficacy of an antibiotic in a BcnA-dependent 

manner. 
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Vitamin E increases antibiotic susceptibility in P. aeruginosa. 

To investigate if the adjuvant effect of TPGS can be applicable to other bacterial 

species we performed in vitro and in vivo experiments using the classical P. 

aeruginosa PAO1 strain. In vitro, the combination of norfloxacin and ceftazidime 

with 1.4 mM TPGS showed significant reduction (over 3-fold) in the MICs of both 

antibiotics against the strain PAO1 in comparison to the MICs for the antibiotic-

only treatments (Fig. 8A). We also performed the treatment of infected larvae using 

norfloxacin or the combination of norfloxacin + TPGS. Because strain PAO1 is 

highly virulent for G. mellonella we used an inoculum of 100 bacteria and 

performed the treatments at 2 h post-infection, which is sufficient time to establish 

an infection (26). A statistically significant difference was seen between the survival 

of untreated larvae and that of larvae treated with norfloxacin and TPGS E together 

(Fig. 8B). Similar results were obtained, as expected, in the control experiments 

using larvae infected with the B. cenocepacia K56-2 strain at a dose of 10 bacterial 

cells per larva. In this case, while the survival rate of untreated G. mellonella was 

30%, more than 80% survival was obtained in larvae treated with norfloxacin and 

TPGS (Fig. 8C). Therefore, these results support the notion that the benefit of 

vitamin E as antibiotic adjuvant treatment is not specific to  

B. cenocepacia. 
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DISCUSSION 

We have recently established that production and secretion of the bacterial 

lipocalin BcnA, especially from bacteria exposed to near-lethal antibiotic 

concentrations, provides B. cenocepacia and other Gram-negative bacteria an 

additional mechanism of resistance against different classes of bactericidal 

antibiotics (5, 7). Increased resistance is based on the ability of BcnA to scavenge 

antibiotics in the extracellular milieu. In this study, we demonstrate BcnA binding 

to water-soluble and liposoluble forms of vitamin E increases bacterial 

susceptibility to antibiotics both in vitro and during infection using the G. mellonella 

model. We found that the potentiating effect of vitamin E on antibiotic activity 

occurs only in bacteria that produce BcnA but not in mutants lacking the bcnA 

gene. We further show that vitamin E binds directly to the purified B. cenocepacia 

BcnA lipocalin with an affinity in low nanomolar concentrations, while the model 

antibiotic norfloxacin binds with an affinity in the micromolar level. These results 

agree with previous molecular docking predictions indicating that the alkyl chain of 

liposoluble vitamin E is buried into the BcnA β-barrel tunnel and its cyclic head 

placed towards the entrance of the tunnel (7). Therefore, we conclude that vitamin 

E-bound BcnA results in a net increase of free antibiotic concentration, explaining 

both the increase antibiotic susceptibility and the dependence of BcnA for this 

phenotype. 

 In addition to authentic vitamin E, we employed here TPGS, a succinylated 

polyethylene glycol-bound derivative of vitamin E that retains the same properties 

of α-tocopherol but it is water soluble. Water solubility allows for more reproducible 

quantitative experimental conditions. Further, TPGS is already used in the 

pharmaceutical industry as a wetting, emulsification, solubilization, and spreading 

agent (16, 27). TPGS can solubilize water-soluble and lipophilic molecules forming 

various types of micelles (28) and increasing the solubility of drugs like 

cyclosporines, taxanes, steroids, and antibiotics  (reviewed in 16).  
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Administration of vitamin E has been reported to enhance antibiotic activity, but the 

mechanism appears to be indirect. For example, administration of vitamin E prior 

to infection improves the in vivo efficacy of antibiotics in wounds experimentally 

infected with methicillin-resistant S. aureus (29) due to a general improvement in 

immunological parameters. Similarly, vitamin E administration reduces 

inflammation in a rat of model of Escherichia coli pyelonephritis (30) and in a 

Streptococcus pneumoniae lung infection model (31). In contrast, our data 

demonstrate that the antibiotic adjuvant effect of vitamin E and TPGS, at least in 

B. cenocepacia and P. aeruginosa, is associated to the presence of a functional 

BcnA protein, thus revealing a previously unappreciated connection between a 

bacterial lipocalin and vitamin E binding.  

 Vitamin E is considered as the main antioxidant in biological membranes 

(32), and many of its beneficial effects in immunoregulation (33) are attributed to 

its radical scavenging activity in lipophilic environments, resulting in the 

stabilization of polyunsaturated fatty acids in membrane lipids. At the same time, 

the physical properties of vitamin E make this molecule and its derivatives useful 

carriers for drug delivery in general (16) and in particular, for pulmonary drug 

delivery (34-36). Given our results, it might be feasible to consider including vitamin 

E in antibiotic formulations delivered by nebulization to patients with cystic fibrosis 

to increase their efficacy. In summary, we conclude vitamin E acts as a lipocalin 

antibiotic binding inhibitor, helping to increase the effective concentration of 

antibiotics around bacterial cells, suggesting that vitamin E could be used as an 

antibiotic adjuvant in combination with antibiotics for the treatment of infections 

caused by multi-drug resistant Burkholderia and other similar multidrug resistant 

bacteria.  
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MATERIALS AND METHODS 

 Strains and reagents. The bacterial strains and plasmids used in this 

study are listed in Table S1. Bacteria were cultured in Mueller Hinton broth (MHB) 

or Luria Broth (LB) at 37°C. Antibiotics (Sigma-Aldrich, UK) were diluted in water, 

except for Polymyxin B, which was diluted in 0.2% bovine serum albumin with 

0.01% acetic acid. TPGS (Sigma-Aldrich, UK) was dissolved in water at a 

concentration of 140 mM. Liposoluble α-tocopherol (Vitamin E, Sigma-Aldrich, UK) 

was dissolved in dimethyl sulfoxide (DMSO). 

 Molecular biology methods. Genomic DNA was extracted from 1-ml 

overnight bacterial cultures suspended in LB. After centrifugation, bacterial pellets 

were resuspended in 400 μl lysis buffer containing sodium dodecylsulfate (SDS) 

and incubated at room temperature for 10 min. Protein and cell debris were 

precipitated by adding 200 μl NaCl and incubating in ice for 20 min, followed by 

centrifugation at 4000 rpm for 15 min. The supernatant was precipitated with 

absolute ethanol, centrifuged and the DNA pellets were resuspended in 

diethylpyrocarbonate (DEPC)-treated deionized water. All procedures were carried 

out suing DEPC-treated water. Genomic DNA (gDNA) samples were stored at -

20°C. RNA was extracted and purified using the RNeasy Mini Plus Kit (Qiagen), 

as indicated by the manufacturer. RNA samples were treated 5 μl of DNase and 5 

μl of 10x DNase buffer (Turbo DNA Free) were added to 40 μl of RNA in a 1.5 ml 

Eppendorf tube. Reactions were incubated at 37°C for 1.5 h and terminated by 

adding 10 μl DNase inactivation reagent followed by incubation for 5 min at room 

temperature. DNase-treated samples were centrifuged for 5 min and the 

supernatant containing the RNA was stored at -80°C. Purity and quality of the RNA 

samples were determined by agarose gel electrophoresis using 1% agarose gels 

supplemented 1:10 with Midori green. Also, RNA samples were screened for gDNA 

contamination after DNase treatment by PCR with 16S control primers.  
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cDNA synthesis was carried out using the RevertAid kit according to the 

manufacturer’s instructions. This kit allows for initial priming of RNA samples with 

random primers followed by cDNA synthesis. The initial step allows for degradation 

of RNA secondary structure prior to reverse transcription. cDNA samples were kept 

at -20°C until used. PCR reactions were carried out with the Dream Taq PCR 

Master Mix (ThermoFisher Scientific) and the primer pairs are listed in Table S1. 

 Purification of BcnA protein. Escherichia coli BL21 bacteria harboring 

pET28a-bcnA were grown for 3 h with 500 mM isopropyl thio-β-galactoside 

(ThermoFisher Scientific, UK) at 25°C; bacteria were harvested, resuspended in 

50 mM phosphate buffer PBS pH 7.4 (Sigma-Aldrich, UK) with protease inhibitors 

(Roche Diagnostic GMbH, Germany), and lysed using a cell disrupter at 27 KPSI 

(Constant Systems). The lysate was cleared by centrifugation at 16,000 xg for 60 

min at 4°C (Sorvall RC 6 plus, Germany), and the supernatant was filtered through 

0.2 μm in-line filters. The supernatant was passed through HisTrap FF 5 ml 

column, using AKTA Start (GE Healthcare Bio-science, Sweden). The purified 

protein was detected by Coomassie blue staining following 16% SDS-PAGE and 

quantified by Bradford assay using bovine serum albumin (BSA) as standard. 

 Checkerboard assays. TPGS or α-tocopherol were combined with 

different concentrations of norfloxacin, ceftazidime or polymyxin B and the effect 

of each combination was tested against the parental B. cenocepacia K56-2, 

various mutant strains and their corresponding complement strains (as indicated 

in Results), and also Pseudomonas aeruginosa PAO1. In the combination studies, 

the final ranges of drug dilutions used were 2 to 128 μg/ml for norfloxacin and 2 to 

512 μg/ml for ceftazidime, as recommended by CLSI for MIC of antibiotics testing 

by broth microdilution (37). The final ranges of TPGS were 0.175 to 2.8 mM and 

for liposoluble α-tocopherol 8 to 1024 μg/ml. Inocula were prepared by diluting an 

overnight broth culture of each of the selected isolates in double strength cation-

adjusted MHB to reach a final inoculum of 5 x 105 CFU/ml.  
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One honeycomb plate was used for each isolate. Each well received 50 μl of the 

antibiotic under test, 50 μl of the vitamin E form, and 100 μl of the inoculated double 

strength broth. Plates were incubated at 37°C with continuous shaking in a 

Bioscreen C (MTX Lab Systems, Vienna, VA) for 24 h. The MIC endpoint was read 

as the lowest concentration of antibiotic at which the percent OD600 relative to no 

antibiotics control was ≤10%, which corresponded to no visible growth. 

 In vitro antibiotic challenge assays. Challenge assays were performed 

as previously described (38) with few modifications. Bacterial cultures with an 

OD600 of 0.0002 in MHB were challenged with MIC25 of norfloxacin for 2 h or 

polymyxin B for 6 h, in either absence or presence of 0.7 mM TPGS and incubated 

at 37°C at 180 rpm. Samples were withdrawn and serially diluted in PBS. Then, 

10-μl aliquots were spotted onto the surface of MH agar plates. The plates were 

incubated at 37°C for 24 h and the resulting colonies were counted. 

 In vitro antibiotic protection assays. Overnight cultures of the mutants 

(ΔbcnA, ΔbcnAB and ΔbcnAB ΔbcoA) in MHB were diluted to an optical density at 

600 nm of 0.005 in fresh cation-adjusted MHB containing different concentrations 

of norfloxacin and 1.5 μM of BcnA protein, with or without 0.7 mM TPGS, and 

incubated at 37°C with medium by continuous shaking in a Bioscreen C. Bacterial 

growth was assessed turbidimetrically at 600 nm. The MIC endpoint was read as 

the lowest concentration of norfloxacin at which the percent OD600 relative to no 

antibiotics control was ≤10%, which corresponded to no visible growth. 

 Isothermal Titration Calorimetry (ITC). ITC experiments were performed 

on Microcal iTC200 microcalorimeter (Malvern, UK). The sample cell was rinsed 

twice with 330 μl PBS (pH 7.4) before one rinse with approximately 330 μl of 

purified BcnA protein solution, which was left soaking for at least 2 min. The sample 

cell was reloaded with the protein solution (0.03 mM) and the syringe was loaded 

with ligand solution (TPGS or Norfloxacin), purged and refilled two times. Ligand 

concentration in the cell ranged from 20- to 1000-fold greater than that of protein. 



 
168 

Run parameters were as follows: 18 injections, initial delay 60 sec, spacing 240 

sec, filter period 5 sec, injection volume 2 μl, cell temperature of 25°C, reference 

power of 10 μcal/sec, stirring speed of 1500 rpm and low feedback mode. The 

blanks included PBS buffer with the ligand solution. Data were analyzed with the 

Origin software provided by the instrument manufacturer. 

 Galleria mellonella larvae infection. G. mellonella larvae were acquired 

from UK Waxworms Ltd., stored in wood shavings in the dark at 16 °C prior to 

infection, and used within 2 weeks of receipt. Larvae of approximate weight of 

250 to 350 mg were used. Larval infection assays were performed as previously 

described (39, 40) . Bacteria were grown in 5 ml LB, harvested during 

exponential phase, resuspended in sterile PBS and serially diluted. Larvae were 

injected with 10 μl of the bacterial suspension in absence and presence of TPGS, 

containing approximately 8x103 CFU of either K56-2 WT or ΔbcnA or ΔbcnA + 

1.5 μM BcnA protein, using a microliter Hamilton syringe. A group of 10 control 

larvae were injected with 10 μl of PBS in parallel. Larvae were incubated at 37°C 

in the dark and their viability was checked at 24 h intervals over a period of 72 h, 

according to visual color change and lack of movement upon stimuli. Three 

independent experiments were performed.  

 In similar assays, at 48 h postinfection, hemolymph samples were collected 

from 10 larvae/group (approximately 100 μl) in microcentrifuge tubes containing 50 

μl of a saturated solution of 1 mg/ml N-phenylthiourea (Sigma-Aldrich, UK) and 

100 μl of 1% sodium deoxycholate (Sigma-Aldrich, UK). The hemolymph was 

immediately serially diluted in PBS and then inoculated on LB agar plates 

supplemented with spectinomycin at 100 μg/ml and incubated at 37°C for 24 h 

after which colonies were counted. Three independent experiments were routinely 

performed. 

 For antibiotic treatment of infected G. mellonella larvae, overnight cultures 

were diluted in PBS, pH 7.4, to a final concentration of 102 CFU of either K56-2 or 
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ΔbcnA. The larvae were injected with 10 μl of the bacterial suspensions or sterile 

PBS (10 larvae/group in each experiment) with Hamilton syringe and incubated at 

37°C in the dark for 24 h. Then larvae treated with MIC of norfloxacin or 1.4 mM of 

TPGS or both together and again kept at 37°C in the dark and their viability were 

checked. After 48 h postinfection, hemolymph was pooled and CFU were 

determined by viable count technique using 200 μg/ml spectinomycin agar. The 

same method was used for Galleria mellonella larvae infected with 10 CFU of PAOI 

or K56-2 for 2 h only then treated with MIC of norfloxacin or 1.7 mM of TPGS or 

both together. 

 Statistical analyses. All statistical analyses were conducted with 

GraphPad Prism 5.0. The results are indicated as the mean ± the standard error 

of the mean (SEM). The paired t test was used to compare the means of two 

unmatched groups. A paired t test was used to compare the means of two matched 

groups. Experiments were conducted with a minimum of three biological repeats, 

each with at least 2 technical repeats. 
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Fig 1 bcoA, bcnA, and bcnB form an operon. (A) PCR amplification using cDNA and 
gDNA templates derived from B. cenocepacia K56-2. Lanes: M, 100 base pairs ladder; 1, 
gDNA-derived PCR product; 2, the negative control (no RT during cDNA synthesis); 3, 
cDNA-derived PCR product. All samples were run in the same gel; the dotted white lines 
are for clarity only. (B) Intragenic amplicons are in black, intergenic regions in blue. The 
direction of transcription is indicated.  Primers and PCR amplicon positions from (A) are 
indicated by the black (intragenic regions) and blue (intergenic regions) arrow pairs.  
 

 
 

 



 
174 

 
 

Fig 2 Vitamin E antibiotic adjuvant effect depends on the BcnA protein. (A) MIC of 
norfloxacin alone or in combination with 0.7 mM of TPGS against Burkholderia 
strains, determined by broth microdilution in cation-adjusted Mueller Hinton broth 
(MHB) at 24 h. Data points are from 4 independent experiments, each done in 
duplicate (n=8). (B) MIC of ceftazidime alone or combined with TPGS against 
Burkholderia strains in MHB at 24 h (n=4, from 2 independent experiments). (C) 
MIC of norfloxacin alone or mixed with 1.4 mM TPGS against ΔbcnA mutants 
carrying pDA17 and ΔbcnA mutants harboring pDA17 bcnA, determined by broth 
dilution methods in MHB at 24 h (n=4, from 2 independent experiments). (D) MIC 
of ceftazidime alone or mixed with 1.4 mM TPGS against ΔbcnA mutants carrying 
pDA17 and ΔbcnA mutants harboring pDA17 bcnA at 24 h (n=4, from 2 
independent experiments). Results are shown as the mean of MIC ± SEM, and p 
values were calculated by the paired t-test. 
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Fig 3 Antibiotic challenge assays. Burkholderia strains were challenged with MIC25 of 
norfloxacin (Nor), which varied for each strain (16 μg/ml for the parental strain K56-2 and 
the ΔbcnB strain, 8 μg/ml for ΔbcnAB and ΔbcoA strains, and 2 μg/ml for ΔbcnA and 
ΔbcnAB ΔbcoA strains) with or without 0.7 mM TPGS (A to F) in cation-adjusted MHB for 
2 h at 37°C. For challenge with polymyxin B (PmB), bacteria were exposed to MIC25 (256 
μg/ml of polymyxin B for all strains), with or without 0.7 mM TPGS (G to L), using non-
cation-adjusted MHB for 6 h at 37°C. (A and G) Wild-type K56-2; (B and H) ΔbcnA strain; 
(C and I) ΔbcnB strain; (D and J) ΔbcnAB double mutant; (E and K) ΔbcoA strain; (F and 
L) ΔbcnABΔbcoA triple mutant. Results are shown as the mean MIC ± SEM, by determining 
the CFU of surviving bacteria. P values were calculated by the paired t test. Data represent 
the results of 3 independent experiments, each done in duplicate (n=6).  
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Fig 4 In vitro protection assays against norfloxacin with 1.5 μM of BcnA protein in 
absence or presence of 0.7 mM TPGS. The results were obtained from 4 
independent experiments, each by duplicate (n=8) and plotted as the mean of MIC 
± SEM. (determined by paired t-test). 
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Fig 5 Binding analyses by microcalorimetry. ITC data of TPGS binding to BcnA (A) 
and the presence of norfloxacin (B). The bottom panel shows the binding isotherm 
is obtained by plotting the areas under the peaks in the top panel against the molar 
ratio of ligand (TPGS or norfloxacin) added to BcnA present in the cell. (C) 
Physicochemical binding parameters of TPGS and norfloxacin to BcnA. The 
binding affinity (K) and enthalpy change (ΔH°) were obtained from ITC profiles 
fitting to "one set of binding sites" modeled by Origin 7 software. ΔG° and TΔS° 
were determined by the equations ΔG° = − RT lnK and TΔS° = ΔH° − ΔG°. N is 
the binding stoichiometry. KD is the dissociation constant. The data presented are 
the average of two experiments. 
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Fig 6 In vivo protection assays using G. mellonella infection model. (A) Larvae 
were infected with 8x103 CFU of B. cenocepacia K56-2, ΔbcnA, and ΔbcnA + 1.5 
μM BcnA protein in the presence or absence of 0.7 mM of TPGS. Larvae survival 
was monitored over 72 h postinfection. (B) Hemolymph from at least three B. 
cenocepacia-infected larvae was extracted and pooled at 48 h postinfection to 
determine the bacterial CFU/ml by plating onto LB agar containing 200 μg/ml 
spectinomycin (to prevent the growth of larvae's endogenous microbial flora agar. 
The results represent the mean and the SEM from 3 independent biological 
replicas. 
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Fig 7. Treatment of G. mellonella infected larvae with norfloxacin or norfloxacin + 
TPGS in combination type or ΔbcnA mutant. Larvae were infected with 100 CFU 
of bacteria for 24 h, and then treated with the MIC of norfloxacin appropriate to 
each bacterial strain with or without 1.7 mM of TPGS. Percent survival and the 
bacterial load (CFU/ml) in the larvae's hemolymph were determined at 48 
postinfection. The results represent the mean and SEM of 3 biological repeats. (A-
B) Percent survival and bacterial load, respectively, of larvae infected with the 
parental K56-2 strain. (C-D) Percent survival and bacterial load, respectively, of 
ΔbcnA-infected larvae.  
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Fig 8 Vitamin E can reduce the antibiotic resistance of P. aeruginosa PAO1. (A) 
MIC of norfloxacin and ceftazidime with and without 1.4 mM TPGS against PAO1 
using microdilution method at 24 h (n=4, from 2 independent experiments and 2 
biological replicas). Results are shown as the mean of MIC ± SEM and compared 
using the paired t-test. (B) Norfloxacin-TPGS treatment of G. mellonella larvae 
infected with 10 CFU of P. aeruginosa PAO1 or B. cenocepacia K56-2 for 2 h, 
and then treated with MIC of norfloxacin or 1.7 mM of TPGS or both together. 
Percent of larvae survival was monitored after 24 h. n=3.  
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Supplementary data 
 
Table S1. Primers used in this study 
 
Target Gene or 
Intergenic 
region 

Sequence Sense Product 
Length 

BCAL 3310 GGCACGATCAAGTTCGACGG Forward 189 
GTAGTCGAGGCCGAAATCGT Reverse 

BCAL 3311 ACAAGTACAACGTGACCGGC Forward 167 
GATCGACGTGTCCTTCCACT Reverse 

BCAL 3312 CGAACATCCCGGTCGTCTAT Forward 200 
AAAGGGAAGCATGCGCGAC Reverse 

BCAL 3310-11 CTCGCGGCGCTCAAG Forward 142 
GACGCGACAAGCGCC Reverse 

BCAL 3311-12 
CGGACGAAGTGCAGATCAAGT Forward 

171 AAAGCCGAGAACGACAGCGA Reverse 
TATAATCAGCCGCCACGGCA Reverse 

16S Control GTAAAGCGTGCGTAGGTGGT Forward 195 CTTTCGTGCCTCAGTGTCAG Reverse 
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Table S2. Bacterial strains and plasmids 

 

 

aBCRRC, B. cepacia Research and Referral Repository for Canadian CF Clinics.  
bTetR , Tetracycline resistance. 
 
  

Strains or plasmid  Relevant Characteristicsa Sources  
and/or 
reference 
 

Strains 
Burkholderia cenocepacia 
K56-2 ET12 clone related to J2315, CF 

clinical isolate 
aBCRRC 
(41) 

ΔbcnA OME62, Deletion of bcnA gene in 
K56-2 

(7) 

ΔbcnB OME65, Deletion of bcnB gene in 
K56-2 

(7) 

ΔbcnAB OME4, Deletion of bcnA and bcnB in 
K56-2 

(5) 

ΔbcoA OME63, Deletion of bcoA gene in 
K56-2 

(7) 

ΔbcnAB ΔbcoA OME64, Deletion of bcnA, bcnB and 
bcoA in K56-2 

(7) 

 
ΔbcnA pDA17 

 
MMN1, K56-2 ΔbcnA carrying pDA17; 
bTetR 

 
This study 

ΔbcnAB pDA17 MMN2, K56-2 ΔbcnB carrying pDA17; 
bTetR 

This study 

ΔbcnABΔbcoA pDA17 MMN3, K56-2 ΔbcnAB ΔbcoA 
carrying pDA17; bTetR 

This study 

ΔbcnA pbcnA OME86, K56-2 ΔbcnA carrying bcnA 
cloned in pDA17; bTetR 

(7) 

ΔbcnAB pbcnA MMN4, K56-2 ΔbcnA carrying bcnA 
cloned in pDA17; bTetR 

This study 

ΔbcnABΔbcoA pbcnA MMN5, K56-2 ΔbcnA carrying bcnA 
cloned in pDA17; bTetR 

This study 

 
Pseudomonas aeruginosa 
PAO1 
 

Non-CF clinical isolate (42) 

 
Plasmids 

  

pDA17 oripBBRI, TetR, mob+, Pdhfr, FLAG 
epitope  

(39) 

pExpbcnA POE16, bcnA gene without signal 
peptide encoding sequence cloned in 
pET28a(+) 

(5) 

pbcnA pOE13, pDA17 harboring bcnA gene 
C-terminus FLAG, TetR 

(7) 
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Fig S1. The effect of norfloxacin and 0.2 mM liposoluble vitamin E combination 
against Burkholderia strains, using MHB at 24 h (n=6, 3 independent repeats). 
Results are shown as MIC mean ± SEM, using paired t-test. 
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Fig S2. The growth curve of (A) a wild type and (B) ΔbcnA which are challenged 
with subMIC of norfloxacin, with or without TPGS; n=6. 
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