
UNIVERSITY OF HAWAI'I LIBRARY 

Pseudomonas aeruginosa PATHOGENESIS DURING CYSTIC FIBROSIS LUNG 

INFECTION AND METABOLISM OF LUNG SURFACTANT COMPONENT 

PHOSPHA TIDYLCHOLINE 

A DISSERTATION SUBMITIED TO THE GRADUATE DIVISION OF THE 
UNIVERSITY OF HAW AI'I IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

IN 

MICROBIOLOGY 

AUGUST 2008 

By 
Mike Seong Son 

Dissertation Committee: 

Tung T. Hoang, Chairperson 
Maqsudul Alam 

Hongwei Li 
Philip C. Loh 
Paul Q. Patek 

Richard Yanagihara 



We certify that we have read this dissertation and that, in our opinion, it is satisfactory in 

scope and quality as a dissertation for the degree of Doctor of Philosophy in 

Microbiology. 

DISSERTATION COMMITIEE 

~ Chairperson 

i 



Abstract 

Pseudomonas aeruginosa, an opportunistic Gram-negative bacterium, is the 

principal cause of hospital -acquired pneumonia, and is responsible for the high morbidity 

and mortality in cystic fibrosis (CF) patients. P. aeruginosa also causes a wide range of 

human diseases including otitis media, keratitis, endocarditis, osteochondritis, 

pyelonephritis, cellulites and septicemia. Despite the considerable effort expended 

toward studying P. aeruginosa infections and virulence expression, the pathogenesis of 

P. aeruginosa-associated diseases and the ability of P. aeruginosa to reach high cell 

density (HCD) during chronic lung infections in CF patients remains enigmatic. We 

hypothesized that in the lung environment, P. aeruginasa degrades the naturally 

occurring lung surfactant component phosphatidylcholine (PC), as a nutrient source to 

afford HCD replication and maintenance. 

To test this central hypothesis, I have conducted microarray and real-time RT

PCR experiments directly on sputum samples from two chronically infected CF patients 

to obtain a snap shot of the metabolic profile of P. aeruginosa popUlations. The 

microarray and real-time RT-PCR data provide strong evidence substantiating our initial 

hypothesis that PC may serve as a nutrient source to afford HCD replication and 

maintenance. 

Using bioinformatics and the microarray data, I was able to identifY the PC 

degradative genes expressed during P. aeruginasa lung infection, including the fatty acid 

degradative (fad), choline metabolism (bet), and glycerol metabolism (glp) genes. The 

bet and glp pathways have been previously characterized, however, the fad pathway 

remains a mystery and can only be predicted based on the established E. coli fad 

ii 



pathway. Using this pathway as a model, I initiated investigations into deciphering this 

pathway in P. aeruginosa. I present here the characterization of the fadD genes (acyl

CoA synthetases), preliminary data on the characterization of the fadBA operons (acyl

CoA thiolases and acyl-CoA dehydrogenases), and data that link the association of the 

fad, bet, and glp pathways in regard to PC and PC component degradation. 
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Chapter 1 

Introdnction 



1.1 Background 

1.1.1 Cystic fibrosis (CF) and the CFfR gene 

Cystic fibrosis (CF) is a homozygous recessive genetic disease affecting 

approximately I in 3,500 live births in the United States and Canada. Primarily affecting 

individuals of European descent, CF is caused by mutations in the gene that encodes the 

CF transmembrane conductance regulator (CFfR) (2, 105). The CFfR is a membrane 

glycoprotein that mediates passive diffusion of chloride and bicarbonate through 

epithelial cell membranes (105). CFfR consists of two membrane domains flanking two 

nucleotide-binding domains with a central, cytoplasmic regulatory domain (67). This 

channel is a member of the A TP-binding cassette (ABC) transporter superfamily, as it has 

the hallmark nucleotide-binding domains (67, 16S). Although thousands of mutations in 

the CFfR gene have been reported to result in CF (S2, 162, 167), the most common 

mutation is a deletion of phenylalanine at position 50S (b.F50S) on chromosome 7 (144). 

This particular mutation accounts for 66% of worldwide CF cases, and over 90% of the 

cases in the US alone (5), and results in an improperly folded CFfR protein that gets 

degraded inside the cell. Many of the other mutations result in a decreased number or 

activity of the CFfR channel at the cell surfaces. Mutations that result in the absence of 

functional channels ultimately lead to viscous secretions causing obstruction of the 

exocrine glands of the gastrointestinal, genitourinary and respiratory tracts, pancreatic 

insufficiencies and lung infections, and the trademark increased salt concentrations in 

perspiration, all of which characterize CF (2, 33, 37, 105). 
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1.1.2 Cystic fibrosis as a polymicrobial infection 

With the vast number of bacteria known and their ubiquitous nature, it would be 

very difficult, if not impossible, to claim that any given infection and the disease state it 

causes is afflicted and maintained solely by a single organism. It is now conventional to 

consider many bacterial infections as being polymicrobial, and thus any treatments 

should be directed at all microorganisms involved. In fact, it is now commonly accepted 

that polymicrobial infections not only include multiple bacterial genera and species, but 

also may incorporate viruses, which may alter the immunological state of the patient, and 

fungi and molds, which may contribute to the overall disease state of the patient, as is 

observed in CF. 

The genetic disorder of CF ultimately results in an impaired immunological state 

of the patient. This is the result of a viscous mucous caused by improper salt transport 

and osmotic regulation of the cells in the pancreas and particularly the lungs. This 

decrease in immunological readiness allows for the successful invasion of various 

bacteria that would normally be cleared through mucociliary clearance or eradication by 

the immune system. The initial culprits of CF lung infections are common ubiquitous 

organisms, such as Staphylococcus aureus, Haemophilus tnjluenzae and Streptococcus 

pneumoniae (105, 144). Staphylococcus and Streptococcus sp. are part of the normal 

oropharyngeal flora of all individuals. Later, infection is worsened by the introduction of 

Stenotrophomonas maltophilia, Burklwlderia cepacia, and Pseudomonas aeruginosa (56, 

74. 144, 159). There are also reports of fungal and mold infections by Aspergillus 

fumigattus and Candida albicans, respectively (7). 

3 



However, in order to understand and begin to speculate about the possible roles of 

each of the many bacteria involved in such a complex polymicrobial infection, it is 

crucial to not only describe the diversity, but to appreciate the dynamics of the microbial 

populations. This requires investigations into the intra- and inter-species interactions, 

and how these interactions and the introduction of new organisms affect the evolution of 

the population individually and as a whole over the lifetime of the patient. It suffices to 

say that some of the effects of intra- and inter-species interactions can potentially result in 

enhanced virulence by some species, a shift of neutral organisms becoming pathogenic in 

association with other organisms, synergistic effects amongst pathogens, and the creation 

ofa microenvironment that is favorable to pathogens (6, 15,202). 

In order to appreciate and begin to understand the polymicrobial nature of 

infections in CF patients, it is necessary to first look at how limited our view is of the 

infection, and answer why only a few select organisms are often associated with the 

disease. 

The primary reason for the lack of an extensive list of organisms is because 

organism identification is conducted through cultivation of organisms from sputum. 

Standard cultivation techniques and media actually select for the more commonly 

associated bacteria. For example, selective media is primarily employed to isolate Gram

negative bacteria, and Pseudomonas aeruginosa can usually outgrow and mask other 

organisms (56). Other selective media, such as mannitol salt agar for Staphylococcus 

aureus, chocolate agar for Haemophilus, and oxidation/fermentation media supplemented 

with the antibiotic polymixin B, for Burlrholderia, are also frequently used. Culturing 

conditions are also conducted under aerobic conditions, but anaerobic organisms have 

4 



also been identified from sputum, which is not surprising, considering the vast anaerobic 

conditions created deep in the alveolar tissue as well as in the bottom layers of the 

biofilm. Therefore, other techniques should be used to properly identilY more organisms, 

especially those tests that are not so favorable for the more commonly identifiable 

bacteria. Such techniques, as 16S rRNA sequencing in combination with denaturing 

gradient gel electrophoresis or temporal temperature gradient electrophoresis (1TGE) 

(87), may identilY more bacteria, but these are time consuming and laborious procedures. 

Terminal restriction fragment length polymorphism (TRFLP) analysis and in silico 

sequence analysis have identified more organisms, such as Citrobacte,. murliniae, 

Fusobacterium gonidiq[ormans, Bacteroides fragilis, and Sarcinia ventriculi (165). 

However, these techniques only identilY organisms present in the lung, and do not 

establish individual contribution to the disease state. 

Studies using RT -TRFLP of the 168 rRNA (only transcribed in actively growing 

cells) revealed that there are more than 20 different microbes per CF patient on average, 

and that each individual had their own unique bacterial profile (165). Although the list of 

microorganisms involved in the overall infectious process is much more impressive than 

once believed. the forerunners of the disease, namely P. aeruginosa and B. cepacia, 

inflict the most obvious and most considerable amount of damage to the host. 

The exact role of P. aeruginosa in the polymicrobial infection can only be 

speculated upon, as no one to date has investigated the specific interactions between P. 

aeruginosa and all the other organisms. However, P. aeruginosa is not known as one of 

the infection-initiating microorganisms, and therefore, in my opinion, may reap the 

benefits of the infection initially established by other organisms, such as S. aureus. 
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First, the key to a polymicrobial infection is the intra- and inter-species cellular 

communication in a density-dependent manner, otherwise known as quorum sensing 

(QS). QS is a major source of gene regulation, especially in the principal CF pathogens 

P. aeruginosa and B. cepacia. In P. aeruginosa all the virulence factors are regulated by 

QS, which allows P. aeruginosa to successfully mount an "attack" on the immune system 

and evade it when cell density is low. In vitro studies have demonstrated that the 

presence of Gram-positive bacteria, such as Streptococcus and Staphylococcus sp. 

normally found in the oropharyngeal tract, can induce virulence gene expression in P. 

aeruginosa. The Gram-positive autoinducer, AI-2, was also found to induce expression 

of a subset of virulence genes in vitro. This induction of virulence gene may include the 

genes involved in biofilm production, which may explain how P. aeruginosa can quickly 

and safely establish itself upon entry into the lung. 

Pathogenic organisms, such as S. aureus, produce several other virulence factors 

that may play a contributory role to the establishment of P. aeruginosa infections. 

Virulence fuctors such as surface proteins and capsule formation help S. aureus colonize 

the lung epithelial cells. These colonies may act as a seed, providing a surface to which 

P. aeruginosa can attach and colonize, and in the ease of the capsule, provide the 

groundwork for immediately colonizing P. aeruginosa to build a biofilm. In fact, most of 

the other S. aureus virulence fuctors, such as invasins that promote spread in tissues, 

hemolysins, leukotoxins and leukocidins that lyse eukaryotic cell membranes, and 

exotoxins such as the enterotoxins and toxic shock syndrome toxin. all play a role in 

creating the ideal environment for P. aeruginosa to invade and colonize in. All these 

virulence factors create damage to the host tissue and the presence of S. aureus and the 

6 



other microorganisms may "distract" the host immune system from recognizing and 

mounting an attack on P. aeruginosa. This in combination with the low dose requirement 

for P. aeruginosa to establish an infection provides an ideal situation. The few P. 

aeruginosa can invade the distracted host and evade the host immune defences, which 

have been weakened by the existing pathogens. Colonization can begin on host tissue 

that has already been damaged and where pathogens such as S. aureus have initiated a 

pseudo-biofilm with capsule formation. The havoc created by S. aureus will have 

undoubtedly lysed host cells and in addition to the lysed S. aureus, a plethora of nutrients 

has been released into the lung environment that P. aeruginosa can easily metabolize, 

along with surfactant components. 

A similar scenario can be envisioned by the presence and action of Streptococcus 

pneumoniae and Haemophilus injluenzae, and a combination of all three (as the more 

commonly known initiators of infection) would create a more than ideal environment for 

P. aeruginosa to thrive in. This invasive nature of P. aeruginosa brings new meaning to 

the term that so aptly describes it, opportunistic - opportunistic not only in the host it 

infects, but also in timing of infection, allowing other organisms to establish an ideal 

environment for infection. 

1.1.3 Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a Gram-negative, gamma proteobacterium that is 

commonly found in soils and water. They are rod-shaped bacteria ranging in size from I 

to 3 !1-111 in length and 0.5 to 1 ""m in width, and are capable of unipolar motility through 

the use of one to three flagella (28) (Figure 1.1). 
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P. aeruginosa has a relatively large genome at approximately 6.29 Mb which 

codes for about 5,570 predicted open reading frames (ORFs) (211). The ubiquitous 

nature of this organism has allowed it to adapt to a broad range of hosts, causing disease 

in plants by inducing soft rot in Arabidopsis thaliana (thale cress) and Letuca sativa 

(lettuce) (153, 154), as well as in animals, causing lethal paralysis in Caenorhabditis 

elegans (31), pneumonia in minks (104, 196), and conjunctivitis, enteritis, pneumonia, 

septicaemia, sudden death, and abortion in chinchillas (104, 224). However, the role of 

P. aeruginosa as an opportunistic human pathogen is of particular concern, especially 

because it is a major cause of nosocomial infections (101, 161, 177, 223) and the 

foremost cause of hospital-acquired pneumonia (\ 2, 10 I, 223). In addition, the number, 

variety and degree of infections caused by P. aeruginosa, have earned this bacterium the 

notorious title as being the most well-known and feared human pathogen. The havoc 

wreaked by P. aeruginosa over the course of more serious untreated or improperly 

treated infections can be accounted for by the destructive nature of many of the virulence 

factors produced by this organism, all orchestrated through QS. 

1.1.4 Pseudomonas aeruginosa virulence factors and QS 

The effectiveness of P. aeruginosa as an opportunistic pathogen is the cumulative 

effect of the impressive repertoire of virulence factors it produces throughout the course 

of infection. P. aeruginosa infection begins with invasion into the site of infection, 

followed by attachment and colonization. P. aeruginosa produces structural virulence 
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Figure 1.1 - Transm ission e lectron micrographs (TEM) of Pseudomonas aeruginosa 
showing si ngle polar flagellum. 
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factors, such as flagella and pili. which are used for movement and attachment to the 

epithelial cells at the site of infection (146. 155). as demonstrated through in vitro 

experiments using rpoN mutants. RpoN is a sigma factor, which has been shown to 

control the expression of both pili (75) and flagellin (217). In this particular study by 

Ramphal et al (155). the rpoN mutants were not capable of producing pili and flageIlin 

and this resulted in the inability of the mutant strains to adhere to mucin. The role of 

flagella and pili as adhesins is evident in cases of ulcerative keratitis, a rapidly 

progressing inflammatory response to bacterial corneal infections. In a study by Gupta et 

al (64), the flagella and pili of P. aeruginosa were shown to be essential for binding of 

the bacteria to host glycolipid GM1, and this binding event was fundamental for 

epithelial cell invasion and cytotoxicity, leading to corneal infections. 

P. aeruginosa also produces siderophores, such as pyoverdine and pyochelin (69, 

100, lIS, 21S). These secreted virulence factors sequester essential iron away from not 

only human host cells, but also from the natural flora bacteria within the lung and 

intestinal environment. It is also worth noting that aside from reducing the available pool 

of iron from other cells, these secreted virulence factors act to inhibit ciliary beating, 

especially in the lungs. This results in impaired ciliary functions in the lungs and airways 

reducing the host's ability to clear the organism and the build-up of sputum. 

Rhamnolipids are heat-stabile hemolysins (50, SO), another type of virulence 

factor produced and secreted by P. aeruginosa (7S, lOS). They have surfactant-like 

properties that solubilize cell surfaces to make them more hydrophobic (3, 232). 

Although the full potential of rhamnolipids as virulence factors has not been elucidated 

(204), their roles in addition to their hemolytic properties (50, SO) have been extensively 
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researched. Because of their detergent-like properties, it has been suggested that make 

lung surfactant molecules, such as phosphatidylcholine (PC) more soluble, making them 

readily accessible to phospholipase C, another P. aeruginosa virulence factor (88). 

However, rhamnolipids have been shown to have a more direct impact on mammalian 

cells, causing disruption in polymorphonuclear leukocyte migration (198) and the 

inhibition of proper macrophage function (117). Also, like the actions of siderophores, 

rhamnolipids have been shown to disrupt and impede the proper function of cilia and 

ciliary beating (68, 81,157). 

To promote severe illness in CF patients, P. aeruginosa uses the type three 

secretion system (TISS) to deliver various cytotoxins directly into the cytoplasm of 

eukaryotic ells, including ExoS, ExoT, ExoU and ExoY (230, 231). Although ExoS, 

ExoU and ExoT have been closely linked to P. aeruginosa virulence (195), genotypic 

analysis of clinical P. aeruginosa isolates revealed that very few strains encode ,both 

exoU and exoS (45, 195). 

ExoU is a TTSS cytotoxin with phospholipase A2 activity (174, 175), which 

hydrolyzes the s1l-2 ester bonds of phospholipids, to release free fatty acids. This obvious 

destruction of the eukaryotic lipid bi-Iayers results in tissue necrosis, and may even serve 

as an alternative method by which P. aeruginosa obtains fatty acids for metabolism. 

ExoS and ExoT are bifunctional enzymes that share 75% identity (195, 229) and 

encode both GTPase-activating protein and ADP-ribosyltransferase activities (58, 86, 

130, 195). ExoS is activated in host cells upon interaction with 14-3-3 proteins, a 

promiscuous group of conserved proteins with no intrinsic enzymatic activity (102). 

Activation of Ex oS can result in the ribosylation of the Ras family of proteins (21,22), an 
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oncogenic family of proteins heavily involved in signal transduction. including apoptosis 

and cellular proliferation. These proteins are also secreted by the TISS of P. aeruginosa 

and have been arguably shown to playa significant role in virulence. In 2001, Holder et 

al (72) demonstrated that a P. aeruginosa strain with a specific deletion in exoS failed to 

evidence any virulence in a bum model. A targeted deletion of exoT yielded similar 

results by the same group (72). However, previous studies demonstrated that activation 

of the ADP-ribosyltransferase activity of Ex oS resulted in cell death (49, 99). 

More recently, in animal models of pneumonia, ExoS activity resulted in 

increased bacterial persistence in the lung and decreased host survival (195). In fact, 

ExoT was also previously demonstrated to affect dissemination of P. aeruginosa from the 

lung to the liver (54) after comparison of an exoU single mutant to an exoU-exoT double 

mutant. 

Exotoxin A is another cytotoxin secreted by P. aeruginosa that has ADP

ribosylating activity. This protein has a similar mechanism of action to the 

extraordinarily potent diphtheria toxin produced by Corynebacterium diphtheriae, as both 

proteins catalyze the ADP-ribosylation of eukaryotic elongation factor 2, resulting in 

inactivation and thus inhibition of protein translation (135). 

Pseudomonas aeruginosa naturally has high intrinsic resistance to a broad 

spectrum of antibiotics, particularly against the anti-pseudomonal drugs, rendering 

antibiotic therapy very problematic, if not ineffective (93, 94, 164). For example, the 

expression of periplasmic (66) and other (65. 96) f3-lactamases provides resistance to a 

wide range of f3-lactam drugs. The surface of P. aeruginosa is highly charged due to the 

presence of stabilizing divalent cations, resulting in low outer membrane permeability 
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and potentially reducing the ability for hydrophobic antibiotics to cross over (125, 145). 

This, in conjunction with the endogenous f1-1actamases, may greatly reduce the 

effectiveness of this class of antibiotics. P. aeruginosa is also armed with various 

multidrug efflux systems and pumps, namely the mexAB-oprM, mexCD-oprJ, and 

mexEF-oprN (97, 124, 147, 148), allowing it to export a wide range of structurally 

unrelated compounds. It is no wonder that nosocomial infections caused by multidrug

resistant P. aeruginosa are of such great concern, as these strains have shown resistance 

to f:\-Iactams, fluoroquinolones and aminoglycosides (34, 55, 60, 61, 95, 147, 228). 

Resistance to antimicrobial drugs is only compounded by the ability of P. aeruginosa to 

produce a structural barrier, biofilm, to help protect the bacteria from not only exposure 

to antimicrobial agents, but also human innate immune factors, demonstrating increased 

resistance of 10-1000 times more (150). 

The most prominent virulence factor observed and associated with P. aeruginosa 

is bacterial exopolysaccharide alginate, more commonly known as biofilm. A biofilm 

has been defined as "a structured community of bacterial cells enclosed in a self

produced polymeric matrix and adherent to an inert or living surface" (23). This 

definition encompasses the fact that bacterial biofilms exist in nature, and can pose 

environmental as well as a health related problems. As such, biofilms have been, and 

continue to be, a major interest of research with a recent surge in the past decade. 

However, this area is beyond the scope of this dissertation. [For a more comprehensive 

look into biofilms, see related articles (II, 23, 32, 42, 53, 70, 73, 90, 105, 151, 152, 169, 

176, 207)]. For the purposes of this dissertation and inclusive research, only the clinical 
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relevance, specifically, gene induction in in vivo studies, and regulation with regards to 

mucoid P. aeruginosa phenotype will be discussed. 

CF patients acquire P. aeruginosa in its non-mucoid form, but as the lung disease 

progresses, some of the bacteria undergo a conversion to the mucoid form, establishing a 

more persistent dlung infection. Studies following the evolution of different P. 

aeruginosa isolates from CF sputum have identified genetic adaptation as a mechanism 

of survival and the establishment of a chronic lung infection (122). In fact, the 

conversion to a mucoid phenotype from non-mucoid has been typically attributed to 

mutations in the algT-mucABCD operon, more specifically, mucA (I 11-113). These 

mutations have been further verified as studies have shown that the mucoid phenotype is 

the result of the over-production of alginate, which was found to be the alginate 

biosynthesis gene cluster (algACDEFGIJKL8X44) (I, 18,46-48, 62, 76, 77, 119, 156, 

158, 163, 179, 197,203,216,233) being primarily regulated by the algT-mucABCD 

operon (III). AlgT is a sigma factor that behaves as a positive regulator, promoting the 

expression of the alginate biosynthesis genes, resulting in a mucoid phenotype (111-113, 

156). MucA is an anti-sigma factor that has been shown to directly interact with AlgT 

(227), negatively regulating alginate production, resulting in a non-mucoid phenotype. 

MucB is also a negative regulator but is found in the periplasm (113), the role ofMucC is 

yet unclear, and MucD plays a dual role as a chaperone and a negative regulator (226). 

However, the conversion to mucoid from non-mucoid is not irreversible, as it has 

even been previously reported that the mucoid phenotype is unstable (106, 127, 180), as 

non-mucoid variants have emerged from mucoid populations under anaerobic stress 

(127). In fact, a spontaneous second site mutations have often been observed in algT 
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countering the mucA mutation to return the phenotype to a less energetically-demanding 

non-mucoid variant (36, 180). This observation coincides well with the direct interaction 

observed between AlgT and MucA (227). 

Once a conversion has been made to the mucoid phenotype, the mucoid strains 

assume a biofilm mode of growth in the lungs (35, 89, 200). Now serving as a new 

substrate for further bacterial adhesion (42), this biofilm allows for the development of 

countless numbers of microenvironments leading to differential evolution within each 

unique niche (13, 201, 205). As well as providing physical protection from the harsh 

lung environment and host immune defences (i.e. antibodies, phagocytes, complements), 

the biofilm also reduces the exposure of the bacteria within the biofilm to 

chemotherapeutic agents, such as various antibiotics (90). 

Another class of virulence factors of particular concern to patients with lung 

infections, such as those with CF, are the proteases, which aid in the dissemination of P. 

aeruginosa. Proteases are proteins and are a class of enzymes that catalyze the 

hydrolysis of peptide bonds linking amino acids in a polypeptide chain. Although 

proteases fall into six major groups based on their active site residue - serine, threonine, 

cysteine, aspartic acid, glutamic acid and metallo-proteases, the major protease involved 

in the pathogenesis of P. aeruginosa lung infection in CF patients are two specific types 

of metallo-proteases, LasA and elastase (LasB) (41, 84, 92). Elastin, the elastic fibrous 

protein found in lung tissue that affords the lungs' ability to expand and contract, is the 

target for LasA and LasB (84, 92). Although LasA has low elastolytic activity (26, 84). it 

enhances the activity of LasB (83), and in concert, proteolytically nicks and degrades 

elastin (84). This ultimately results in tissue damage and inflammation, and overall 
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decreased lung function, as observed in CF patients chronically infected with P. 

aeruginosa. 

In addition to the effect of degrading lung tissue, the role played by both LasA 

and LasB is in the reduction of the innate immune response to P. aeruginosa in the 

human lung. Surfactant protein (SP}-A and -D are important in the innate immune 

response, recognizing P. aeruginosa and stimulating alveolar macrophage phagocytosis, 

by both opsonic and non-opsonic mechanisms (110, 160). It has been demonstrated that 

LasA and LasB degrade both SP-A and SP-D (109), impairing host innate immune 

defences. 

Phospholipase C (PLC) and Iipases are additional virulence factors that have been 

implicated in contributing to the severe lung tissue damage caused by P. aeruginosa 

during chronic lung infections in CF patients. Both PLC and Iipases recognize and 

cleave the major lung surfactant and eukaryotic cell membrane lipid components, 

phosphatidylcholine (PC) and diacylglycerol (DAG), respectively, resulting in lung tissue 

damage and decreased lung functions. PLC has also been demonstrated to increase the 

ability of P. aeruginosa to adhere to respiratory epithelial cells (171, 172) in vitro. PLC 

have also been shown to induce high levels of various cytokines, including tumor 

necrosis factor alpha, interleukin lB, interleukin 6, and gamma interferon, as well as 

inducing cell proliferation into the lungs (225). The role of Iipases as virulence factors is 

tightly associated with the degradation oflung surfactant components, particularly DAG. 

P. aeruginosa has two genes that code for products specifically with PLC activity, 

plcH and plcN, which share 40% identity and 60% similarity (128, 209). plcH is 

hemolytic, causing lysis of sheep and human erythrocytes, unlike the non-hemolytic plcN 
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(25), but both recognize and cleave PC. plcH was once thought to be regulated by plcRJ.2 

(129). However, a more recent study has revealed that PlcRI.2 playa necessary role in 

the secretion of PlcH, possibly acting as a sort of chaperonin (24, 209), rather than a 

regulatory role. The enzymatic cleavage of the PC molecule by the PLC results in the 

release of its two major components. a phosphoryl choline headgroup and a DAG 

molecule, both of which can be degraded and used as carbon and energy sources (Figure 

1.2; Appendix I). 

The phosphorylcholine headgroup can be further degraded through the choline 

catabolic pathway involving the betIBA operon, and the DAG cleaved by a lipase (LipA) 

into a glycerol molecule and two free long-chain fatty acids (LeF A). The genes of the 

glp operon then carry out metabolism of the glycerol molecule, and the LCF A are 

degraded through the fatty acid degradative (jad; fatty acid fJ-oxidation) pathway. 

However, the relative expression and timing of all these virulence factors is 

dependent upon a coordinated effort of the entire popUlation within a given environment. 

This highly orchestrated phenomenon is called QS. QS is a mechanism by which 

bacteria are capable of processing information about their changing environment in order 

to react appropriately, generally through a particular compound called an auto inducer, 

that is secreted by the bacteria themselves. This field of QS has flourished and has 

become a field within a field, much like the study of biofilms, and thus will not be 

discussed in great detail. [For more information, see references (4, 8, 51, 52, 57, 63, 71, 

79,85,91, 120, 133, 138-142, 178, 181,200,213-215)]. However, it is important to 

understand and acknowledge that P. aeruginosa also exhibits QS through two systems, 

the more dominant las system, and the secondary rhl system. 
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Figure 1.2 - Phosphatidylcholine degradation pathway (A) Lung surfactant (blue), made 

of 90% lipids and 10% proteins, coats the trachea, bronchioles, and alveoli of the lung. 

(B) Of the 90% lipids, 80% is made of phosphatidylcholine (PC), which can be cleaved 

by P. aeruginosa lipases and phospholipase C into three constituents, including fatty 

acids (FA), glycerol, and phosphorylcholine. (C) The glycerol and phosphorylcholine 

constituents are further metabolized by known Glp- and Bet-enzymes of P. aeruginosa 

(192, 220). Respective regulators (GlpR and Bell) control the expression of these 

enzymes. GlpT and GlpF of the cytoplasmic membrane facilitate glycero l-3-phosphate 

and glycerol transport, respectively. Based on the E. coli model (20), displayed are 

predicted steps in the fad pathway of P. aeruginosa, which has not been characterized. In 

addition, the regulation of these fad genes in P. aeruginosa is an enigma. FadL, an outer 

membrane protein, is involved in FA transport. 
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The las system of P. aeruginosa resembles the lux system of Vibrio fischeri, 

whereby the transcriptional activator is LasR (4). This protein binds to the autoinducer 

N-(3-oxododecanoyl)-L-homoserine lactone (pseudomonas autoinducer PAl-I) (Figure 

1.2), which is synthesized by Lasl at high cell-densities, to turn on the expression of 

various virulence factors (139). The second system, rhl system, is activated by a 

transcriptional activator, RhIR (16, 139). Similar to the las system, RhII of the rhl 

system, synthesizes a second acylated homoserine lactone, N-butyryl-L-homoserine 

lactone (p AI-2) (Figure 1.2), which also upregulates the expression of various virulence 

factors (16, 139). However, fundamental to the activation of both systems is high cell

density (HCD). The basis of HCD, particularly during the lung infections in CF patients 

is the focus of this research. 

1.1.5 Phosphatidylcholine and PC-component metabolism 

The substrate PC is composed of three major component molecules, a 

phosphorylcholine (choline) headgroup, a glycerol molecule and two long-chain fatty 

acids (FAs) (Figure 1.2), which can all be released by enzymatic cleavage through 

phospholipase C and Iipases. Each component is then further metabolized by one of 

three different pathways: the bel pathway for choline headgroup metabolism, the glp 

pathway for glycerol metabolism, and the fad pathway for the degradation of the long

chain FAs. 

The phosphorylcholine headgroup is first transported across the cell membranes 

into the cytosol by BetT, a choline transporter (103). Once inside the cell, the molecule 

is then dephosphorylated by a phosphorylcholine phosphatase (9, 114, 220) to yield a 
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choline molecule. This choline molecule has been previously demonstrated to be 

sufficient for P. aeruginosa to grow on as a sole carbon, nitrogen and energy source 

(unpublished data) (121). By a two step reaction catalyzed by BetA and BetB, the 

choline is converted to glycine betaine (59, 170, 212, 220), and eventually converted the 

amino acid glycine through a series of yet to be characterized steps (221). It is interesting 

to note, that the metabolism of phosphoryl choline and choline to glycine actually serves a 

dual role, especially when P. aeruginosa is found in the lung environment. First, both 

molecules, phosphorylcholine and choline, can serve as carbon, nitrogen and energy 

sources, as mentioned above, but one of the metabolic intermediates, glycine betaine, has 

been shown to play a role as an osmo-protectant (30, 98, 170, 220, 221). This osmo

protectant role is crucial as the lung environment is considered a very stressful 

environment (116, 220). The regulation of this entire bet operon revolves around the 

repressor Betl, encoded by bet!, and can be induced in the presence of choline (166). 

Upon cleavage of the phosphorylcholine headgroup from phosphatidylcholine, the 

DAG molecule is recognized by the P. aeruginosa lipase, LipA, thus liberating two long

chain F As and a glycerol molecule. The metabolism of glycerol has been well 

characterized, primarily by Schweizer et al (182-192). The glycerol metabolism operon 

primarily consists of glpD (a sn-glycerol-3-phosphate (G3P) dehydrogenase) (189), glpF 

(a membrane-associated glycerol diffusion facilitator) (192, 222), glpK (a glycerol 

kinase) (192, 222), glpM (a membrane protein affecting alginate synthesis) (I91)'and 

g/pR (a regulator ofthe glp operon) (190), which behaves as a repressor. The transport of 

glycerol from the environment into the cell has been predicted to be facilitated by the 

gene product of glpF (192) and glpT, a homologue of the membrane-associated G3P 
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permease found in E. coli (43). Once inside the cell, the glycerol molecule CWI be 

metabolized through various pathways, such as being converted to dihydroxyacetone

phosphate WId shunted into glycolysis (Appendix I). 

The final major constituents of the PC molecule are the two long-chain FA 

molecules. Although the fatty acid degradation has not been characterized in P. 

aeruginosa, much can be predicted through bioinformatic comparisons WId modeled after 

the fully characterized E. colifadpathway (17,19,20,27,38,39,44,131,149) (Figure 

1.2). Characterization of the P. aeruginosa fad pathway is part of the research presented 

in this dissertation and the subject of on-going research in our lab. 

According to the E. coli model, there are five individual proteins involved in the 

transport, activation WId degradation of long-chain F As, and the entire regulon is under 

the control of the negative regulator FadR (17, 19, 20, 27). 

In E. coli long-chain FA degradation is initiated after transport of the molecule by 

a membrWIe transporter, FadL (20). This long-chain FA is then activated by FadD, 

which uses A TP and coenzyme A (CoASH) as substrates to generate a high-energy thio

ester bond between the CoASH WId the oxygen atom of the free hydroxyl group (Figure 

1.2). The now activated long-chain FA then enters the [I-oxidative pathway, as the 

saturated bond between the second WId third carbons is oxidized, and two electrons are 

transferred to a flavin adenine dinucleotide (FAD) cofactor (Figure 1.2). The FadBA 

complex completes the final steps of the [I-oxidative pathway. This complex has been 

shown to have a broad substrate specificity in E. coli (20), as it is multi-merlc enzyme 

with at least five different enzyme activities, including 3-ketoacyl-CoA thiolase, enoyl

CoA hydratase, and L-3-hydroxyacyl-CoA dehydrogenase activities for saturated FAs, 
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and additional cis- 63-trans-A2-enoyl-CoA isomerase and 3-hydroxyacyl-CoA epimerase 

activities for unsaturated FAs (10, 126,136, 149). The successive cycles of this pathway 

shorten the activated acyl-CoA molecule by a two-carbon acetyl-CoA (Figure 1.2), which 

can then be shunted into the tricarboxylic acid (TCA) cycle (Appendix I) (20). 

Using this pathway as a working model for the uncovering of the fad pathway in 

P. aeruginosa, the E. coli homologues ofFadD, FadA and FadB in P. aeruginosa are the 

subjects of the research presented in this dissertation and on-going research in our lab. 

1.1.6 Pseudomonas aeruginosa as a human pathogen 

As an opportunistic pathogen, P. aeruginosa is the major agent of a vast range of 

human ailments. including urinary tract infections, respiratory infections, gastrointestinal 

infections, dermatitis, soft tissue infections, bacteremia, chronic lung infections, 

meningitis, endocarditis, osteochondritis, otitis, keratitis and ocular infections (Figure 

1.3). P. aeruginosa is also responsible for many nosocomial infections especially in 

immunosuppressed and/or immunocompromised patients, such as those undergoing 

chemotherapy or infected with HIV, respectively. Patients with severe burn wounds or 

large untreated open wounds are also particularly susceptible to infection by P. 

aeruginosa. One of the major reasons this bacterium is especially difficult to eradicate is 

because of the robust resistance mechanisms it possesses against all major anti

pseudomonal drugs (e.g. lI-lactams, fluoroquinolones and aminoglycosides) (34, 55, 60, 

61,95,147,228). These resistance mechanisms are also compounded by the ability of P. 

aeruginosa to generate a bacterial biofilm (107, 123, 208). However, P. aeruginosa's 

success as an opportunistic pathogen is not solely based on its ability to avoid host 
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Figure 1.3 - Potential Pseudomonas aeruginosa sites of infection in the human body. 
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defences and protect itself from xenobiotic compounds. Virulence factors also play a 

major role in the pathogenicity of this organism. P. aeruginosa possesses an impressive 

arsenal of virulence factors, ranging from structural factors such as flagella and pili, to 

more destructive extracellular components, such as lipases and hemolytic phospholipases 

(Table 1.1). 

1.1.7 Pseudomonas aeruginosa and cystic fibrosis 

Chronic lung infections by P. aeruginosa in the form of biofilms have been 

implicated as playing the greatest role in the high morbidity and mortality observed in CF 

patients. Over 93% of CF patients between the ages of 18 and 24 years are infected by P. 

aeruginosa (40), with CF patients having an average life expectancy of 36 years of age. 

Over the course of P. aeruginosa infections in CF patients, the mucoidy (biofilm) form of 

P. aeruginosa (89) predominates, displacing other natural flora through competition for 

nutrients and resistance to host clearance mechanisms. After initial colonization, the 

same clone of P. aeruginosa can persist in the lungs of the CF patient experiencing the 

patient to vicious cycles of bacterial growth and inflammation (143). Characterized by 

the inability to clear the microorganisms, increased host mucin production, virulence 

factor production and action, and extracellular DNA as a result of lysed host and bacterial 

cells. the patient suffers from copious amounts of viscous sputum. This develops into 

suffocation and deteriorated lung function (206), leading to repetitive cycles of extreme 

inflammation and remission, and finally to their ultimate demise. Although no cure has 

been developed to rid CF patients of infecting organisms, such as 

24 



Table 1.1 - Common virulence factors produced by P. aeruginosa, including mode of action and 
role in virulence 
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P. aeruginosa, many strides have been made in the most consistent aspect of therapy, and 

that is limiting lung damage and appropriate treatment to improve the quality of life of 

the patient 

1.1.8 In vivo energy reqnirements for HCD replication and virnlence expression 

It is undeniable that P. aeruginosa possesses an impressive arsenal of virulence 

factors (Table 1.1) all of which inflict a substantial amount and variety of damage to host 

cells and tissues. However, expression of these virulence factors only occurs during 

Hcn replication and its timely expression is under the control of two acylated

homoserine-lactones through QS (14, 134, 137, 138, 140, 142,219). In order to rcach 

and maintain HCn and produce such high-energy dependent virulence factors like 

biofilms, P. aeruginosa requires copious amounts of energy and a readily available 

energy source. Furthermore, CF patients have been known to produce more than 30 ml 

of sputum per day per exacerbation with ~ 109 cfulml of sputum (210), confirming the 

persistence of HCn. Yet, in such a nutrient poor environment, compared to that of the 

gastrointestinal tract or bloodstream, the identity of the nutrient source providing Hcn 

has yet to be addressed, and still remains a mystery. 

Lung surfactant is comprised of approximately 10% proteins and 90% lipids, and 

indeed, an in vitro study has been conducted using lyophilized sputum to identiJY the 

nutrient source affording Hcn as the available proteins and amino acids in lung 

surfactant (132). However, this is an in vitro study and the findings have yet to be 

confirmed in Vivo. My in vivo microarray data suggests that P. aeruginosa also degrades 

PC as a nutrient source and the route of PC component degradation is shown in Figure 
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1.2. Although the glycerol and phosphoryl choline headgroup degradation pathways have 

been established (Figure 1.2) (29,115,173,189,190,192-194,199,220), the fatty acid 

degradation pathway (fad) remains to be elucidated and is only modeled after the E. coli 

(3-oxidation pathway (17, 19, 27, 38, 39, 44, 131, 149). Thus, identification and 

characterization of Fad and its role in PC degradation is crucial in understanding P. 

aeruginosa pathogenicity in vivo, and would provide great insight into the pathogenicity 

and metabolic potential of P. aeruginosa. 

1.2 Specific aims of research 

The goal of this research is to demonstrate that P. aeruginosa degrades PC as a 

nutrient source in vivo to afford the energetically expensive Hcn replication and 

maintenance, and virulence factor expression. This research will be also lead to the 

identification of the pathway(s) involved in fatty acid degradation, eventually 

culminating in the characterization of this pathway in P. aeruginosa. Essential to 

achieving this goal is finding the answer to my central hypothesis that P. aeruginosa 

utilizes the PC component of lung surfactant as a nutrient source for HCn replication. 

My in vitro and in vivo whole genome expression profiles have revealed a group of genes 

involved in PC degradation as well as a group of genes potentially involved in the 

degradation of fatty acids. 
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The key to the success of this research is the completion of my four specific aims 

in order to complete this story of true in vivo characterization of a pathogen at the natuml 

site ofinfection, the first ofits kind. Thus I am proposing the following specific aims: 

1. Identification of key genes involved in the degradation and metabolism of 

lung surfactant component phosphatidylcholine in vivo 

2. Identification and characterization of acyl-CoA synthetases (FadD) 

3. Initiation into the identification and chamcterization of major fatty acid 

degmdation operons (3-hydroxyacyl-CoA dehydrogenases and 3-ketoacyl

CoA thiolases) involved in lung surfactant component phosphatidylcholine 

metabolism (FadBA) 

4. Determination of the role of the fad, bet, and glp pathways in PC and PC 

component degmdation. 
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2.1 Abstract 

One of the hallmarks of Pseudomonas aeruginosa cystic fibrosis (CF) infection is 

very high cell density (HCD) replication in the lung, allowing this bacterium to induce 

virulence controlled by the quorum-sensing systems. However, the nutrient sources 

sustaining HCD replication in this chronic infection is largely unknown. Herein, we 

performed microarray studies of P. aeruginosa directly isolated from the CF lung to 

demonstrate its metabolic capability and virulence in vivo. In vivo microarray data, 

confirmed by real-time reverse-transcription-PCR, indicated that the P. aeruginosa 

population expressed several genes for virulence, drug-resistance, and utilization of 

multiple nutrient sources (lung surfactant lipids and amino acids) contributing to HCD 

replication. The most abundant lung surfactant lipid molecule, phosphatidylcholine (PC), 

induces key genes of P. aeruginosa pertinent to PC degradation in vitro as well as in vivo 

within the CF lung. The results support recent research, indicating that P. aeruginosa 

exists in the CF lung as a diverse popUlation with full virulence potential. The data also 

indicate deregulation of several pathways, suggesting in vivo evolution by deregulation of 

a large portion of the transcriptome during chronic CF infection. To our knowledge, this 

is the first in vivo transcriptome analysis of P. aeruginosa in a natural CF infection, and it 

indicates several important aspects of P. aeruginosa pathogenesis, drug-resistance, 

nutrient-utilization, and general metabolism within the CF lung. 
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2.2 Introdnction 

Pseudomonas aeruginosa is the major cause of morbidity and mortality in lung 

diseases, including cystic fibrosis (CF) (6, II, 32) and nosocomial pneumonia (3, 40). 

Over 93% of CF patients between the age of 18 and 24 have been reported to have P. 

aeruginosa infections (II). In addition, nosocomial pneumonia is the second most 

common of all nosocomial infections, and P. aeruginosa was the most frequently isolated 

microbe involved from 1992 to 1997 (37). The pathogenesis of this organism has been 

intensively studied with respect to virulence and virulence-expression (5, 26, 31, 36, 39), 
, 

biofilm production (10, 43), and quorum sensing (15, 27, 28, 30). Several virulence 

factors that P. aeruginosa expresses (e.g. exotoxin A, exoenzyme S, cytotoxin, proteases, 

Iipases, phospholipases, alginate, and hydrogen cyanide) all contribute to severe lung 

damage. High cell density (HCD) replication is necessary for many of these events to 

occur and> 109 bacteria/ml of sputum have been found in CF lungs (43, 46). The ability 

of P. aeruginosa to obtain nutrients in the lung for HCD replication and maintenance is 

the quintessential event leading to quorum-sensing induced virulence-expression, which 

are hallmarks ofCF chronic lung infections. However, the nutrient(s) requirements by P. 

aeruginosa in vivo is unknown. A recent in vitro study by Palmer et at. (25), where P. 

aeruginosa was grown on minimal media supplemented with lyophilized sputum, 

suggests that one of the nutrient sources in the lung is amino acids. Therefore, because 

the enigmatic nutrient source(s) in vivo has long been ignored and up to now has been 

quite presumptive, an area of research that should be explored is the metabolic capability 

of this organism with respect to nutrient acquisition in the CF lung. Understanding such 
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nutrient requirements that would contribute to HCD in the CF lung may yield new 

insights into the pathogenesis and potential treatment of CF infections caused by P. 

aeruginosa. 

Recovery of a HCD P. aeruginosa population from the CF lung represents a 

unique opportunity to analyze the transcriptome of this organism in vivo. The primary 

focus of our approach is to reveal bacterial in vivo gene-expression, prior to collection of 

expectomte from a patient. Specifically, we examine bacteria immediately after they were 

collected from fresh sputum samples in order to decipher their metabolic activities in 

vivo. This was achieved by isolating bacterial mRNA immediately upon a single 

expectomtion from a 42-year-old CF patient (> 109 bacterialml of sputum). This sample 

was used for microarray and real-time RT -PCR, and gene-expression profiling 

experiments were compared to the clinical isolate pool from the same patient grown in 

vitro in I x M9 citrate media. This comparison, using the AffYtnetrix P. aeruginosa 

GeneChips@, revealed hundreds of genes that have been induced;" 2-fold (P s 0.05) in 

vivo relative to in vitro growth. Constitutively expressed genes were also observed by 

comparing the expression profile of the clinical isolate pool to that of PAOI, both grown 

in Ix M9 citrate media. In this report, our data provided the evidence to show that P. 

aeruginosa as a popUlation exhibited a specific repertoire of highly expressed genes 

relating to virulence, drug-resistance, and nutrient utilization in Vivo. 
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2.3 Materials and Methods 

2.3.1 Media and bacterial culturing conditions 

All in vitro studies were carried out using the P. aeruginosa laboratory strain 

PAOI and the clinical isolate pools. In this study, we utilized minimal media with a 

defined carbon source (e.g. citrate) to compare to the lung environment, rather than rich 

media, because the nutrient source metabolized by P. aeruginosa in the lung may also be 

present in rich media (e.g. amino acid in LB) and therefore, may abolish differential 

expression of genes essential for nutrient utilization in vivo. This is amenable to the 

identification of P. aeruginosa pathways induced in the lung that is not necessarily "on" 

when metabolizing a single defined carbon source. To obtain cultures for RNA isolation, 

starter cultures of PAO I or of the clinical isolate pools were grown in Pseudomonas 

Isolation Broth (Oifco) overnight and inoculated (I :200 dilution) into 200 ml of Ix M9 

minimal media (38) with 0.4% PC (w/v), 0.4% Cl60 (w/v), or 20 mM citrate and grown 

at 31'C with shaking at 225 rpm; in addition, all media contained 0.2% Brij-58 (Sigma, 

SI. Louis, MO). When cells reached mid-log phase (00540 :::: 0.6), cells were harvested 

for RNA isolation as described below. 

2.3.2 Bacterial RNA isolation from spntum and bacterial culture 

Harvested cell cultures above and 30 ml of fresh sputum sample (single 

expectoration with > 10' cfufml sputum) collected from a 42-year-old cystic fibrosis 

patient were kept on ice and processed immediately as follows. The approach and 

method of sputum collection were approved by the Institutional Review Board 
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Committee on Human Studies at the University of Hawaii at Manoa, with the full 

informed consent of the patient. The cell pelIets from cultures and fresh sputum sample 

were treated on ice for 20 minutes with an equal volume of SPUTOL YS~ reagent 

(Calbiochem, La Jolla, CAl plus Sigma DNaseI (10 units/ml of cell suspension) and 

Proteinase K (600 lLg/ml of cell suspension) with intermittent mixing to remove 

extracellular chromosomal DNA and proteins. Samples were then centrifuged at 8000 x g 

and the cell pellets were washed twice with ice-cold sterile double distilled water (DOW) 

to lyse eukaryotic cells and remove soluble cell debris in the sputum. For the sputum 

sample, an aliquot of the washed cells was serially diluted and plated on no-salt Luria

Bertani (Teknova, Hollister, CAl and Pseudomonas Isolation Agar (PIA, Difco) to obtain 

a clinical isolate pool and for determining bacterial counts. The use of a clinical isolate 

pool, as opposed to a single clinical isolate, eliminates the possibility of any bias towards 

a particular isolate and is more representative of the P. aeruginosa popUlation in vivo. 

Total RNA was isolated from P. aeruginosa using the established protocol of Dr. Stephen 

Lory (http://cfgenomics.unc.edulprotocolsrnaprep.htm) with a few minor modifications 

(italicized below). Briefly, cells were harvested at 4°C and then resuspended and 

sonicated in Trizol® reagent (Invitrogen, Carlsbad, CAl and treated with chloroform. An 

additional phenol/chloroform extraction was incorporated and total nucleic acids were 

precipitated with ethanol. DNA was digested with DNaseI (Promega, Madison, WI), 

phenoVchloroform extracted, ethanol precipitated and resuspended in diethyl 

pyrocarbonate (DEPC) DDW. tRNA was removed using QIAgen RNeasy purification 

columns as recommended by the manufacturer (Qiagen, Valencia, CAl, with an 

additional on-column DNase! digestion. Final RNA concentrations and purity were 
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determined on a Beckman DU7500 spectrophotometer (A26012S0 between 1.8 and 2.0). 

The RNA yield for the sputum sample was -55 Ilg and was sufficient for performing up 

to three GeneChips'" and several real-time PCR runs. In our experience, the volume of 

sputum was not as critical as the P. aeruginosa cell counts in the sputum for successful 

microarray and real-time RT-PCR experiments. Particularly, we ensured that processed 

sputum had HCD ~ 109 cfulml sputum). 

2.3.3 eDNA synthesis, labeling, and hybridization and mieroarray data analyses 

cDNA was synthesized, fragmented, labeled and processed as recommended by 

AftYmetrix (AftYmetrix, Santa Clara, CA). Hybridization to P. aeruginosa GeneChipslli> 

were performed at the Greenwood Biotechnology Facility, University of Hawaii. Raw 

data were obtained using the AftYmetrix GeneChiplli> Operating System 1.4 (GCOS) 

software (AftYmetrix, Santa Clara, CA). The tab-delimited files were then imported into 

the GeneSpring 7.0 software (Agilent Technologies, Redwood City, CA) for further 

analysis. Analysis was done by conducting pairwise comparisons between duplicates or 

triplicates GeneChipsllil of two conditions at a time (i.e. PAOI grown in PC versus citrate, 

PAOI grown in C16:0 versus citrate, in vivo sputum versus in vitro grown clinical pool, in 

vitro grown clinical pool versus PAOI grown in citrate). The list of genes was subjected 

to statistical analysis using Analysis of Yariance (ANOYA) to include the two-tailed 

Student's I-test, and only significant expression data (P-value :s 0.05) were kept. The 

gene list was further analyzed based on fold-change, where only genes showing a fold

change of two-fold or greater were kept, and all hypothetical genes were removed from 

the final list. Fold-change values were averaged over nine independent pairwise 
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comparisons (3 GeneChipslli> per in vitro condition) with P-values ~ 0.05. However, for in 

vivo condition, fold-change values were averaged over six independent pairwise 

comparisons (2 GeneChipslli> for in vivo condition and 3 GeneChipslli> for in vitro 

condition) with P-values ~ 0.05. Average expression levels of a few selected genes (glp 

genes, mexY, and plcH) that did not pass the statistical stringency (P-value ~ 0.05) were 

analyzed individually by determining the relative expression level of each pairwise 

comparison, and the average expression levels were calculated (Figure 2.3). 

2.3.4 Gene description and pathway designation 

Gene description and pathway designation were assigned according to the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.ad.jplkeggD (24). 

2.3.5 cDNA synthesis for real-time RT-PCR 

Three !Jog of the same purified mRNA for each condition performed for 

microarrays were used for cDNA synthesis. The iScript cDNA Synthesis Kit was used as 

recommended by the manufacturer (BioRad, Hercules, CA). A 'no reverse-transcriptase' 

control was incorporated for each sample, during cDNA synthesis, to ensure no DNA 

carryover contamination from the RNA isolation. Final volumes were brought up to 1400 

fLl with DDW (no DEPC), and 10 fLl was used for each real-time PCR reaction as 

described below. 
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2.3.6 Bacterial mRNA processing from a second CF patient for real-time RT -PCR 

A sputum sample was obtained from a young adult (18 year-old patient). The 

total volume of sputum was approximately 2 ml with a P. aeruginosa plate count at 2.3 x 

108 cfulml. Total RNA was initially isolated as described above, but subsequent cDNA 

synthesis was slightly modified as follows. The total RNA on the Qiagen RNeasy 

column was eluted in 30 141 of DEPC DDW and protected with 40 units of rRNasin lC 

(Promega, Madison, W1). A 2.75 14g aliquot of RNA was treated with 2 units ofRQI 

RNase-Free DNaseI (Promega) for a second time in 2 141 of iScript cDNA synthesis 

buffer (BioRad) for 10 min at 37"C. DNaseI was inactivated at 70°C for 10 min and the 

sample chilled on ice. Then 14 141 of iScript cDNA synthesis buffer, 4 141 iScript Reverse 

Transcriptase (BioRad) and 23 141 of DEPC DDW were added to the same tube. cDNA 

was synthesized according to recommendations by BioRad. The final product was taken 

up to 1200 141 with DDW (no DEPC), rather than 1400 141 because of less input RNA, and 

10 141 was used as template for each quantitative real-time TaqMan® PCR as described 

below. 

2.3.7 Primers and TaqMan® probe design 

Primers and probes (Supp. Table 2.8.3) for each gene in the real-time PCR 

reactions were designed using Integrated DNA Technologies Primer Quest software 

(bttp;//www.idtdna.com).Briefly. amplicon sizes ranged from 67 to 86 bp and primer 

melting temperatures were designed for 62°C, with a melting temperature difference of 

less than 4°C for each primer pair. Probe melting temperatures were designed at 5 to 100C 

higher than the respective primer pairs. Primer and probe sequences were also submitted 
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to BLAST analysis against the P. aeruginosa PAO I genome to eliminate the possibility 

of non-specific binding. It was particularly ensured that the primers had no significant 

complementarity at the 3 '-end and the probe had no significant complementarity at the 

5'-end to other non-specific locations on the PAOl genome. 

2.3.8 Real-time peR 

Supermixes for all reactions were made and aliquoted into sub-supermixes for 

each gene being assayed. Essentially. each real-time PCR reaction contained 10 fl.1 of 

cDNA, 12.5 fl.1 of iQ Supermix (BioRad), 120 nM of each forward and reverse primer 

and 12 nM of the probe, in a final volume of 25 fl.1. Real-time PCR was performed on the 

iCycler iQ TM (BioRad) with the following protocol: denaturation (95°C for 10 min), and 

then 55 cycles of amplification and quantification (95°C for 20 s and 65°C for 45 s). To 

control for variations between runs, all three housekeeping genes and the various target 

genes for each individual condition were amplified at the same time on a 96-well plate. 

2.3.9 Real-time PCR data analyses 

We followed the method of Peirson et a1. (29) as previously reported, which gives 

more accurate quantitative real-time PCR data. Because normalization by geometric 

averaging using mUltiple housekeeping genes has been shown to yield more accurate 

fold-change as opposed to a single housekeeping gene (47), we opted to use three 

housekeeping genes for our normalizations. Real-time PCR was conducted on each of the 

eleven target genes and the three housekeeping genes in eight replicates. Real-time PCR 

fold-change values were averaged over 8 replicates for each gene and determined by 
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comparing to the geometric mean of three housekeeping genes. A list of housekeeping 

genes was detennined based on in vivo and in vitro microarray data from over 40 

GeneChips® of 16 different growth conditions in various growth phases, from mid-log to 

stationary phases (data to be published elsewhere). These housekeeping genes were 

analyzed using GeneSpring 7.0 and found to be constantly expressed across all conditions 

(fold-change less than two and P-value ~ 0.05). Three housekeeping genes (pAI769, 

PA 1795, and PA 1805) were selected, which showed the least amount of variability and 

expressed constantly across all conditions (as detennined using Speannan's correlation 

coefficient calculations). Real-time PCR fold-changes were calculated using the 

amplification plot method and the available macro for Data Analyses of Real-Time PCR 

(DART -PCR) (29). Our requirement for real-time PCR is that the efficiencies of each 

gene (including housekeeping genes) are within 5% from one condition to the next, but 

similar efficiencies are not necessarily required between the different genes. 

Accordingly, the average efficiency of each gene in this study was very similar between 

the conditions being compared (less than 4.8% efficiency differences), allowing accurate 

analysis. We recommend not using the standard-curve method for clinical samples, since 

it requires at least three serial dilution points in order to generate a reasonable standard 

curve. Due to the initial limited amount of input RNA isolated directly from sputum, 

compounded by the possibility of rare transcripts and low transcript abundance within 

bacterial cells, we were unable to use the dilution/standard-curve method to obtain 

consistent standard curves and efficiencies «5% difference) between conditions for 

many genes. Opting to use the amplification plot analysis method solves this problem, 

and this method has been demonstrated (29) to yield very good results comparable to that 
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of standard-curve analysis and the absolute quantification method, and it is much more 

accurate than the MCt and the efficiency correction method. 

2.3.10 Assay for constitutive alginate production 

Starter cultures of PAOI and the clinical isolate pool from the 42-year-old CF 

patient were grown overnight in Pseudomonas Isolation Broth and subcultured (I :200 

dilution) into no-salt Luria-Bertani media (Teknova) and incubated at 250 rpm and 37"C. 

Cell density (00540) was measured at regular intervals to monitor cell growth and 

growth-phases, and aliquots were taken for simultaneous alginate assay. The amount of 

alginate produced for each strain was normalized to the respective cell densities at 00540. 

Cells were harvested at early-, mid-, and late-log and early-stationary phases, and the 

alginate assays with carbazole reagent were performed as previously described (13, 16). 

Extracellular alginate production was quantified in triplicates (± S.E.M.) at various 

growth-phases. The amount of alginate produced by the clinical isolate pool at early

stationary phase was taken as 100 percent, and all other alginate quantities were 

normalized relative to this value. 

2.3.11 Microarray data accession at NCBI 

Our microarray data have been submitted to the NCBI Gene Expression Omnibus 

(GEO) repository with accession number GSE7704. 
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2.4 Results aud Discussion 

2.4.1 Virulence expression and deregulation of P. aeruginosa genes in vivo 

AftYmetrix P. aeruginosa GeneChips® were used for monitoring the profile of 

gene-expression in P. aeruginosa, based on hybridization with mRNA directly isolated 

from the sputum of a chronically infected patient. In vivo induced genes were determined 

by comparing gene-expression of bacteria directly from the sputum sample to that of the 

isolated bacterial pool from the same sputum sample grown in vitro. The large data set 

collected in the whole-genome expression-profile experiments of P. aeruginosa from a 

42-year-old CF patient with chronic lung infection were summarized in Table 2.1 (see 

also Supp. Table 2.8.1). There was a limited set of genes induced that were involved in 

virulence, namely, 3 genes for alginate synthesis, 5 genes for iron acquisition, 8 genes for 

flagellar assembly and function, and 4 genes for neutralizing oxidative stress (Supp. 

Table 2.8.1). 

The lack of induction of more virulence genes in this initial comparison, 

especially biofilm synthesis genes (e.g. alg and muc genes) that create an obvious 

mucoid phenotype, was quite puzzling (Table 2.1). Mucoid (biofilm) P. aeruginosa is by 

far the predominant organism in the lung of most CF patients and is the cause of high 

morbidity and mortality associated with CF (17). Interestingly several genes expected to 

be upregulated (e.g. more alg genes for alginate biosynthesis) were not present in this 

initial list (Table 2.1 and Supp. Table 2.8.1), although we clearly have isolated organisms 

with the mucoidy phenotype among the clinical isolates. Perhaps, in our 
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Table 2.1 - Summary" of number of genes induced in vivo 
Pathway Induced 

Fatty Acid Degradation 
Fatty Acid and Lipid Metabolism 
Chol ine Metabclism 
Amino Acid Degradation 
Amino Acid Transport Systems 
Amino Acid Biosynthesis 
Nucleotide and Nucleic Acid Metabolism 

Virulence FaclOrs 
Biofilm 
lron Metabolism 
Flagella 
Other Virulence Factors 
Drug ResistancelRND and Efflux Transporters 

General Metabolism 
TCA Cycle 
Starch and Sucrose Metabolism 
Glycolysis/Gluconeogenesis 
Nitrogen Metaboli sm 
Pentose Phosphate Pathway 
Glyoxylate and dicarboxylate metabolism 
Pyruvate Metabolism 
Propanoate Metabolism 
Glutathione Metabolism 
Vitamin and Cofactor Metabolism 
Oxidative Phosphorylation 

Number 0/ 
Genes 
II 
8 
4 

26 
10 
24 
19 

3 
5 
8 
7 
8 

7 
2 
3 
IS 
6 
4 
3 
2 
2 
II 
20 

A TP Synthesis 7 
Sensory and Two Component System 19 
Protein SecretionlChaperoneslHeat Shock Prote ins/Secreted 19 
Factors 
ABC Transporters 
Ribosome 
Cell Wall Metabolism and Cell Divis ion 
Transcriptional Regulators and Sigma Factors 
DNAIRNA ModificationiProcess ing 
Protein Translation 
Transporters, Porins and Outer Membrane Proteins 
tRNA Processing 
Others 

14 
38 
9 
40 
20 
8 
18 
8 
29 

Total Number a[Genes Induced 437 

" Summarized from Supp. Table 2.8.1 ; microarray analysis indicating total number of 
genes in different pathways induced two-fold or greater (P-value :0 0.05) in vivo 
compared to the same sputum isolate pool of P. aeruginosa grown in Ix M9 + 20 mM 
citrate. 
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attempt to detect in vivo induced genes by comparing m icroarray data of in vivo to the in 

vitro grown isolate pool (Table 2.1 and Supp. Table 2.8.1), we may have missed out 

on many constitutively expressed genes that have lost regulatory mechanisms (e.g. alg 

genes). Therefore, we hypothesized that many genes were constitutively expressed or 

deregulated, and there were no differences in the expression of many virulence genes 

between the in vivo condition compared to the isolated bacterial pool grown in vitro. The 

loss of these regulatory mechanisms likely represents the many years of evolution of P. 

aeruginosa during the chronic infection within the host. 

This observation prompted our efforts to analyze GeneChip® expression profiles 

of the in vitro grown clinical pool to that of the prototype strain PAOl, both grown in Ix 

M9 citrate media. Our results revealed hundreds of constitutively expressed genes as 

compared to P AO I, where the expression of these genes in PAO I is more controlled 

(Table 2.2 and Supp. Table 2.8.2). As suspected and summarized in Table 2.2 (also Supp. 

Table 2.8.2), the clinical isolate pool obtained from the 42-year-old patient had higher 

constitutive expression levels of several classical virulence factors (mue- and alg-genes 

for biofilm synthesis, lipase, phospholipase, several different proteases, rhl for 

rhamnolipid hemolysin, hen for hydrogen cyanide production, and peh for pyochelin). 

The significance of biofilm in the CF lung cannot be emphasized enough, since the high 

expression levels of many alg-genes were expressed several hundred folds, one of which 

(algK) was confirmed by real-time RT-PCR (Table 2.4). This constitutive expression of 

biofilm genes in the CF isolate pool relative to basal biofilm production in PAO I 

translated into higher alginate production at all growth-phases (Figure 2.1). The lack of 

the virulence gene (phospholipase C; pleH) expression, despite the presence of pieR 
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Table 2.2 - Summary" of constitutively expressed genes 
Pathway Induced 

Fatty Acid Degradation 
Fatty Acid Biosynthesis 
Choline Metabolism 
Glycerol Metabolism 
Amino Acid Degradation 
Amino Acid Transport Systems 
Amino Acid Biosynthesis 
Nucleotide and Nucleic Acid Metabolism 

Virulence Factors 
PhospholipaselLipase 
Biofilm 
Iron Metabolism 
Proteases 
Other Virulence Factors 
Drug ResistancelRND and Emux Transporters 

General Metabolism 
TCA Cycle 
Starch and Sucrose Metabolism 
Glycolysis/Gluconeogenesis 
Porphyrin and Chlorophyll Metabolism 
Nitrogen Metabol ism 
Glycolate Metabolism 

Number of 
Genes 
7 
6 
3 
4 
12 
14 
5 
4 

3 
19 
7 
7 
6 
9 

9 
7 
4 
3 
5 
3 

Vitam in and Cofactor Metabolism 2 
Oxidative Phosphorylation 12 
Quinone Biosynthesis 4 
Sensory and Two Component System and Chemotaxis 22 
Protein SecretionlChaperonesIHeat Shock Proteins/Secreted 9 
Factors 
ABC Transporters 13 
Cell Wall Metabolism and Cell Division 3 
Transcriptional Regulators and Sigma Factors 
DNAIRNA ModificationIProcessing 
Protein Translation 
Transporters, Porins and Outer Membrane Proteins 
Osmotically Inducible Proteins 
Others 

45 
I I 

20 
2 
42 

Total Number of Genes Induced 323 

• Summarized from Supp. Table 2; microarray analysis indicating total number of genes 
in different pathways constitutively expressed two-fo ld or greater (P-value ~ 0.05) in the 
sputum iso late pool of P. aeruginosa compared to PAOI when both are grown in Ix M9 
+ 20 mM citrate. 
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Figure 2.1 - Constitutive expression o f P. aerllgil10sa bioftlmia lginate biosynthetic genes 

results in high production of alg inate at all growth-phases by the CF clinica l isolate poo l 

relative to stra in PAD!. Although the growth of the poo led C F iso lates and PADI are 

comparab le, the CF isolate pool showed excessive alginate production at all growth-
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expression in vivo, is due to larger variations in mieroarray data (P> 0.05) for this gene, 

sinee PieR is the accessory protein that is required for PlcH secretion (Supp. Table 

2.8.2) (9). Although not detected by microarray at high stringency (P :s 0.05), pleH was 

expressed in vivo and confirmed by real-time RT -PCR (Table 2.4 and Figure 2.3F). There 

were non-identical fold-changes of some genes that may be organized in an operon (e.g. 

bet-genes, PA5372-PA5375; and alg-genes, PA3540-3551) in Supp. Tables 2.8.1 and 

2.8.2, which are normal and typical of many microarray data sets previously published 

(41,48,50). However, the general trends with genes expressed toward the same direction 

(positive increase) were observed for genes arranged in operons. In a few cases (e.g. 

mexX, areC, and areD discussed below), gene-expression was observed both in vitro and 

in vivo (Supp. Tables 2.8.1 and 2.8.2). We reasoned that these genes were expressed in a 

gradient fashion being highest in vivo, lower within the in vitro clinical isolate pool, and 

then lowest or repressed in PAO I. Therefore, both Tables 2.1 and 2.2 represent the 

summation of in vivo expressed genes for in vivo survival and virulence; some are 

regulated (Table 2.1 and Supp. Table 2.8.1), while others have evolved to be constitutive 

(Table 2.2 and Supp. Table 2.8.2). 

The expression of many genes would have been overlooked if we had not 

considered the potential constitutive expression and evolution of this organism, by 

deregulation of the transcriptome, within the CF lung in chronic infections. A recent 

study by Smith et aI. (45), comparing the genome of two CF isolates in the same patient 

7.5 years apart identified several mutations between the two isolates, which suggested in 

vivo evolution of P. aeruginosa during chronic lung infection in CP. Further detection of 

the same mutations in several other isolates of the population in one CP patient over time 
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indicated significant evolution and population diversity of P. aeruginosa within the CF 

lung (45). Our data complement and support this important genomic finding (45), with 

evidence for deregulation of the transcriptome in the bacterial population. Smith et al. 

(45) also showed that CF isolates have mutations in genes important for a-antigen 

biosynthesis, type III secretion, twitching motility, exotoxin A regulation, multi drug 

efflux, osmotic balance, phenazine biosynthesis, quorum sensing, and iron acquisition. 

Most importantly, they showed that in many, but not all, of the 29 CF patients, P. 

aeruginosa isolates mutated lasR (one of the major virulence and biofilm activator at 

HCD) to abolish virulence to evade immune detection, which was paradoxical to current 

belief that extracellular virulence factors and biofilm synthesis genes are important 

during chronic CF infection. However, immune evasion seems paradoxical, considering 

the chronic inflammation in the CF lung during chronic infection (32). Our transcriptome 

data indicated that many virulence and biofilm synthesis genes, controlled by LasR, were 

expressed in the bacterial population (Supp. Tables 2.8.1 and 2.8.2), which may also 

seem paradoxical with this previous study (45). However, this is not contradictory with 

Smith et al. (45) and it agrees with current dogma of CF infection, considering population 

diversity and the diverse microenvironment of each individual bacterium in the 

population. Therefore, looking at gene-expression of individual CF isolates, although 

important, may not reveal a complete picture of the whole cooperative population. In 

support of a cooperative P. aeruginosa population during CF infection, it has also been 

shown that different P. aeruginosa isolates in the same CF patient could produce 

completely different extracellular protein profiles, whereas the cellular protein profiles 

are quite conserved (51). This difference in extracellular protein profile, secreted by 
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different isolates in the same CF patient, suggests cooperation between members of the 

bacterial population, where each member may have specific roles that serve the whole 

population. For example, secreted virulence elastases (LasA and LasB) may benefit both 

producers and non-producers. In addition, the heterogeneous environment in the CF lung 

through space and time has recently been suggested by Nguyen and Singh (21), which 

may contribute to population diversity. As complex as the population diversity, we agree 

that these diverse microenvironments in the CF lung, within which distinct isolates can be 

found and adapt, signal individual bacterium to behave distinctly and may even select for 

certain mutations. For example in osmotic regnlation, twitching, or type III secretion, 

bacteria found on the surface of the biofilm and in contact with epithelial cells may 

express these genes, or even deregulate these genes, differently than bacteria growing and 

surviving inside the biofilm. 

2.4.2 In vivo expression of drug resistance genes 

Resistance mechanisms to antibacterial agents in P. aeruginosa is second to none, 

having several in its huge arsenal, including biofilm production, target modification and 

overexpression, drug-modification, and more than 12 multi-drug efflux-pumps (I, 18, 22, 

33). All possible mechanisms of drug resistance could be observed in our data (Supp. 

Tables 2.8.1 and 2.8.2), with the exception of target modification since our approach 

cannot detect such changes. At the time of sputum collection, the patient was on inhaled 

tobramycin (an aminoglycoside), intravenous tobramycin and cefepime (a 4th generation 

cephalosporin), and oral Bactrim TO (trimethoprimlsulfamethoxazole). Certainly, the 

highly expressed biofilm genes could present biofilm as the first barrier of drug 
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resistance. The target for tobramycin is at the level of the ribosome to inhibit protein 

translation, and we observed significant overexpression of 38 different ribosomal proteins 

(target overexpression; Supp. Table 2.8.1). In addition to the induction of two 

aminoglycoside drug-modification proteins, PAI409 (aphA) and PA4119 (aph), we also 

saw induction of genes for the aminoglycoside efflux-pump, MexXY -OprM (19) (Table 

2.4, Figure 2.3G, and Supp. Table 2.8.1). Mutations in mexZ, a negative regulator of 

mexX and mexY, have been found in the majority of isolates from several CF patients 

(45). It has been previously demonstrated that MexXY -OprM also effluxes trimethoprim 

(7). Therefore. expression of this pump may also provide resistance against the 

administered trimethoprim. Increased expression of 5 folate biosynthetic genes was also 

observed (cofactor on Supp. Table 2.8.1), likely due to the inhibition offolate synthesis 

by the given trimethoprimlsulfamethoxazole; and one of the proteins overexpressed was 

dihydropteroate synthase (FoIP, PA4750), which is the target of sulfamethoxazole (target 

overexpression). To potentially confer resistance to the ~Iactam cefepime, 

overexpression of~-Iactamases was observed in vivo (ampC = 87.9-folds in Supp. Table 

2.8.1; PA5514 = 13.9-folds in Supp. Table 2.8.2). A previous study showed that 

antibiotic resistance mechanisms arise from the hypermutable mutS variants (44), and CF 

isolates do harbor mutS mutations (45). Some of the antibiotic resistance mechanisms 

discussed here in the population may have arisen from such mutS variants. Regardless. 

our important findings suggest that P. aeruginosa utilizes several mechanisms in vivo to 

deal with antibacterial agents in a natural infection. by inducing many genes to counteract 

the negative effects of the administered drugs (Supp. Tables 2.8.1 and 2.8.2). 
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2.4.3 General metabolism 

Various central pathways induced by P. aeruginosa (Tables 2.1 and 2.2) indicates 

active metabolism in vivo. Gene expression in vivo for central pathways including those 

of saccharide metabolism, Krebs/gJyoxylate cycles, pentose-phosphate shunt, and 

oxidative-phosphorylation, along with vitamin/cofactor biosyntheses and nutrient 

transport indicates that P. aeruginosa is very metabolically active in vivo. The carbon 

source utilized by P. aeruginosa seems to be both lipids of lung surfactant and amino 

acids as discussed below. All these activities may contribute to replication and division in 

vivo, as evident from the expression of genes for cell-wall metabolism and division. The 

data also indicate that P. aeruginosa actively senses and interacts with the in vivo 

environment by expressing many genes involved in two-component systems, secretion, 

and transport. In addition, various processes are controlled by induction of a large 

number of transcriptional regulators and sigma factors. Finally, in an animal model, the 

expression of the napEFDABC and arcDABC gene clusters have been monitored to 

indicate anaerobic respiration by reflecting an increase in nitrate and arginine turnover 

(4). Of these two gene clusters, our data demonstrate significant expression of arcDABC 

(fold-change of 13.\, 28.0, 8.8, and 4.2, respectively; SUpp. Table 2.8.\). Together with 

genes expressed involving in oxidative respiration, this suggests that anaerobic 

respiration is also occurring in the population, which may be resulting from the diverse 

microenvironment within the lung or biofilm (21). As alluded to by Nguyen and Singh 

(21), we interpret that in CF sputum biofilm. there may be SUb-populations of P. 

aeruginosa undergoing oxidative respiration on the biofilm surface, while others are 
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anaerobically respiring within the biofilm or oxygen deficient areas, indicated by the 

expression of both aerobic and anaerobic respiration genes in the population. 

2.4.4 Active amino acid degradation contributing to HCD replication in vivo 

Our data indicate that P. aeruginosa metabolizes amino acids (aa) as a nutrient 

source in vivo. Previous studies, utilizing sterilized muco-purulent respiratory liquid or 

sputum from CF patients to grow P. aeruginosa in vitro, have discovered several sputum

induced genes (25, 53). One of these in vitro studies (25) where P. aeruginosa was grown 

on a pool of several lyophilized sputum samples showed induction of a subset of 20 

genes for aa degradation, suggesting that P. aeruginosa metabolizes aa as nutrient 

sources in vivo. However, this current hypothesis requires in vivo confirmation. Our in 

vivo data (Supp. Tables 2.8.1 and 2.8.2), by isolating mRNA directly from a single 

expectoration source of sputum sample, indicate induction of a much larger set of genes 

for aa transport and degradation (36 genes induced and 26 genes constitutively 

expressed). This represents a total of 60 different genes (since areC and areD are present 

on both Supp. Tables 2.8.1 and 2.8.2) involved in aa degradation, which suggests that aa 

degradation in vivo could be much more important than previously assessed (25). Since 

proteases were expressed in vivo (LasA, LasB, and others; Supp. Table 2.8.2) to cleave 

proteins into peptides and aa, it was significant to find that many aa and peptide 

transporters were also expressed in our data. However, these data indicate that P. 

aeruginosa may utilize more than aa, and that lung surfactant lipids may also serve as a 

great nutrient source in vivo. 
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2.4.5 Degradation oflung surfactant lipids by P. oeruginoso 

Lung surfactant components, especially lipids, are essential for proper lung 

functions, the lack of which can lead to respiratory distress syndromes in adults and 

prematurely born infants. Pulmonary surfactant consists of -10% surfactant proteins 

(SP-A, SP-B, SP-C, SP-D) and -90% lipids (phosphatidylcholine, phosphatidylglycerol, 

phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine, and small amounts 

of other lipids and free fatty acids) of which phosphatidylcholine (PC) makes up a total of 

-80% (2, (4). Thus, the most plentiful sources of potential bacterial nutrients in lung 

surfactant are lipids, especially pc. 

We initially performed GeneChip'" studies to determine which genes were 

induced by P. aeruginosa strain PAOI during growth on PC in vitro as the sole carbon 

source (Table 2.3). By identifying the genes involved in PC degradation in vitro, we 

could relate and search for the expression of the same set of genes in vivo to determine if 

P. aeruginosa metabolizes PC in vivo. Through lipases (Figure 2.2), the richest nutrient 

from the lung surfactant PC molecule in vivo is fatty acid (FA), made mostly of palmitic 

acid (CI6:0. 50-60%) and approximately 10-20% of each CI4:0. C16:h CIS:I and CIS:2 (34). 

Accordingly. the PC utilized in our experiments (Sigma, S1. Louis. MO) contains mostly 

long-chain FA (LCFA) (CI6:0, 33%; CI8:!, 30%; CIS:2. 14%; CI8:o.14%). These LCFAs 

can be metabolized via ~-oxidation in the fatty acid degradation ifad) pathway (Figure 

2.2C). As observed of the relevant genes in Table 2.3, several key genes signal the 

degradation of PC and LCFA in vitro. Specifically. Iipases (LipA and LipC) and 

phospholipases (PlcH and the accessory protein PlcR) were expressed to breakdown PC 

into smaller constituents: FA, glycerol. and phosphorylcholine. These constituents could 
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Figure 2.2 - (A) Lung surfactant, made of90% lipids and 10% proteins, coats (blue) the 

trachea, bronchioles, and alveoli of the lung. (B) Of the 90% lipids, 80% is made of 

phosphatidylcholine (PC), which can be cleaved by P. aeruginosa lipases and 

phospholipase C into three constituents, including farty acids (FA), glycerol, and 

phosphorylcholine. (C) The glycerol and phosphorylcholine constituents are further 

metabolized by known Glp- and Bet-enzymes of P. aeruginosa (42, 49). Respective 

regulators (GlpR and Betl) control the expression of these enzymes. GlpT and GlpF of 

the cytoplasmic membrane facilitate glycerol-3-phosphate and glycerol transport, 

respectively. Based on the E. coli model (8), displayed are predicted steps in the P. 

aeruginosa fad pathway, which has not been characterized, and the regulation of these 

genes remains an enigma. FadL is an outer membrane protein involved in FA transport. 
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Figure 2.3 - Average fold-change (FC) of the pairwise comparisons of glp-genes, plcH 

and mexY. which were not detected due to the statistical stringency (P-value .::: 0.05) 

imposed on the GeneChip® data for glp-genes (Table 2.3) and plcH and mexY (Supp. 

Table 2.8.1). Panels A-E are pairwise comparisons of3 data sets for PAOI grown in Ix 

M9 + 0.4% PC (1-3 on x-axes) to 3 data sets for PAOI grown in Ix M9 + 20 mM citrate 

(A-C on the x-axes). Panels F and G are pairwise comparisons of2 data sets for clinical 

in vivo samples (1-2 on x-axes) to 3 data sets of the clinical isolate pool grown in Ix M9 

+ 20 mM citrate (A-C on x-axes). The glycerol uptake facilitator-glpF (A). glycerol 

metabolism regulator-glpR (B). glycerol kinase-g/pK (C), glycerol-3-phosphate 

transporter-glpT (D). and glycerol-3-phosphate dehydrogenase-g/pD (E) all demonstrated 

induction when PAOl is grown on PC compared to citrate, yielding average FC of 4.4. 

2.4. 7.0, 3.5, and 4.0, respectively. The hemolytic phospholipase C precursor-plcH (F) 
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and the RND multidrug efflux transporter-mexY (G) were induced higher on average in 

vivo than the clinical isolate pool grown in I x M9 + 20 mM citrate, with an average FC 

of 2.8 and 2.2, respectively. Real-time RT-PCR confirmation data for glpK and glpD can 

be found in Table 2.3, and plcH and mexYon Table 2.4. 
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further be metabolized in vitro, via the expression of Bet-enzymes (choline head group 

metabolism) (49), Glp-enzymes (glycerol metabolism) (42), and Fad-enzymes (FA 

degradation) (8). Fold-change for the glycerol degradation genes in Table 2.3 were 

determined with less stringency, because of the larger variations (P > 0.05) between the 

pairwise comparisons in our microarray data for these particular genes, but all showed 

positive induction (Figure 2.3). The expression oftheJadBA5-operon was observed only 

in C16:0 and not in PC relative to citrate (Table 2.3), although these genes were involved 

in PC degradation in vitro (Figure 2.4) and were expressed in vivo (Table 2.4). FadB5 has 

73% homology to the well-characterized E. coli FadB (35). To demonstrate that FabBA5 

is involved in PC degradation, we created a AJadBA5 deletion mutant. This mutant 

showed a decrease in the ability to grow on LCF A and PC (Figure 2.4). The AJadBA5 

mutant could still grow on LCF A, because there are at least two other JudEA operons in 

P. aeruginosa (unpublished data). Of course, there was less of a defect for this mutant to 

grow on PC than palmitate, since the PC molecule still has two other nutrient sources (Le. 

glycerol and choline, Figure 2.2). 

In vivo (Supp. Tables 2.8.1 and 2.8.2), we observed that the majority of the same 

genes were induced for PC degradation. Our microarray data were confirmed, both in 

vitro and in vivo, by real-time RT -PCR for several of these genes (Tables 2.3 and 2.4, 

respectively). JadD2. betA. glpK, glpD. /ipA. and plcH for PC degradation were also 

expressed in vitro when P. aeruginosa were grown on PC as the sole carbon source 

(Table 2.3). FadDl and FadD2 have very high homology (72%) to the E. coli FadD and 

are also involved in II-oxidation (unpublished data). and all three FadDs (Dl. D2 and D4) 

have very conserved A TPI AMP binding signature motif compared to the E. coli signature 
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Figure 2.4 - The JadBA5-operon is involved in phosphatidylcholine (PC) degradation. 

(A) The P. aeruginosa PAO I -PfadBA5-1acZ fusion strain was grown in LB, PC, citrate and 

palmitate (CI6:0) and fJ-galactosidase assay was performed (20). This result indicates the 

reason for no apparent difference in fold-change of the JadBA5-operon expression 

observed in Table 2.3 for growth on PC relative to citrate. The lack ofJadBA5 induction, 

when P. aeruginosa strain PAOI was grown on Ix M9 plus PC relative to citrate, seems 

to be due to the high expression of this operon when grown in I x M9 plus citrate relative 

to PC. (B) The 4fadBA5 mutant showed defect in growth on palmitate compared to wild-

type (wt) PAO I; and this same mutant had a defect in PC degradation compared to wt

PAO I (C), although not as dramatic as with palmitate probably due to growth on other 

carbon sources (glycerol and phosphorylcholine of PC). Both (B) and (C) show that the 

IlfadBA5 mutant had slower growth rate and overall lower final cell density, due to a 

partial defect in the ability to degrade fatty acid (FA) as one of the component of PC as 

nutrient. Data for construction of the mutant and fusion are not shown and will be 

published elsewhere. 
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Table 2.3 - In vitro microarray analysis of relevant genes expressed two-fold or greater in 
P. aeruginosa strain PAOI grown on Ix M9 plus 0.4% PC or 0.4% palmitate (C'6·0) 
compared to 20 mM citrate 
PA Gene Descriplion 
Number 
Phospbolipases and Lipases 
PA0843 pieR phospholipase accessory protein PieR 
PA0844 pleH' hemolytic phospholipase C precursor 
PA2862 IipA' lactonizing lipase precursor 
PA2863 IipH lipase modulator protein 
PA2949 probable lipase 
PA4813 /ipC lipase LipC 
Fatty Acid Degradation 
PA0507 fadE probable acyl-CoA dehydrogenase 
PA 1284 fadE probable acyl-CoA dehydrogenase 
PAI628 fadE probable 3-hydroxyacyl-CoA dehydrogenase 
PA 1629 fadE probable enoyl-CoA hydratase/isomerase 
PA2889 fadE probable acyl-CoA dehydrogenase 
PA2893 fadD3 probable very-long-chain acyl-CoA synthetase 
PA3013 fadAS fatty-acid oxidation complex beta-subunit 
PA3014 fadBS: fatty-acid oxidation complex alpha-subunit 
PA3300 fadD2' long-chain-fatty-acid-CoA ligase 
PA3454 fadA probable acyl-CoA thiolase 
PA4 199 fadE probable acyl-CoA dehydrogenase 
PA4785 fadA4 probable acyl-CoA thiolase 
PA4814 fadH2 2,4-dienoyl-CoA reductase FadH2 
PA4994 fadE probable acy l-CoA dehydrogenase 
PA4995 fadE probable acyl-CoA dehydrogenase 
Choline Degradation 
PA3933 probable choline transporter 
PA5372 belA: choline dehydrogenase 
PA5373 belE betaine aldehyde dehydrogenase 
PA5374 bet! transcriptional regulator Bet! 
PA5375 belT I choline transporter BetT 
Glycerol Degradation** 

Fold 
Change 

Carbon 
Source 

14.1 PC 
37.2 (6.6) PC 
37.4(11.2) PC 
7.9 PC 
3 
3.9 

7.2 
26 
5.9 
4.2 
2 
10.7 
3.2 
6.2 (14.3) 
3.9 (4.9) 
6. 1 
2. 1 
4.6 
3.4 
4.7 
8.1 

25 

PC 
PC 

PC 
PC 
PC 
PC 
PC 
PC 

C16:0 

PC 
PC 
PC 
PC 
PC 
PC 
PC 

PC 
11 .9 (6.3) PC 
17.1 PC 

PC 
PC 

18.8 
25.6 

PA3581 glpF glycerol uptake facilitator protein 4.4 PC 
PA3582 glpK' glycerol kinase 7 (22.1) PC 
PA3583 glpR glycerol-3-phosphate regulon repressor 2.4 PC 
PA3584 glpd glycerol-3-phosphate dehydrogenase 4 (23.5) PC 
PA5235 glpT glycerol-3-phosphate transporter 3.5 PC 

•• Fold-change for the glycerol degradation genes were determined with less stringency 
because of the larger variations (P " 0.05) between the pairwise comparisons, but all 
showed positive induction (Figure 2.3). 
t Genes confirmed by real-time RT-PCR, and fold-change displayed in parentheses. 
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Table 2.4 - Verification of microarray data by real-time RT-PCR for genes required for 
in vivo phosphat idyl choline degradation, drug resistance (mexY), and biofilm biosynthesis 
(algK) by P. aeruginosa 
PA G D .. Fold Change In vivo 
Number ene escnphon Microarray* Rea/~lime peR Expression 

(Induced! 
Constitutive) II 

PA3014 {adB5 fatty-acid oxidation complex a-subunit 7.1 6.9 Induced 
PA3299 {adD1 long-chain fatty-acid-CoA ligase 2.5 2.8 Induced 
PA3300 {adD2 long-chain fatty acid-CoA ligase 2.3 4.7 Constitutive 
PA3924 {adD4 medium-chain fatty-acid-CoA ligase 3.6 5.2 Constitutive 
PA5372 betA chol ine dehydrogenase 65.2 9.9 Induced 
PA3582 glpK glycerol kinase 4.4 7.5 Constitutive 
PA3584 glpD glycerol-3-phosphate dehydrogenase 3.7 7.5 Constitutive 
PA2862 IipA lactonizing lipase precursor 6.8 2.1 Constitutive 
PA0844 pieR' hemolytic phospholipase C precursor 2.8 15.4 Induced 
PA2018 mex yf RND multi drug efflux transporter 2.2 4.5 Induced 
PA3543 algK alginate biosynthetic protein AlgK 408.3 271 Constitutive 

* Microarray fold-change values obtained from Supp. Tables 2.8.1 and 2.8.2 (P-values .:s 
0.05). 
¥ Induced expression is a comparison of in vivo sample to in vitro grown sputum isolate 
pool in Ix M9 + 20 mM citrate (Supp. Table 2.8.1); constitutive expression is a 
comparison of in vitro grown sputum isolate pool to PAOI , both grown in Ix M9 + 20 
mM citrate (Supp. Table 2.8.2). 
! Genes expressed on average > 2-fold (P > 0.05) on Figure 2.3 , which were confirmed 
here by real-time RT-PCR. 
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motif (52). These in vivo gene-expression data (Table 2.4 and Supp. Tables 2.8.\ and 

2.8.2) strongly suggest that PC is being metabolized in vivo. P. aeruginosa can 

metabolize PC and al1 three components of PC (fatty acid, glycerol, and choline; Figure 

2.2), at least in vitro (data not shown). These individual constituents are further imported 

and degraded, via the high expression of many Jad-, glp- and bet-genes (Figure 2.2). With 

the exception of one lipase, previous in vitro growth of P. aeruginosa in pooled and 

lyophilized sputum did not show any other genes induced for PC degradation (25). We 

reasoned that this previous study was performed under in vitro conditions and could have 

missed out on less soluble nutrients (such as phosphatidylcholine and other lipids) in lung 

surfactant that coats the surface of the lung and are continuously being replenished due to 

its essential nature in vivo. 

2.4.6 Expression of PC degradation genes in a second CF patient by real-time RT

PCR 

To further demonstrate the importance of potential PC degradation in vivo 

through gene-expression, we analyzed the expression of /ipA,plcH,fadB5,fadDl,JadD2, 

JadD4, betA, glpD, and glpK from P. aeruginosa isolated directly from an 18-year-old CF 

patient by real-time RT-PCR. However, not armed with microarray data for this patient, 

we wanted to perform more thorough and careful analyses to clearly show gene

expression as it relates to PC degradation. Table 2.5 (bolded) indicates that genes 

required for PC degradation in vitro were also expressed in vivo, when compared to both 

the same clinical isolate pool or PAOI grown in vitro in Ix M9 with 20 mM citrate. As 

can be observed in Table 2.5, using gene-expression in PAO 1 as a reference is essential 
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to get a baseline for quantiJYing relative-expression of many genes. In this second CF 

patient, as with the first patient above, P. aeruginosa clearly expresses genes essential for 

the degradation of PC. It is interesting to note glp-genes, fadD2, and fadD4 in the first 

patient were deregulated (Table 2.4). Likewise, the same genes were also constitotively 

expressed in the second patient (Table 2.5). This gene-expression data further support our 

overall hypothesis that P. aeruginosa may utilize PC as one of the major nutrient sources 

in vivo. 

2.4.7 Future analyses of the available microarray data 

The microarray data have been deposited into NCBI GEO (accession number 

GSE7704) for future analyses. Low signals in microarray data have previously been 

observed for some genes, for example, the exotoxin A encoding gene (23). Due to the 

inherent variability in microarray data that could lead to missing of some expressed genes 

shown in this study (Figure 2.3), we suspect that much more could be gleaned from our 

microarray data by investigators interested in certain aspects of P. aeruginosa beyond 

what have been discussed here. For example, we did not see the expression of the 

virulence factor PA 1249 for alkaline protease (aprA), but the accessory proteins in the 

same operon (p A 1248, aprF; and PA 1250, apr/) were constitutively expressed (Supp. 

Table 2.8.2). Perhaps, aprA is expressed, and this may be a similar situation to plcH and 

pieR discussed above. Since performing pairwise comparisons for all genes in the P. 

aeruginosa genome is an enormous undertaking, we selected a few genes to look at 

(Figure 2.3). These genes on average were induced in pairwise comparison (Figure 2.3). 

Indeed, these genes were induced when we performed real-time RT -PCR 
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Table 2.5 - Expression of genes involved in PC degradation in a second CF patient by 
real-time RT-PCR 

Genes In vivo vs In vitro In vitro vs PAOl In vivo vs PAOl 
analyzed (fold-change)' (fold-change)" (fold-change)'" 
lipA 2.7 2.5 8.8 
plcH 6.2 0.3 2.5 
fad85 2.8 3.1 11.4 
fadDl 1.8 3.3 7.1 
fadD2 0.5 11.3 7.0 
fadD4 0.5 9.3 5.9 
belA 17.3 5.4 105.2 
glpD 1.0 10.5 12.1 
g/pK 0.8 6.4 6.5 

* In vivo vs in vitro (in vivo induced) represents expression levels of in vivo mRNA 
isolated directly from CF sputum relative to the same clinical isolate pool grown in Ix M9 
+ 20 mM citrate. For p/cH, an expression value of 6.2 is more indicative of in vivo 
expression and induction. 
** In vitro vs PAOI (in vivo constitutive) represents expression levels of mRNA isolated 
from the clinical isolate pool relative to PAOI , where both were grown identically in Ix 
M9 + 20 mM citrate. Constitutive expression was the case for glpD and g/pK, where there 
was no in vivo induction (fold-change of 1.0 and 0 .8) , but their expressions were evident 
(fold-change of 10.5 and 6.4) when we compared the CF strain to PAOI where these 
genes were more repressed . 
••• In vivo vs PAO I represents expression levels of in vivo mRNA directly isolated from 
CF sputum relative to PAO I grown in I x M9 + 20 mM citrate. This was a direct 
comparison to PAO I where we predict some of these genes were more regulated. These 
direct comparison values (in vivo vs PAO 1) are relatively close and were in the same 
trends as that of theoretical values (taking numbers from the in vivo induced column and 
multiply them by the in vivo constitutive column). 
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(e.g. glp-genes in Table 2.3; mexY and plcH in Table 2.4). Therefore, using the deposited 

microarray data through lower stringency (higher P-values) or pairwise comparisons and 

further testing, we hope the deposited data may be of some use in future analyses by 

other investigators. 

2.5 Conclusions 

In summary, our study reveals several important aspects of P. aeruginosa 

pathogenesis, drug-resistance, and metabolism during CF infection in relation to 

population diversity. P. aeruginosa have a huge arsenal of metabolic capabilities, which 

allows it to exploit many possible nutrients in the lung environment. This is the first study 

that defines the metabolic capability of P. aeruginosa in vivo and the host pulmonary 

nutrient factors that may contribute to bacterial replication. Our objective in this study 

was to identifY the induction of those metabolic pathways, which may contribute to 

nutrient-acquisition, leading to replication and maintenance of P. aeruginosa in the lung 

at HCD. Our data suggested that P. aeruginosa degrades amino acids (as) as a nutrient 

source in the lung. In addition, P. aeruginosa also induces genes in vivo to potentially 

metabolize lung surfactant lipids, adapting to the many possible nutrient sources. 

Gene-expression of P. aeruginosa in vivo may be influenced by years of 

evolution during chronic lung infection and by the microenvironment of each bacterium, 

which leads to a diverse infectious population. Our study demonstrated a different level 

of evolution (Le. deregulation) of several genes in the transcriptome, rather than deletion 

or acquisition of genes previously demonstrated in the genome (12, 54). We suggested 
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that the population diversity and microenvironment might influence individual 

bacterium's behavior, perhaps, contributing to a cooperative and diverse infectious 

population. The shift in thinking of a chronic CF infection as a diverse infectious 

population and not as individual isolates may yield novel insight into future treatment. 

For example, the existence of hypermutable mutS variants coupled to the bacterial 

population diversity found in chronic CF lung infections, as opposed to acute infections, 

has important ramifications on future testing for effective antibiotic combinations and 

concentrations. Thus, future testing of antibiotics on planktonic cells or biofilm would be 

more effectively performed on the clinical popUlation or a pool of isolates, rather than a 

single isolate, to obtain the true resistance potential of the infectious P. aeruginosa 

population. Hence, both the diversity in population and microenvironment may contribute 

to the full potential of P. aeruginosa within the CF lung, such that each member of the 

population plays a distinct role contributing to the pathogenesis of the infectious 

population. However, this view awaits novel technology to dissect the metabolism and 

virulence of individual bacterium in a popUlation relative to the microenvironment, which 

will answer some questions on the extent of bacterial cooperation. 

The results of this study will serve as an initial model to understand: i) how P. 

aeruginosa reacts to antibacterial treatment in vivo, ii) nutrient-acquisition for 

extracellular pathogens of the lung, and iii) the detrimental effects of nutrient metabolism 

in the lung. Finally, this study opens opportunities for further and more thorough analyses 

of these important pathogenesis aspects. across clinical samples from other CF patients, 

to determine transcriptome conservation and heterogeneity of P. aeruginosa populations 

in vivo. 

81 



2.6 Acknowledgements 

This publication was made possible by pilot funding of a grant (P20RRO 18727) 

from the National Center for Research Resources (NCRR). a component of the National 

Institutes of Health (NIH). Its contents are solely the responsibility of the authors and do 

not necessarily represent the official views ofNCRR or NIH. Graduate salary support for 

D.T.N. was funded through the Hawaii Community Foundation (HCF) grant awarded to 

T.T.H. We are very grateful to Drs. E.P Greenberg and M.l Schurr for their microarray 

data, al\owing us with our data to search for appropriate housekeeping genes. We thank 

Drs. Joseph Lam and Chad Walton for critical reading of this manuscript. 

I would like to thank David Nguyen for performing the JadBA5-1acZ induction 

study (Figure 2.4). 

82 



2.7 References 

I. Akasaka, T., M. Tanaka, A. Yamaguchi, and K. Sato. 2001. Type II 
topoisomerase mutations in fluoroquino[one-resistant clinica[ strains of 
Pseudomonas aeruglnosa isolated in [998 and [999: role of target enzyme in 
mechanism of fluoroquino[one resistance. Antimicrob. Agents. Chemother. 
45:2263-2268. 

2. Bernhard, W., J.-Y. Wang, T. Tschernig, B. Tumm[er, H. J. Hedrich, and H. 
von der Hardt. [997. Lung surfactant in a cystic fibrosis animal model: increased 
alveolar phospholipid pool size without altered composition and surface tension 
function in cjtr""HOlJJmIHGtJ mice. Thorax 52:723-730. 

3. Bowton, D. L. [994. Nosocomial Pneumonia in the ICU-Year 2000 and Beyond. 
Chest 115:28S-33S. 

4. Bragonzi, A., D. Worlitzsch, G. B. Pier, P. Timpert, M. Ulrich, M. Hentzer, J. 
B. Andersen, M. Givskov, and M. Conese. 2005. Nonmucoid Pseudomonas 
aeruginosa expresses alginate in the lungs of patients with cystic fibrosis and in a 
mouse model. J. Infect Dis. 192:410-419. 

5. Brint, J. M., and D. E. Ohman. 1995. Synthesis of mUltiple exoproducts in 
Pseudomonas aeruglnosa is under the control of Rh[R-RhII, another set of 
regulators in strain PA01 with homology to the autoinducer-responsive LuxR
Lux! family. J. Bacteriol. 177:7155-7163. 

6. Bnrns, J. L., J. Emerson, J. R. Tapp, D. L. Yim, J. Krzewinski, L. Louden, B. 
W. Ramsey, and C. R. Clansen. 1998. Microbio[ogy of sputum from patients at 
cystic fibrosis centers in the United States. Clin. Infect. Dis. 27:158-163. 

7. Chuanchuen, R., K. Beinlich, T. T. Hoang, A. Beeher, R. R. Karkhoff
Schweizer, and H. Schweizer. 2001. Cross-resistance between tric[osan and 
antibiotics in Pseudomonas aeruginosa is mediated by mu[tidrug efflux pumps: 
exposure of a susceptible mutant strain to tric[osan selects nlxB mutants 
overexpressing MexCD-OprJ. Antimicrob. Agents Chemother. 45:428-432. 

8. Clark, D. P., and J. E. Cronan Jr. 1996. Two-carbon compounds and fatty acids 
as carbon sources., p. 343-358. In F. C. Neidhardt, R. Curtiss III, J. L. Ingraham, 
E. C. C. Lin, K. Brooks Low, B. Magasanik, W. S. Reznikoff, M. Riley, M. 
Schaechter, and H. E. Umbarger (ed.), Escherichia coli and Salmonella. American 
Society for Microbio[ogy, Washington, D.C. 

9. Cota-Gomez, A., A. I. Vasil, J. Kadurugamnwa, T. J. Beveridge, H. P. 
Schweizer, and M. L. VasiL [997. P[cR[ and P[cR2 are putative calcium binding 
proteins required for secretion of the hemolytic phospholipase C of Pseudomonas 
aeruginosa. Infect. and Immun. 65:2904-2913. 

10. Davies, D. G., M. R. Parsek, J. P. Pearson, B. H. Iglewski, J. W. Costerton, 
and E. P. Greenberg. [998. The involvement of cell-to-cell signals in the 
development of a bacterial biofilm. Science 280:295-298. 

1 [. Doring, G. 1997. Cystic fibrosis respiratory infections: interactions between 
bacteria and host defence. Mona[di Arch. Chest Dis. 52:363-366. 

83 



12. Ernst, R. K., D. A. D'Argenio, J. K. Ichikawa, M. G. Bangera, S. Selgrade, J. 
L. Bnrns, P. matt, K. McCoy, M. Brittnacher, A. Kas, D. H. Spencer, M. V. 
Olson, B. W. Ramsey, S. Lory, and S. I. Miller. 2003. Genome mosaicism is 
conserved but not unique in Pseudomonas aeruginosa isolates from the airways 
of young children with cystic fibrosis. Environ. Microbiol. 5:1341-1349. 

13. Franklin, M. J., and D. E. Ohman. 1993. Identification of algF in the alginate 
biosynthetic gene cluster of Pseudomonas aeruginosa which is required for 
alginate acetylation. J. Bacteriol. 175:5057-5065. 

14. Hite, R. D. 2002. Surfactant deficiency in adults. Clin. Pulm. Med. 9:39-45. 
15. Holden, M. T. G., S. R. Chhabra, R. Nys, P. Stead, N. J. Bainton, P. J. mil, 

M. Manefield, N. Kumar, M. Labatte, D. England, S. Rice, M. Givskov, G. P. 
C. Salmond, G. S. A. B. Stewart, B. W. Bycroft, S. Kjelleberg, and P. 
Williams. 1999. Quorum-sensing cross talk: isolation and chemical 
characterization of cyclic dipeptides from Pseudomonas aeruginosa and other 
Gram-negative bacteria. Mol. Microbiol. 33:1254-1266. 

16. Knutson, C. A., and A. Jeanes. 1968. A new modification of the carbazole 
analysis: Application to heteropolysaccharides. Anal. Biochem. 24:470-481. 

17. Lam, J., R. Chan, and J. W. Costerton. 1980. Production of mucoid 
microcolonies by Pseudomonas aeruginosa within infected lungs in cystic 
fibrosis. Infect. and Immun. 28:546-556. 

18. Mah, T.-F. C., and G. A. O'Toole. 2001. Mechanisms of biofilm resistance to 
antimicrobial agents. Trends Microbiol. 9:34-39. 

19. Masida, N., E. Sakagawa, S. Ohya, N. Gotoh, H. Tsujimoto, and T. Nishino. 
2000. Contribution of the MexX-MexY-OprM efflux system to intrinsic 
resistance in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 
44:2242-2246. 

20. Miller, J. H. 1992. A Short Course in Bacterial Genetics. Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, N.Y. 

21. Nguyen, D., and P. K. Singh. 2006. Evolving stealth: genetic adaptation of 
Pseudomonas aeruginosa during cystic fibrosis infections. Proc. Natl. Acad. Sci. 
USA 103:8305-8306. 

22. Nicols, W. W., S. M. DOrrington, M. P. Slack, and H. L. Walmsley. 1988. 
Inhibition of tobramycin diffusion by binding to alginate. Antimicrob. Agents 
Chemother. 32:51 8-523. 

23. Ochsner, U. A., P. J. Wilderman, A. I. Vasil, and M. L. Vasil. 2002. GeneChip 
expression analysis of the iron starvation response in Pseudomonas aeruginosa: 
identification of novel pyoverdine biosynthesis genes. Mol. Microbiol. 45: 1277-
1287. 

24. Ogata, H., S. Goto, W. Fujibuchi, and M. Kanehisa. 1998. Computation with 
the KEGG pathway database. BioSystems 47:119-128. 

25. Palmer, K. L., L. M. Mashburn, P. K. Singh, and M. Whiteley. 2005. Cystic 
fibrosis sputum supports growth and cues key aspects of Pseudomonas 
aeruginosa physiology. J. Bacteriol. 187:5267-5277. 

84 



26. Passador, L., J. M. Cook, M. J. GambelIo, L. Rust, and B. H. Iglewski. 1993. 
Expression of Pseudomonas aeruginosa virulence genes requires cell-to-cell 
communication. Science 260: 1127-1 130. 

27. Pearson, J., K. Gray, L. Passador, K. Tucker, A. Eberhard, B. Iglewski, and 
E. Greenberg. 1994. Structure of the autoinducer required for expression of 
Pseudomonas aeruginosa virulence genes. Proc. Natl. Acad. Sci. USA 91: 197-
201. 

28. Pearson, J., L. Passador, B. Iglewski, and E. Greenberg. 1995. A second N
acylhomoserine lactone signal produced by Pseudomonas aeruginosa. Proc. NatI. 
Acad. Sci. USA 92:1490-1494. 

29. Peirson, S. N., J. N. Butler, and R. G. Foster. 2003. Experimental validation of 
novel and conventional approaches to quantitative real-time PCR data analysis. 
Nucleic Acids Res. 31:e73. 

30. Pesci, E. C., and B. H. Iglewski. 1997. The chain of command in Pseudomonas 
quorum sensing. Trends Microbiol. 5: 132-134. 

31. Pesci, E. C., J. P. Pearson, P. C. Seed, and B. H.lglewski. 1997. Regulation of 
las and rhl quorum sensing in Pseudomonas aeruginosa. J. Bacteriol. 179:3127-
3132. 

32. Pier, G. B. 1998. Pseudomonas aeruginosa: a key problem in cystic fibrosis. 
ASM News 64:339-347. 

33. Poole, K. 2001. Multidrug efflux pumps and antimicrobial resistance in 
Pseudomonas aeruginosa and related organisms. J. Mol. Microbiol. Biotechnol. 
3:255-264. 

34. Postle, A. D., A. Mander, K. B. M. Reid, J.-Y. Wang, S. M. Wright, M. 
Moustaki, and J. O. Warner. 1999. Deficient hydrophilic lung surfactant protein 
A and D with normal surfactant phospholipid molecular species in cystic fibrosis. 
Am. J. Respir. Cell Mol. BioI. 20:90-98. 

35. Pramanik, A., S. Pawar, E. Antonian, and H. Scbulz. 1979. Five different 
enzymatic activities are associated with the multienzyme complex of fatty acid 
oxidation in Escherichia coli. J. Bacteriol. 137:469-473. 

36. Rabme, L. G., E. J. Stevens, S. F. Wolfort, J. Sbao, R. G. Tompkins, and F. 
M. Ausubel. 1995. Common virulence factors for bacterial pathogenicity in 
plants and animals. Science 268: 1899-1902. 

37. Ricbards, M. J., J. R. Edwards, D. H. Culver, and R. P. Gaynes. 1999. 
Nosocomial infections in medical intensive care units in the United States. Crit. 
Care Med. 27:887-892. 

38. Sambrook, J., and R. D.W. 2001. Molecular Cloning: A Laboratory Manual., 
2nd ed. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York. 

39. Sato, H., J. B. Feix, C. J. Hillard, and D. W. Frank. 2005. Characterization of 
phospholipase activity of the Pseudomonas aeruginosa type 111 cytotoxin, ExoU. 
J. BacterioI.187:1192-1195. 

40. Scbaberg, D. R., D. H. Culver, and R. P. Gaynes. 1991. Major trends in the 
microbial etiology of nosocomial infection. Am. J. Med. 91, suppl. 3B.:72S-75S. 

85 



41. Schuster, M., C. P. Lostroh, T. Ogi, and E. P. Greenberg. 2003. Identification, 
timing, and signal specificity of Pseudomonas aeruginosa quorum-controlled 
genes: a transcriptome analysis. J. Bacteriol. 185:2066-2079. 

42. Schweizer, H. P., C. Po, and R. Jump. 1997. Structure and gene-polypeptide 
relationships of the region encoding glycerol diffusion facilitator (glpF) and 
glycerol kinase (glpK) of Pseudomonas aeruginosa. Microbiology 143:1287-
1297. 

43. Singh, P. K., A. L. Schaefer, M. R. Parsek, T. O. Moninger, M. J. Welsh, and 
E. P. Greenberg. 2000. Quorum-sensing signals indicate that cystic fibrosis longs 
are infected with bacterial biofilms. Nature 407:762-764. 

44. Smania, A. M., I. Segura, R. J. Pezza, C. Becerra, I. AIbesa, and C. E. 
Argarana. 2004. Emergence of phenotypic variants upon mismatch repair and 
disruption in Pseudomonas aeruginosa. Microbiol. 150: 1327-1328. 

45. Smith, E. E., D. G. Buckley, Z. Wu, C. Saenphimmachak, L. Hoffman, D. 
D'Argenio, S. Miller, B. W. Ramsey, D. P. Speert, S. M. Moskowitz, J. L. 
Bums, R. Kaul, and M. V. Olson. 2006. Genetic adaptation by Pseudomonas 
aeruginosa to the airways of cystic fibrosis patients. Proc. Natl. Acad. Sci. USA 
103:8487-8492. 

46. Storey, D. G., E. E. Ujack, and H. R. Rabin. 1992. Population transcript 
accumulation of Pseudomonas aeruginosa exotoxin A and elastase in sputa from 
patients with cystic fibrosis. Infect. and Immon. 60:4687-4694. 

47. Vandesompele, J., D. P. K., F. Pattyn, B. Poppe, N. Van Roy, A. De Paepe, 
and F. Speleman. 2002. Accurate normalization of real-time quantitative RT
PCR data by geometric averaging of multiple internal control genes. Genome 
BioI. 3:1-12. 

48. Vasil, M. L. 2003. DNA microarray in analysis of quorum sensing: strengths and 
limitations. J. Bacteriol. 185:2061-2065. 

49. Velasco-Garcia, R., C. Mujica-Jimenez, G. Mendoza-Hernandez, and R. A. 
Munoz-Clares. 1999. Rapid purification and properties of betaine aldehyde 
dehydrogenase from Pseudomonas aeruginosa. J. Bacteriol. 181:1292-1300. 

50. Wagner, V. E., D. Bushnell, L. Passador, A. I. Brooks, and B. H. Iglewski. 
2003. Microarray analysis of Pseudomonas aeruginosa quorum-sensing regulons: 
effect of growth phase and environment. J. BacterioI.185:2080-2095. 

51. Wehmhoner, D., S. Haussler, B. Tummler, L. Jansch, F. Bredenbrnch, J. 
Wehland, and I. Steinmetz. 2003. Inter- and intraclonal diversity of the 
Pseudomonas aeruginosa proteome manifests within the secretome. J. Bacteriol. 
185:5807-5814. 

52. Weimar, J. D., C. C. DiRusso, R. Delio, and P. N. Black. 2002. Functional role 
of fatty acid acyl-coenzyme A synthetase in the transmembrane movement and 
activation of exogenous long-chain fatty acids. J. BioI. Chem. 277:29369-29376. 

53. Wolfgang, M. C., J. Jyot, A. L. Goodman, R. Ramphal, and S. Lory. 2004. 
Pseudomonas aeruginosa regulates flagellin expression as part of a global 
response to airway fluid from cystic fibrosis patients. Proc. Natl. Acad. Sci. USA 
101:6664-6668. 

86 



54. Wolfgang, M. C., B. R. Kulasekara, X. Liang, D. Boyd, K. Wn, Q. Yang, C. 
G. Miyada, and S. Lory. 2003. Conservation of genome content and virulence 
determinants among clinical and environmental isolates of Pseudomonas 
aeruginosa. Proc. Nat!. Acad. Sci. USA 100:8484-8489. 

87 



2.8 Supplementary Tables 
Supplementary Table 2.8.1 - Microarray analysis of genes induced two-fold or greater (P-value.$. 0.05) in 
vivo compared to the same sputum isolate pool of P. aeruginosa grown in 20 mM citrate 
PA Gene Description fold General Pathway·* 
Number Cbange· 
Fatty Acid Degradation 
PA0506 fadE probable acyl-CoA dehydrogenase 2.3 Fatty acid degradation 
PA0508 fadE probable acyl-CoA dehydrogenase 33. 1 Fatty acid degradation 
PA I2 88 fadL probable outer membrane protein FadL (loog- 2.5 Fatty ac id degradation 

chain fatty acid transport protein) 
PA2553 fadA3 probable acyl-CoA thiolase 2.3 Fatty ac id degradation 
PA2554 fadB3 3-hydroxyacyl-CoA dehydrogenase 6. 1 Fatty ac id degradation 
PA30 13 fadA5 fatty-acid oxidation complex beta-subunit 4.4 Fatty acid degradation 
PA30 14 fadB5 enoyl-CoA hydratase I dodecenoyl-CoA delta- 7. 1 Farry acid degradation 

isomerase I 3-hydroxyacyl-CoA dehydrogenase I 
3-hydroxybutyry l-CoA epimerase 

PA3092 fadH I 2,4-dienoyl-CoA reductase FadH I 2.6 Fatty acid degradation 
PA3299 fadD! long-chain-fatty-acid-CoA ligase 2.5 Fatty acid degradation 
PA48 14 fadHl 2,4-dienoyl-CoA reductase FadH2 2.2 Fatty acid degradation 
PA5 187 fadE probable acyl-CoA dehydrogenase 12.5 Fatty acid degradation 
Fatty Acid and Lipid Metabolism 
PAO l1 7 probable short chain dehydrogenase 3.5 
PA0286 probable fatty acid desaturase 2.2 
PA2 11 9 alcohol dehydrogenase (Zn-dependent) 3.5 
PA3324 probable short-chain dehydrogenase 6.2 
PA3673 pisS glycerol-3-phosphate acyltransferase 2.3 Fatty acid biosynthesis 
PA4957 psd phosphat idy l serine decarboxylase 2.9 Glycerophospholi pid 

degradation 
PAS03 1 probable short chain dehydrogenase 2.5 
PA5427 adhA alcohol dehydrogenase 32.5 Fatty acid metabolism 
Choline Metabolism 
PA3933 probable choline transporter 9.0 
PA5372 belA choline dehydrogenase 65.2 
PAS373 belS betaine aldehyde dehydrogenase 29.0 
PAS374 bell transcriptional regulator Betl 42.0 
Amino Acid Degradation 
PA0130 putati ve methylmalonate-semialdehyde 17.4 Valine, leucine and 

dehydrogenase isoleucine degradation 
PAO l32 beta-alanine-pyruvate transaminase 4.2 Valine, leucine and 

isoleucine degradation 
PA0432 sahH S-adenosy l-L-homocysteine hydrol ase 2.5 Amino acid degradation 
PA0782 pUlA proline dehydrogenase PulA 3.3 Amino acid degradation 
PA0865 hpd 4-hydroxyphenylpyruvate dioxygenase 6. 7 Amino acid degradation 
PA I585 sucA 2-oxoglutarate dehydrogenase (E I subunit) 2.8 Lysine degradation 
PA20 14 propionyl-CoA carboxylase beta chain 4.1 Valine, leucine and 

isoleucine degradation 
PA20 15 isovaJeryl-CoA dehydrogenase, putative 3.3 Valine, leucine and 

isoleucine degradation 
PA2247 bkdA! 2-oxoisovalerate dehydrogenase (alpha subunit) 12.6 Valine, leucine and 

isoleucine degradation 
PA2248 bkdA2 2-oxoisovalerate dehydrogenase (beta subunit) 2.3 Valine, leucine and 

isoleucine des;radation 
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PA Gene Description Fold 
Number Cbange* 
PA2250 IpdV lipoamide dehydrogenase-Val 2.2 
PA2445 gcvP2 glycine cleavage system protein P2 3.6 
PA2748 probable methionine aminopeptidase 2.1 
PA3181 2-dehydro-3-deoxyphosphogluconate aldolase / 4- 2.3 

hydroxy-2-oxoglutarate aldolase 
PA3366 amiE al iphatic amidase 
PA3570 mmsA melhylmalonate-semialdehyde dehydrogenase 

PA387 1 probable peptidyl-prolyl cis-trans isomerase, 
PpiC-type 

PA4519 probable ornithine decarboxylase 
PA4602 glyA3 serine hydroxymethyltransferase 
PA5224 pepP aminopeptidase P 
PA5105 hulC histidine util ization repressor HUle 
PA517 1 arcA arginine deiminase 

PA5172 areB ornithine carbamoyltransferase, catabolic 

PA5 173 aree carbamate kinase 

PA5304 dadA D-amino acid dehydrogenase, small subunit 
PAS313 probable pyridoxal-dependent aminotransferase 

Amino Acid Transport Systems 
PA0206 spermidine/putrescine transport system A TP

binding protein 
PA0326 spermidine/putrescine transport system A TP

binding protein 
PA0603 putative spermidine/putrescine transport system 

A TP-binding protein 
PA0889 aotQ arginine/ornithine transport system permease 

PAI808 

PA1809 

PA2203 

PA3766 
PA5170 arcD 
PA5376 

protein 
putative peptide transport system permease 
protein 
putative peptide transport system permease 
protein 
putative polar amino acid transport system 
permease protein 
probable aromatic amino acid transporter 
arginine/ornithine anti porter 
putative glycine betaine/proline transport system 
A TP-binding protein 

Amino Acid Biosynthesis 
PA0035 IrpA tryptophan synthase alpha chain 

PA0036 Irp8 tryptophan synthase beta chain 

PA0316 serA D-3-phosphoglycerate dehydrogenase 
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2.2 
2.0 

9.4 

8.0 
5.3 
2.0 
10.8 
28.0 

8.8 

4.2 

6.0 
2.1 

2.0 

2.8 

2.8 

2.2 

3.3 

2.2 

7.9 

12.8 
13.1 
2.2 

2.1 

7.9 

6.2 

General Pathway** 

Amino acid degradation 
Am ino acid degradation 

Amino acid degradation 

Amino acid degradation 
Valine, leucine and 
isoleucine degradation 

Amino acid degradation 
Lysine degradation 

Argin ine and proline 
degradation 
Arginine and proline 
degradation 
Arginine and proline 
degradation 
Amino acid degradation 
Valine, leucine and 
isoleucine degradation 

ABC transporters· 
General 
ABC transporters -
General 
ABC transporters · 
General 
ABC transporters · 
General 
ABC transporters -
General 
ABC transporters -
General 
ABC transporters -
General 

ABC transporters -
General 

Phenylalanine, tyrosine 
and tryptophan 
biosynthesis 
Phenylalanine, tyrosine 
and tryptophan 
biosynthesis 
Amino acid biosynthesis 



PA Cene Description Fold Ceneral Pathway** 
Number ChanGe· 
PA03 53 ilvD dihydroxy-acid dehydratase 2.1 Valine, leucine and 

isoleucine biosynthesis 
PA0402 pyrB aspartate carbamoyltransferase 2.9 Amino acid biosynthesis 
PA0654 speD S-adenosy lmethionine decarboxylase proenzyme 2.1 Arginine and proline 

metabolism 
PA0662 argC N-acety l-gamma-glutamyl-phosphate reductase 2.9 Urea cycle and 

metabolism of amino 
groups 

PA0872 phhA phenylalanine-4-hydroxylase 2.6 Phenylalanine, tyrosine 
and tryptophan 
biosynthesis 

PA0932 cysM cysteine synthase B 2.1 Cysteine biosynthesis 
PA1326 ilvA2 threonine dehydratase, biosynthetic 3.2 Threonine biosynthesis 
PA I757 rhrH homoserine kinase 2.1 Threonine biosynthesis 
PAI927 metE 5-methyltetrahydropteroyltriglutamate- 5.1 Methionine biosynthesis 

homocysteine S-methylt-ransferase 
PA2943 phospho-2-dehydro-3-deoxyheptonate aldolase 4.2 Phenylalanine, l)'rosine 

and tryptophan 
biosynthesis 

PA3 l66 pheA chorismate mutase 5.4 Phenylalanine, tyrosine 
and tryptophan 
biosynthesis 

PA3167 sere 3~phosphoserine aminotransferase 4.4 Glycine, serine and 
threonine metabolism 

PA3537 argF ornithine carbamoyltransferase, anabolic 2.8 Amino acid biosynthesis 
PA3736 hom homoserine dehydrogenase 3.6 Glycine, serine and 

threonine metabolism; 
Lysine biosynthesis 

PA4695 ifvH acetolactate synthase small subunit 3.4 Valine, leucine and 
isoleucine biosynthesis 

PA4696 ifv! acetolactate synthase large subunit 2.3 Valine, leucine and 
isoleucine biosynthesis 

PA4759 dapB dihydrodipicolinate reductase 2.S Lysine biosynthesis 
PA4846 aroQ! 3-dehydroquinate dehydratase 2.1 Phenylalanine, tyrosine 

and tryptophan 
biosynthesis 

PAS l4l hisA phosphoribosylformimino-S· am inoimidazole 3.0 Histidine biosynthesis 
carboxamide 

PAS I43 hisB imidazoleglycerol-phosphate dehydratase 2.0 Histidine biosynthesis 
PA5263 argH argininosuccinate lyase 2.2 Amino acid biosynthesis 
Nucleotide and Nucleic Acid Metabolism 
PA0342 IhyA thymidylate synthase 3.9 Pyrimidine metabolism 
PA0849 rrxB2 thioredoxin reductase 2 2.0 Pyrimidine metabolism 
PAI155 nrdB ribonucleoside reductase, small chain 2.3 Purine metabolism; 

Pyrimidine metabolism 
PAl l S6 nrdA ribonucleoside reductase, large chain 4.3 Purine metabolism; 

Pyrimidine metabolism 
PAI543 apt adenine phosphoribosyltransferase 5.9 
PAI678 (!utative adenine-s(!ecific meth~ lase 2.7 
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PA Gene Description Fold General Pathway** 
Number Change* 
PA2629 purS adenylosuccinate lyase 69.9 Purine metabolism 
PA2975 riliC ribosomal large subunit pseudouridine synthase C 2.3 Pyrimidine metabolism 
PA3637 pyrG CTP synthase 4.7 Pyrimidine metabolism 
PA3654 pyrH uridylate kinase 8.7 
PA3769 gllaA GMP synthase 2.2 Purine metabolism 
PA3770 gliaB inosine-5'-monophosphate dehydrogenase 2.7 Purine metabolism 
PA3807 ndk nucleoside diphosphate kinase 2.5 Purine metabolism; 

Pyrimidine metabolism 
PA3968 probable pseudouridine synthase 2.6 Pyrimidine metabolism 
PA4740 pnp polyribonucleotide nucleotidyltransferase 5.1 Purine metabolism; 

Pyrimidine metabolism 
PA4854 purH phosphoribosylaminoimidazolecarboxamide 2.1 Purine metabolism 

fonnyltransferase / IMP cyc1ohydrolase 
PA5425 plirK phosphoribosylaminoimidazole carboxy lase 3.8 Purine metabolism 
PA5426 plirE phosphoribosylaminoimidazole carboxylase, 4.2 Purine metabolism 

catalytic subunit 
PA5541 probable dihydroorotase 36.4 Pyrimidine metabolism 
Virulence Factors: 
Biofilm 
PA354 I alginate biosynthesis protein Alg8 3.4 
PA3543 algK alginate biosynthetic protein AlgK precursor 2.7 
PA4446 algW Aig W protein 2.1 
Iron Metabolism 
PA4158 iepC ferric enterobact in transport system ATP-binding 2.4 ABC transponers -

protein General 
PA4229 pchC pyochelin biosynthetic protein PchC 2.7 
PA423 I pchA salicylate biosynthesis isochorismate synthase 2.0 
PA4655 hemH ferrochelatase 5.6 Porphyrin and 

chlorophyll metabolism 
PA471 0 probable outer membrane hemin receptor 5.2 ABC transporters -

Organism-specific 
Flagella 
PA 1082 flgG flagellar basal-body rod protein FlgG 2.2 Flagellar assembly 
PAI 085 fig} flagellar protein FlgJ 2.8 
PAI098 fleS two-component sensor 4.0 
PAI099 fleR n .... o-component response regulator 8.4 
PAIIOO fliE flagellar hook-basal body complex protein FliE 2.5 Flagellar assembly 
PAI453 flhF flagellar biosynthesis protein FlhF 2.1 
PA I460 probable chemota.xis transmembrane W channel 2.3 Flagellar assembly 
PA4954 motA chemotaxis protein MotA 2.2 Flagellar assembly 
Other Virulence Factors 
PA0523 norC nitric-oxide reductase subunit C 39.0 
PA0524 norB nitric-oxide reductase subunit B 43.8 
PA0844 plcfP Hemolytic phospholipase C precursor 2.8 
PA2128 probable fimbrial protein (precursor) 2.3 
PA3805 pUF type 4 fimbrial biogenesis protein PilF 2.0 Type n secretion system 
PA4236 kalA catalase 14.6 
PA46 13 kalB catalase 6.4 
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PA Gene Description 
Number 
Drug ResistanceIRN D and Emux Transporters 
PAI409 aphA acetylpolyamine aminohydrolase 

PAI541 probable drug efflux transporter 
PAI882 probable transporter 

PA2018 mexY' RND multidrug emux transporter 
PA2019 mexX RND multidrug emux membrane fusion protein 

precursor 
PA4067 oprG outer membrane protein OprG precursor 
PA411 0 ompC beta-Iactamase precursor 
PA4522 ompD beta-Iactamase expression regulator AmpD 

General Metabolism: 
TCA Cycle 
PA 1580 gilA citrate synthase 

PAI581 sdhC succinate dehydrogenase (C subunit) 

PA 1582 sdhD succinate dehydrogenase (D subunit) 

PA I583 sdhA succinate dehydrogenase (A subunit) 

PA I787 acnB aeonitate hydratase 2 

PA2624 idh isocitrate dehydrogenase 

PA4333 probable fumarase 

Starch and Sucrose Metabolism 
PAI726 bglX periplasmic beta.glucosidase 

PA2344 mtlZ fructokinase 

Glycolysis/Gluconeogenesis 
PA3 193 glk glucokinase 

PA4329 pykA pyruvate kinase II 

PA4748 IpiA triosephosphate isomerase 
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Fold 
Change* 

General Pathway"'''' 

9.8 Intrinsic resistance to 
kanamycins, neomycins, 
paromomycins, 
riboslamycin and 
butirosins 

10.0 
2. 1 

2.2 
3.9 

5.0 
87.9 
5.0 

5.2 

3.9 

5.1 

3.7 

2.6 

3.1 

2.7 

2.1 

3. 1 

2.8 

2.3 

2.4 

Small mult idrug 
resistance protein, SMR 
family 

Citrate cycle (TCA 
cycle) 
Citrate cycle (TCA 
cycle) 
Citrate cycle (TCA 
cycle) 
Citrate cycle (TCA 
cycle) 
Citrate cycle (TCA 
cycle) 
Citrate cycle (TCA 
cycle) 
Citrate cycle (TCA 
cycle) 

Starch and sucrose 
metabolism 
Starch and sucrose 
metabolism 

Glycolysis / 
Gluconeogenesis 
Glycolysis / 
Gluconeogenesis 
Glycolys is / 
Gluconeogenesis 



PA 
Number 

Cene Description 

Nitrogen Metabolism 
PA0509 nirN probable C-type cytochrome 
PA0518 nirM cytochrome c-55J precursor 
PA0519 nirS nitrite reductase I hydroxylamine reductase 
PA 1932 probable hydroxylase molybdopterin-containing 

subunit 
PA2329 putative nitrate transport system A TP-binding 

protein 
PA2664 fhp flavohemoprotein 
PA3392 nosZ nitrous-oxide reductase precursor 
PA3872 nar! respiratory nitrate reductase gamma chain 
PA3873 narJ respiratory nitrate reductase delta chain 
PA3874 narH respiratory nitrate reductase beta chain 
PA3875 narO respiratory nitrate reductase alpha chain 
PA3876 narK2 nitrite extrusion protein 2 
PA3879 narKL two-component response regulator NarL 
PA3915 moaB! molybdopterin biosynthetic protein Bl 
PA3916 maaE molyhdopterin converting factor, large subunit 
PeDtose Pbospbate Patbway 
PA0607 rpe ribulose-phosphate 3-epimerase 

PA2265 gluconate dehydrogenase 

PA2321 gluconokinase 

PA3183 zwJ glucose-6-phosphate I-dehydrogenase 

PA3194 edd phosphogluconate dehydratase 

PA4670 prs ribose-phosphate pyrophosphokinase 

Glyoxylate and dicarboxylate metabolism 
PA0608 probable phosphoglycolate phosphatase 

PA2634 probable isocitrate lyase 

PA4626 hprA glycerate dehydrogenase 

PA4811 fdn H nitrate-inducible fonnate dehydrogenase, beta 
subunit 

Pyruvate Metabolism 
PA0482 glcB malate synthase G 
PA4640 mqoB malate:quinone oxidoreductase 
PA5436 pyruvate carboxylase subunit A 
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Fold 
Change* 

2.2 
24.3 
23.5 
8.8 

303 

22.8 
5.7 
8.0 
7.6 
80.5 
35.6 
13.2 
3.0 
23.4 
8.4 

5.0 

6.3 

17.0 

1003 

5.1 

5.3 

2.3 

34.0 

12.3 

15.8 

4.3 
4.5 
3.2 

General Pathway .... • 

Nitrogen metabolism 
Nitrogen metabolism 

ABC transporters -
General 
Nitrogen metabol ism 
Nitrogen metabolism 
Nitrogen metabolism 
Nitrogen metabolism 
Nitrogen metabolism 
Nitrogen metabolism 
Nitrogen metabolism 
Nitrogen metabolism 
Nitrogen metabolism 
Nitrogen metabolism 

Pentose phosphate 
pathway 
Pentose phosphate 
pathway 
Pentose phosphate 
pathway 
Pentose phosphate 
pathway 
Pentose phosphate 
pathway 
Pentose phosphate 
pathway 

Glyoxylate and 
dicarboxylate 
metabolism 
Glyoxylate and 
dicarboxylate 
metabolism 
Glyoxylate and 
dicarboxylate 
metabolism 
Glyoxylate and 
dicarboxylate 
metabolism 

Pyruvate metabolism 
Pyruvate metabolism 
Alanine and aspartate 
metabolism 



PA Gene Description Fold General Pathway"" 
Number Change" 
Propaooate Metabolism 
PA0795 prpC 2-methylcitrate synthase 5.6 Propanoate metabolism 
PA0796 prpB putative methylisocitrate lyase 11.6 Propanoate metabolism 
Glutathione Metabolism 
PA2826 probable glutathione peroxidase 3.2 Glutathione metabolism 
PA3035 probable glutathione S-transferase 11.6 Glutathione metabolism 
Vitamin and Cofactor Metabolism 
PA0582 [oiB dihydroneopterin aldolase 2.9 Folate biosynthesis 
PAI549 probable cation-transporting P-type ATPase 5.2 Folate biosynthesis 
PA2666 6-pyruvoyltetrahydropterin synthase 16. 1 Folate biosynthesis 
PA4728 [oiK 2-amino-4-hydroxy-6- 2.8 Folate biosynthesis 

hydroxymethyldihydropteridine 
pyrophosphokinase 

PA4750 [olP dihydropteroate synthase 3.7 Folate biosynthesis 
PA0381 thiG thiamine biosynthesis protein, thiazole moiety 2.7 
PA3652 uppS undecaprenyl pyrophosphate synthetase 2.6 Terpenoid biosynthesis 
PA4055 ribC riboflavin synthase alpha chain 6.8 Riboflavin metabolism 
PA4280 birA BirA bifunctional protein 2.7 Biotin metabolism 
PA4561 ribF riboflav in kinaselFAD synthase 2.1 Riboflavin metabolism 
PA4729 panB 3-methyl-2-oxobutanoate 2.3 Pantothenate and CoA 

hydroxymethyltransferase biosynthesis 
Oxidative Phosphorylation 
PAOl95 pntA NADINADP transhydrogenase, NAD(H)-binding 7.4 

DI subunit ; NADINADP transhydrogenase, 
membrane-spanning dlla subunit 

PAOl96 pntB pyridine nucleotide transhydrogenase, beta 17.8 Nicotinate and 
subunit nicotinamide metabol ism 

PA 1480 ccmF cytochrome C-type biogenesis protein CcmF 2.7 
PAI48 1 ccmG cytochrome C biogenesis protein CcmG 6.8 
PA 1482 ccm H cytochrome C-type biogenesis protein CcmH 2.3 
PAI553 probable cytochrome c oxidase subunit 2.4 Oxidative 

phosphory lation 
PAI554 probable cytochrome oxidase subunit (cbb3-type) 2.6 Oxidative 

phosphory lation 
PAI555 probable cb-type cytochrome c oxidase subunit III 3.7 Oxidative 

phosphorylation 
PAI556 probable cytochrome c oxidase subunit 3.0 Oxidative 

phosphorylation 
PAI557 probable cytochrome oxidase subunit (cbb3-type) 7.1 Oxidative 

phosphorylation 
PA 1600 probable cytochrome C 2.6 
PA2637 nuoA NADH dehydrogenase I chain A 2.2 Oxidative 

phosphorylation 
PA2639 nuoD NADH dehydrogenase 1 chain C, D 2.8 Oxidative 

phosphorylation 
PA2642 nuoG NADH dehydrogenase I chain G 2.0 Oxidative 

phosphorylation 
PA2644 nuol NADH Dehydrogenase I chain I 2.4 Oxidative 

EhosEh0!llation 

94 



PA GeDe Description Fold General Pathway·· 
umber Change· 

PA2648 nuolvi NADH dehydrogenase I chain M 2.4 Oxidative 
phosphorylation 

PA2953 electron transfer flavoprotein.ubiquinone 8.2 
oxidoreductase 

PA4429 ubiquinol-cytochrome c reductase cytochrome c I 3. 1 Oxidative 
subunit phosphorylation 

PA443 I ubiquinol-cylochrome c reductase iron-sulfur 4.9 Oxidative 
subunit phosphorylation 

PA5242 ppk polyphosphate kinase 2.8 Ox idative 
phosphorylation 

A TP Synthesis 
PA5555 alpG ATP synthase gamma chain 3.2 A TP synthesis 
PA5556 alpA ATP synthase alpha chain 3.9 A TP synthesis 
PA5557 alpH A TP synthase delta chain 3.5 A TP synthesis 
PA5558 alpF A TP synthase B chain 3.8 ATP synthesis 
PA5559 alpE A TP synthase C chain 6. 1 A TP synthesis 
PA5560 arpB A TP synthase A chain 3.6 ATP synthesis 
PA556 1 alpl A TP synthase protein I 3.5 
Sensoryffwo Component System and Chemotaxis 
PAOO34 probable two-component response regulator 4.9 
PAO I73 probable methylesterase 2.3 Two-component system -

General 
PA0463 efeB two-component response regulator CeeB 3.6 Two-component system -

General 
PAI364 probable transmembrane sensor 2.6 
PA1396 probable two-component sensor 2.8 
PAI397 probable two-component response regulator 2.4 
PAI561 aer aerotaxis receptor Aer 2.5 Two-component system -

General 
PA2479 probable two-component response regulator 3.2 
PA2480 probable two-component sensor 2.4 
PA2657 probable two-component response regulator 2.8 
PA2687 pieS two-component sensor PfeS 3.3 
PA3948 probable nvo-component response regu lator 2. 1 Two-component system -

General 
PA4 101 probable two-component response regulator 13.7 
PA4 102 probable t" .. o-component sensor 7.6 
PA41 96 probable two-component response regulator 3. 1 
PA41 97 probable two-component sensor 4.7 
PA4885 irlR two-component response regulator 2.4 Two-component system -

General 
PA4983 probable two-component response regulator 2.4 
PA5200 ompR two-component response regulator OmpR 2.4 Two-component system -

General 
Protein SecretionlChaperones/Reat Shock Proteins/Secreted Factors 
PAOO67 prlC oligopeptidase A 2.6 
PA0263 hcpC secreted protein Hcp 2.3 
PA0538 dsbB disulfide bond formation protein 21.9 
PA0680 Erobable ~Ee II secretion s~stem Erotein 2. 1 T~Ee II secretion s~'stem 
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PA Gene 
Number 

Description Fold General Pathway·· 
C hange* 

PAI692 probable translocation protein in type 1II secretion 2.8 Type III secretion system 
PA 1803 Ion Lon protease 
PA2476 dsbG thiol:disulfide interchange protein DsbG 
PA2477 probable thiol:disulfide interchange protein 
PA2478 probable th iol:disulfide interchange protein 
PA2830 h,pX heat shock protein HtpX 
PA3821 seeD secret ion protein SeeD 
PA4243 seer preprotein translocase SecY subunit 
PA4385 groEL GroEL protein 
PA4386 groES GroES protein 
PA4760 dnaJ Dna] protein 
PA4761 dnaK DnaK protein 
PA4762 grpE heat shock protein GrpE 
PA5053 hslV heat shock protein HslV 
PA5054 hslU heat shock protein HslU 
ABC Transporters 
PA0860 probable A TP-binding/permease fusion ABC 

transporter 
PA I964 probable A TP-binding component of ABC 

transporter 

2.9 
7.2 
6.5 
46.9 
5.6 
2.0 
3.7 
2.6 
2.5 
102.5 
6.0 
4.4 
3.8 
4.3 

2.5 

2.8 

PA30 19 probable A TP-binding component of ABC 2.7 

PA3920 
PA4064 

PA4595 

PA5252 

PA5366 pSIB 

PA5367 pSIA 

PA5498 

PA5500 znuC 

PA5501 znllB 

PA5503 

PA5504 

Ribosome 
PA0579 rpsU 
PA3653 frr 
PA3656 rpsB 
PA4239 rpsD 
PA424 I rpsM 
PA4244 rplO 

transporter 
probable metal transporting P-Iype ATPase 
probable A TP-binding component of ABC 
transporter 
probable ATP-binding component of ABC 
transporter 

2.7 
3.9 

2. 1 

probable ATP-binding component of ABC 2.1 
transporter 
phosphate transport system A TP-binding protein 25 .7 

phosphate transport system permease protein 2.0 

zinc transport system substrate.binding protein 2.9 

zinc transport system A TP-binding protein 3.4 

zinc transport system permease protein 3.2 

putative ABC transport system ATP.binding protein 2.5 

putative ABC transport system permease protein 

305 ribosomal protein S21 
ribosome recycling factor 
30S ribosomal protein S2 
30S ribosomal protein S4 
30S ribosomal protein S 13 
50S ribosomal protein L 15 
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3. 1 

3.4 
2.0 
9.6 
3.0 
3.3 
3.4 

Protein export 
Protein export 

ABC transporters -
General 

ABC transporters -
General 

ABC transporters -
General 
ABC transporters . 
General 
ABC transporters -
General 
A BC transporters -
General 
ABC transporters -
General 
ABC transporters -
General 
ABC transporters· 
General 

Ribosome 

Ribosome 
Ribosome 
Ribosome 
Ribosome 



PA Gene Description 
Number 
PA4245 rpmD 50S ribosomal protein L30 
PA4246 rpsE 30S ribosomal protein S5 
PA4247 rplR 50S ribosomal protein Ll8 
PA4248 rplF 50S ribosomal protein L6 
PA4249 rpsH 30S ribosomal protein S8 
PA4252 rplX 50S ribosomal protein L24 
PA4253 rplN 50S ribosomal protein LI4 
P.A4254 rpsQ 30S ribosomal protein S 17 
PA4255 rpmC 50S ribosomal protein L29 
PA4256 rplP 50S ribosomal protein LI6 
PA4257 rpsC 30S ribosomal protein S3 
PA4259 rpsS 30S ribosomal protein S 19 
PA4260 rplB 50S ribosomal prote in L2 
PA426 I rplW 50S ribosomal protein L23 
PA4262 rp/D 50S ribosomal protein L4 
PA4263 rplC 50S ribosomal protein L3 
PA4264 rpsJ 30S ribosomal protein S 10 
PA4267 rpsG 30S ribosomal protein S7 
PA4268 rpsL 30S ribosomal protein S 12 
PA427 I rplL 50S ribosomal protein L71L12 
PA4272 rplJ 50S ribosomal protein L I 0 
PA4273 rplA 50S ribosomal protein L I 
PA4274 rplK 50S ribosomal prote;n LI I 
PA4433 rplM 50S ribosomal protein L 13 
PA4563 rpsT 30S ribosomal protein S20 
PA4568 rplU 50S ribosomal protein L21 
PA4743 rbfA ribosome-binding factor A 
PA4932 rpll 50S ribosomal protein L9 
PA4934 rpsR 30S ribosomal protein S 18 
PA4935 rpsF 30S ribosomal protein S6 
PA5315 rpmG 50S ribosomal protein L33 
PA531 6 rpmB 50S ribosomal protein L28 
Cen Wan Metabolism and Cen Division 
PAO?71 era GTP-binding protein Era 
PA0869 pbpG D-alanyl-D-alanine-endopeptidase 
PA4002 rodA rod shape.determining protein 
PA448 I mreB rod shape.determining protein MreB 
PA475 I [IsH cell division protein FtsH 
PA47S2 [lsJ cell division protein ftsj homolog (ribosomal RNA 

large subunit methyltransferase 1) 
PASOIO waaG UDP-glucose:(heptosyl) LPS alpha 1,3-

glucosyltransferase WaaG 
PA5564 gidB glucose inhibited division protein B 
PA5565 gidA glucose. inhibited division protein A 
Transcriptional Regulators and Sigma Factors 
PA0306 probable transcriptional regulator 
PA0527 dnr transcriptional regulator Onr 
PA0547 probable transcriptional regulator 
PA0576 rpoD sigma factor RpoD 
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Fold General Pathway** 
Change· 
5.0 Ribosome 
4.1 Ribosome 
3.3 Ribosome 
4.1 Ribosome 
8.0 Ribosome 
2.7 Ribosome 
2.6 Ribosome 
4.2 Ribosome 
3.6 Ribosome 
3.0 Ribosome 
3.0 Ribosome 
4.7 Ribosome 
5.0 Ribosome 
8.1 Ribosome 
7.6 Ribosome 
4.5 Ribosome 
3.8 Ribosome 
2.8 Ribosome 
3.0 Ribosome 
5.2 Ribosome 
4.1 Ribosome 
3.8 Ribosome 
5.4 Ribosome 
6.7 Ribosome 
2.5 Ribosome 
2.6 Ribosome 
3.8 
2.1 Ribosome 
5.4 Ribosome 
4.4 Ribosome 
3.6 Ribosome 
3.5 Ribosome 

3.9 
2.6 
2.7 
6.5 
2.6 
2.7 

2.3 Lipopolysaccharide 
biosynthesis 

2.6 
4.1 

2.1 
4.8 
2.3 
3.9 



PA Gene Description Fold General Pathway·· 
Number Change· 
PA0797 probable transcriptional regulator 6.4 
PA0839 probable transcriptional regulator 4.8 
PAI241 probable transcriptional regulator 3. 1 
PAI283 probable transcriptional regulator 3.0 
PA I363 probable sigma-70 factor. ECF subfam ily 3.3 
PAI413 probable transcriptional regulator 2.3 
PA I544 anr transcriptional regulator Anr 3.9 
PAI627 probable transcriptional regulator 2.5 
PAI998 probable transcriptional regulator 2.1 
PA20 16 probable transcriptional regulator 9.3 
PA2259 paS transcript ional regulator PtxS 2.3 LacI family. kdg operon 

repressor 
PA2376 probable transcriptional regulator 2.1 
PA2834 probable transcriptional regulator 4.5 
PA2930 probable transcriptional regulator 3.9 
PA2957 probable transcriptional regulator 2.1 
PA3006 probable transcriptional regulator 5.5 
PA3007 lexA repressor protein LexA 2.0 
PA3174 probable transcriptional regulator 2.1 
PA3220 probable transcriptional regulator 2.5 
PA3458 probable transcriptional regulator 4.9 
PA3565 probable transcriptional regulator 3.5 
PA3574 probable transcriptional regulator 11.7 
PA3587 metR transcriptional regulator MetR 2.2 
PA4185 probable transcriptional regulator 3.4 
PA4203 probable transcriptional regulator 4.1 
PA4462 rpoN RNA polymerase sigma-54 factor 3.9 
PA4659 probable transcriptional regulator 5.4 
PA4853 fls DNA-binding protein Fis 5.1 
PA4902 probable transcriptional regulator 4.5 
PA5117 typA regulatory protein TypA 2.5 
PA5239 rho transcription termination factor Rho 2.7 
PA5356 glee transcriptional regulator GleC 2.1 
PA543 1 probable transcriptional regulator 2.9 
PA5437 probable transcriptional regulator 8.1 
PA5499 np20 transcriptional regulator np20 9.1 
PA5550 probable transcriptional regulator 2.2 
DNA/RNA ModificationlProcessing 
PAI294 rnd ribonuclease D 2.3 
PAI532 dnaX DNA polymerase subunits gamma and tau 2.1 Purine metabolism; 

Pyrimidine metabolism 
PA2749 emiA D A-specific endonuclease I 4.7 
PA2840 probable ATP-dependent R A helicase 17.3 
PA2976 rne ribonuclease E 2.8 Aminosugars metabolism 
PA4052 nusB NusB protein 4.2 
PA30 11 topA DNA topoisomerase I 2.4 
PA3168 gyrA DNA gyrase subunit A 2.4 
PA3466 probable ATP-dependent RNA hel icase 2.2 
PA36 17 ,eeA RecA protein 2.4 
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PA Gene Description Fold General Pathway** 
Number Cbange· 
PA3620 mutS DNA mismatch repair protein MutS 2.9 
PA4234 uvrA excinuclease ABC subunit A 2.3 
PA4270 rpoB DNA-directed RNA polymerase beta chain 3.3 Purine metabolism; 

Pyrimidine metabolism 
PA4275 nusG transcription antitermination protein NusG 2.9 
PA4660 phr deoxyribodipyrim idine photolyase 5.1 
PA4745 nusA N uti lization substance protein A 4.0 
PA4964 pare lOpoisomerase IV subunit A 2.0 
PA5296 rep A TP-dependent DNA helicase Rep 3.9 
PA5334 rph ribonuclease PH 2.3 
PA5493 polA DNA polymerase J 2.1 Purine metabolism; 

Pyrimidine metabolism 
Protein Translation 
PA2619 inf4 translation initiation factor IF-I 3.2 
PA3169 probable in itiation factor 2 subunit 3.3 
PA3655 Isf elongation factor EF-Ts 2.7 
PA370 1 prfB contains a high homolgy to E. coli PrtB 3.3 
PA4266 jilsA I elongation factor EF-G 3.9 
PA4665 prfA peptide chain release factor RF- I 3.8 
PA4744 infB translation initiation factor fF-2 2.5 
PA5470 probable peptide chain release factor 2.4 
Transporters, Porins and Outer Membrane Proteins 
PAO l1 9 probable dicarboxylate transporter 8.3 
PAOl51 probable TonB-dependent receptor 2.6 Environmental 

Infonnation Processing; 
Membrane Transport; 
Pores ion channels 

PAOl62 probable porin 2.3 
PAI05 1 probable transporter 26.5 
PA1 056 multicomponent K+:H+ antiporter subunit D 3.0 
PA1282 probable MFS transporter 12.7 
PA1286 probable MFS transporter 14.4 
PA1 632 kdpF KdpF protein 6.2 Potassium transport 
PAI922 probable TonB-dependent receptor 13.8 
PA2006 probable MFS transporter 3.1 
PA2322 gluconate pennease 10.3 
PA293 8 probable transporter 16.9 
PA3660 probable sodiumlhydrogen antiporter 4.4 
PA41 13 probable MFS transporter 10.2 
PA4 156 probable TonB-dependent receptor 3.7 ABC transporters -

Organism-specific 
PA4292 probable phosphate transporter 4.3 
PA4675 probable TOnB-dependent receptor 2.0 
PA55 18 E!robable E!0tassium efflux transE!0rler 4.1 
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PA Cene Description Fold General Pathway" 
Number Change* 
tRNA Processing 
PA2744 IhrS threonyl-tRNA synthetase 3.9 Glycine, serine and 

threonine metabolism; 
Aminoacyl-tRNA 
synlhetases 

PA3700 iysS lysyl-tRNA synthetase 5.8 Lysine biosynthesis; 
Aminoacyl~tRNA 

synthetases 
PA3743 lrmD tRNA (guanine-N 1 )-methyltransferase 4.0 
PA3823 IgI queuine tRNA-ribosyltransferase 3.2 
PA3824 queA S-adenosylmethionine:trna ribosyltransferase- 7.6 

isomerase 
PA4482 gatC Glu-tRNA(Gln) amidotransferase subunit C 2.3 
PA4483 gatA Glu-tRNA(Gln) amidotransferase subunit A 2.1 
PA4720 irmA tRNA (uracil -5-)-methyltransferase 2.2 
Others 
PA0139 ahpC alkyl hydroperoxide reductase subunit C 14.0 Genetic lnfonnation 

Processing; Folding, 
Sort ing and Degradation; 
Protein folding and 
associated processing 

PAOl40 ahpF alkyl hydroperoxide reductase subunit F 6.7 Genetic Information 
Processing; Folding, 
Sorting and Degradation; 
Protein folding and 
associated processing 

PA0386 probable oxidase 6.9 Porphyrin and 
chlorophyll metabolism 

PA0779 probable A TP-dependent protease 4.2 
PA0804 probable oxidoreductase 3.3 
PA0848 probable alkyl hydroperoxide reductase 58.9 
PAI296 probable 2-hydroxyacid dehydrogenase 2.1 
PAl55l probable ferredoxin 17.7 
PAl60l probable aldehyde dehydrogenase 28.7 
PAl602 probable oxidoreductase 28.2 
PA2062 probable pyridoxal-phosphate dependent enzyme 2.3 
PA2162 probable glycosyl hydrolase 6.2 
PA2219 opd£ membrane protein OpdE \3.8 
PA2535 probable oxidoreductase 3.9 
PA2866 mllC secretion protein MttC 3. 1 
PA3490 probable ferredoxin 7.8 
PA362 1 fdxA fe rredoxin I 2.5 
PA3818 putative myo-inositol-I (or 4)-monophosphatase 4.4 Streptomycin 

biosynthesis 
PA4131 probable iron-sulfur protein 5.5 
PA4356 xenB xenobiotic reductase 3.0 
PA4542 c/eB CIES Erotein 2.5 
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PA Gene Description Fold 
Number Change* 
PA4566 obg GTP-binding protein Obg 2.1 
PA4837 probable outer membrane protein 101.9 
PA4942 hjlK protease subunit HflK 2.0 
PA4974 probable secretion protein 4.7 
PA5 112 estA esterase EstA 3.0 
PA5 16 1 rmlB dTDP-D-glucose 4,6-dehydratase 2.4 

PASI62 rmlD dTDP-4-dehydrorhamnose reductase 2.3 

PASl81 probable oxidoreductase 4.S 

General Pathway** 

Nucleotide sugars 
metabolism 
Nucleotide sugars 
metabolism 

• Fold change values were averaged over six independent painvise comparisons (2 GeneChips* for in vivo 

condition and 3 GeneChips* for in vitro condition) with P·values ~ 0.05 . 
•• General pathways are classified in accordance with the Kyoto Encyclopedia of Genes and Genomes 
(http://www.genome.ad.jplkeggD 
§ Fold-change for plcH and mexY were determined with less stringency (P '" O.OS) because of the larger 
variations between the pairwise comparisons, but showed positive induction (Table 2.4 and Figure 2.3). 
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Supplementary Table 2.8.2 - Constitutively expressed genes two-fold or greater (P-value ~ 0.05) by the 
sputum isolate pool of P. aeruginosa compared to PAO 1 when both are grown in 20 mM citrate 
PA Gene Description Fold General Pathway·· 
Number Change· 
Fatty Acid Degradation 
PA0730 phaG probable (R)-3-hydroxydecanoyl-ACP:CoA 

transferase 
PA0746 fadE probable acyl-CoA dehydrogenase 
PA281S fadE probable acyl-CoA dehydrogenase 
PA2940 probable acy l-CoA thiolase 
PA3300 fadD2 long-chain-fatty-acid-CoA ligase 
PA3924 fadD4 probable medium-chain acyl-CoA ligase 
PA4785 fadA4 probable acyl-CoA th iolase 
Fatty Acid Biosynthesis 
PAI609 fabB beta-ketoacy l-ACP synthase I 
PA 16 1 0 fabA beta-hydroxydecanoyl-ACP dehydrase 
PA2967 fabG 3-oxoacyl-acyl-carrier-protein reductase 
PA3333 fabH2 3-oxoacyl-acyl-carrier-protein 
PA3639 accA acety l-CoA carboxylase carboxyl transferase 

subunit alpha 
PA4848 accC biotin carboxylase 
Choline Metabolism 
PA3888 putative glycine betaine/choline/proline transport 

system penn ease protein 
PA3891 putative glycine betaine/choline/proline transport 

system A TP-binding prote in 
PAS291 probable choline transporter 
Glycerol Metabolism 
PA358 1 glpF glycerol uptake facilitator protein 
PA3582 glpK glycerol kinase 
PA3584 glpD glycerol-3-phosphate dehydrogenase 
PA5235 glpT glycerol-3-phosphate transporter 
Amino Acid Degradation 
PA0699 probable peptidyl-proly l cis-trans isomerase, 

PpiC-type 
PA0896 aruF arginine/ornithine succinyltransferase AI subunit 
PAI687 speE spermidine synthase 
PA I782 probable serine/threonine.protein kinase 
PA2256 pvcC 4-hydroxypheny lacetate-3-hydroxy lase large 

chain 
PA2939 probable aminopeptidase 
PA341 8 ldh leucine dehydrogenase 

PA4175 probable endoproteinase Arg·C precursor 
PA5100 hutU urocanase 
PAS I73 arcC carbamate kinase 
PAS302 dadX catabolic alan ine racemase 
PA5323 argB acetylglutamate kinase 
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3.1 

2.3 
2.9 
4.1 
2.3 
3.6 
4.6 

2.8 
3.7 
2.7 
2.0 
2.2 

2.4 

2.9 

2. 7 

2.7 

8. 1 
4.4 
3.7 
2.4 

2.2 

2.0 
2. 7 
3.6 
2.2 

5.0 
2.0 

3.8 
2.2 
2.6 
2.9 
2.2 

Fatty acid degradation 

Fatty acid degradation 
Fatty acid degradat ion 
Fatty acid degradation 
Fatty acid degradation 
Fatty acid degradation 
Fatty acid degradation 

Fatty acid biosynthesis 
Fatty acid biosynthesis 
Fatty acid biosynthesis 
Fatty ac id biosynthesis 
Fatty acid biosynthesis 

Fatty ac id biosynthesis 

ABC transporters -
General 
ABC transporters -
General 

Glycerol degradation 
Glycerol degradation 
Glycerol degradation 
Glycerol degradation 

Amino acid degradation 
Amino acid degradation 
Am ino acid degradation 
Amino acid degradation 

Valine, leucine and 
isoleucine degradation 

Am ino acid degradation 
Amino ac id degradation 
Amino acid degradation 
Amino acid degradation 



PA 
Number 

Gene Descript ion 

Amino Acid T ransport Sys tems 

Fold 
Change· 

PA0325 sperm idine/putrescine transport system permease 3.7 

PA0605 

PA0606 

PA I 147 
PA I8 19 
PA I97 1 braZ 
PA2592 

PA3254 

PA4502 

PA4506 

protein 
putative spermidine/putrescine transport system 3.7 
permease protein 
putative spermidine/putresc ine transport system 2.2 
permease protein 
probable amino acid permease 3.1 
probable amino acid permease 2.0 
branched chain amino acid transporter BraZ 8. 1 
putative spermidine/putrescine transport system 4.0 
substrate-binding protein 
putative spermidine/putrescine transport system 3.7 
ATP-binding protein 
putative dipeptide transport system substrate- 2.4 
binding protein 
dipeptide transport system A TP-binding prote in 2.2 

PA49 10 putative branched-chain amino acid transport 
system ATP-binding prote in 

2.1 

PA4913 putative branched-chain amino acid transport 
system substrate-binding protein 

PAS l70 areD arginine/ornithine antiponer 
PA5479 gllP prOlon-glutamate symporter 
Amino Acid Biosynthesis 
PA 1927 melE 5-methyhetrahydropteroyltriglutamate-

homocysteine S-methyltransferase 
PA3459 probable glutam ine amidotransferase 
PA4839 speA biosynthetic arginine decarboxylase 
PA5429 aspA aspartate ammonia-lyase 
PA5 508 probable glutam ine synthetase 
Nucleotide and Nucleic Acid Metabolism 
PAOl34 probable guanine deaminasc 
PAO 143 probable nucleoside hydrolase 
PA0849 IrxB2 thioredoxin reductase 2 
PA5274 rnk nucleoside diphosphate kinase regulator 

Virulence Factors: 
Phospholipase/Lipase 

2. 1 

2.0 
2.2 

3.0 

3.8 
3.4 
3.5 
3. 1 

3.9 
2.9 
2.3 
2.5 

PA0843 pieR phospholipase accessory protein PieR precursor 3.9 
PA2862 /ipA lactonizing lipase precursor 6.8 
PA2863 /ipH lipase modulator protein 3.8 
Biofilm 
PA0762 algU 
PA0763 lI1ucA 
PA0764 lI1ucB 
PA0765 II1UCC 

PA3540 algD 

sigma factor AlgU 10.0 
anti-sigma factor MucA 7.5 
negative regulator for alginate biosynthesis MucB 3.6 
positive regulator for alginate biosynthesis MucC 2.6 
GOP-mannose 6-dehydrogenase AlgD 569.8 
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General Pathway"" 

ABC transporters -
General 
ABC transporters -
General 
ABC transporters -
General 

ABC transporters -
General 
ABC transporters -
General 
ABC transporters -
Genera l 
ABC transporters -
General 
ABC transporters -
General 
ABC transporters -
General 

Amino acid biosynthesis 

Amino ac id biosynthesis 
Amino ac id degradation 
Am ino ac id biosynthesis 
Amino acid biosynthesis 

Purine metabolism 
Purine metabolism 
Pyrimidine metabolism 

Fructose and mannose 
metabolism 



PA GeDe Desc ription Fold Ceneral Pathway*· 
Number Cbange· 
PA3541 alginate biosynthesis protein AIg8 91.4 
PA3542 alginate biosynthesis protein Alg44 103.5 
PA3543 algK alginate biosynthetic protein AlgK precursor 408.3 
PA3544 algE outer membrane protein AlgE 11 0.8 
PA3545 algG alginate-C5-mannuronan-epimerase AlgG 177. 1 
PA3546 algX alginate biosynthesis protein AlgX 81.7 
PA3547 algL poly(beta-d-mannuronate) lyase precursor AlgL 93.5 Fructose and mannose 

metabolism 
PA3548 algi alginate O-acetyltransferase AlgI 85.6 
PA3549 algJ alginate O-acety ltransferase AlgJ 115.0 

PA3550 algF alginate O-acetyltransferase AlgF 111.0 
PA3551 algA mannose-6-phosphate isomerase I mannose-l- 88.1 Fructose and mannose 

phosphate guanylyltransferase metabolism 
PA5262 algZ alginate biosynthesis protein AlgZIFimS 2.6 
PA5322 algC phosphomannomutase AIgC 2.5 Fructose and mannose 

metabolism 
PA5483 algB two-component response regulator AlgB 5.3 
Iron Metabolism 
PAI476 ccmB heme exporter protein CcmB 2.2 ABC transporters -

General 
PA3531 hfrB bacterioferritin 2.8 
PA4225 pchF pyochelin synthetase 3.6 Biosynthesis of 

siderophore group 
PA4226 pchE dihydroaeruginoic acid synthetase 3.5 Biosynthesis of 

siderophore group 
PA4228 pchD pyochelin biosynthesis protein PchD 2.4 Biosynthesis of 

siderophore group 
PA4358 probable ferrous iron transport prote in 4.0 
PA4880 probable bacterioferritin 3.3 
Proteases 
PA I248 aprF alkaline protease secretion protein AprF 2. 1 
PA I250 aprl alkaline proteinase inhibitor Aprl 2.3 
PA1327 probable protease 2.2 
PAI 87 1 lasA LasA protease precursor 3.5 
PA3535 probable serine protease 3.4 
PA3724 lasB elastase LasB 2.3 
PA4171 probable protease 3.0 
Other Virulence Factors 
PA I449 flhB flagellar biosynthetic protein FlhB 2.2 Flagellar assembly; Type 

III secretion system 
PA2 191 exoY adenylate cyclase Exo Y 2.5 
PA21 94 hcnB hydrogen cyanide synthase HcnB 4.1 
PA3476 rhlL autoinducer synthesis protein RhIL 2.5 
PA3479 rhiA rhamnosyltransferase chain A 2.9 
PA45 50 fimU type 4 fimbrial biogenesis protein FimU 2.4 
Drug ResistancelRND and Ernux Transporters 
PAOl56 probable RND efflux membrane fusion protein 2.3 

precursor 
PA0397 probable cation efflux system protein 2.4 
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PA Gene Description Fold General Pathway" 
Number Change· 
PA0427 oprM outer membrane protein OprM precursor 2.4 Cell wall and membrane 

proteins 
PA20 19 mexX RND multidrug efflux membrane fusion protein 2.0 

precursor 
PA3280 oprO outer membrane porin oprO precursor 4.4 
PA3522 probable RND efflux transporter 5.4 
PA4 11 9 aph aminoglycoside 3'-phosphotransferase type lIb 2.1 
PA4207 probable RND efflux transporter 4.6 
PAS514 probable beta-Iactamase 13.9 

General Metabolism: 
TCA Cycle 
PA0229 peaT 
PA0447 gedH 
PA0854 fume2 
PA 1562 aenA 
PA2001 araB 
PA51 68 
PA5169 
PA5468 

dicarboxylic acid transporter PeaT 
glutaryl-CoA dehydrogenase 
fumarate hydratase 
aconitate hydratase I 
acetyl-eoA acetyl transferase 
probable dicarboxylate transporter 
probable C4-dicarboxylate transporter 
probable citrate transporter 

PA5476 cilA citrate transporter 
Starch aDd Sucrose Metabolism 
PA2023 galU UTP-glucose-I-phosphate uridylyltransferase 

PA2152 
PA2 165 

PA2414 
PA2416 rreA 

PA3024 
PA3690 

probable trehalose synthase 
probable glycogen synthase 

L-sorbosone dehydrogenase 
periplasmic trehalase precursor 

probable carbohydrate kinase 
probable metal-transporting P-type ATPase 

Glycolysis/Gluconeogenesis 
PA0887 acsA acetyl-coenzyme A synthetase 

5.7 
2.1 
3.2 
2.5 
2.9 
2.5 
2.3 
2.6 
2.6 

3.8 

3. 1 
2.0 

17.5 
2.9 

10.3 
2.3 

7.3 

PA3025 probable FAD-dependent glycerol-3-phosphate 5.2 
dehydrogenase 

PA4024 elirB 
PA4733 aesB 

ethanolamine ammonia-lyase large subunil 3.2 
acetyl-coenzyme A synlhetase 2.1 

Porphyrin and Chloropbyll Metabolism 
PA0510 uroporphyrin-m C-methyltransferase 

PAI275 eobD cobalamin biosynthetic protein CobD 

PA 1277 eobQ cobyric ac id synthase 

Nitrogen Metabolism 
PAOI02 probable carbonic anhydrase 
PA0509 nirN probable C-type cytochrome 
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3.0 

3.3 

2.1 

4.2 
2.8 

Fatty acid degradation 
Citrate cycle (TCA cycle) 
Citrate cycle (TCA cycle) 
Fatty acid degradation 

Starch and sucrose 
metabolism 

Starch and sucrose 
metabolism 

Starch and sucrose 
metabolism 

Starch and sucrose 
metabolism 

Glycolysis I 
Gluconeogenesis 

Glycolysis I 
Gluconeogenesis 

Porphyrin and 
chlorophyll metabol ism 
Porphyrin and 
chlorophyll metabolism 
Porphyrin and 
chlorophyll metabolism 

Nitrogen metabol ism 



PA Gene Description 
Number 
PAII77 napE 
PA3658 glnD 

peripiasmic nitrate reductase protein NapE 
protein-PI I uridylyltrRnsferase 

PA3872 narl respiratory nitrate reductase gamma chain 
Glycolate Metabolism 
PA5353 glcF glycolate oxidase subunit GIeF 
PA5354 glcE glycolate oxidase subunit GleE 
PA5355 glcD glycolate oxidase subunit GIeD 

Vitamin and Cofactor Metabolism 
PA0363 cooD phosphopantetheine adenylyltransferase 

PA0504 bioD dethiobiotin synthase 
Oxidative Phosphorylation 
PAO I 08 colli cytochrome c oxidase, subunit III 

PA0918 
PAI054 
PA2266 
PA2475 
PA2637 nuoA 

PA264 I lIuoF 

PA2643 nuoH 

PA2646 nuoK 

PA3930 cioA 

cytochrome b56 I 
probable NADH dehydrogenase I chain L 
probable cytochrome c precursor 
probable cytochrome P450 
NADH dehydrogenase I chain A 

NADH dehydrogenase I chain F 

NADH dehydrogenase I chain H 

NADH dehydrogenase 1 chain K 

cytochrome bd-T oxidase subunit I 

PA4975 NAD(P)H quinone oxidoreductase 
PA5358 ubiA 4-hydroxybenzoate-octaprenyl transferase 
Quinone Biosynthesis 
PA 1986 pqqB pyrroloquinoline quinone biosynthesis protein B 
PA 1987 pqqC pyrroloquinoline quinone biosynthesis protein C 
PA 1988 pqqD pyrroloquinoline quinone biosynthesis protein D 
PAI 989 pqqE pyrroloquinoline quinone biosynthesis protein E 
Sensoryffwo Component System and Chemotaxis 
PA0178 probable two--component sensor 

PAO l79 probable two-component response regulator 

PA0417 
PA0905 csrA 

probable chemotaxis protein 
carbon storage regulator 

PAI1 80 phoQ two-component sensor PhoQ 
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Fold 
Change* 
5.8 
2.5 

2.0 

12. 1 
10.3 
8.9 

2.2 

2.0 

4.1 

2.6 
2. 1 
10.8 
2.1 
2.1 

2.2 

2.2 

2.0 

3.0 

2.8 
2.2 

2.7 
3.7 
3.0 
2.8 

4.4 

2.2 

2.1 
4.9 

3.8 

General Pathway·-

Two-component system -
General 
Nitrogen metabolism 

Glycolate metabolism 
Glycolate metabolism 
Glyoxylate and 
dicarboxylate metabolism 

Pantothenate and CoA 
biosynthesis 
Biotin metabolism 

Oxidative 
phosphorylation 

Ubiquinone biosynthesis; 
Oxidative 
phosphorylation 
Ubiquinone biosynthesis; 
Oxidative 
phosphorylat ion 
Ubiquinone biosynthesis; 
Oxidative 
phosphory lation 
Ubiquinone biosynthesis; 
Oxidative 
phosphorylation 
Oxidative 
phosphorylation 
Biosynthesis of steroids 
Ubiquinone biosynthesis 

Two-component system -
General 
Two-component system -
General 

Two--component system -
General 



PA Gene Description Fold 
Number Change* 
PAI251 probable chemotax is transducer 6.0 
PA2 177 probable sensor/response regulator hybrid 4.2 
PA2479 probable two-component response regulator 2.9 
PA2656 probable two-component sensor 3.2 
PA2798 probable two-component response regulator 2.4 
PA3271 probable two-component sensor 2.9 
PA3346 probable two-component response regulator 2.8 
PA3706 probable protein methyltransferase 5.2 

PA411 2 probable sensor/response regulator hybrid 3.7 
PA4290 probable chemotaxis transducer 5. 1 

PA4293 probable two-component sensor 4.2 
PA4396 probable two-component response regulator 4.6 
PA4777 probable two-component sensor 2. 1 

PA4885 irlR two-component response regulator 2.1 

PA4915 probable chemotaxis transducer 2.2 

PA5484 probable two-component sensor 4.1 
PASS)l probable two-component response regulator 3.9 
Protein SecretioniChaperoneslHeat Shock Proteins/Secreted Factors 
PA0852 cpbD chit in-binding protein CbpD precursor 3.3 
PA1304 probable ol igopeptidase 2. 1 
PA2673 probable type 11 secretion system protein 2.0 
PA3102 xcpS general secretion pathway prote in F 2.6 
PA3103 xcpR general secretion pathway protein E 2.7 
PA3 104 xcpP secretion protein XcpP 2.2 
PA3 126 ibpA heat-shock protein IbpA 2.8 
PA5070 laIC transport protein TatC 3.2 
PA5348 probable DNA-binding protein 2.5 
ABC Transporters 
PA 1862 modB molybdate transport system permease protein 2.4 

PAI863 mod4 

PA I946 rbsB 

PA2409 

PA2812 

PA2857 

PA2987 

PA3447 

PA3920 

molybdate transport system substrate·b inding 2.2 
protein 
D·ribose transport system substrate·binding protein 2.3 

putative manganese transpon system penn ease 2.0 
protein 
putative ABC-2 type transport system A TP-binding 2.5 
protein 
probable ATP-binding component of ABC 2.4 
transporter 
probable ATP-binding component of ABC 3.0 
transporter 
putati ve sulfonate transport system ATP-binding 2.9 
protein 
probable metal transporting P-type ATPase 2.6 
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General Pathway·· 

Bacterial chemotaxis -
General 

Bacterial chemotaxis · 
General 

Two-component system -
General 
Two-component system -
General 
Bacterial chemotaxis -
General 

Secreted factor 

Type II secretion system 
Type II secretion system 
Type II secretion system 
Type II secretion system 

Protein export 

ABC transporters -
General 
ABC transponers -
General 
ABC transporters -
General 
ABC transporters -
General 
ABC transporters -
General 
ABC transporters -
General 
ABC transporters -
General 
ABC transporters -
General 



PA Gene Description Fold General Pathway·· 
Number Cbange· 
PA4222 probable A TP-binding component of ABC 3.8 ABC transporters -

transporter General 
PA4456 putative ABC transport system A TP-binding 2.4 ABC transporters · 

protein General 
PA4997 msbA transport protein MsbA 2. 1 ABC transporters -

General 
PA5450 wzt polysaccharide export transport system ATP- 2.3 ABC transporters -

binding protein General 
Cell Wall Metabolism and Cell Division 
PAI528 zipA cell division protein ZipA 2.6 
PA4201 ddlA D-alanine-D-alanine ligase A 2.4 
PA5448 wbpY glycasyltransferase WbpY 2.1 Cell wall and membrane 

proteins 
T ranscriptional Regulators and Sigma Factors 
PAOl20 probable transcriptional regulator 3.1 
PA0367 probable transcriptional regulator 2.7 
PA0376 rpoH sigma factor RpaH 2.0 
PA0797 probable transcriptional regulator 2.7 
PA0831 oruR transcriptional regulator OruR 2.3 
PAI226 probable transcriptional regulator 2.4 
PAI235 probable transcriptional regulator 2. 1 
PAI309 probable transcriptional regulator 3.6 
PAI351 probable sigma-70 fac tor, ECF subfamily 3.0 
PAI359 probable transcriptional regulator 2.9 
PAI431 rsaL regulatory protein RsaL 6.4 
PAI603 probable transcriptional regulator 2.8 
PAI760 probable transcriptional regulator 3.0 
PAI776 probable sigma-70 factor, ECF subfamily 2.2 
PAI853 probable transcriptional regulator 2.3 
PA2028 probable transcriptional regulator 2.5 
PA2054 cynR transcriptional regulator CynR 2.4 
PA2082 probable transcriptional regulator 3.3 
PA2 123 probable transcriptional regulator 6.3 
PA2220 probable transcriptional regulator 2.2 
PA2299 probable transcriptional regulator 2.2 
PA2383 probable transcriptional regulator 2.0 
PA2449 probable transcriptional regulator 3.1 
PA2488 probable transcriptional regulator 2.4 
PA2489 probable transcriptional regulator 2.8 
PA2534 probable transcriptional regulator 3.0 
PA255 1 probable transcriptional regulator 2.4 
PA259 1 probable transcriptional regulator 2.8 
PA2601 probable transcriptional regulator 2.3 
PA2718 probable transcriptional regulator 3.0 
PA2825 probable transcriptional regulator 2. 1 
PA3594 probable transcriptional regulator 2.8 
PA3757 probable transcriptional regulator 8.7 
PA3898 probable transcriptional regulator 5.1 
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PA Cene Description Fold General Pathway·· 
Number Change* 
PA402 1 probable transcriptional regulator 2.2 
PA4 165 probable transcriptional regulator 4.5 
PA4184 probable transcriptional regulator 3.0 
PA4508 probable transcriptional regulator 3.0 
PA458 1 rtcR transcriptional regulator RtcR 2.1 
PA4590 pra protein activator 12.0 
PA4596 probable transcriptional regulator 2.6 
PA4778 probable transcriptional regulator 2.9 
PA5332 ere catabolite repression control protein 2.3 
PA5380 probable transcriptional regulator 4.2 
PA5431 probable transcriptional regulator 2.1 
DNAIRNA ModificationlProcessing 
PA0357 mutM formam idopyrimidine-DNA glycosylase 2.5 
PA0669 probable DNA polymerase alpha chain 3.7 
PA0770 rne ribonuclease HI 2.3 
PAI405 probable helicase 2.1 
PAI534 recR recombination protein RecR 2.1 
PA2138 probable ATP-dependent DNA ligase 4.5 
PA3232 pUlative DNA polymerase III epsilon 2.7 
PA3297 probable ATP-dependent helicase 2.0 
PA3738 xerD integrase/recombinase XerD 2.8 
PA3832 holC DNA polymerase lIJ , chi subunit 2.1 
PA4042 xseB exodeoxyribonuclease VII small subunit 2.0 
Protein Translation 
PA2071 [lIsA2 elongation factor EF·G 2.1 
Transporters, Porins and Outer Membrane Proteins 
PA4765 omlA outer membrane lipoprotein Om lA 2.4 Cell wall and membrane 

proteins 
PA5 107 ble outer membrane lipoprotein Blc 2.2 Cell wall and membrane 

proteins 
PA0755 probable porin 3.5 
PA0809 probable transporter 2.3 
PA097 I lolA TolA protein 2.6 
PAI048 probable outer membrane protein 2.3 
PA1316 probable MFS transporter 3.2 
PAI496 probable potassium channel 10.5 
PAI650 probable transporter 2.9 
PAI65 1 probable transporter 3.6 
PAI698 popN outer membrane protein PopN 2.8 
PA 1882 probable transporter 5.1 
PAI993 probable MFS transporter 2.4 
PA2525 probable outer membrane lipoprotein precursor 2.7 
PA2674 probable type Ll secretion system protein 2.2 
PA3038 probable porin 4.4 
PA3234 probable sodium:solure symporter 5.5 
PA4003 pbpA penicillin-binding protein 2 2.7 
PA4 126 probable MFS transporter 2.3 
PA4233 2robable MFS trans20rter 2. 1 
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PA Gene Description Fold General Pathway" 
Number Change '" 
Osmotically Inducible Proteins 
PA0059 osmC osmotically inducible protein OsmC 4.7 
PA4876 osmE osmotically inducible lipoprotein OsmE 3.9 
Others 
PAOl54 pcaG proLOcatechuate 3,4-dioxygenase, alpha subunit 2.6 Benzoate degradation via 

hydroxylat ion 
PA0293 probable hydratase 2.3 
PA0355 pfp/ protease Pfpl 3.9 
PA0364 probable oxidoreductase 6.8 
PA0372 probable zinc protease 2.1 
PA0473 probable glutathione S-transferase 2.1 
PA0817 probable ring-cleaving dioxygenase 2.5 
PAI858 sir streptomycin 3"-phosphotransferase 3.0 
PAI950 rbsK ribokinase 2.0 Pentose phosphate 

pathway 
PAI984 probable aldehyde dehydrogenase 5.1 Fatty acid degradation 
PAI991 probable iron-containing alcohol dehydrogenase 2.8 
PA2097 probable flavin-binding monooxygenase 7.5 
PA2098 probable esteraseldeacetylase 5.8 
PA2105 probable acetyl transferase 2.1 
PA2124 probable dehydrogenase 16.0 
PA2239 probable transferase 2.1 
PA2302 probable non-ribosomal peptide synthetase 3.0 
PA2317 probable oxidoreductase 2.5 
PA249 I probable oxidoreductase 5.3 
PA2578 probable acety ltransferase 2.6 
PA2587 probable F AD.dependent monooxygenase 3. 1 
PA2865 probable glycosylase 2.7 
PA2934 probable hydrolase 2.5 
PA3049 rmf ribosome modulation factor 3.3 Ribosome 
PA3450 probable antioxidant protein 2.1 
PA3553 probable glycosyl transferase 2.2 Glycosphingolipid 

metabolism 
PA3568 probable acetyl-CoA synthetase 2.4 Propanoate metabol ism 
PA3687 ppc phosphoenolpyruvate carboxylase 2.6 Pyruvate metabolism 
PA4 117 probable bacteriophytochrome 4.1 
PA4 198 probable AMP-binding enzyme 2.4 
PA4344 probable hydrolase 5.2 
PA4378 ina4 InaA protein 2.3 Ice nucleation 
PA4466 probable phosphoryl carrier protein 3.6 
PA4641 contains high homology to E. coli PhnB 2.4 
PA4812 fdnG contains high homolgy to E. coli FdnG which 2.9 

contains an opal codon encoding a selenocysteine 
PA4945 mia4 delta 2-isopentenylpyrophosphate transferase 3.0 
PA5050 e.riA Erimosomal Erotein N' 2.4 
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PA Cene Description Fold General Patbway** 
'umber Change* 

PAS I74 probable beta-ketoacyl synthase 3.1 
PASI77 probable hydrolase 2.3 
PAS298 xanthine phosphoribosyltransferase 2.0 
PAS35 1 rubredoxin 2.1 
PAS44S probable coenzyme A transferase 2.8 
• Fold.change values were averaged over nine independent painvise comparisons (3 GeneChips~ per 
condition) with P-values ~ O.OS . 
•• General pathways are classified in accordance with the Kyoto Encyclopedia of Genes and Gcnomes 
(http ://www.genome.ad.jplkcgg/) 
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Supplementary Table 2.8.3 - Forward and reverse primers and probes used in Real-time RT-PCR with 
indicated amEiicon sizes ~bl2l of both housekeel2 in~§ and tarset ~enes 
PA 

Gene Oligonucleotide Sequence 1r Amplicon Size 
Number (bl!l 
PA 1769' 5'-GCGAAAGAAAGGTGGCGAAGA-3' 84 

5'-A TACCA TCGTGAACCGCGACA-3' 
5'-(6-F AM)-TOGA TTGCGCCAGGACCGCC-(BHQ-I )-3' 

PA1795' cysS 5'-TTCGACGTGA TCACCCGCTG-3' 68 
5'-TCGGTGATGTTGCGCACGTA-3' 
5'-(6-F AM)-TGCGCCACCGTGGCTACGACCT -(BHQ-I )-3' 

PA1805' ppiD 5'-AGAAGGAAATCGCCAACCTTTCCG-3' 72 
5'-CGACCTTGTCGTTCACCTCGA TCA-3' 
5'-(6-F AM)-AGCAGCGCGA TGCCGCCCACA T -(BHQ-I )-3' 

PA0844 plcH 5'-GGGATGCTCGCAGTAGCAGTAGG-3' 78 
5'-TTGCGCAAGGA TGTGCAGGA-3' 
5'-(6-F AM)-TCCACGACACCTGCGGCAGCGT -(BHQ-I )-3' 

PA2862 lipA 5'-TCGCTGACCTTCAAGAACGGC-3' 86 
5'-TAGTTGTCGCGGA TCACCA TGC-3' 
5'-(6-F AM)-AACGACGGCCTGGTCGGCACCT-(BHQ-I )-3 ' 

PA3014 [adB5 5'-TTCGACTTCCAGCGCCTT-3' 67 
5'-GGTGGAAGCCATCAAGAGCA-3' 
5'-(6-FAM)-CGGCCGAAGTTGGCGGCCT-(BHQ- I)-3 ' 

PA3543 algK 5'-AGCGCGAACAACAGAGCCG-3' 76 
5'-TTGATCGGCGAGTCCTGGC-3' 
5'-( 6-F AM)-A GGCCACCGTCAGCCTGCTGCA-(BHQ-I )-3' 

PA3582 glpK 5'-GGCTGGAAGACTACATCCGCGA-3' 73 
5'-CACTTCAGCTTGGTCCGGAGAA-3' 
5'-(6-F AM)-ACCGGGCTGGTCACCGA TCCGT-(BHQ- I )-3' 

PA3584 glpD 5'-TGAAACAGAAGTCGCCCTACGG-3' 69 
5'-CGTACAGCTTCGGCACGA TGA-3' 
5'-(6-F AM)-CCGCCTGA TCCAGGGCAGCCA-(BHQ- I )-3' 

PA5372 betA 5'-AACTACATGTCCCACGAGCAGGACT-3' 75 
5'-CTGGTTCATGATCTCGCGGGT-3' 
5'-(6-F AM)-AGTTCCGCGACGGCA TCCGGCT -(BHQ-I )-3' 

PA3299 [adD I 5'-TGTACAGCGGGTTGGTGTTGA-3' 85 
5'-TTGCCCAACGTCCTGCAATA-3' 
5'-(6-F AM)-CCACGA TGAGGCCGGCGC-(BHQ- I )-3' 

PA3300 [adD2 5'-ATGGTCAGCGGCAACCATAA-3' 81 
5'-ACGCCACTTCTTCAGTTCCTTG-3' 
5'-(6-F AM)-TCACCAACCCGCGCGACA TC-(BHQ-I )-3' 

PA3924 [adD4 5'-CGAGAACTCCATCGCCACCACCT-3' 72 
5'-TGGCTGAAA TACACACCTTTCG-3' 
5'-(6-FAM)-ACCACCGGCACCACCGGC-(BHQ-I )-3' 

PA20 18 mexY 5'-AGATCTCGATCAGGAAGGTGGTC-3' 73 
5'-AACAGGTACAA TCACGGCGAACA-3' 
5'-(6-F AM)=AGCACCCTGCTCGAGGCGA TGC-(BHQ-I )-3' 

• Oligonucleotides ordered from IDT (Coralville, IA) for each gene are shown as tbe forward primer, 
reverse primer. and TaqMan* probe from top to bouom. 
§ Housekeeping genes used in normali zation during fo ld.change analysis. 
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Chapter 3 

Identification and characterization of the two Pseudomonas aeruginosa 
acyl-CoA synthetases,/adDl and/adD2 

1\3 



3.1 Albstract 

Pseudomonas aeruginosa is an opportunistic pathogen that can degrade fatty 

acids, a major component of lung surfactant, to possibly acquire nutrients in cystic 

fibrosis patients. Our laboratory is interested in characterizing the fatty acid degradation 

(fad) pathway in P. aeruginosa. Based on the E. coli f3-oxidation pathway, the 

degradation of long-chain fatty acids requires the activation of the fatty acid through the 

formation of a high-energy thio-ester bond with coenzyme A, to form acyl-CoA. Using 

the E. coli fadD sequence, a BLAST search against the P. aeruginosa genome yielded 

two highly conserved genes,fadDl (PA3299) andfadD2 (PA3300), both having 72% 

homology to the E. coli fadD, and 54% and 53% identity, respectively. Our single and 

double mutant analyses demonstrated that bothfadD1 andfadD2 playa significant role in 

the fad pathway, as the mutants showed markedly decreased growth rates and overall 

final cell densities. The importance of both fadD1 and fadD2 was further evidenced 

through functional complementation studies, where expression of either fadD1 or fadD2 

individually, restored the ability of an E. coli fadD mutant to grow when a long-chain 

fatty acid (CI6:0 or CI8:1A9
) is the only available carbon source. Transcriptional start sites 

for both fadD 1 and fadD2 were mapped, but they were not in perfect agreement with 

those sites predicted by a Sequence Alignment Kernel (SAK) software, which predicts 

transcriptional start sites to allow one to determine prokaryotic (a7~ promoter binding 

regions. Identification of the promoter sequences allowed us to create promoter fusions 

to study gene induction relative to various chain-length fatty acids. FadDI and FadD2 

have also been purified and investigated for biochemical characteristics. The purified 
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proteins were used to detennine the activity (II max) of each enzyme and also the Km 

(substrate specificity) of each enzyme relative to the different chain-length fatty acids. 

These kinetic studies indicate that FooD I has higher activity with long-chain fatty acids, 

whereas FadD2 has higher activity with short- to medium-chain fatty acids. 
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3.2 Introduction 

Pseudomonas aeruginosa is a Gmm-negative, y-proteobacterlum that is 

commonly found in soils and water. P. aeruginosa has a relatively large genome at 

approximately 6.3 Mb compared to 4.6 Mb for E. coli K-12 (3), 4.4 Mb for 

Mycobacterium tuberculosis (8), 4,8 Mb for Salmonella enterica (35), and 4.7 Mb for 

Yersinia pestis (I I). The large genome of P. aeruginosa, which codes for about 5,570 

predicted open reading frames (ORPs) (48), has allowed it to adapt well to its 

environments, enabling it to have broad substmte specificity for carbon sources, 

degmding and metabolizing various hydrocarbon compounds (9, 18-20, 25, 29-31, 38, 

50,52,54). 

P. aeruginosa's ability to degmde organic compounds and straight hydrocarbons 

is not contested, and it has been shown that P. aeruginosa can utilize short-chain C4-C6 

(21,44), medium-chain CS-CIO (21, 42, 44), and long-chain 2: Cl2 (43-47) fatty acids as 

sole carbon and energy source. The significance of the ability of P. aeruginosa to 

metabolize fatty acids as a sole carbon and energy source was recently demonstmted by 

Son et al (46), when fatty acid degmdative (fad) genes were expressed in vivo by P. 

aeruginosa during lung infection of a cystic fibrosis (CF) patient. This suggested that P. 

aeruginosa was metabolizing the long-chain FAs found in the lung surfactant as a 

nutrient source. 

Although some work has gone into characterizing the fad pathway in 

Pseudomonas pulida (17, 33) and Pseudomonas frag; (40, 41), the fad pathway of P. 

aeruginosa has yet to be fully elucidated, and its significance in relation to lung 
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infections in CF patients is obvious. Using the fully characterized E. coli fad pathway (4, 

6,7,10,12, 13, 15,34,37) as a model for deciphering theP. aerugtnosafadpathway, 6 

to S-fold more genes were revealed that are involved in fad, demonstrating the 

redundancies in enzymes of the pathway allowed in part by the P. aerugtnosa genome. 

According to the E. coli model (Figure 3.1), there are five individual proteins 

involved in the transport, activation and degradation of long-chain F As, and the entire 

regulon is under the control of the negative regulator FadR (4, 6, 7,10). 

In E. coli long-chain FA degradation is initiated after transport of the molecule by 

a membrane transporter, FadL (7). This long-chain FA is then activated by FadD, which 

uses A TP and coenzyme A (CoASH) as substrates to generate a high-energy thiD-ester 

bond between the CoASH and the oxygen atom of the free hydroxyl group. The now 

activated long-chain FA then enters the ~-oxidative pathway, as the saturated bond 

between the second and third carbons is oxidized, and two electrons are transferred to a 

flavin adenine dinucleotide (FAD) cofactor (Figure 3.1). The final steps of the ~

oxidative pathway are completed by the FadBA complex. This complex has been shown 

to have a broad substrate specificity in E. coli (7), as it is multi-meric enzyme with at 

least five different enzyme activities, including 3-ketoacyl-CoA thiolase, enoyl-CoA 

hydratase, and L-3-hydroxyacyl-CoA dehydrogenase activities for saturated FAs, and 

additional cis- A3-trans-A2-enoyl-CoA isomerase and 3-hydroxyacyl-CoA epimerase 

activities for unsaturated FAs (2, 32, 36, 37). The successive cycles of this pathway 

shorten the activated acyl-CoA molecule by a two-carbon acetyl-CoA molecule (Figure 

3.1), which can then be shunted into the tricarboxylic acid (TCA) cycle (Appendix I) (7). 
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To unravel the mystery behind this enigmatic process, we have focused our 

research at the initial step of the fad pathway, the activation of the fatty acid molecule by 

FadD. Here, we present characterization of two FadD homologues, FadD I and FadD2, 

including mutant and complementation studies, FA induction studies, promoter mapping 

studies, and enzyme purification and kinetics. This information will shed light onto the 

fad pathway of P. aeruginosa eventually lending knowledge to the pathogenesis of this 

bacterium during CF lung infections. 

3.3 Materials and Methods 

3.3.1 Bacterial strains 

Strains and plasm ids used and constructed in this study are shown in Table 3.1. 

PAOlAjadDI::FRT, PAOIAjadD2::FRT and PAOlllfadDlfadD2::FRTwere constructed 

using the gene-replacement system as described elsewhere (22). Wild-type E. coli and 

the E. coli fadD mutant K27 were obtained from the E. coli Genetic Stock Centre. 

PAO l-miniCTXPfadDJ and PAO l-miniCTXP[adD2 were constructed introducing the 

miniCTXPfadDJ and miniCTXP[adDz vectors into PAOI by electroporation (5). 

3.3.2 General molecular methods 

All restriction enzymes, Taq DNA polymerase, and T4 DNA ligase were 

purchased from New England Biolabs (Beverly, MA) and used according to 

manufacturer recommendations. Plasm ids were recovered using the Zyppy Plasmid 

Miniprep Kit and gel purification of DNA bands were performed using the Zymoclean 
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Gel DNA Recovery Kit (Zymo Research, Orange, CA). All primers are found in Table 

3.2 and were purchased from IDT Technologies (Coralville, IA). 

3.3.3 Growth media 

Wild-type Pseudomonas aeruginosa PAOl and E. coli Kl2 were grown as 

controls for respective growth curves. PAOI 4fadDI::FRT, PAOIAfadD2::FRT and 

PAO I AfadDIfadD2::FRTwere cultured in Ix M9 media + 30 mM glucose or 0.2% (wlv) 

of the individual saturated fatty acid, C4:0 to CI6:O, or the unsaturated CI8:1A'l (Sigma, St 

Louis, MO), for mutant analyses. E. coli KI2IpET-15b, E. coli fadD mutant K27, 

K27/pET-15b, K27/pET-15b:fadDI, and K27/pET-l5b:fadD2 were cultured in Ix M9 + 

0.3% (w/v) C160 or CI8:1•
9

• PAOI-miniCTXPjadDl and PAOI-miniCTXPjadD2 were 

cultured in Ix M9 + 1% casamino acids (CAA) ± 0.2% (w/v) C4:0 to CI60, or CI81·9, for 

induction studies. 

3.3.4 Construction ofPAOlAfadDl::FRTand PAOlAfadD2::FRT 

ThefadDIfadD2 genes were PCR amplified with Pfu (Stratagene, La Jolla, CA) 

with primers #3021303 and ligated into pUCI9, yielding pUCl9:fadDIfadD2. To 

construct the pEXI 8T -AfadDI ::Gm and pEX I 8T -4fadD2::Gm gene-replacement vectors, 

the BamHI + Sacl digested fadDIfadD2 from pUCl9:fadDIfadD2 was ligated into 

pEXI8T, cut with the same enzymes, yielding pEXl8T:fadDIfadD2. To generate 

pEXI8T-AfadDI::Gm, pEXl8T:fadDIfadD2 was digested with EcoRV and the SmaI 

GmR-cassette from pPS856 was inserted. pEXI8T-4fadD2:Gm was created essentially 
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Table 3. 1 - Strains and plasm ids used in (adD! and {adD2 characterization 
Strains/Plasmids Lab 10' Genotype/Description Reference 
Strains 

E. coli 
K12 E577 Prototroph (ATCC #23740) 
K27 E4l0 E. coli fadO- mutant (34) 

P. aeruginosa 

PAOl P007 Prototroph (48) 
PA01MadDl ::FRT P175 PA01 with fadD1 deletion This study 
PA01MadD2::FRT P176 PA01 with fadD2 deletion This study 
PA01MadDlfadD2::FRT Pl77 PA01 with fadD1fad02 deletion This study 
PA01 -miniCTXPr.!DI P38l PA01 with mlniCTXPr.dD, integrated at attB This study 
PA01.miniCTXPNjD2 P382 PA01 with miniCTXPfedD2 integrated at attB This study 

Plasmids 

pEX18T E055 ApR, ariT , sacS", gene replacement vector This study 
pEX18T -fadDl fadD2 E55l Ap' , pEX18T wi1h fadD1fadD2 This study 
pEX18T-MadDl ::Gm E635 ApR, GmR

, pEX18T-fadD1fadD2with MadD1 and GmR• This study 
cassette insertion 

pEX18T-&fadD2::Gm E633 ApR, GmR
• pEX18T-fadD1fadD2 with MadD2 and GmR

_ This study 
cassette insertion 

pEX18T -MadDlfadD2::Gm E455 ApR, GmR
• pEX18T-fBdD1fadD2 with MadD1fadD2 and GmR

• This study 
cassette insertion 

pPS856 E050 AfJR, GmR, plasmid with GmR -cassette (22) 
pET-15b E047 ApR, n expression vector (Novagen, 

Madison, WI) 
pET-15l>-fadDl E753 ApR, pET-15bwith fadD1 This study 
pET-1 5l>-fadD2 E756 ApR, pET -15b with fadD2 This study 
miniCTX E076 T ef, integration vector (23) 
miniCTXP'adlJ' E1360 miniCTX with PledlJ1 cloned in-frame and upstream of lacZ This study 
miniCTXP,adlJ2 E1361 miniCTX with P "dDI cloned in-frame and upstream of lacZ This study 
pUC19 E014 ApR, broad host range cloning vector (53) 
pUC19-fadDlfadD2 E545 pUC 19 with fadD1 and fadD2 cloned in This study 
pUC19-MadDlfadD2::Gm E4l6 GmR, pUC19-fadD1fadD2 with MadD1fadD2 and GmR_ This study 

cassette insertion 
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Table 3.2 - Primers used in [adD] and [adD2 characterization 
Primer Name/Description 

'.dD cloning 
#341 - ladDl -Ndel 
#342 - ladDl-BamHI 
#749 - PladDl-Hindlli 
#750 - PladDl-blunt 
#339 - ladD2-Ndel 
#340 - ladD2-BamHI 
#751 - PfadD2-Hindll l 
#752 - PfadD2-blunt 
#302 - ladD-up-Hind 
#303 - ladD-<lown 

Promoter mapping 

Sequence** 

5'-TGGGCTCATATGATCGAAAACTTCTGGAAGG-3' 
5'-GGGGCGGATCCAGGCAACGGCGGACTTACTTC-3' 
5'-CCGAAGCTTAGGTCATGTT-3' 
5'-CATGGAAGCCCACTCCT AA-3' 
5'-CAAGAACATATGCAACCTGAA TTCTGGAACG-3' 
5'-CGGCAAGGATCCGTTTCAGAGCCTTGTAAGGCT-3' 
5'-GCGGCGGGCAAGCTTCGTT-3' 
5' -CA TTT A TTCTTGTCCTCTT ACC-3' 
5'-ATCGGAAGCTTCCGGGTGCTGCTGGCGGAT-3' 
5'-TTCGTGGAGCTGCCGGCGCAAGC-3' 

#797 - SMART-IIA" 5'-AAGCAGTGGTATCAACGCAGAGTACGCGGG-3' 
#798 - SMART-liB 5'-AAGCAGTGGTATCAACGCAGAGT-3' 
#375 - ladDl -race3" 5'-ACAGGATGTTCGGGTACTG-3' 
#376 - ladDl-race2 5'-CGGGA TTGATCTCGGCAGCA-3' 
#377 - ladDl-racel 5'-GTACTTGTCCTTCCAGAAGT-3' 
#372 - ladD2-race3· 5'-GAGCGCTCGAAGACCTCGA-3' 
#373 - ladD2-race2 5'-GAAGTCGAGACTGTCGGGTA-3' 
#374 - ladD2-racel 5'-TCGTTCCAGAATTCAGGTTG-3' 

• Primers that are RNase free and HPLC purified 
•• Restriction enzyme sites are underlined 
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the same, except pEXl8T-JadDljadD2 was digested with SmaI. These replacement 

vectors were used to generate the unmarked deletions PAOIAjadDI::FRT and 

PAOIAjadD2::FRTas previously described (22). 

3.3.5 Construction ofPAOIAjadDljadD2::FRT 

The plasmid pUCl9-JadDlfadD2 was digested with SmaI + EcoRV and blunt

ended, to insert a Sad and blunt-ended GmR-cassette from pPS856, generating pUCI9-

AfadDlfadD2::Gm. The AfadDljadD2::Gm fragment was excised with KpnI + HindIII 

and ligated into a similarly digested pEXI8T, yielding pEXI8T-AfadDlfadD2::Gm. This 

gene-replacement vector was used to generate PAOIAjadDljadD2::FRT as previously 

described (22). 

3.3.6 Construction ofminiCTXPfadDl and miniCTXPfadDZ vectors 

The promoter regions of jadDl and jadD2 were PCR amplified with Pfu with 

primers #7491750, and #7511752, respectively. The PCR products were then digested 

with HindIlI, and ligated individually into a HindIlI + SmaI digested miniCTX vector 

(23) yielding miniCTXPfadDZ and miniCTXPfadDz, 

3.3.7 Construction of complementation vectors 

fadDI andjadD2 were PCR amplified with Pfu from PAOI chromosomal DNA 

using primers #3411342 and #339/340, respectively. PCR products were then digested 

with NdeI + BamHi and ligated individually into pET-15b, digested with the same 

enzymes, yielding pET-15h-jadDl and pET-15b-JadD2. 
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3.3.8 FadDl and FadD2 purification 

FadDl and FadD2 were expressed on the pET-15b vectors and HiS6-FadDl and 

His6-FadD2 were purified on Ni+-NTA column (Qiagen, Valencia, CAl following 

standard procedures as described elsewhere (24). 

3.3.9 Transcriptional start site mapping 

Transcriptional start sites were mapped using the SMAR'fTM RACE cDNA 

Amplification Kit (BD Biosciences, Palo Alto, CAl as previously described (49). 

Briefly, cDNA was synthesized according to the manufacturer using primers #797/375 

forJadD] and #797/372 forJadD2. The cDNA was subsequently used as the template in 

PCR, using primers #798/376 and #798/373 for JadD] andJadD2, respectively. Finally, 

the PCR product was sequenced using a second nested primer #377 and #374 for JadD] 

andJadD2, respectively. 

3.3.10 Growth curves 

All growth curves were performed essentially the same way. Cultures were 

grown 14 hours in Luria-Bertani (LB) (Difco, Sparks, MO) broth for E. coli strains, and 

Pseudomonas Isolation broth (PIB) (Difco, Sparks, MD) for Pseudomonas aeruginosa 

strains. Cells were then washed and three times in I x M9 media and a I: I 00 dilution 

inoculation made into 50 ml of respective medias for the different growth curves. 

Cultures were diluted 1:4 in 4% Brij-58 prior to taking OD540 (OD600 for E. coli) readings, 

and cell densities were measured in a Beckman DU7500 spectrophotometer, taking the 
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dilution factor into account. For the induction studies, I ml aliquots were removed 

during mid-log phase for measuring fI-galactosidase activity as previously described (28) 

3.3.11 Measurement of fatty aeyl-CoA synthetase (FadDl and FadD2) activity 

Fatty acyl-CoA synthetase activity was monitored using a modified protocol and 

Ellman's reagent (I, 26, 39). Reactions were prepared in triplicate with 20 fl.g of purified 

FadDl (or FadD2) added to 675 fl.1 of reaction buffer containing 150 mM Tris-HCI (PH 

7.2), 10 mM MgCh, 2 mM EOTA (pH 8.0), 0.1% Triton X-I00, 125 mM ATP, and an 

individual fatty acid in thin walled glass tubes. To determine the kinetic parameters (Vm .. 

and Km) of the enzyme for the different fatty acid substrates, 405 fl.1 of the varying 

concentrations of individual fatty acids (30 to 300 fl.M) were added to the reaction mix. 

Each fatty acid concentration was diluted from a I mM stock concentration. The 

reaction mixture containing the reaction buffer, purified FadO protein, and the fatty acid 

substrate (or ATP) was pre-incubated at 37"C for 3 min. The reaction was then initiated 

with the addition of 5 mM coenzyme A (CoASH) that was also pre-incubated at 37"C for 

3 min, quickly shaken by hand and incubated at 37"C during the course of the reaction. 

A time zero point was taken immediately after mixing by removing 75 fl.1 of the reaction 

mix, and stopping the reaction mix by adding it to 600 fl.1 of 0.4 mM 5,5'-dithiobis(2-

nitrobenzoic acid) (DTNB). Subsequent aliquots were taken at 20 sec intervals for 

additional points, and the 00413 were measured and plotted. A ''no CoASH" control was 

used as a blank when taking 00413 readings. The activity (V max) of the enzymes and 

affinity for the different substrates (Km) were determined using the Hanes-Woolfe 

equation for increased accuracy (14). To determine the Vm .. and Km for the substrate 
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A TP, the same procedure was followed, except I mM CI8:tA9 stock was constant and 

varying concentrations of A TP were used (0.05 to 2.5 J.LM) from a 125 mM stock. 

3.4 Results 

3.4.1 Identification of two potentialJadD homologues in P. aeruginosa 

A bioinformatic approach and BLAST searches using the E. coli JadD, initially 

identified twoJadD's,fadDl (PA3299) andJadD2 (PA3300), in the P. aeruginosa strain 

PAOl, and these two genes were further analyzed. According to the [3-oxidative fatty 

acid pathway of E. coli (Figure 3.1), the substrates for FadD are FA, CoASH and ATP. 

The E. coli JadD contains a signature A TP/AMP binding motif (Figure 3.2). When the 

potential P. aeruginosaJadDI andJadD2 are aligned with the E. coliJadD, an almost 

identical A TPI AMP signature motif is found (Figure 3.2), lending evidence that both 

JadDI andJadD2 are involved in 10ng-chainJad. 

3.4.2 Mutational analysis of JadDl and JadD2 through growth curves with 

different fatty acids as a sole carbon source 

To determine whether or not the twoJadD genes,fadDI andJadD2, are involved 

in the degradation of different chain length fatty acids, mutations were made individually 

in each JadD gene, as well as a double mutation in both JadDI and JadD2. These 

mutants, along with wild-type PAOI, were then grown in minimal media in which 

glucose (positive control) or a FA was the sole carbon source (Figure 3.3). 
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When grown in glucose (Figure 3.3A) no difference was observed in the growth 

rate or overall cell density of all four strains, suggesting that these deletions had no effect 

on the metabolism of glucose by P. aeruginosa. However, a difference in growth rate 

and overall cell density was observed when the sole carbon source was fatty acid (Figures 

3.3B-I). The mutant strains all began to enter early-log phase up to six hours later than 

the wild-type PAOI. In all cases, theJadD! mutant always grew better than theJadD2 

mutant and the double mutant, with the exception of when the four strains grew similarly 

in minimal media with C12:0 as the sole carbon source. The additional mutation ofJadD! 

to theJadD2 mutation did not seem to have an increased defect, as the doubleJadD!D2 

mutant did not have a significant decrease in growth rate or overall cell density when 

compared to the single JadD2 mutant, except when grown in CIO:0. 

A direct relationship can also be observed between the length of the FA molecules 

and the length of the late stationary and death phase, as a longer plateau is observed for 2: 

CI4:0, than for::; C I2:0• 

3.4.3 Phenotypic confirmation ofbotb FadDl and FadD2 

Once it was established that both JadD! and JadD2 were involved in P. 

aeruginosa Jad, a functional confirmation was necessary in order to be certain that the 

observed growth defects were not due to polar effects, or that the mutations did not cause 

aJad defect in trans. To demonstrate that both FadD! and FadD2 were directly involved 

in fatty acid degradation and functionally served a similar. if not identical role. to the E. 

coli FadD, bothJadD! andJadD2 were cloned and complemented individually into an E. 

coli JadD mutant. E. coli only has a single copy of JadD for aerobic Jad (34). and so a 
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Figure 3.1 - The predicted P. aemginosa fatty acid degradation pathway (~-oxidation) 

modeled after the E. coli fad pathway (7) . The P. aem ginosa f ad pathway has multiple 

homologues of each Fad protein. Shown are at least I FadL, 2 FadDs (FadD I and 

FadD2), at least I FadE (with potentially up to nine), and at least three FadBAs (FadAB I, 

FadBA4 and FadBAS) (with potentially up to five) predicted to be involved in P. 

aeruginosa fad. 
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Figure 3.2 - Alignment of the E. coli FadD ATP/AMP signature motif with the P. 

aeruginosa PADI FadDI and FadD2 showing conservation of signature motif. Vertical 

lines are identical residues, plus sign indicates similarity, and numbers indicate residue 

positions on the protein. 
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PAOlfj.fadDlf adD2 on different minimal fatty acid media. All four strains were grown 

in Ix M9 minimal media supplemented with (A) 30 mM glucose or 0.2% (w/v) fatty acid 
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mutant with a deletion in this fadD gene, E. coli K27, will not be able to grow in long

chain FA as a sole carbon source (Figure 3.4), whereas the wild-type E. coli KI2 is able 

to grow without any problems. When the E. coli K27 strain was complemented with 

either the P. aeruginosa fadD] or fadD2 on the plasmid pETl5b, the growth rate and 

overall cell density were restored back to wild-type levels when grown in the long-chain 

FAs palmitate (CI6:0) and oleate (CIS:I"") (Figure 3.4). As a control, the E. coli fadD 

mutant was also transformed with just the control plasmid, pETl5b, and as expected, this 

strain was not able to grow in either of the two long-chain F As. The pETl5b plasmid 

also had no visible effect on the growth of wild-type E. coli K12. 

3.4.4 Promoter and transcriptional start site mapping offadD] andfadD2 

P. aeruginosa was grown in the presence of the long-chain FA palmitate, and the 

RNA isolated for SMARTfM Race mapping of transcriptional start sites as previously 

described (49). After the second nested PCR reaction. a single PCR product was 

achieved for both fadD] and fadD2 (Figures 3.5A and B, respectively). The PCR 

products were then sequenced and very clean chromatograms were obtained, indicating 

clean single products, with readable 5' -SMARTfM primer ends (Figure 3.5A and B). 

As seen in Figure 3.5C,fadD2 (1.69 kb) is located upstream offadD] (1.69 kb), 

separated by a 234 bp intergenic region, including a strong Rho-independent 

transcriptional terminator. The presence of this stem-loop structure suggests thatfadDl 

andfadD2 are individually transcribed. When the transcriptional start sites were mapped 

for bothfadD] andfadD2, the transcript start sequences were identified as GCCTA for 
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Figure 3.4 - Complementation studies using P. aernginosa fadDI and fadD2. 

Complementation of an E. coli f adD- mutant (K27) with the P. aeruginosa fadDl and 

f adD2 on Ix M 9 + 0.2% LCFA, (A) palmitate (C I6:0) and (B) oleate (CI8:l 69). No 

growth was observed for K27 control strain with or without pET-15b. The growth rates 

and final cell densities were the same for both complements in two different LCFAs 

compared to the wild-type (wt) E. coli KI2 control strain. 
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fadD! and CTICG for fadD2. ThefadD! transcript start site is located 94 bp upstream 

of the translational start codon. This allowed us to map the promoter for fadDI to the 

sequences TGCTGG and GATAAT, the -35 and -10 regions, respectively. ThefadD2 

transcript start site mapped to 191 bp upstream of the translational start codon, and the 

promoter was mapped to the sequences TTGTGC and ATTCTA, the -35 and -10 

regions, respectively. The promoters for bothfadD! andfadD2 were also predicted using 

a Sequence Alignment Kernel (SAK) (http://mendel.cs.rhul.ac.uklmendel.php) that 

predicts sigma-70 (0
7°) promoters. The predicted promoters were compared to those 

determined using the SMARTTM Race mapping technique, and although the start sites for 

both fadDI and fadD2 were not in agreement, fadD! did receive a higher score, 

indicative ofa greater likeliness ofa transcriptional start site. Using thefadDI andfadD2 

identified promoters, we conducted induction studies by creating promoter fusions to the 

reporter gene lacZ. 

3.4.5 Induction oftbefadD! andfadD2 genes by different FA substrates 

To determine which FAs (short-, medium-, or long-chain) induce fadDI and 

fadD2, fusion strains were made. The promoter for eachfadD gene was fused upstream 

of the lacZ, so that expression of lacZ is under the control of the respective fadD 

promoter. Then aliquots were taken during mid-log phase of growth and II-galactosidase 

activity measured in triplicate as previously described (28). 

Wild-type PAOI and two fusion strains, PAOIP/adD/::lacZ and PAOIP/adD2::1acZ, 

were grown in casamino acids (CAA) with and without the different chain-lengths FAs 

(Figure 3.6). Because gene expression is so highly dependent on growth rate, the growth 
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Figure 3,5 - SMART mapping of the transcriptional start sites of P. aeruginosa/adD} 

and/adD2. Only single bands observed after PCR amplification ofcDNA using SMART 

primer for (A) /adD} and (53) /adD2 from PAOI grown to mid-log phase in palmitate. 

Reverse-complement sequence results for the (A) GCCTA-band and (53) ClTCG-band of 

the/adD} and/adD2 transcriptional start sites, respectively. Transcriptional start sites are 

indicated with an arrow and + I, and the SMART primer sequence is underlined. (C) 

/adD2 and/adD} coding sequences (green), with putative -10 and -35 promoter regions 

(boxed) . Transcriptional start sites are in bold (blue and underlined) for each gene. Also, 

indicated is a Rho-independent transcriptional tenninator (black and underlined), 

suggesting separate transcripts for both/adD} and/adD2. Numbered arrows indicate the 

set of three primers used for mapping. 
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rates of all three strains were ensured to be similar across all the different media 

supplemented with the different FAs (Figure 3.6A). As cultures reached mid-log (ML) at 

an 00S4lr'1.5, aliquots were taken to measure the fl-galactosidase activity. When grown 

in only CAA, a baseline fl-galactosidase activity of 112 Miller units was observed (Figure 

3.6B). However, when the CAA media was supplemented with medium- or long-chain 

FAs, JadDl was induced up to greater than 3.3-fold, as indicated by the rise in fl

galactosidase activity to 263, 305 Miller units in the medium-length F As C!O:o and Ct2:O• 

A slightly higher level of induction was observed in the presence of the long-chain FAs 

Ct4:0, Ct6:0, and CtS:tA9
, as the fl-galactosidase activity rose to 336, 359 and 366 Miller 

units (Figure 3.6B). The short-chain FAs did not induce JadDl more than 1.6-fold (174, 

184, and 167 Miller units in C4:0, C6:0, and Cs:o, respectively). 

For the induction ofJadD2, an opposite trend was observed (Figure 3.6C). With a 

baseline fl-galactosidase activity of 103 Miller units in media with only CAA,JadD2 was 

induced by the short- to medium-chain length FAs (~:o, C6:0, Cs:o, and C!O:o). In C4:0, the 

fl-galactosidase activity was over double the baseline at 26 I Miller units (2.5-fold), 260 

Miller units in C6:0 (2.5-fold), 271 Miller units in Cs:o (2.6-fold), and 241 Miller units in 

CIO:0 (2.3-fold). JadD2 was not induced at all by the medium- to long-chain length FAs, 

as fl-galactosidase activities did not reach higher than 1.2-fold in Ct2:0 (115 Miller units), 

C14:0 (109 Miller units), C16:0 (117 Miller units) and CIS:tA9 (121 Miller units). 

This induction study demonstrated that JadDl and JadD2 are inducible by 

different chain-length F As, and that each has a unique profile of inducing substrates, 

JadDl induced by medium- to long-chain FAs andJadD2 induced by short- to medium

chain F As, with an overlap in C 10:0. 
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Figure 3.6 - fadDI and fadD2 are induced by different fatty acid chain-lengths. (A) 

Wild-type PAOI and the two expression strains, PAO I PjadD1::lacZ and PAO I PjadD2::lacZ, 

where grown in the presence and absence of the different fatty acid chain-length 

substrates. Induction levels were measured during mid-log (ML) phase. (B) fadDI is 

induced by long-chain fatty acids, whereas (C) fadD2 is induced by short-chain fatty 

acids. ~-galactosidase activities were measured in triplicate, and the means shown with 

S.E.M. 
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3.4.6 Pnrification ofFadDl and FadD2 

FadD I and FadD2 were cloned, expressed and purified as previously described 

elsewhere (24). Both FadD I and FadD2 were purified to near homogeneity (Figure 

3.7A). The slight difference in size between the larger FadD2 (61.7 kDa) and FadD! 

(61.6 kDa) was clearly observed. 

In E. coli, FadD catalyzes the initial activation step of the FA and creating a high-energy 

thio-ester bond between the hydroxyl group of the FA and the sulphur of the coenzyme A 

(CoASH) (Figure 3.7B). This reaction requires the presence of free ATP and a reduced 

CoASH. Ellman's reagent (S,S'-dithiobis(2-nitrobenzoic acid)) (DTNB), reacts with free 

reduced CoASH to produce 2-nitro-S-thiobenzoic acid (TNB), which can be 

colorimetrically read at 413 nm (Figure 3.7C) (26, 39). 

Therefore, in a FadD catalyzed reaction mixture containing FA, A TP and CoASH, 

the activity of FadD can be measured by measuring how much CoASH was used in the 

reaction upon incubation. Using Ellman's reagent, the amount of Co ASH not used in the 

reaction can be determined, and this can then be directly used to determine how much 

CoASH was used in the reaction and therefore reveals the activity ofFadD. 

3.4.7 Determination ofFadDl and FadD2 enzyme kinetics 

Purified FadD I and FadD2 activities were determined as nmole of acyl-CoA 

formedlminlmg of protein using Ellman's reagent in triplicate as described in Materials 

and Methods. FadD! showed higher activity with the long-chain FAs, especially Ct8:tA9 

(V max = 217 nmole/minlmg) (Figure 3.8A). This activity is similar to the activity 

observed with A TP (V max = 213 nmole/minlmg), and was significantly higher than those 

136 



(A) 
kDa 

97.2-
66.4-

55.6
42

.
7

_ 

36.5-

26.6-

M 1 2 

__ FadDs 

(B) 

o 
R~OH 

AMP + PPi •• ~ P •• - • • ----acy..coA synthetase('.tdD) 
ATP~CoASH 

o 
R~SCoA 

Figure 3.7 - Purification of and enzyme reactions catalyzed by FadD I and FadD2. (A) 

Affmity purification of the histidine-tagged FadDl (lanel) and FadD2 (lane2), along with 

molecular weight standards (M), showing expected sizes of 61.6 and 61.7 kDa, 

respectively. There is a slight shift of FadD2 relative to FadD I, due to the small size 

difference. (B) FadD catalyzes the activation of the long-chain fatty acids using fatty 

acid, ATP and CoASH as substrates. (C) Ellman ' s reagent (DTNB - 5,5'-dithiobis(2-

nitrobenzoic acid)) reacts with free CoASH to give TNB (2-nitro-5-thiobenzoic acid) as a 

product that can be colorimetrically read at 413 nm. 
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activities observed with the other FAs (C4:0, C6:0, C8:0, CIO:O, C12:o. C14:0, and C 16:0), where 

the Vmax was determined to be between 116 and 154 nmole/min/mg (fable 3.3). The 

affinity of FadD! for each FA (Km value) (fable 3.3) was also extrapolated from the 

individual activities using the Hanes-Woolfe equation (14) with correlation coefficients 

of ~ 0.94. This revealed that FadD! had a higher affinity for the long-chain FAs, 

particularly C14:O (Km=O.OI mm ATP). 

The same kinetic data was determined for FadD2 (Figure 3.8B) across the same 

set of FAs using Ellman's reagent. FadD2 showed the highest activity with the short- to 

medium-chain FAs, especially C8:0 (Vmax = 204 nmole/min/mg), followed by CIO:O, C4:0, 

and C6:0 (Vmax = 182, 167 and 159 nmole/min/mg). Affinity towards the FAs mirrored 

the activity profile for FadD2, as the lowest Km was 0.02 mM A TP (Cs:o), as extrapolated 

from the activities using the Hanes-Woolfe equation (14) (fable 3.4). 

3.5 Discussion 

The E. coli fad pathway was used as a working model, since the enzymes of this 

b-oxidative pathway are similar to those present in the mitochondria of mammals and 

other organisms (7), to initiate characterization of the same pathway in P. aeruginosa. 

The fad pathway in P. aeruginosa remains unclear, although some work has been done to 

characterize parts of the pathway in Pseudomonas putida (33) and Pseudomonas fragi 

(16, 40, 41). Our work into elucidating this pathway was initiated by taking a 

bioinformatic approach and identifYing two potential fadD genes, whose products are 

involved in the activation of the fatty acids for further degradation in P. aeruginosa. The 
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Figure 3.8 - FadO 1 and Fad02 activities with different fatty acid chain-length substrates. 

Kinetic parameters of purified (A) FadOI and (B) Fad02 were determined for the 

different fatty acid chain-length substrates using Ellman ' s reagent. All reactions were 

performed in triplicate and the averages shown with S.E.M. 
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Table 3.3 - Kinetic properties of FadDI with various substrates 

Substrate Kinetic Parametera 

Vmax
h Kmc 

ATP 213 0.11 

C. ,o 137 0.03 

C. ,o 133 0,03 

CM 125 0,03 

C,o,o 116 0,02 

C '2:0 130 0,03 

C '4:0 130 0.01 
C,.,o 154 0.02 

C18,," 217 0.02 

Q Kinetic constants (Vmax and Km) defined using Hanes-Woolfe equation 
b Nanomole of acyl-CoA formed/minimg of protein 
C Millimolar A TP 

Table 3.4 - Kinetic properties of FadD2 with various substrates 

Substrate 
Kinetic Parameter' 
~ b Kmc 

mox 

ATP 182 0.11 
C. ,o 167 0.03 
C. ,o 159 0.03 
C. ,o 204 0.02 
C,o:o 182 0.04 
C' 2:0 137 0.04 
C'4:0 109 0,04 

C'M 99 0.05 
C18,," 1 01 0.05 

Q Kinetic constants (Vmax and Km) defmed using Hanes-Woolfe equation 
b Nanomole of acyl-CoA formed/minlmg of protein 
' Millimolar ATP 

140 



two fadD genes, fadDl (PA3299) and fadD2 (PA3300), were found to be highly 

conserved, when compared to the E. coli fadD gene, both having 72% homology, and 

54% and 53% identity, respectively. Of particular interest, was the presence of the 

ATP/AMP signature binding motif, which was highly conserved (Figure 3.1). 

Studies into determining whether or not these two P. aeruginosa fadD genes are 

involved in fad started with mutational analysis, following up on our preliminary studies 

into the defective ability to grow on long-chain FA palmitate (data not shown). Using a 

broad spectrum of FAs from short- (C4:0 to C8:0), to medium- (CIO:O to CI2:0), to long

chain (CI4:0 to CI8:1''1 as a sole carbon source, we found that deletion of either ofthe two 

fadD genes resulted in defective growth rates and overall final cell densities. Our 

bioinformatic data, which indicated that PA3299 and PA3300, werefadD-like enzymes 

with a signature A TPI AMP binding motif, was substantiated by this observed defective 

growth and warranted further investigations into these two genes. 

To verifY the role of these genes, fadDl and fadD2, in fad individually, we 

conducted functional complementation studies in an E. coli fadD mutant background. E. 

coli has only one aerobic fad pathway (7), and possesses no fad enzyme redundancies, 

unlike P. aeruginosa. Using this E. coli strain background, we demonstrated bothfadDl 

and fadD2 were able to complement the mutant phenotype, as growth rate and overall 

final cell densities were rescued back to wild-type levels. This gave further evidence that 

these two genes possess the ability to perform the same function in l3-oxidation of F As, as 

the E. coli homologue. 

Very little is known aboutfadD in Pseudomonas, however, there was one study of 

fadD in P. pulida (17), that revealed a broad spectrum of substrates for FadD. Closer 
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examination of the fadDl and fadD2 genes and the sequences around them, revealed a 

long stem-loop structure in the intergenic region suggesting the possibility that these two 

genes were individually transcribed, and unlike the single copy of fadD found in P. 

pulida, may exhibit different substrate specificities. In order to identity whether there is a 

substrate-specificity unique to each FadD, we mapped the transcriptional start site for 

each gene and identified potential promoter regions. Individual fusions of the promoter 

regions to the reporter gene, lacZ, we found that long-chain F As, and to a lesser extent, 

medium-chain FAs, induced fOODl, where as fOOD2 was induced by the short- and 

medium-chain F As. 

Enzymatic characterization was also conducted on both FadD I and FadD2 with 

the FA substrates utilized in the mutant analysis and induction stodies. FadDl exhibited 

the highest activity and most affinity for the long-chain fatty acids, which is in agreement 

with the induction studies. Previous biochemical studies conducted on acyl-CoA 

synthetases of P. putida (17) and the microsomes from maturing seeds of safflower 

(Carthamus linclorius) and a commercially available acyl-CoA from Pseudomonas sp. 

(26), revealed activities of 537.5 and 52.1 and 173.0, respectively. Our Ellman's reagent 

approach yielded an activity of 217 nmole/minlmg of protein, which is less than half the 

activity as that of P. putida, but more than that of the commercially available acyl-CoA, 

suggesting our data is reasonable. Perhaps the difference in activity observed between 

the P. pulida and our FadD 1 may be attributed to the purity of the enzyme, as the acyl

CoA from P. pulida was much more rigorously purified under several different 

treatments. Also, the activity was measured using a different assay in the P. pulido study, 

as they utilized a different approach measuring the formation of acetylhydroxamate 
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according to the protocol of Jencks (27). In fact, the differences observed between our 

FadD I and that of P. putida can be attributed to the method by which the activity was 

measured. This was demonstrated by Ichihara and Shibasaki (26), who found that when 

comparing two different acyl-CoA assays, a significant difference in activity was 

observed for the same enzyme between two different assays. They found that when using 

an enzyme-coupled assay, their Pseudomonas sp. acyl-CoA had an activity of 156.6 

nmole/minlmg of protein, whereas the same enzyme had an activity of 173.0 

nmole/minlmg of protein when measured using Ellman's reagent. However, the relative 

closeness of our determined FadD I activity compared to that of Ichihara and Shibasaki 

(26), suggests that our data is reliable, as Ichihara and Shibasaki measured their activity 

using the same Ellman's reagent. Using the activities of FadDI determined across the 

different FA substrates, we also determined the substrate speCificity, exhibiting higher 

specificity for the long-chain F As. The Km values determined were much lower than that 

determined for the E. coli FadD (51), however, that previous study had used radioactivity 

to determine activity (V max), and hence, substrate specificity. FadD2 had higher activity 

with the short-chain FAs, with a Vrnax of 204 nmole/minlmg of protein, similar to the 

activity level of FadD I , and corresponding higher substrate specificity. 

The difference in activity between FadD I and FadD2, as well as substrate 

specificity, demonstrates an elegant picture of why P. aeruginosa possesses redundancy 

in its fad enzymes. When the more abundant carbon source is a long-chain FA, P. 

aeruginosa would likely have fadDl induced by the FA, and thus degrade it for carbon 

and energy. It is conceivable that as the long-chain FA is degraded down two carbons at 

a time, the shortened product would then induce fadD2, which would then in turn, take 
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over the role of activating the FA for further metabolism in subsequent rounds of fad 

(Figure 3.1). The overlap in gene induction, and protein activity and substrate specificity 

observed between fadDl and fadD2 (Figures 3.6 and 3.8; Tables 3.3 and 3.4), could 

account for the transition during fad of the long-chain FA to medium-chain and then 

finally to short-chain FA. If on the other hand, the more abundant carbon source is short

chain FA, P. aeruginosa would have fadD2 induced by the substrate, allowing it to 

degrade it through the same fad pathway. This redundancy and substrate overlap clearly 

demonstrates the robustness of the P. aeruginosa genome and its ability to grow in such a 

diverse range of environments. It would be very interesting to determine whether this 

substrate overlap in induction, and substrate specificity exists with the other fad genes, 

which P. aeruginosa also exhibits multiple homologues of. 
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Chapter 4 

Characterization of thefadABl ,fadBA4, and 
fadBA5 operons in Pseudomonas aeruginosa 
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4.1 Abstract 

The opportunistic pathogen Pseudomonas aeruglnosa can establish a chronic lung 

infection in cystic fibrosis patients, potentially acquiring nutrients from the fatty acid 

component of lung surfactant. Our laboratory is interested in characterizing the fatty acid 

degradation (fad) pathway in P. aeruglnosa. Based on the E. coli ~oxidation pathway, 

the degradation of long-chain fatty acids we have identified five potential JadBA operons, 

JadABl,fadBA2,fadBA3,JadBA4, and JadBA5, in P. aeruginosa through bioinformatic 

approaches. Subsequently, we have initiated characterization of the five operons, and 

identified three of them,fadABl,fadBA4, and JadBA5, are involved in long-chain fatty 

acid degradation through mutational and growth curve analysis. Complementation of an 

E. coli JadBA mutant by the individual P. aeruginosa JadBA operons, revealed that only 

JadBA5, and to a lesser extent JadAHl, was able to complement the defect and restore 

growth on long-chain fatty acids. Further characterization involving identification of 

transcriptional start sites and promoter region predictions, allowed for the construction of 

lacZ reporter fusion strains. Similar fusion strains have already been used to study the 

induction profile of the JadABl andJadBA5 operons, and the two JadBA4 fusion strains 

are currently being employed to investigate the regulation of this divergent operon in the 

presence of the different fatty acids. 
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4.2 Introduction 

Cystic fibrosis (CF) is a genetic disorder that is characterized by the slow 

deterioration of lung tissue and function. This deterioration of both lung tissue and 

function is the direct result of chronic inflammation and infection. Although the CF lung 

infection is actually polymicrobial in nature (45), the primary pathogenic agent giving 

rise to the high morbidity and mortality of patients is Pseudomonas aeruginosa (4, 16, 

35). Over 93% of CF patients between the ages of 18 and 24 are infected by P. 

aeruginosa (16), with CF patients having an average life expectancy of 36 years of age. 

Over the course of P. aeruginosa infections in CF patients, a mucoidy (biofilm) form of 

P. aeruginosa (23) predominates, displacing the previously infecting flora through 

competition for nutrients and resistance to host clearance mechanisms. After initial 

colonization, the same clone of P. aeruginosa can persist in the lungs of the CF patient 

experiencing the patient to vicious cycles of bacterial growth and inflammation (35). 

Characterized by the inability to clear the microorganism, increased host mucin 

production, virulence factor production and action, and extracellular DNA as a result of 

lysed host and bacterial cells, the patient suffers from copious amounts of viscous 

sputum. This develops into suffocation and deteriorated lung function (52), leading to 

repetitive cycles of extreme inflammation and remission, and ultimately in death of the 

patient. 

Much attention has been paid to the pathogenicity of P. aeruginosa with respects 

to virulence and virulence expression (3, 30, 34, 37), including biofilm production (13, 

48) and quorum sensing (21, 31-33), but not much effort has been placed towards HCD 
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replication. which is required for all the aforementioned. It has been shown that P. 

aeruginosa can reach HCD of~ 109 cfu/ml of sputum (53). HCD is required for quorum 

sensing regulated expression of many virulence factor genes (e.g. proteases, lipases, 

phospholipases, exotoxin A, exoenzyme S, cytotoxins, biofilm and hydrogen cyanide), 

which wreak havoc on the host (10, 37, 57, 58). The nutrient source for HCD is 

fundamental in understanding the pathogenesis of P. aeruginosa during lung infection; 

however, the nutrient source allowing the bacteria to afford HCD has surprisingly, yet to 

be addressed. 

The lung environment is not rich in conventional nutrients such as in the 

gastrointestinal tract, but is laden with lung surfactant. Lung surfactant is required for 

proper lung functions, and is composed of 10% proteins and 90% lipids, the majority of 

which (80% of lipids) is phosphatidylcholine. Both of these are potential nutrient 

sources, and in vitro studies have previously demonstrated that P. aeruginosa can utilize 

the proteins and amino acids found in lyophilized sputum as a nutrient source (29). A 

recent in vivo study supported the potential use of amino acids by P. aeruginosa as a 

nutrient source, as a more extensive list of amino acid degradative and protease genes 

were expressed (50). 

However, HCD replication and virulence expression, especially biofilm 

production, is extremely energy demanding. Thus, the major lung surfactant component, 

phosphatidylcholine (PC), has also been recently suggested as another potential nutrient 

source in the lungs to afford HCD replication and maintenance. PC is comprised of three 

main components: a choline headgroup, glycerol and two long-chain fatty acid tails, 

which can be liberated by cleavage by phospholipases and lipases. This was evidenced in 
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an in vivo study of a CF lung infection, where expression of phospholipase and lipase 

genes, as well as genes in the pathways of each PC component, were observed (50). The 

metabolism of glycerol and choline as sole carbon sources has been characterized (12, 

40-44, 46, 55), however the degradation of fatty acids and the genes involved remains to 

be determined. 

In E. coli, the aerobic fad pathway (j3-oxidation) has been well established (2), 

where the primary genes involved (as fadA, fadB, fadD, fadE, and fadL) have been 

determined to be negatively regolated in the absence of extemal free fatty acids ~ C12) 

(6, II, 14). Unlike as in E. coli, P. aeruginosa, with a 6.3 Mb genome, reveals the 

potential for redundancies and a higher level of complexity, as P. aeruginosa has 6- to 8-

fold more genes involved in j3-oxidation. P. aeruginosa also demonstrates a broader fatty 

acid chain-length specificity, being able to grow in short- (C4-C6), medium- (CS-CIO) 

(IS, 39), and long-chain fatty acids. Most importantly, P. aeruglnosa is capable of 

growing on PC as a sole carbon source (49) through mUltiple uncharacterized fad 

enzymes. Therefore, identification and characterization of the fatty acid degradative 

(fad) pathway would yield valuable information about the pathogenesis of P. aeruginosa 

in CF lung infections. 

The purpose of this study was to identifY the fadBA operons involved in P. 

aeruginosa fad. Through mutational analysis and complementation studies, three fadBA 

operons (fadAB1,JadBA4, andfadBA5) were identified as playing significant roles infad, 

which were previously observed to be expressed in vivo (50). Furthermore, the promoter 

regions of the three fadBA operons were identified, allowing us to perform fatty acid 

induction profiling. 
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4.3 Materials and Methods 

4.3.1 Bacterial strains and growth conditions 

Strains and plasmids used and constructed in this study are shown in Tables 4.1 

and 4.2. E. coli DH5a (25) was used for all molecular cloning steps. E. coli SMIO (47) 

was the donor strain for conjugation to introduce the pFLP2 and various pEXI8T 

plasm ids into wild-type P. aeruginosa PAO I and mutants to generate subsequent mutants 

as previously described (l9). 

All E. coli strains were grown in LB broth (Difco, Sparks, MD), with gentamycin 

(IS Itg/ml) (Teknova, Halfinoon Bay, CA) for plasmid maintenance. P. aeruginosa 

strains were grown in Pseudomonas Isolation Broth (pm) or Pseudomonas Isolation 

Agar (PIA) (Difco, Sparks, MD). supplemented with gentamycin (ISO Itg/ml) for 

selection, unless otherwise stated. Selection for the second homologous recombination 

event in P. aeruginosa was done by streaking on PIA + Gml50 + 5% (w/v) sucrose. 

Curing of the plasm ids was verified on PIA + carbenicillin (Cb) (500 ~ml). 

4.3.2 General molecular methods and reagents 

All restriction enzymes, Pfo DNA polymerase, and T4 DNA ligase were 

purchased from New England Biolabs (Beverly, MA) and used according to 

manufacturer recommendations. Plasm ids were recovered using the Zyppy Plasmid 

Miniprep Kit (Zymo Research, Orange, CA) and gel purification of DNA bands were 

performed using the Zymoclean Gel DNA Recovery Kit (Zymo Research, Orange, CA). 

All primers were from IDT Technologies (Coralville, IA). 
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Table 4.1 - Strains used in {adBA operon characterization 
Strains Lab GenotypelDescriptioD Reference 

ID 
Strains 

E. coli 
DH5a E0057 (+80dlacZ AM \5) 6(lacZYA.argF)U 169 deoR recA J (25) 

endAJ JudRI7 (r,: m" *) glnV44 A,- Ihi-l gyrA96 rt:lA I 
$MI O E0067 lhi-\ thrlell lonA lacY supE recA :RP4-2-Tc::Mu KmR (47) 
HPSt EOOO t e 14- (merA) reeA I entiA I gyrA96 thrl hsdRl7 sIlpE44 

TelA! !J.(Jac-proAB) rif =xx;:miniTn5Lac4 (laclQ> 
(38) 

lacZdMl5 ) 
KI2 E0577 Prototroph (ATCC 

#23740) 
JWC28S E1560 /adA ::TnIO yfcYX: :catfadR::Km (7) 

P. aeruginoso 
PACI POO07 Prototroph (54) 
PAOI6jadABJ ::Gm 1'0009 Omit. PAQI with/allAR} deletion This study 
PA016[adABJ ::FRT 1'0020 PAOl4{adABJ ::Gm with the GmR cassette excised This study 
PAOJ6jadBA4::Gm 1'0016 Gm", PAG) with/adBA4 deletion This study 
PAOI6[adBA4::FRT 1'0023 PAOI4,fadBA:4::Gm with the GmR cassette excised This study 
PAOI4fadBA5::Gm 1'0105 Cm", PAC! withfadBA5 deletion This study 
PAOI6[adBA5::FRT 1'0227 PAOlllfadBA5::Gm with the Gmt casselte excised This study 
PAOl6fadABI::FRT IlfadBA2 :: Gm P0024 Gmt, PAO! withfoMBl andfadBA2 deletion This study 
PAOI6fadBA3::FRT 6fadBA4::Gm P0034 Gmt, PAOI withfadBA3 andfadBA4 deletion This study 
PAOt/!ifadAB1::FRT 4/adBA4·:Gm P0028 Gmt, PAOI witbfadABl andfadBA4 deletion This study 
PAOI6[adABJ::FRT 6[adBA1::FRT P0036 PAO I/!ifadAB1::FRT4/adBA1::Gm ..... ith GmJ. cassene This study 

excised 
PAOl4/adBA3 ::FRT 4/adBA4 ::FRT P0046 PAOlllfadBA3 ::FRT6jadBA4::Gm with Gmt cassene This study 

excised 
PAO I6[adABJ :FRT 4fadBA4::FRT POO40 PAOl4fadAB1 ::FRT6jadBA4::Gm with GmR cassette This study 

excised 
PAG I4/adABJ :FRT 6[adBA1::FRT P0052 GmJ., PAOI withfadABIJadBA2 andfadBA3 deletion This study 
6fadBA3 ::Gm 
PAGllJ.fadAB1::FRT llfadBA1::FRT POO48 Gmt, PAGI withfadABl JadBA1 andfadBA4 deletion This study 
lJ.fadBA4::Grn 
PAOt6[adABJ::FRT 6fadBA1:: FRT pOln PAOl withfadAB1JadBA2 andfadBA5 deletion This study 
4fadBA5::Gm 
PAOI6[adBA3 ::FRT 6[adBA4::FRT P0054 GmJ., PAO I with fadBA3JadBA4 andfadBA2 deletion This study 
tifadBA1: :Gm 

PAOl4/adBA1:: FRT 4/adBA3 ::FRT 1'0317 GmJ.. PAO t with fadBA1JadBA3 andJadBA5 deletion This study 
6fadBA5::Gm 

PAOI6[adABJ::FRT 6fadBA4::FRT P03 19 GmR
• PAGI ..... ithJadAB1JadBA4 andJadBA5 deletion This study 

lJ.fadBA5::Gm 

PAO I6[adABJ ::FRT 6[adBA2::FRT POQ64 Gml. PAG I withfadAB1JadBA2,fadBA3 andfadBA4 This study 
6[adBA3::FRT 6[adBA4::Gm deletion 

PAOI6[adABJ::FRT 6[adBA2::FRT 1'01 02 Gml, PAG I withfadAB1JadBA2,fadBA3JadBA4 and This study 
6[adBA3::FRT 6[adBA4:: FRT JadBA5 deletion 
tifadBA5::Gm 

PAGI miniCTX:fadA4:: /ac2 1'0426 Te~, PAGI with lacZ cloned downstream ofJadA4 This study 

PAO tminiCTX-jadB.J::/acZ 1'0428 Te~. PAGI with lacZ cloned downstream ofJadB4 This study 
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Table 4.2 - Plasmids used in characterizinl! the ladBA opercns 
Plasmlds Lab Genotype/Deserlptlon Referenee 

ID 
PIasmfds 

miniCTX2 EOO76 Tof.p_ inlegIation vector (20) 
pFIp2 EOO67 A'/-. _If'. plasmid -flp gene (19) 
pPS8S6 BOOSO A'/-. Om". pIasmfd _ Om" cassette (19) 
pEXl8T BOOS5 A'/-. orrr. _If'. gene 1Op_ vector (19) 
pEXl8TfaMBi EOI72 A'I-. pEXl8T _ wild-typefaMBi operon ThisSlUdy 
pEXl8TfadBA2 E0204 A'I-. pEXl8T_ wi1d-typefadBA2 operon ThisSlUdy 
pEXI8TfadII.43 E0208 A'I-. pEXl8T_ wi1d-typefadI1.43 operon ThisSlUdy 
pEXI8TfadII.44 E0212 Ap". pEXl8T _ wi1d-typefadIl.44 operon ThisSlUdy 
pEXI8TfadBA.! E0451 Ap". pEXl8T _ wild-typefadBA.! operon ThisSlUdy 
pEXI8T¥zdABI::Om E0200 A'/-. Gm". pEXl8T with¥zdABi operon _ Om" ThisSlUdy 

cassette insertion 
pEXl8T4(adBA2::Om E0206 A,/-. Om". pEXl8T -4fadI/A20per0n_0m" This SIUdy 

cassette insertion 
pEXl8T4fadI/A2::Om E0210 A'/-. Om". pEXl8T _ 4fadI/A2 operon _ Om" ThisSlUdy 

cassette_on 
pEXl8T4fadlIA4::Om E0214 A'/-. Om". pEXl8T _ 4fadlIA4 operon _ Om" ThisSlUdy 

cassette_on 
pEXl8T4(adBA.!::Om E0462 A'/-. Om". pEXl8T _ 4(adBA.! operon _ Gm" ThisSlUdy 

cassetto insertion 
pWKS30 BOOI3 A'I-. complementation plasmid (56) 
pWKS30E¢d EI937 A'I-. pWKSlO _ E. colifadI1.4 operon ThisSlUdy 
pWKSlQliuMBI E17I7 A'I-. pWKSlO _ P. QIR'tlgInDsa/l1llllBioperon ThisSlUdy 
pWKSlQfadl/A4 E1719 A'/-. pWKSlO _Po QIR'tlgInDsafadl/A4 operon ThisSlUdy 
pWKSlQfadBA.! EI721 A,/-. pWKSlO _ P. QIR'tlgInDsafadBA.! operon ThisSlUdy 
miDlCTX2,ftu£44::IacZ E1701 Tof. miDlCTX2 _ftu£44::IacZ cloned in ThisSlUdy 
miDlCTX2-(adB4::IacZ EI703 Tof, miDlCTX2 _ ftu1B4::IacZ cloned in ThisSlUdv 
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4.3.3 Construction ofJadBA mutants 

AllfadBA mutants were constructed essentially as described before (19). Briefly. 

eachfadBA operon was amplified by PCR using the upstream and downstream primers in 

Table 4.3 (fadAB1 - #1861187; fadBA2 - #2181219; fadBA3 - #220/221; fadBA4 -

#2111212; fadBA5 - #273/273). The PCR reaction was assembled in 50 (.1.1 volumes 

containing 10 ng PAOI chromosomal DNA. 30 pmoles of each forward and reverse 

primer. 0.2 mM dNTP. Ix ThennoPol reaction buffer. and 5 units of Pfu DNA 

polymerase. After thirty-four cycles (95°C for I min. 58°C for 45 sec, 72°C for 3 min). a 

final extension at 72°C for 10 min was perfonned. The product was purified from the 

gel. digested with appropriate restriction enzymes, and cloned into the vector pEXI8T. 

digested with the same restriction enzymes. to yield each of the pEX 18TfadBA vectors. 

A deletion was made in each of the fadBA operons through restriction digests (fadAB1 -

PstI + BamHI; fadBA2 - Stul + BamHl; fadBA3 - NotI + Sma!; fadBA4 - EcoRV; 

JadBA5 - Sph! + PstI) and blunt-ended. and the 1.1 kb Sma! digested GmR cassette from 

plasmid pPS856 (19) was ligated in the various pEXI8TfadBA vectors. These gene

replacement vectors were then transfonned into E. coli SM10 and conjugated into PAOI 

to construct the unmarked mutations as previously described (19). 

4.3.4 Growth curve analysis 

Growth curves were conducted in Ix M9 media (Ix M9, 1% Brij-58. 0.5 mM 

MgS04. 0.02 mM CaCh) + 0.3% (wlv) of the individual saturated FAs (butyric acid. C4;O; 

n-caproic acid. C6;O; caprylic acid. Cs;o; capric acid. CIOO; lauric acid. CI2;O; myristic acid. 

CI4;O; palmitic acid. CI6;O) or an unsaturated FA (oleic acid. CIS;IA9
) (Sigma, St. Louis. 
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Table 4.3 - Primers used to clone and characterize [adBA operons 
Primer NamelDescription Sequence** 

fad4B operon cloning 
#186 - fadABI -upstream 
# 187 - fadAB I-downstream 
#218 - fadBA2-upstream 
#2 19 - fadBA 2-downstream 
#220 - f adBA3-upstream 
#221 - fadBA3-downstream 
#21 1 - fadBA4-up 
#212 - fadBA4-down 
#272 - fadBA5-Hindlll 
#273 - f adBA5-EcoRl 
#886 - EcfadB5 -Hind lll 
#887 - EcfadA5-EcoRI 

Promoter mapping 
#797 - SMART IIA' 
#798 - SMART lIB 
#774 - fadBAI -Race3a* 
#775 - f adBA1-Race 2a 
#740 - f adBA1-Race 3 
#777 - f adA4-Race 3a' 
#746 - f adA4-Race 3 
#747 - fadA4-Race 2 
#776 - fadB4-Race 3a' 
#743 - fadB4-Race 3 
#744 - fadB4-Race 2 
#279 - fadAB5-PI' 
#280 - fadAB5-P2 
#28 1 - fadAB5-P3 

5'-CGAAAGCTIGCA TGGTGCTA TCTICC-3' 
5'-GCGGAA TICGCCCTACCCGTGGCG-3' 
5'-CGGTGAAGCTTICGCGCACC-3' 
5'-GGGGAA TICGGTGTCTCA TCGGCAGCGC-3' 
5'-GCGAAGCTI A TICAGCAGGAGAAAACGACG-3' 
5'-TGCGGAA TICGACGGA TAGTCGCCGCTAC-3' 
5'-CGT AAGCTIGCCGGGGAGTCAGGGGC-3' 
5'-CCCGAA TICGCACGGCACCGCCCAAG-3' 
5'-AGTICAAGCTICCA T AATAGC-3' 
5'-CCCGGAA TICCCCTICGACGAACGCTI AG-3' 
5'-CCAGA TCAAGCTIGCGGA TICAGG-3' 
5'-GTICACGCCGAA TICCGGCAAGTG-3' 

5'-AAGCAGTGGTA TCAACGCAGAGTACGCGGG-3' 
5'-AAGCAGTGGTA TCAACGCAGAGT-3' 
5'-GCGGTCTIGGCGA TA TCGGC-3' 
5'-GCGGTATCCAGGTCGTIGCG-3' 
5'-CCGGCCATCAGGTICACCG-3' 
5'-GGTIGAAGTCGCGCGAATGC-3' 
5'-TCTCCGTGCAGGTIGTAGC-3' 
5'-AGTGAGCATCTCCTGGTIG-3' 
5'-CAACTGCTCGAAGCGGGTCAG-3' 
5'-AGCTCGAACTGTCCGTCGA-3' 
5'-AACACCGCGTCGGTCAGCTI-3' 
5'-CAACTCACTGAGGGTGAGA-3' 
5'-TIGAACTIGTIGACGGACTC-3' 
5'-GATCGAAA TICAACTCGAC-3' 

'Primers that are RNase free and HPLC purified 
" Restriction enzyme sites are underlined 
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MO). 3% stock solutions of F As were made in equimolar KOH and 1 % Brij-58. Cell 

cultures were diluted 1:4 in 4% Brij-58 prior to taking OD54O measurements. 

4.3.5 Construction orfadBA4-1acZ andfadAB4-1acZ fusions 

fadBA4 was PCR amplified as described above (primers #2111212), digested with 

EcoRI and HindIII. and blunt-ended with T4 DNA polymerase. miniCTX2-PfadE-lacZ 

was digested with HindIII, blunt-ended, digested with Smal and treated with calf

intestinal alkaline phosphatase. The fadBA4 fragment was ligated into the prepared 

miniCTX2-lacZ vector and the orientation of the fadBA4 operon verified by restriction 

digests. 

4.3.6 p-galactosidase activity 

p-galactosidase activities for determining induction of the fadABI (51) and 

fadBA5 operons are previously described. PAOI was grown simultaneously, as a control, 

with PAOI!!fadA4::FRTI-lacZ and PAOItifadA4::FRTI-lacZ. Cultures were grown for 

14 hours in PIB and the cells were washed twice with 1 x M9 media. AI: 1 00 dilution 

was inoculated into 50 ml I x M9 minimal media supplemented as described in Bacterial 

Strains and Media. Both strains were grown in 1 x M9 + 40 mM glucose as controls. 

Cultures were diluted as described in Bacterial Strains and Media and cell densities were 

measured in a Beckman-DU7500 spectrophotometer. taking dilution factors into account. 

Standard p-galactosidase assays were conducted in triplicate as described previously (24. 

26) and mean values detennined with S.E.M. 

160 



4.3.7 SMART mapping of transcript start sites 

Transcriptional start sites were mapped using the SMAR'fTM RACE cDNA 

Amplification Kit (BD Biosciences, Palo Alto, CA). Briefly, cDNA was synthesized 

according to the manufacturer using primers #797n74 for fadAB1, #797n77 for fadA4, 

#797n76 for fadB4, and #7971279 for fadBA5. The cDNA was subsequently used as the 

template in PCR, using primers #798n75 for fadAB1, #798n46 for fadA4, and #7981280 

for fadBA5. Finally, the PCR product was sequenced using a second nested primer #740, 

747, and 281, for fadAB1,fadA4, andfadBA5, respectively. The transcript start site for 

fadB4 could not be mapped. 

4.3.8 Construction offadBA complementation plasmids 

The complementation plasmids were all constructed essentially the same way. 

EachfadBA operon, E. colifadBA (Ecfad; primers #886/887) and the three P. aeruginosa 

fadBA operons ifadABl - #1 86/1 87;fadBA4 - #21 11212, andfadBA5 - #2721273) were 

all PCR amplified as described above with the addition of 10% DMSO, final 

concentration, in the PCR reaction. Each PCR product was digested with EcoRI and 

HindlIl, and cloned into the plasmid p WKS30 digested with the same enzymes. 

4.3.9 Complementation in the E. colifadBA mutaut strain JWC285 

Each pWKS30 plasmid containing independent isolates of the individualfadBA 

operons was e1ectroporated into the E. coli fadEA mutant strain, JWC285, and plated on 

LB media containing ampicillin (Ap) (100 iJ.g/ml) for selection for positive 

transformants. Four positive clones for each JWC285 isolate carrying one 
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pWKS30fadBA, and pWKS30 alone as a control, were patched onto IxM9 media 

containing 1 mM IPTG and 0.2% (w/v) of each fatty acid (FA) individually, or 20 mM 

glucose as a positive control. Patches were left at 37"C for 9 days prior to scoring 

relative growth compared to JWC285 alone, JWC285pWKS30, and E. coli K12. 

4.3.10 Preparation of electrocompetent cells 

Electrocompetent E. coli cells were prepared as previously described (1). Briefly, 

a 4 ml starter culture was grown overnight with shaking at 31'C. This starter culture was 

subcultured into 400 ml of LB broth preheated to 37"C, and incubated with shaking at 

37"C. When the OD600 reached 0.3, an additional 400 ml of preheated LB broth 

containing 40 mM glucose was added, bringing the final volume to 800 mI with a final 

concentration of 20 mM glucose. The culture was left shaking at 31'C until the OD6oo 

reached 0.7. The culture was harvested in prechilled centrifuge bottles at 6000 rpm for 

15 min at 4°C. The cell pellet was washed five times in 8 ml of I mM HEPES, and 

resuspended in half the cell volume with 1 mM HEPES with 20% (v/v) glycerol, and 

flash frozen in an ethanol-dry ice bath. 40 Itl aliquots were used for each electroporation. 

4.4 Results aud Discussiou 

4.4.1 Ideutificatiou of up to five fadBA homologues potentially involved in P. 

aeruginosa fad 

We used the aerobic E. coli fad pathway as a model to begin characterization of 

the P. aeruginosafadpathway. In E. coli, there exists only a single copy of each of the 
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Jad genes (5, 8, 9, I I, 14, 15, 17, 28,36). The cyclic degradation of the Iong-chain FAs 

(LCF A) by two carbons per cycle is primarily catalyzed by the products ofJadE, an acyl

CoA dehydrogenase, and the JadBA operon (Figure 4.1), which codes for 3-hydroxyacyl

CoA dehydrogenase and acyl-CoA thiolase activity, respectively. Focusing on theJadBA 

operon and taking a bioinformatic approach, we BLASTed the E. coli JadEA sequence 

against the P. aeruginosa genome, and identified up to five potential JadEA operon 

homologues, JadABl (PAl 736-1737), JadEA2 (P A3590-3589), JadBA3 (P A2554-2553), 

JadBA4 (pA4786-4785), andJadEA5 (PA30I4-30I3) (Figure 4.2) in P. aeruginosa. Of 

these five JadEA operons, JadBA5 showed the greatest homology to the E. coli JadEA 

operon with 72% similarity (54% identity) and 76% similarity (6 I % identity) between 

theJadB andJad4 genes, respectively. It is interesting to note thatJadEA4 is the only 

divergent operon, which suggests that the two genes of the operon are transcribed 

individually with a possibility of two independent promoters. 

The identification of up to five JadBA operon homologues in P. aeruginosa is not 

surprising, especially considering the larger size of the genome (6.3 Mb) (54) compared 

to that of E. coli, and the versatility of this bacteria and wide range of environments it is 

found in. However, one must question whether this redundancY of the JadEA operons 

serves a purpose, depending on the environment P. aeruginosa is found in, and which 

operon(s) is capable of recognizing which chain length FAs. 
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4.4.2 fadBA5 plays a significant role in long-chain FA degradation 

After identifYing the five potentialfadBA operons, we constructed mutants in each 

of the operons to identifY which operons are involved in LCFA degradation. Individual 

mutations infadABl,fadBA2,fadBA3, andfadBA4, did not demonstrate any significant 

defect when grown in minimal media with the LCFA palmitate (C'6:0) as a sole carbon 

source (data not shown). However, when a single deletion infadBA5, which showed the 

highest level of similarity and identity to its E. coli counterpart, was made and the mutant 

grown in the same media, a significant defect was observed, both in growth rate and 

overall cell density (Figure 4.3) when compared to the wild-type P. aeruginosa PAOI, 

which was observed as a significantly reduced growth rate and final cell density. At the 

same time, because no observable defect was seen when single mutations were made in 

thefadABl throughfadBA4, a quadruplefadBAl-4 was also constructed and compared to 

that of the wild-type PAO I and the single fadBA5 mutant. The growth of the quadruple 

mutant was similar to that of the wild-type PAOI, without any observable defects in 

growth (Figure 4.3). These observations strongly suggest thatfadBA5 definitely serves a 

significant role in the degradation of LCF As, but the roles of the other four fadBA 

homologues cannot be discounted, as fadBA5 may be more dominant, masking the other 

single mutations. 

Therefore, since a complete growth defect was not observed in the quadruple 

mutant or the single fadBA5 mutant, we hypothesized that a quintuple deletion mutant of 

all five fadBA operons would result in complete inhibition of growth on the LCF A 

palmitate. When the growth of the quintuplefadBAl-5 mutant was compared to that of 

the wild-type PAOI, the quadruple fadBAl-4 mutant and the single fadBA5 mutant, a 
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Figure 4.1 - The predicted P. aeruginosa fatty acid degradation pathway (~-oxidation) 

modeled after the E. coli fad pathway (9). The P. aeruginosa fad pathway has multiple 

homologues of each Fad protein. Shown are at least I FadL, 2 FadDs (FadD 1 and 

FadD2), at least 1 FadE (with potentially up to nine), and at least three FadBAs (FadAB I, 

FadBA4 and FadBA5) (with potentially up to five) predicted to be involved in P. 

aeruginosa fad. 
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(A) 

• • 
fadAl (PA1736) fadBl (PA1737) 

(8) 

• • 
fadB2 (PA3S90) fadA2 (PA3589) 

(e) 
• • 

(D) 
fadA3 (PA2553) fadB3 (PA2554) 

.. • 
fadA4 (PA478S) fadB4 (PA4786) 

(E) 

• • 
fadBS (PA30l4) fadA5 (PA3013) 

Figure 4.2 - Five potential fadBA operon homologues of P. aemginosa with accession 

numbers shown. Each gene of the operon is shown in blue, while the red represents 

intergenic sequences. (A) faciABl is 3.363 kb, (B) fadBA2 is 2.760 kb, (C) fadBA3 is 

2.346 kb, (D) fadBA4 is 2.887 kb, and (E) fadBA5 is 3.353 kb. fadBA4 is the only 

divergent operon, andfadBA5 shows the greatest similarity to the E. colifadBA. 
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Figure 4.3 - Growth curves in the saturated long-chain fatty acid, palmitate (CI600), 

showing the direct involvement of the fadBA5 operon in long-chain fad. The quadruple 

mutant, PA01!;.fadBAI -4, showed no defect in long-chain fad. However, the quintuple 

mutant PAO I !;.fadBAl-5, showed a further defect in fad than the single fadBA 5 mutant, 

indicating the role of one or more of the other fadBA operons in long-chain fatty acid 

degradation. 
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further growth defect, especially compared to that of the single JadBA5 mutant, was 

observed (Figure 4.3). This suggested that some of the other JadBA operons may playa 

role in LCF A degradation, but its function is only observable in combination with the 

deletion of the more dominantJadBA5 operon. 

4.4.3 JadABl andJadBA4 are also involved in LCFA degradation 

Since an increase in growth defect was observed when all five JadBA operons 

were deleted from the wild-type PAOl background compared to that of the singleJadBA5 

mutant, triple JadBA operon combination mutants with a JadBA5 background, were 

created and their growth observed in minimal media containing the LCFA oleate (CIS:I'!) 

as a sole carbon source (Figure 4.4). As Figure 4.4 shows, all mutations containing the 

JadBA5 mutation showed a defect in overall growth pattern as compared to the wild-type 

PAOl, which is consistent with what was observed in the LCFA palmitate. However, the 

different pairings of the JadBA operons in conjunction with the JadBA5 mutation, yielded 

different degrees of growth defects. 

The combination ofJadBA2 andJadBA3 in theJadBA5 background had the least 

amount of growth defect, growing slightly slower that PAOl (entering early-log phase 

approximately 6 hrs post-inoculation compared to 2 hrs for wild-type) and to a slightly 

lower final 00540 (00540=1.4 compared to 00540=1.7 for wild-type PAOl). All other 

JadBA operon pairings in a JadBA5 background ifadBA125, JadBA135,fadBA245 and 

JadBA345) grew similar to each other, but grew at a slower growth rate than the 

JadBA235 mutant, entering early-log phase growth at 8-12 hrs post-inoculation. The final 

cell densities were also only approximately half that of the wild-type PAOI, ranging ftom 
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Figure 4.4 - Growth curves in the long-chain fatty acid, oleate, showing the involvement 

ofJadBA145. Wild-type PAOI , triple mutant combinations of the l>JadBA operons and a 

quintuple l>JadBAl-5 mutant were grown in Ix M9 minimal media supplemented with 

0.3% oleate (CIS:I" ) as a sole carbon source. 
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an OD540 of O.S to just over 1.0. The observation that all the mutant combinations 

showed an increase in defect, supports the idea that, although minor, the other fadBA 

operons still functionally playa role in LCF A degradation. 

The most significant growth defect was observed in the fadBA145 triple mutant. 

The triple fadBA145 mutant grew at a similar rate and reached an overall final cell 

density similar to that of the quintuplefadBAI-5 mutant (Figure 4.4). The growth curves 

for these two mutants were almost identical, as they both entered early-log phase almost 

36 hrs after wild-type PAO I did, and only reached a final ODS40 of less than 0.5 after 60 

hrs of growth. This pattern of late entry into early-log phase and low final cell density 

was a mirror observation of that observed when grown in the LCFA palmitate as a sole 

carbon source (Figure 4.3). These similar growth curves between the triple fadBA145 

mutant and the quintuplefadBAI-5 mutant, strongly implicates these threefadBA operons 

are the only ones involved in the degradation of the LCF A oleate. Intuitively, one can 

reason thatfadBA5 plays the major role in LCFA degradation, whilefadABI andfadBA4 

together, play a lesser role in LCF A degradation, and cannot be functionally obvious 

unless in the absence offadBA5, such asfadABI andfadBA4 serving more ofa backup 

role tofadBA5. 

4.4.4 Functional verification of the three P. aeruginosafadBA operons 

To further verity that these three operons, fadABI, fadBA4, and fadBA5, were 

indeed involved in fatty acid degradation, complementation studies were conducted using 

an E. coli aerobic fad mutant. The three P. aeruginosa fadBA operons were individually 

expressed in the E. coli fad mutant and observed for growth or lack thereof, in a range of 
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saturated fatty acids (from C4:0 to CI6:0) and the unsaturated LCFA, oleate (CI8:169
). As 

Table 4.4 shows, when a native copy of the E. coliJadBA operon is complemented back 

into the mutant, growth is restored in medium- to long-chain FAs (2: C (2). This growth 

was similar to that of the wild-type E. coli K 12 strain used as a positive control. It has 

been previously observed that E. coli can only grow in externally supplied F As that are ?; 

CI2 in length because of the negative regulator, FadR (6, 11, (4). However, the E. coli 

JadBA mutant, JWC285, has an insertional mutation in the regulator JadR, and therefore, 

should be able to grow in the presence of any length FA when complemented with a 

native copy of JadBA on a plasmid. This was observed when the F As supplied in the 

media were:::: C lOin length, as slight growth was apparent on the patches. 

The P. aeruginosa JadBA homologues were assessed as being involved in LCF A 

degradation through a series of growth curves. It was reasoned that if the P. aeruginosa 

JadBA homologues could functionally complement the E. coli JadBA and restore the 

growth of the E. coli JadBA mutant, it would provide strong evidence that these 

homologues are involved in P. aeruginosa Jad. However. when introduced into the E. 

coli JadBA mutant, JWC285,JadABJ was only able to partially complement the E. coli 

mutation in long-chain fatty acids (CI6:0 to CI8:16
"). and did not complement in the shorter 

FAs. A similar pattern was observed when theJadBA5 was complemented in JWC285, 

except the JadBA5 homologue was able to complement quite well (4+; Table 4.4) in the 

LCFAs C14:0 to C18:169
, and to a lesser extent (2+) in CI2:0. Again, as seen withJadABl, 

no complementation was observed by JadBA4 in the shorter-chain fatty acids (SCFA), 

except fur ~:o, where slight growth of the patch was observed, but this outlying data may 

be a result of media carry-over during patching. 
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Table 4.4 - Complementation of the E. coli fadBA mutation by different P. aeruginosa 
fadBA 0Eerons . 

Growth on different fatty acid sources 

Strain Plasmid C.,. C". C. ,. C,o:o C12:0 C'4:0 C16:0 C18:1 .' 
K12 none 4+ 5+ 5+ 5+ 

JWC285 none 

pWKS30 
pWKS30EcfadBA 1+ 1+ 1+ 1+ 5+ 5+ 5+ 5+ 

pWKS30fadAB 1 1+ 2+ 

pWKS30fadBA4 1+ 

pWKS30fadBA5 1+ 2+ 4+ 4+ 4+ 

• - denotes no growth on the patch; + denotes growth (\ + is very little growth/haze and 
5+ being heavy growth on the patch) 
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The inability of JadABl and JadEA5 to complement the E. coli JadEA mutation 

was quite puzzling, especially in light of previous induction studies. We see from Tab[e 

4.4, that the E. coli JadAB is able to complement the mutation well, showing good growth 

(5+) in the longer chain fatty acids, and very Iitt[e growth (\+) on the shorter chain fatty 

acids. If we first examine the more homologous JadBA5, we see that this Pseudomonas 

aeruginosa operon is able to complement the E. coli mutation to near wild-type levels 

(4+) in the [ong-chain fatty acids, but does not complement in the the presence of the 

medium-chain fatty acids. This pattern is very close to what was expected, since it was 

previously demonstrated that long-chain fatty acids induce JadBA5 (22), and JadBA5 also 

has the highest degree of homology to the E coli JadBA, and therefore would be expected 

to behave similarily. 

When we examined the complementation data for JadABl, we observed that this 

operon was not able to complement the E. coli mutation very well, giving rise to only 

semi-moderate growth (2+) in the oleate (CI8:IA\ slight growth in palmitate (CI6:0), and 

no growth in the remaining fatty acids. This was contrary to what was previously 

demonstrated, where JadABl was induced by medium- and [ong-chain fatty acids (5 [). 

Because we know that JadABl is induced and degrades long-chain fatty acids, the 

problem must lie upstream of this recognition and induction. Perhaps, prior to the fatty 

acids being subject to the oxidation by the FadBA complex, in Pseudomonas aeruginosa 

FadAB [ interacts directly with FadE of the previous step, whereby FadE would enhance 

the activity of FadAB I. Then it would still be possible for the fatty acids to induce 

expression, but the E. coli FadE may not properly associate with the Pseudomonas 

FadAB 1, rendering it inactive. 
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The fadBA4 complementation, on the other hand, did not show any restoration of 

growth in any of the F As supplied, except for C4:0, which showed faint growth. 

Complementation by this operon may have been further complicated by the fact that this 

is a divergent operon, which may have two promoter regions, each potentially being 

individually recognized by two different RNA polymerases. However, unlike the 

possibility of media carryover (seefadBA5 explanation above), afadBA4 induction study 

revealed that the fadBA4 operon is not induced by any of the fatty acids except C4:0 

(Figure 4.6). When grown in minimal glucose media supplemented with the individual 

fatty acids, the presence of the fadA4- (or fadB4-) lacZ fusion reporter did not affect the 

growth rates. In the presence of the short-chain fatty acid, C4:0, the fadBA4 operon was 

induced to almost two-fold that of the glucose control, and this induction only occured in 

late-log phase. This induction corroborates well with the very slight complementation 

(1+) in E. coli observed after 9 days by C4:0. Perhaps this suggests that we are not able to 

see the full induction potential of fadBA4 because of the presence of the dominant 

fadBA5, and also the presence of the wild-type copies ofbothfadABJ andfadBA4 in the 

background. If the fadBA5 is dominant over the other fadBA operons, then true induction 

of fadBA4 may be difficult to observe. This may be alleviated by using a llfadBA5 

background strain, but of course, this has its own inherent problems, as this operon is 

important in fad, and a deletion strain may prove difficult in trying to grow the strain up 

in all the different fatty acids, while maintaining the same growth rate. 
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4.4.5 Transcriptional start site mapping ofthe three differentfadBA operons 

To complement the growth curve and functional verification studies of the three 

fadBA operons across the different fatty acids, we decided to perform induction studies to 

see which fatty acid substrates would induce the different fadBA operons. However, in 

order to conduct the induction studies, the promoter regions had to be identified for each 

of the operons. Shown in Figure 4.5 are the transcriptional start sites and predicted 

promoter regions of the fadABl operon and fadA4. The transcriptional start site for 

fadABl begins at a thymine, 224 bp upstream of the start codon. fadBA4 presented a 

unique scenario, where the two genes making up the operon are divergently coded 

(Figure 4.2), and thus, two transcriptional start sites and corresponding promoter regions 

were predicted. The transcriptional start site for fadA4 was determined to be an adenine 

base 178 bp upstream of the translational start site, however, the transcriptional start site 

for fadB4 has yet to be determined. The validity of each start site for the three mapped 

operons,fadABl,fadA4 andfadBA5, were assessed and only thefadBA5 start site agreed 

with that determined by the 0
70 promoter predicting software 

(http://mendel.cs.rhul.ac.uklmendel.php). 

After constructing promoter-lacZ fusions for each operon, induction studies were 

performed as described in the materials and methods. The induction profiles for fadABl 

and fadBA5 have been previously determined (22, 51), and the reporter fusion strains for 

fadBA4 have been created. The fadABl operon was previously reported to be induced 

mainly by medium-chain fatty acids (CIO:O to CI4:0), and to a lesser extent by long- chain 

fatty acids (CI6:0 and CI8:1~ (51). The promoter of fadBA5 was also determined to 

strongly induced by long-chain fatty acids, but also by medium-chain fatty acids to a 
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lesser degree (22). The divergent nature of the JadBA4 operon poses a small challenge 

and requires the expression of each gene of the operon to be studied individually across 

all the F As. Once determined, it would be interesting to compare the induction profiles 

of all three JadBA operons across the FA spectrum to determine whether there is any 

redundancy in the operons as one might expect, or if each operon is induced by a specific 

set of FA substrates. This may also shed some insight into the complementation of the E. 

coli JadBA mutant, as well. 

4.4.6 Inductiou study ofJadA4 audJadB4 

The PAOIJadA4-1acZ and PAOIJadB4-1acZ fusion strains were grown in Ix M9 

media + 40 mM glucose supplemented with the individual fatty acids (Figure 4.6) to 

determine which fatty acid substrates would induce the two genes of this divergent 

operon. As Figure 4.6 shows, the introduction oftheJadA4-1acZ andJadB4-1acZ fusions 

at the attB site using the miniCTX2 integration system, did not affect the growth rate of 

the fusion strain when grown in the presence of the different fatty acids. These similar 

growth rates allowed us to conduct (3-gal assays to determine which fatty acids will 

induce either of the two genes (Figure 4.7). When compared to the fusion strain grown in 

minimal glucose media, majority of the fatty acid substrates do not appear to induce 

either JadA4 or JadB4, except the short-chain fatty acid, C4:0• This fatty acid seems to 

induce both JadA4 and JadB4 towards late-log phase (Figure 4.7), giving (3-gal activity 

(126 and 158 Miller units for JadA4 andJadB4, respectively) just under two-fold (1.97-

fold for JadA4 and 1. 74-fold for JadB4) compared to the same strains grown solely in 

glucose. 
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Figure 4.5 - The transcriptional start sites and promoter region for (A and B)fadABI. 

and (C and D) fadA4 were determined using SMART mapping. (B and C) The coding 

sequences (green), with putative -10 and -35 promoter regions (boxed and black) are 

shown. as wen as the transcriptional start sites in bold (blue and underlined; indicated by 

+ 1 in A and C) for fadABI andfadA4, respectively. Black arrows represent the series of 

nested primers used in for SMART Race transcriptional start site mapping. The 

transcriptional start site and promoter region for fadBA5 was previously published (22). 
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4.5 Conclnsions 

Here, we presented data identifYing five potential fadBA operons in P. 

aeruginosa, three of which, fadABl, fadBA4, and fadBA5, playa role in LCFA 

degradation. In particular, we found that fadBA5 has a dominant role over the other 

fadBA operons, as a deletion in this operon alone, significantly reduced the growth rate 

and over final cell density of the bacteria in the presence of LCF As. The functional role 

offadABl andfadBA4 were only noticed in afadBA5 deletion background, and further 

reduced the ability of the mutant to grow in LCFAs. To further our understanding ofthe 

regulation of these operons, transcriptional start sites were mapped and promoter regions 

predicted. This allowed us to create reporter lacZ fusions to the different operons, as this 

may help answer why these operons did not complement the E. coli fadBA mutant as 

expected. It will be interesting to see how our understanding of these operons can be 

broadened, as further experiments and efforts are allocated into deciphering the 

regulation ofthese important operons. 
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5.1 Abstract 

Pseudomonas aeruginosa is an opportunistic pathogen that can metabolize and 

grow on lung surfactant, particularly in cystic fibrosis patients, as a nutrient source. It 

has been shown that during lung infections in CF patients, P. aeruginosa expresses the 

genes necessary for lung surfactant component phosphatidylcholine degradation. One 

area of interest in our lab is to ultimately determine whether or not P. aeruginosa utilizes 

PC as a carbon source during pathogenesis to achieve high cell density replication and 

maintenance. The first steps involved the establishment that the fatty acid degradative 

ifad), glycerol metabolism (glp) and choline metabolism (bet) pathways are the principle 

pathways involved in PC degradation. Here, we identified that rendering each pathway 

non-functional by creating deletions in each ifadBAI-5 deletion, glpD deletion, and 

betBA deletion), resulted in the inability of the mutants to grow in minimal media 

supplemented with only their respective carbon sources or in minimal media 

supplemented with all three PC components. However, a deletion in all three pathways 

as a triple pathway mutant, PAOIAfadBAI-5IlhetBAAglpD, did not abolish the ability of 

the mutant to grow in minimal media supplemented with whole PC as a sole carbon 

source, but rather introduced the possibility that given the right starvation conditions, P. 

aeruginosa may turn on a different set of genes to degrade PC through an alternative 

pathway. 
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5.2 Introdnction 

Cystic fibrosis patients are characterized by severe cycles of lung tissue 

inflammation and sputum clearance resulting from a chronic bacterial infection. Over 

93% of CF patients between the ages of 18 and 24 years are infected by Pseudomonas 

aeruginosa (19), the primary pathogen in the polymicrobial infection (60), giving rise to 

the high morbidity and mortality of the patients (4, 19, 40). Initially, CF patients acquire 

P. aeruginosa in its non-mucoid fonn, but as the lung disease progresses, some of the 

bacteria undergo a conversion to the mucoid fonn (27) and may assume a biofilm mode 

of growth in the lungs (16, 27, 63), establishing a more persistent state of infection, 

experiencing the patient to vicious cycles of bacterial growth and inflammation (40). 

This chronic lung infection is characterized by copious amounts of viscous sputum, a 

result of the patient's inability to clear the microorganisms, increased host mucin 

production, virulence factor production and action, especially biofilm production, and the 

extracellular DNA originating from lysed host and bacterial cells. The persistent cycles 

of lung inflammation and remission, results in severe tissue damage, eventually leading 

to deteriorated lung function and suffocation of the patient (66), culminating ultimately in 

the death of the patient. 

Consequently, much attention has been paid to the pathogenicity of P. aeruginosa 

with respects to virulence and virulence expression (3, 35, 39, 42), including biofilm 

production (13, 63) and quorum sensing (26, 36-38), but not much effort has been placed 

towards HCD replication, which is required for all the aforementioned. It has been 

shown that P. aeruginosa can reach HCD of ~ \09 cfulml of sputum (67). HCD is 
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required for quorum sensing regulated expression of many virulence factor genes (e.g. 

proteases, Iipases, phospholipases, exotoxin A, exoenzyme S, cytotoxins, biofilm and 

hydrogen cyanide), which wreak havoc on the host (9, 42, 74, 75). The source ofHCn is 

fundamental in understanding the pathogenesis of P. aeruginosa during lung infection; 

however, the nutrient source allowing the bacteria to afford HCD has surprisingly, yet to 

be addressed. 

Unlike the gastrointestinal tract, the lung environment is not rich in readily 

available nutrients, but is naturally coated with lung surfactant. Lung surfactant is 

required for proper lung functions, and is composed of 10% proteins and 90% lipids, the 

majority of which (80% of lipids) is phosphatidylcholine. Both of these are potential 

nutrient sources, and in vitro studies have previously demonstrated that P. aeruginosa can 

utilize the proteins and amino acids found in lyophilized sputum as a nutrient source (34). 

A recent in vivo study supported the potential use of amino acids by P. aeruginosa as a 

nutrient source, as a more extensive list of amino acid degmdative and protease genes 

were expressed (65). 

However, Hcn replication and virulence expression, especially biotilm 

production, is extremely energy demanding. Thus, the major lung surfactant component, 

phosphatidylcholine (PC), has also been recently suggested as another potential nutrient 

source in the lungs to afford Hcn replication and maintenance. PC is comprised of three 

main components: a choline headgroup, glycerol and two long-chain fatty acid tails, 

which can be liberated by cleavage by phospholipases and Iipases. This was evidenced in 

an in vivo study of a CF lung infection, where expression of phospholipase and lipase 

genes, as well as genes in the pathways of each PC component, were observed (65). The 
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metabolism of glycerol and choline as sole carbon sources has been characterized (II, 54, 

55,57-59,61,70), however the degradation offatty acids and the genes involved remains 

to be identified, and is an ongoing subject of research in our labomtory. 

The substmte PC is composed of three major component molecules, a 

phosphoryl choline (choline) headgroup, a glycerol molecule and two long-chain fatty 

acids (FAs) (Figure 5.1), which can all be released by enzymatic cleavage through 

phospholipase C and lipases. Three different pathways then further metabolize each 

component: the bet pathway for choline headgroup metabolism, the glp pathway for 

glycerol metabolism, and the fad pathway for the degradation of the long-chain F As. 

The phosphorylcholine headgroup is first tmnsported across the cell membranes 

into the cytosol by BetT, a choline tmnsporter (29). Once inside the cell, the molecule is 

then dephosphorylated by a phosphoryl choline phosphatase (I, 30, 70) to yield a choline 

molecule. This choline molecule has been previously demonstmted to be sufficient for P. 

aeruginosa to grow on as a sole carbon, nitrogen and energy source (unpublished data) 

(32). By a two step reaction catalyzed by BetA and BetB, the choline is converted to 

glycine betaine (22, 44, 69, 70), and eventually converted the amino acid glycine through 

a series of yet to be characterized steps (71). It is interesting to note, that the metabolism 

of phosphorylcholine and choline to glycine actually serves a dual role, especially when 

P. aeruginosa is found in the lung environment. First, both molecules, 

phosphorylcholine and choline, can serve as carbon, nitrogen and energy sources, as 

mentioned above, but one of the metabolic intermediates, glycine betaine, has been 

shown to playa role as an osmo-protectant (12, 28, 44, 70, 71). This osmo-protectant 

role is crucial as the lung environment is considered a very stressful environment (31, 

189 



70). The regulation of this entire bet operon revolves around the repressor Betl, encoded 

by betl, and can be induced in the presence of choline (43). 

Upon cleavage of the phosphoryl choline headgroup from phosphatidylcholine, the 

DAG molecule is recognized by the P. aeruginosa lipase, LipA, thus liberating two long

chain F As and a glycerol molecule. The metabolism of glycerol has been well 

characterized, primarily by Schweizer et al (45-50, 53-57). The glycerol metabolism 

operon primarily consists of glpD (a sn-glycerol-3-phosphate (G3P) dehydrogenase (54», 

glpF (a membrane-associated glycerol diffusion facilitator (57, 72», glpK (a glycerol 

kinase (57, 72», g/pM(a membrane protein affecting alginate synthesis (56» and glpR (a 

regulator ofthe glp operon (55», which behaves as a repressor. The transport of glycerol 

from the environment into the cell has been predicted to be facilitated by the gene 

product of glpF (57) and g/pT, a homologue of the membrane-associated G3P permease 

found in E. coli (20). Once inside the cell, the glycerol molecule can be metabolized 

through various pathways, such as being converted to dihydroxyacetone-phosphate and 

shunted into glycolysis. 

The final major constituents of the PC molecule are the two long-chain FA 

molecules. Although the fatty acid degradation (fad; II-oxidative pathway) has not been 

characterized in P. aeruginosa, much can be predicted through bioinformatic 

comparisons and using the fully characterized E. colifadpathway (5, 7, 8,10,17,18,21, 

33,41) (Figure 5.1) as a working model. 

In E. coli, the aerobic fad pathway (II-oxidation) has been well established (2), 

where the primary genes involved (as fadA, fadE, fadD, fadE, and fadL) have been 

determined to be negatively regulated in the absence of external free fatty acids (2': C12) 
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(6, 10, 17). Unlike as in E. coli, P. aeruginosa, with a 6.3 Mb genome, reveals the 

potential for redundancies and a higher level of complexity, as P. aeruginosa has 6- to S

fold more genes involved in !I-oxidation. P. aeruginosa also demonstrates a broader fatty 

acid chain-length specificity, being able to grow in short- (C4-C6), medium- (CS-C I 0) 

(23. 52). and long-chain fatty acids. Most importantly, P. aeruginosa is capable of 

growing on PC as a sole carbon source (64) through mUltiple un characterized fad 

enzymes. 

The purpose of this study was to determine whether P. aeruginosa utilizes only 

these three pathways to degrade the complex substrate PC, as a sole carbon and energy 

source. Through mutational analysis and growth curve studies in individual PC 

components, we were able to demonstrate that the P. aeruginosa mutants were not able to 

grow in media that contained the PC component corresponding to the respective 

mutation. For example, when supplied with only long-chain fatty acid (LCFA) as a sole 

carbon source, a P. aeruginosa fad pathway mutant cannot grow. Similarly, P. 

aeruginosa with a mutation in the glycerol or choline degradation pathways, cannot grow 

in glycerol or choline as sole carbon sources, respectively. However, when the same 

mutants were analyzed for the ability to grow in PC as sole carbon source, a P. 

aeruginosa mutant in all three pathways was still able to grow, suggesting that PC 

degradation may be more complex and involve more than just the fad, glp and bet 

pathways. 
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Figure 5.1 - Phosphatidylcholine degradation pathway (A) Lung surfactant, made of 

90% lipids and 10% proteins, coats the trachea, bronchioles, and alveoli of the lung. (B) 

Of the 90% lipids, 80% is made of phosphatidylcholine (PC), which can be cleaved by P. 

aeruginosa lipases and phospholipase C into three constituents, including fatty acids 

(FA), glycerol, and phosphorylcholine. (C) The glycerol and phosphorylcholine 

constituents are further metabolized by known Glp- and Bet-enzymes of P. aeruginosa 

(57,70) . Respective regulators (GlpR and Betl) control the expression of these enzymes. 

GlpT and GlpF of the cytoplasmic membrane facilitate glycerol-3-phosphate and glycerol 
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transport, respectively. Based on the E. coli model (8), displayed are predicted steps in 

the fad pathway of P. aeruginosa, which has not been characterized. In addition, the 

regulation of these fad genes in P. aeruginosa is an enigma. FadL, an outer membrane 

protein, is involved in FA transport. 

5.3 Methods and Materials 

5.3.1 Bacterial strains and growth conditions 

Strains and plasm ids used and constructed in this study are shown in Tables 5.1 

and 5.2. E. coli HPSI was used for all molecular cloning steps. E. coli SMIO (62) was 

the donor strain for conjugation to introduce the pFLP2 and various pEXI8T plasmids 

into wild-type P. aeruginosa PAOI and mutants to generate subsequent mutants as 

previously described (24). 

All E. coli strains were grown in LB broth (Difco, Sparks, MD), with gentamycin 

(15 Ilg/ml) (Teknova, Halfmoon Bay, CAl for plasmid maintenance when necessary. P. 

aeruginosa strains were grown in Pseudomonas Isolation Broth (PIB) or on 

Pseudomonas Isolation Agar (PIA) (Difco, Sparks, MD), supplemented with gentamycin 

(ISO Ilg/ml) for selection, unless otherwise stated. Selection for the second homologous 

recombination event in P. aeruginosa was done by streaking on PIA + Gml50 + 5% 

(w/v) sucrose. Curing of the plasm ids was verified on PIA + carbenicillin (Cb) (500 

Ilg/ml). 
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5.3.2 General molecnlar methods and reagents 

All restriction enzymes, Pfu DNA polymerase, and T4 DNA ligase were 

purchased from New England Biolabs (Beverly, MA) and used according to 

manufacturer recommendations. Plasmids were recovered using the Zyppy Plasmid 

Miniprep Kit (Zymo Research, Orange, CA) and gel purification of DNA bands were 

performed using the Zymoclean Gel DNA Recovery Kit (Zymo Research, Orange, CA). 

All primers were from IDT Technologies (Coralville, IA). 

5.3.3 Construction of/adBA, glpD, and betBA mutants 

All mutants were constructed essentially as described before (24). Briefly, the 

glpD gene (#518/519) or thefadBA ifadABI- #1 86/1 87;fadBA2 - #218/219;fadBA3-

#2201221;fadBA4 - #2111212;fadBA5 - #272/273) or belBA (#522/523) operons were 

amplified by PCR using upstream and downstream primers (Table 5.3). The PCR 

reaction was assembled in 50 111 volumes containing lOng PAO I chromosomal DNA, 30 

pmoles of each forward and reverse primer, 0.2 mM dNTP, Ix ThermoPol reaction 

buffer, and 5 units of Pfu DNA polymerase. After thirty-four cycles (95·C for I min, 

58·C for 45 sec, 72·C for 3 min), a final extension at 72·C for 10 min was performed. 

The product was purified from the gel, digested with appropriate restriction enzymes, and 

cloned into the vector pEXI8T, digested with the same restriction enzymes, to yield each 

of the pEXI8T vectors (Table 5.2). A deletion was made in each ofthefadBA operons, 

the glpD gene, or the belBA operon through restriction digests ifadABI - Psll + BamHI; 

fadBA2 - Stul + BamHI;fadBA3 - Noll + SmaI;fadBA4 - EcoRV;fadBA5 - SphI + PstI; 

glpD - SmaI; belBA - san + BamHI) and blunt-ended (except for glpD), and the 1.1 kb 
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SmaI digested FRT-GmR-FRT cassette from plasmid pPS856 (24) was ligated in the 

various pEXI8T vectors (Table 5.2) (FRTI-GmR-FRTl and FRT3-GmR-FRT3 were used 

to make the deletions in glpD and betBA, respectively). These gene-replacement vectors 

were then transformed into E. coli SM I 0 or ER2566-mob, and conjugated into PAOl to 

construct the unmarked mutations as previously described (24). 

5.3.4 Growth curves 

All growth curves were performed essentially the same way. P. aeruginosa 

Cultures were grown 14 hours in Pseudomonas Isolation broth (pm) (Difco, Sparks, 

MO). Cells were then washed and three times in Ix M9 media and a I: 100 dilution 

inoculation made into 50 ml of respective medias for the different growth curves. 

Growth curves were conducted in a base Ix M9 media (Ix M9, 1% Brij-58, 0.5 

mM MgS04, 0.02 mM CaCh) supplemented with the following: 11.7 mM (0.3% (w/v» 

palmitic acid (C I6:0) in Figure 5.2, 10.62 mM (0.3% (w/v» oleic acid (CJ8:JA
'\ 20 mM 

glycerol, or 21.49 mM (0.3% (w/v» choline chloride in Figures 5.4 and 5.5, 11.35 mM 

(0.5% (w/v» glycerophosphorylcholine in Figure 5.6, 0.3% or 0.2% (w/v) 

phosphatidylcholine (PC) in Figures 5.3 and 5.8, respectively, individually, or with 2.67 

mM oleic acid, 1.33 mM glycerol, and 1.33 mM choline chloride as a mixture in Figure 

5.7. 3% stock solutions of FAs were made in equimolar KOH and 1% Brij-58. All 

chemicals were purchased from Sigma (St. Louis, MO), glycerol was purchased from MP 

Biomedicals (Solon, OH), and glycerophosphorylcholine was purchased from Biosynergy 

(Boise, JD). 

195 



Cultures were diluted 1:4 in 4% Brij-58 prior to taking OD54o readings, and cell 

densities were measured in a Beckman DU7500 spectrophotometer, taking the dilution 

factor into account. 

5.3.5 Construction offadBA5, betBA and glpD complementation vector 

fadBA5 and betBA were PCR amplified using primers 888/889 and 5221895, 

respectively. fadBA5 was cloned into miniCTX2 after digesting both with Xhol and 

BamHI, and betBA was subsequently cloned in using Spel and Sac!, resulting in the 

vector miniCTX2:fadBA5-betBA. For glpD, primers 8961519 were used for PCR, and the 

product cloned into pUCI9 digested with Hindlll and Sad to give pUC I 9g1pD. Using 

primers 519/927, the Plac-gipD fragment from pUC 1991pD was amplified and cloned into 

the miniCTX2:fadBA5-betBA using Sad, yielding miniCTX2:fadBA5-betBA-P/ac-glpD. 

5.4 Resnlts 

5.4.1 A qnintuple mntation in all five fadBA operons reduces growth significantly 

in palmitate as a sole carbon source 

P. aeruginosa can utilize the long chain fatty acid palmitate (CI6:0) as a sole 

carbon source (Figure 5.2). Through BLAST analysis using the E. coli fatty acid 

degradation pathway as a model (Figure 5.1), we have identified that P. aeruginosa has at 

least five different fadBA operons potentially involved in long chain fatty acid 

degradation. Deletion mutations were made in all five operons using the well-established 

gene replacement system and each mutation verified by gel electrophoresis 
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Table 5.1 - Strains used to characterize the PC degradative pathway 
lab 

Strain ID Genotype/Description Reference 

E. coli 
SM10 
HPS1 

ER2566-mob 

P. aeruginosa 

PA01 
PA01 MadBAl 
PA01MadBA2 
PA01M8dBA3 
PA01MadBA4 
PA01 MadBAS::Gm 
PA01MadBA 1,2 
PA01 MadBA 1-3 
PA01 MadBA 1-4 
PA01MadBA1-S 

PA016glpD 
PA01 6betBA 

EOO6 
EOO1 

E228 

POO7 
P020 
P021 
P022 
P023 
P105 
P036 
P056 
P066 
P349 

P325 
P323 

thi1 thr leu tonA lacY supE reeA::RP4-2-Tc::Mu Km" (62) 
e14' (merA) reeA1 endA1 gyrA96 thi1 hsdR17 supE44 relA1 (51) 
6(lae-preAB) rif zxx: :miniTn5Lac4 (Iacla. laeZ6M15) 
F)': nlUA21/on] ompT laeZ:: T7 gene 1 gal sulA11 6(merC- (24) 
mrT)114::IS10 R(mer-73::miniTnl0)2 R(zgb-210::Tnl0)1 (Tet') 
andA1 Idem] reeA: :RP4-2Te::Mu Km" 

Prototroph 
PA01 with fadBA 1 deleted 
PA01 with fadBA2 deleted 
PA01 with fadBA3 deleted 
PA01 with fadBA4 deleted 
Gm"; PA01 with fadBAS deleted 
PA01 with fadBA 1 and fadBA2 deleted 
PA01 with fadBA 1, fadBA2 and fadBA3 deleted 
PA01 with fadBA 1, fadBA2, fadBA3 and fadBA4 deleted 
PA01 with fadBA I , fadBA2, fadBA3, fadBA4 and fadBA5 
deleted 
PA01 with glpD deleted 
PA01 with betBA deleted 

(68) 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 

PA01 Madl-56glpD P387 PA01 with fadBA I , fadBA2, fadBA3, fadBA4, fadBA5, and 
glpD deleted 

This study 
This study 
This study 

PA01Madl-5 
6betBA::Gm 
PA01 6glpD 
6betBA: :Gm 
PA01MadBA 1-5 
6glpD 6betBA 

P384 Gm"; PA01 with fadBA I, fadBA2, fadBA3, fadBM, fadBA5, 
and betBA deleted 

P431 Gm"; PA01 with glpD and betBA deleted 

This study 

This study 

P418 PA01 with fadBA1 , fadBA2, fadBA3, fadBA4, fadBA5, glpD This study 
and betBA deleted 
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Table 5.2 - Plasm ids used to create pathway mutants and for complementation 
Plasm ids Lab 10 Genotype/Description Reference 

pFlp2 E067 ApR, sacB', plasmid with flp gene (24) 

pEX1BT E055 ApR, oriT, s8c8+, gene replacement vector (24) 

pUC19 E014 ApR. cloning vector with Plac (76) 

miniCTX2 E076 TetR
, Pseudomonas integration vector (25) 

pPSB56-FRT-Gm E050 ApR, GmR, plasmid with FRT-GmR-FRTcassette (24) 

pPSB56-FRTt-Gm E050 ApR, GmR, plasmid with FR1T-GmR-FRTI cassette This study 

pPSB56-FRT3-Gm E050 ApR, GmR, plasmid with FRT3-GmR-FRT3 cassette This study 

pEX 1BTfadBA 1 E172 ApR, orir. sacB·; pEX1BT with fadBM cloned in This study 

pEX1BTMadBAI E200 ApR, GmR
, orir . sacB·; pEX1BT with fadBM This study 

cloned in and GmR -cassette insertion 

pEX1BTfadBA2 E204 ApR, orir. sacB·; pEX1BT with fadBA2 cloned in This study 

pEX1BTMadBA2 E206 ApR, GmR
, orir, sacB·; pEX1BT with fadBA2 This study 

cloned in and GmR -cassette insertion 
pEX1BTfadBA3 E20B ApR, orir, sacB·; pEX1BT with fadBA3 cloned in This sludy 

pEX1BTMadBA3 E210 ApR, GmR, orir. sacB·; pEX1BT with fadBA3 This study 
cloned in and GmR -cassette insertion 

pEX 1BTfadBA4 E212 ApR, orir, sacB·; pEX1BT with fadBA4 cloned in This study 

pEX 1BT Mad BA4 E0214 ApR, GmR, orir. sacB·; pEX1BT with fadBA4 This sludy 
cloned in and GmR -cassette insertion 

pEX1BTfadBA5 E0451 ApR, orir, sacB·; pEX1BT with fadBA5 cloned in This sludy 

pEX1BTMadB5 E0461 ApR, GmR, orir. sacB·; pEX1BT with fadBA5 This study 
cloned in and GmR -cassette insertion 

pEX1 BTglpD E1052 ApR, orir , sacB·; pEX1BTwith glpD cloned in This sludy 

pEX1BTAglpD::FRTt-Gm E1066 ApR, GmR
, oriT', sacB·; pEX1BT with glpD cloned in This study 

and GmR -cassette insertion 
pEX1BTbeiBA E1054 ApR, orir, sacB·; pEX1BT with belBA cloned in This study 

pEX 1BT lIbetBA: :FRT3-Gm E1070 ApR, GmR, orir, sacB·; pEX18T with belBA cloned This study 
in and GmR -cassette insertion 

pUC19P. 09lpD E1843 ApR, pUC19 with the glpD gene cloned in This study 
downstream of the P'e(' 

miniCTX2-fadBA5-beIBA- E1915 Tet", miniCTX2 with fadBA5. belBA. and P/K"glpD This study 
P/K"9lpD cloned in 
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Table 5.3 - Primers used for [adBA , belEA, and gipD cloning 
Primer Name 
#186-fadAB1·upstream 

#187-fadAB1-<1ownstream 

tn18-fadBA2-upstream 

tn19-fadBA2-<1ownstream 

tn20-fadBA3,upstream 

#221-fadBA3-<1ownstream 

#211.fadBA4·upstream 

#212-fadBA4-<1ownstream 

#272-fadBA5-Hindlli 

#273-fadBA5-EcoRI 

#518-1l lpK·BamHI 

#519-1llpKD-Saci 

#522-betA·Saci 

#523-betB-Hindll l 

#888-Xho-fadB5 

#889-fadB5·Bam 

#895·Spe.betB 

#896-Hind-g lpD 

#927-Sacl·PlaC-1llpD 

Sequence* 
5'·CGAAAGCTTGCATGGTGCTATCTTCC-3' 

5'-GCGGAATTCGCCCTACCCGTGGCG-3' 

5'·CGGTGAAGCTTTCGCGCACC-3' 

5'-GGGGAA TTCGGTGTCTCATCGGCAGCGC-3' 

5'-GCGAAGCTTA TTCAGCAGGAGAAAACGACG-3' 

5'-TGCGGAA TTCGACGGATAGTCGCCGCTAC-3' 

5'·CGTAAGCTTGCCGGGGAGTCAGGGGC·3' 

5'-CCCGAA TTCGCACGGCACCGCCCAAG·3' 

5'·AGTTCAAGCTTCCATAATAGC-3' 

5'-CCCGGAATTCCCCTTCGACGAACGCTTAG·3' 

5'-AGCTGAAGTGGATCCTCGACAA·3' 

5'-CTGGCGAGCTCAGGCCGCATGCACCCG-3' 

5'-CAACGAGCTCGGCGATATCTACGGCGG-3' 

5'-GCCAAAGCTTCCAGGACAAGAACGGCT·3' 

5'·CCTGCGCAGAGGGCCTCGAGGAGGGC·3' 

5'-GGGCACGAGGATCCCCGGCTTTCCCC-3' 

5'·CGGATTCAGACTAGTACCTGCTCG·3' 

5'-GCCTGGTGAAGCTTCGGGCTGGTC·3' 

5'·CGCTCGCCGGAGCTCGAACGACCGAGC-3' 

'Restriction enzyme sites are underlined 
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(data not shown). When grown in minimal media with palmitate as the sole carbon 

source, the quadruple mutant, PAOlAJadBAl-4, did not show any growth defect 

compared to wild-type PAO!, However, the single PAOIAJadBA5 mutant did have a 

reduced growth rate and overall cell-density. A further defect in growth was observed in 

the quintuple PAOlAfadBAl-5 mutant, which had a significantly reduced growth rate and 

overall cell density (ODS40 = 0.5) as compared to wild-type PAOI (OD540 = 2.4) (Figure 

5.2). 

5.4.2 A quintuple mutation in aU five fadBA operons reduces growth significantly 

in PC as a sole carbon source 

Wild-type P. aeruginosa PAO I, can metabolize PC as a sole carbon source, 

reaching ODS40 of -1.5 in 0.3% PC (w/v) (Figure 5.3). Because of the complex nature of 

the PC molecule, we also observed that PAOl exhibits diauxic growth patterns indicating 

the possible preferential metabolism of one PC component over the others. When all five 

JadBA operons were deleted using the well-established gene replacement system, the 

growth rate and overall cell density were significantly reduced (Figure 5.3), and the 

culture no longer experienced the diauxic growth pattern. However, because fatty acids 

are only one of the three components of the PC molecule, and given the observation that 

the quintuple mutant still grew to an OD540 approaching I, albeit at a reduced rate, we 

reasoned that P. aeruginosa was utilizing the other two components of the PC molecule, 

glycerol and phosphorylcholine, as carbon sources, or even possibly metabolizing the 

fatty acids through an alternative, unknown pathway. 
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Figure 5.2 - Growth curves .ofPAOI and threefadBA .operon mutants, PAOI!J.fadBAl-4, 

PAOI/ifadBAl-5, and PAOI/ifadBA5, gr.own in Ix M9 supplemented with 11.7 mM 

palmitate (CI6:0). The quadruple mutant, PAOI/ifadBAl-4, did not show any growth 

defect compared to wild-type PAOI, whereas the single PAOI/ifadBA5 mutant had a 

reduced gr.owth rate and overall cell-density. The quintuple PAOI!J.fadBAl-5 mutant had 

even further defects when grown in this LCF A. 
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Figure 5.3 - Growth curves of PAOl, PAOI/ifadBAI-4, PAOI ilfadBAI-5, and 

PAOlilfadBA5, grown in Ix M9 supplemented with 0.3% (w/v) phosphatidylcholine 

(PC). The quadruple mutant, PAOlilfadBAI-4, did not show any growth defect 

compared to wild-type PAO I. The single PAO I /ifadBA5 mutant had a reduced growth 

rate and overall cell-density. The quintuple PAOlilfadBAI-5 mutant had even further 

defects when grown in PC. 
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5.4.3 Fatty acid, glycerol and pbospborylcboline degradation patbway mntants 

cannot grow in respective carbon sonrces 

To verifY this reasoning, single mutations were made in the glycerol degradation 

and phosphorylcholine degradation pathways (glp and bet mutants, respectively) using 

the same gene replacement system. These two mutants were grown alongside wild-type 

PAOI and the quintuple PAOI4fadBAl-5 mutant in minimal media supplemented with 

10.62 mM oleate, 20 mM glycerol or 21.49 mM choline, as sole carbon sources 

individually (Figure 5.4). The results indicated that the individual pathway mutants were 

not able to grow in their respective sole carbon sources (pAOIAfadBAl-5 mutant did not 

grow in oleate (Figure S.4A); PAOIAglpD mutant did not grow in glycerol (Figure 

S.4B); PAOIAbetBA mutant did not grow in choline (Figure 5.4C», whereas each mutant 

grew just as well as wild-type PAO I in either of the other two carbon sources. This was 

further verified when double pathway combination mutants were created 

(pAOIAbetBAAglpD, PAOI AfadBAl-5AbetBA, PAOI 4fadBAl-5AglpD) and grown 

alongside wild-type PAOI and the triple pathway mutant, PAOIAfadBAl-

5AbetBAAglpD, in all three separate media (Figure 5.5). The same results were observed, 

as any combination containing the fadBAl-5 mutation did not grow in oleate (Figure 

S.SA), glpD mutations did not grow in glycerol (Figure S.5B) and betBA mutations did 

not grow in choline (Figure 5.5C). 
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Figure 5.4 - Growth curves of PAOI, PAOl/ifadBAl-5, PAOIAbetBA, and 

PAOlAglpD, grown in IxM9 supplemented with (A) 10.62 mM oleate (CI8:1~' (B) 20 

mM glycerol, and (C) 21.49 mM choline chloride. Only mutants defective in degrading 

the sole carbon source were defective in growth. 
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5.4.4 Glycerophosphorylcholine is degraded throngh the bet and glp pathways 

In order to determine whether the PC headgroup, glycerophosphorylcholine, is 

degraded through an alternative pathway not involving both the bet and glp pathways, all 

mutants were grown in minimal media supplemented with 11.35 mM 

glycerophosphorylcholine (GPC) as a sole carbon source (Figure 5.6). The quintuple 

PAOIAfadBAI-5 mutant grew at a similar growth rate as compared to wild-type PAOI, 

and reached a similar final cell density of an 00540 of 1.60 (pAOl 00540=1.61) (Figure 

5.6A). Significant growth defects were observed with the other two single pathway 

mutants, PAOIl!.betBA, and PAOIl!.glpD (Figure 5.6A). The PAOIl!.betBA mutant 

entered early-log phase much like the PAOIAfadBAI-5 mutant, but experienced very 

little growth, reaching a maximum 00540 of 0.53. On the other hand, the PAOIAglpD 

mutant took the longest to enter early-log phase at just over 10 hrs (compared to 3 hrs for 

wild-type PAOl), but had the slowest growth rate. This strain reached a maximum final 

cell density of 00540=0.91. 

The double and triple pathway mutants were also observed for growth in this 

minimal media with GPC as a sole carbon source. As seen in Figure 5.68, the 

PAOIAfadBAI-5l!.betBA and PAOIAfadBAI-5AglpD mutants had very similar growth 

patterns to the single PAOll!.betBA and PAOIAgipD mutants in Figure 5.6A, 

respectively. However. when both the betBA and glpD mutations were introduced 

together, as in the PAOIl!.betBAAglpD mutant or the triple pathway mutant, 

PAOlAfadBAI-5l!.betBAAglpD, a complete growth defect was experienced, as no growth 

was observed (Figure 5.68). 
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Figure 5.5 - Growth curves of PAOI, PAOlAhetBAAglpD, PAOI/ifadBAI-5AhetBA, 

PAOlAfadBAI-5AglpD, PAOlAfadBAI-5AhetBAAglpD. grown in Ix M9 media 

supplemented with (A) 10.62 mM oleate (CI8:1A~, (B) 20 mM glycerol, and (C) 21.49 

mM choline chloride. PAOl AhetBAAglpD did not grow in media with choline or 

glycerol; PAOIAfadBAI-5AhetBA did not grow in media with fatty acid or choline; and 

PAOIAfadBAl-5AglpD did not grow in media with fatty acid or glycerol, as sole carbon 

sources. The wild-type PAOI grew in all carbon sources, whereas the triple pathway 

mutant. PAOIAfadBAI-5AhetBAAglpD, was not able to grow any of the media. 
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Figure 5.6 - Growth curves of (A) single mutants (pAOIAfadBAI-5, PAOIAbetBA, 

PAOIAglpD) and (8) double and triple pathway mutants (PAOIAbetBAAglpD, 

PAOIAfadBAI-5AbetBA, PAOIAfadBAI-5!l.glpD, and PAOIAfadBAI-5 

AbetBAAglpD) grown in Ix M9 media supplemented with 11.35 mM 

glycerophosphorylcholine (GPC) as a sole carbon source. Wild-type PAOI was grown 

as a control and is shown in both (A) and (8). 
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5.4.5 Pathway mutauts experience defective growth in PC components media 

All single (Figure 5.7A), double and triple mutants (Figure 5.7B) were also grown 

in minimal media supplemented with the individual PC components oleate, glycerol and 

choline, in molar equivalents naturally found in the PC molecule (2 LCFA: I glycerol: I 

choline). Wild-type PAOI was grown as a positive control and displayed good growth in 

this PC components media, reaching a maximum 00540 of 1.8 (Figure 5.7). Of the single 

pathway mutants, the PAOIAfadBAl-5 mutant demonstrated the greatest growth defect 

in this PC components media, with a reduced growth rate and a significantly lower final 

cell density with an OOS4() of almost 0.54 (wild-type PAOI 00540=1.58) (Figure 5.7A). 

The PAOIAgipD mutant also had a similar growth rate to wild-type PAOI, but a reduced 

overall cell density (final 00S40 of 1.1) (Figure 5.7A). The PAOIAbetBA mutant 

experienced a similar growth defect, having a similar growth rate to wild-type PAOI and 

reaching a final cell density of 00540=1.20 (Figure 5.7A). 

When the double and triple pathway mutant combinations were grown in this PC 

components media (Figure 5.7B), the PAOIAbetBAAgipD double mutant exhibited the 

least growth defect, as the growth rate was slightly less than that of wild-type PAOI, and 

the overall final cell density was a little more than half that of wild-type (00540=0.96). 

The PAOIAfadBAl-5AgipD double pathway mutant grew just a noticeable amount, 

reaching a maximum 00540 of 0.36 at 22 hrs post-inoculation. The other double 

pathway mutant, PAOI4fadBAl-5AbetBA, hardly grew at all, not growing above an 

00S40 of 0.2. The triple pathway mutant, did not seem to be able to use any of the three 

components, as it did not grow at all in this media (Figure 5.7B). 
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Figure 5.7 - Growth curves of single, double and triple pathway mutants in PC 

components. (A) PAOl, PAOI/lfadBAl-5, PAOlAbetBA, PAOIAglpD, (B) PAOI, 

PAO I AbetBAllglpD, PAOlllfadBAl-5AbetBA. PAOlllfadBAl-5IlglpD. and 

PAOlllfadBAl-5AbetBAllglpD were grown in Ix M9 media supplemented with PC 

components (2.67 mM oleate (CI8:1~. 1.33 mM choline chloride, and 1.33 mM 

glycerol). Wild-type PAO I was grown as a control and is shown in both (A) and (B). 
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5.4.6 P. aeruginosa potentially degrades PC by an alternative pathway 

Initial data of the triple pathway mutant PAOIllfadBAl-511betBAllglpD, 

suggested that this mutant was not able to grow in minimal media supplemented with 

equimolar ratios of the individual components of the PC molecule (Figure 5.7). This 

initially led us to believe that these three pathways, fad, bel, and glp, are the only 

pathways utilized by P. aeruginosa to degrade and metabolize the PC molecule. 

However, in order to determine whether this hypothesis is correct, several attempts were 

made using the same pathway mutants grown in minimal media supplemented with 

individual PC components, and grown in minimal media supplemented with PC as a sole 

carbon source (Figure 5.8 A through F). 

Initially, the 0.3% PC was dissolved in Ix M9 minimal media containing 2 mM 

KOH to help dissolve the PC (Figure 5.8 A and B). The first attempt showed that wild

type PAOI grows well in this 0.3% PC up to an ODS40 of -1.5. Interestingly, the 

PAOIllfadBAl-5 single pathway mutant, grew very similar to the wild-type. The 

PAO I AglpD single mutant grew similar to the wild-type, but reached a maximum 

OD540=0.9. The PAOlllbetBA entered early-log phase at about 20 hours after wild-type 

PAOI, and grew to a maximum OD540=1.2. This growth pattern was mirrored by the 

PAOIAfadBAl-5IlbetBA double pathway mutant, which grew to a slightly higher final 

cell density (OD54O=I.3). The PAOIllfadBAl-511glpD double pathway mutant had a 

similar growth pattern to the wild-type PAOI and the single PAOIllfadBAl-5 mutant, 

entering early-log phase around 20 hours post-inoculation and reaching a maximum 

OD540 of 1.5. The PAOIllbetBAllglpD double pathway mutant experienced the greatest 
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Figure 5.8 - Growth curves of wild-type PAOl, single (pAOlllfadBAl-5, PAOlllbetBA, 

PAOlllg/pD), double (PAOlllfadBAl-5IlbetBA, PAOllifadBAl-51lg/pD, 

PAOl IlbetBAllg/pD), and triple (PAOl lifadBA 1-5IlbetBAIlg/pD) pathway mutants in I x 

M9 minimal media supplemented with different amounts (w/v) of phosphatidylcholine 

(PC), and with or without KOH. (A) and (B) 0.3% PC (2 mM KOH). (C) 0.2% PC (2 

mM KOH), (D), (E) and (F) 0.2% PC (no KOH). For (A) and (B), the older strains were 

all used, whereas in (C) through (F) all the strains were verified and a new double 

PAOlllbetBAllg/pD was constructed and used. 
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growth defect, as it did not demonstrate a typical exponential growth curve. The triple 

pathway mutant, PAOI4fadBAl-5AbetBAllglpD, did not experience complete lack of 

growth as expected, but rather the growth pattern mirrored that of the single 

PAOI AbetBA, and the double pathway mutant PAOlllfadBAl-511betBA, reaching a 

slightly higher 00540 than both of these mutants (final 00540=1.4). 

Because of the confusing data, a second attempt was made (Figure 5.8B), growing 

all the same mutants in the same media. The wild-type PAO I grew to a final cell density 

similar to that of the first growth curve (Figure 5.8A). The single pathway mutant 

PAOIllfadBAl-5, and the double pathway mutant PAOIllfadBAl-511g1pD, also grew 

similar to the wild-type, much like they did in the first attempt (Figure 5.8A). However, 

this second attempt yielded a triauxic growth pattern in these three strains, as the first 

plateau was at an 00540 of just under I, the second plateau at an 00540 just above 1.5, 

and the third log phase of growth started at about 52 hours post-inoculation. The 

remaining strains demonstrated similar growth patterns as they did in the first growth 

curve (Figure 5.8A), with similar final cell densities. 

In light of this unexpected data, a third growth curve was performed (Figure 

5.8C). with a decreased concentration of PC (0.2% (w/v» and the same 2 mM KOH in 

the media. In this media, wild-type PAO I grew to an 00540 of 2.3 and demonstrated 

diauxic growth. The PAOlllfadBAl-5 mutant grew in a similar diauxic fashion, but to a 

lower final 00540 of 1.5. The PAOIAbetBA did not exhibit diauxic growth and reached a 

final cell density of 2.0, but took almost double the time as wild-type, to enter early-log 

phase at 20 hours post-inoculation. Oiauxic growth was also experienced by the 

PAOIllgJpD mutant, where much like the PAOlllfadBAI-5 mutant, the initial growth 
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was similar to the wild-type PAOI, but a lower final cell density of 00540=1.8 was 

reached. PAOIAfadBAI-5llbetBA entered early-log the latest at approximately 24 hours 

post-inoculation and only reached a final 00540 of O.S, the lowest final cell density 

observed in this group. The PAOIAfadBAI-5AglpD double pathway mutant showed an 

initial growth similar to that of wild-type, reaching a maximum 00540 of just under 1.0, 

whereas the third double pathway mutant, PAOlllbetBAAglpD, entered early-log phase 

20 hours post-inoculation, to a maximum 00540 of approximately 1.4. This third double 

pathway mutant, PAO I llbetBAAglpD, was recreated and verified both by PCR and 

phenotypically, and was unable to grow on choline or glycerol as sole carbon sources. 

Finally. the triple pathway mutant, PAOIAfadBAI-5llbetBAAglpD, did not grow at all, 

unlike in the first two growth curves (Figure 5.8A and B). 

A fourth attempt at the growth curve was made, with 0.2% PC and no KOH in the 

media (Figure 5.S0). All strains were verified phenotypically, prior to starting the 

growth curves. The wild-type PAOI and PAOIAfadBAI-5 single pathway mutant, 

exhibited similar growth patterns, as both demonstrated diauxic growth and grew at 

similar rates and to similar final cell densities. These patterns resembled the patterns 

observed in the first two trials (Figures 5.SA and B). The single PAOlllbetBA mutant 

grew in a normal exponential manner, entering early-log phase at about IS hours post-

inoculation. This growth pattern was similar to that observed in previous attempts with 

regards to the late entry into early-log phase, but the final cell density in this media was 

less than and 00540 of 1.5. The PA0I6g1pD mutant also experienced a diauxic growth 

pattern. much like the wild-type PAOI and the PAOIAfadBAI-5. However, this mutant 

entered the second log phase of growth much later than the wild-type and 

215 



PAOI!l.fadBAl-5 mutant, and had a slower growth rate during this second log phase. The 

PAOI !l.fadBA 1-5llbe1BA showed the greatest growth defect as this strain entered early

log phase about 26 hours post-inoculation and experienced a very slow growth rate, 

reaching a final 00540 of about 0.7, the lowest final cell density in this group. The 

PAOlAfadBAl-5!l.glpD double pathway mutant had a growth pattern very similar to that 

of the PAOI !l.glpD single pathway mutant, exhibiting a diauxic growth pattern. The 

PAOIllbeIBA!l.glpD double pathway mutant grew very similar to that of the 

PAOlllbetBA mutant, entering early-log phase at the same time. Finally, the triple 

pathway mutant, PAOI!l.fadBAl-5llbeIBA!l.glpD, experienced a long initial lag phase, 

entering early-log at the same time as the PAOI !l.fadBAl-5llbetBA, but grew in a similar 

fashion as that of the single pathway mutant PAOI llbelBA, and the double pathway 

mutant PAOIllbeIBA!l.g/pD. 

The lack of consistency between across all the growth curves prompted more 

trials in 0.2% PC without KOH in the media. As seen in Figure 5.8E, the wild-type 

PAOI experienced diauxic growth, much like earlier trials (Figure 5.8B, C, and 0), and 

the final 00540 reached was just over 1.8. The PAOIAfadBAI-5 mutant also grew 

similar to that of wild-type, growing in a diauxic manner, but entered both phases several 

hours later than wild-type. Although there was a lag in time in the growth phases, the 

pattern and growth rate was similar to that of wild-type PAOI, which was similarly 

observed previously (Figure 5.8B and 0). The PAOIllbelBA mutant grew much like it 

did previously in Figure 5.80, and the PAOI !l.glpD mutant grew in a similar manner 

observed in Figures 5.8A and B, growing quickly, but reaching a plateau at a low 00540 
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of just over 0.5. The double mutant PAOlAfadBAI-5AbetBA was the slowest to enter 

early-log phase (similar to that observed in Figure 5.80) but reached a final 00540 of 

approximately 1.4. The PAOIAfadBAI-5AglpD mutant grew similar to that of the wild-

type and PAO I /'ifadBAI-5 mutant, exhibiting a similar diauxic growth pattem and 

reaching final cell density higher than that of wild-type. at an 00S40 of just over 2.0. This 

growth pattem was a mirror pattem of that observed in earlier trials, as observed in 

Figure S.8A and B. The PAOIAbetBAAglpD mutant grew similar to that of the triple 

pathway mutant PAOIAfadBAI-5AbetBAAglpD, entering early-log phase about 25 hours 

post-inoculation and reaching a final cell density of 00540=1.5. The triple pathway 

mutant growth pattem is reminiscent of earlier trials (Figure S.8A, B and 0), which 

showed the same growth rate and similar final cell densities. 

A final growth curve (Figure S.8F) was performed in this minimal 0.2% PC media 

with no KOH, to observe for any consistency across all the data. Again, diauxic growth 

patterns were observed for the wild-type PAOI, PAOlAfadBAI-5 single pathway mutant, 

and the double pathway mutant, PAOI/'ifadBAl-5aglpD. These results resembled those 

previously observed, and were very similar to the growth patterns demonstrated by these 

three strains in the previous trial (Figure S.8E). The single PAOIAbetBA mutant grew 

similar to that observed previously (Figure S.8E), but did not reach as high a final cell 

density (00540= I.1). The third single pathway mutant, PAO lOglpD, also experienced a 

growth pattern similar to that previously observed (Figures S.8A, B and 0), where an 

initial growth was observed that resembled the first growth phase of the wild-type, but 

then plateaued after reaching a maximum 00540 of approximately 0.5. The double 

mutant PAOI/'ifadBAI-5AbetBA, took over 20 hours post-inoculation to enter early-log 
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phase, and, much like in Figure S.8E, had the slowest growth rate, reaching a final OD540 

of approximately 0.9. The double mutant PAOll!JJelbAAglpD also had a slow growth 

rate, and grew in a similar fashion as that observed previously (Figure S.8E). The triple 

pathway mutant grew much like the double pathway mutant, PAOI l!JJetbAllgipD, 

growing at a comparable growth rate and reaching a similar final cell density. Overall, 

these final growth curves resembled those obtained prior (Figure S.8E). 

5.4.7 Construction offadBA5, betBA, and g/pD complementation vector 

Each of the three operons were PCR amplified and cloned into the miniCTX2 

vector to develop a complementation vector for future animal studies. The fadBA5 

operon was first cloned in with its native promoter, followed by the bellBA operon, with 

the predicted promoter upstream of the bell gene. Finally, the glpD gene was cloned in 

being driven by the lac promoter, Plac, downstream of the fadBA5 and betIBA (Figure 

S.9). This vector can then be used to integrate all three operons at the attB site on the P. 

aeruginosa genome to allow complementation in a triple pathway mutant. 

5.5 Discussion 

Very little is known about the pathogenesis of P. aeruginosa, especially during 

lung infection of CF patients. One major area of concern is how P. aeruginosa can 

achieve the high cell density required for quorum sensing and virulence factor 

expression, in an environment that is considered poor in conventional nutrients, unlike 

the gastrointestinal tract or blood stream. It is known that the lungs are coated with lung 
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surfactant, an amalgamation of proteins and the more abundant lipid component, PC. 

Although in vitro studies have demonstrated that P. aeruginosa is capable of utilizing 

amino acids as a carbon and energy source (34), supported by recent in vivo evidence of 

amino acid metabolic gene induction during infection (65), we hypothesized that P. 

aeruginosa utilizes the major lung surfactant constituent, PC, as a primary carbon and 

energy source. Based on this hypothesis, supported by in vivo evidence of PC 

degradative gene induction during CF lung infection (65), we proceeded to determine if 

the three pathways,jad, bet, and glp, known for PC component degradation are the only 

pathways involved in whole PC degradation. 

Our initial findings had demonstrated that deletion of the five potential jadBA 

operons reduced the ability of P. aeruginosa to grow in LCF A as a sole carbon source 

(Figure 5.1). This defective growth pattern was somewhat mirrored when the 

PAOIAjadBAJ-5 mutant was grown in PC as a sole carbon source (Figure 5.2). 

However, this mutant was still able to grow at half the rate as wild-type PAO I, reaching 

half the final cell density. This growth pattern was unlike the diauxic growth pattern 

observed for the wild-type PAOI, as a single log phase was observed with the mutant 

strain. We reasoned that this growth was due to the ability of the bacteria to degrade the 

other two components of the PC molecule, the choline headgroup and the glycerol 

molecule, as carbon and energy sources, while leaving the LCF A tails alone. 
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To!" 

miniCTX2 
(6755 hp) 

Figure 5.9 - Schematic showing the construction of the complementation vector for the 

P. aeruginosa triple pathway mutant. Each operon, fadBA5, betBA, and glpD, were 

cloned in using the restriction enzymes shown. fadBA5 was cloned in with its native 

promoter, as was betIBA. The glpD gene was cloned in being driven by the lac promoter. 

Abbreviations: FRT, Flp recognition target; at/P, attachment site for integration via phage 

CTX integrase; T T4, T4 transcriptional terminator; PTJ, T3 promoter; PT7, 1'7 promoter; 

P're. trc (tryptophan/lac) promoter; lacfl, Lac! repressor; TetR, tetracycline resistance 

cassette. 
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We verified that the bet and glp pathways are essential for growth in choline or 

glycerol as sole carbon sources, respectively, and that only a single pathway exists for the 

degradation of the glycerophosphorylcholine headgroup (Figure 5.6). When 

glycerophosphorylcholine is the sole carbon source, the PAO IAglpD mutant had a 

significantly reduced growth rate and final cell density (half that of wild-type PAOI). 

This was a result of the mutant being unable to grow on the glycerol molecule released 

from the glycerophosphorylcholine, and only metabolizing the choline headgroup. On 

the other hand, the PAOI AbetBA mutant initially picked up similarly to wild-type PAOI, 

but quickly reached a maximum cell density and plateaued, as this mutant is only 

metabolizing the glycerol portion ofthe original substrate. The fact that the PAOIAglpD 

mutant grew to a higher cell density than the PAOl AbetBA mutant supports this 

reasoning as the 3-carbon glycerol molecule would provide less carbon and energy than 

the 6-carbon choline headgroup (Figure Sol). The early plateau observed in the 

PAOlAbetBA mutant may also be a result of the inability of this particular mutant to deal 

with the hypertonic environment created upon cleavage of the glycerophosphorylcholine 

molecule in glycerol and phosphoryl choline. The increasingly hypertonic environment 

does not pose a problem to wild-type bet strains, as the phosphorylcholine headgroup 

would be metabolized as a carbon source, to prevent an increasingly hypertonic 

environment. Simultaneously. the production of glycine betaine. a product of choline 

metabolism, serves an important role as an osmo-protectant (12, 28, 44, 70, 71). It is 

interesting to note that slight growth was observed in this media by the double 

PAOlAbetBAAglpD mutant. 
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Up to this point, the results obtained were within reason of what was expected, 

where deletion mutations in each of the pathways would result in the mutant's inability to 

grow on that particular carbon source. This data suggested that there only exists single 

pathways for choline and glycerol degradation, and that the five fatiBA operons deleted 

are the only ones involved in LCFA degradation. Therefore, we hypothesized that in the 

presence of PC as a sole carbon source, the mutants would grow in a manner that 

mirrored the growth of that in the PC components media, validating all previous growth 

curves and observations. However, as seen in Figure 5.8, this was not the case. 

Upon analysis of the initial growth curves in minimal PC media (Figures 5.8A 

through C), very few consistencies were found and the unexpected outcomes prompted us 

to repeat the experiments. When analyzing all the growth curves, we were able to come 

up with some picture and explanation of what was being observed, and realized that the 

degradation and metabolism of the PC molecule is much more complex than the 

molecule itself. 

When the wild-type PAO I was grown in PC at the onset of this experiment 

(Figure 5.3) we observed that the bacteria grew in a diauxic manner, probably a result of 

the PC molecule being broken down into its constituents and then a preferential 

degradation of these components as carbon sources. In our subsequent and more 

extensive studies into growth on PC, we observed that the same diauxic pattern was 

observed over the majority of the growth curves (Figures 5.8B through F). It is 

interesting to note that when the concentration of the PC in the media is dropped from 

0.3% (w/v) to 0.2% (w/v) the first plateau appears at a lower ODS4o of 0.5 from 1.0. This 

is probably a result ofthe decrease in carbon source that is initially metabolized. 
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Our analysis of the growth curves then started with the single pathway mutants, 

first looking at the PAOlllfadBAl-5 mutant. In our initial look into the effects of the 

deletion of this pathway on the growth of PC, we noticed that a clear diauxic growth 

curve was not demonstrated (Figure 5.3). However, when this same mutant was 

subjected to subsequent PC growth curve analyses, it displayed a similar trend to wild

type PAOI, where apart from the first set of curves (Figure 5.8A), this mutant exhibited 

diauxic growth. Upon re-analyzing the growth curve in Figure 5.3, a slight lag phase was 

presented at about 20 hours post-inoculation, which could be the lag phase that separates 

the diauxic phases. What is unusual, however, is the absence of a growth defect in this 

mutant originally observed if Figure 5.3. Originally, a defect of almost half the final cell 

density was observed in this mutant compared to that of wild-type PAO I, but as Figures 

5.8A through F show, the defect is no longer present. It could be possible that these 

bacteria utilize choline for the initial growth and then expresses genes for diacylglycerol 

(DAG) metabolism by an alternative pathway for degrading the LCFAs ofDAG. 

The second single pathway mutant we analyzed was the PAOIllglpD mutant, that 

we know is not capable of degrading glycerol as a sole carbon source (Figure 5.4), and 

therefore would degrade the other components of PC, the choline headgroup and the 

LCFAs. It appears that this mutant demonstrated the most consistency across all the 

growth curves in Figure 5.8. It grows early to an early plateau and never grows any more 

beyond that initial plateau. If these bacteria are utilizing choline as an initial carbon 

source, we are left asking why this mutant is not switching over to LCF A metabolism 

once all the choline is degraded, and thus show an expected diauxic growth pattern, such 

as in the wild-type? Perhaps the problem may lie with the regulation system in 
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Pseudomonas, and is not as simple as we predict. It is possible that the degradation of 

glycerol may have some connection with the regulation of Iipases, and therefore if the 

glycerol cannot be degraded, a downstream product may have a negative feedback role in 

the expression of Iipases, which down-regulates its expression, and therefore does not 

proceed to degrade the DAG molecule for further release of more glycerol. 

Finally, the third single pathway mutant analyzed was the PAOIAbetBA mutant. 

Much like the PAO IDglpD mutant, a diauxic growth pattern was not observed for this 

mutant. Based on the information learned from previous growth curves (Figure 5.4), we 

speculate that this mutant cannot grow on choline as a sole carbon source, and therefore 

is hypothesized to grow on the glycerol and LCF A components of PC, when PC is the 

sole carbon source available. This mutant does not pick up into early-log phase as 

quickly as the wild-type or the other mutants that have a wild-type copy of the betBA 

operon, and thus, we are confident in saying that choline is the first component of PC to 

be degraded. However, when this mutant begins to grow, it does not reach a maximum 

OD540 close to that of the wild-type, but plateaus earlier. This is most likely a result of a 

combination of two factors: (I) this mutant is left one less carbon source to degrade, 

choline, and (2) the degradation of PC in this mutant background leaves the choline 

headgroup still in the media. This charged molecule may contribute to the creation of a 

hypertonic environment that this mutant cannot deal with. Recall that the degradation of 

the choline headgroup has two benefits: (I) the use of choline as a carbon source, and (2) 

the downstream product of the choline degradation is glycine betaine, a known 

osmoprotectant (71). Therefore, the early plateau in the PAOIAbetBA growth curve may 
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be a result of not only a lack of carbon sources, but also the result of an increasingly 

hypertonic environment that the mutant cannot cope with. 

Analysis of the double and triple pathway mutants proved to be much more 

difficult, as the complexity in the mutations added to the existing complexity of PC 

degradation, and it seemed as though we were left with more questions than answers. 

The double pathway mutant PAOI4fadBAI-5AbetBA should only be able to grow 

on the glycerol component of the PC molecule, as we have seen that these mutations 

cannot grow on the individual components (Figures 5.4 and 5.5). However, when grown 

in minimal PC media, we see that this mutant is capable of growing quite well, picking 

up later than wild-type, presumably from the inability to grow on choline first, but 

reaching a substantial level of growth although lower than the other double pathway 

mutants. This would suggest that the glycerol component of PC provides enough carbon 

and energy to sustain the growth of the mutant up to an OD540 of around 1.0 to 1.5. This 

analysis is of course assuming that the degradation of PC only involves these three 

pathways. 

The second double pathway mutant PA014fadBAI-5IlglpD is only capable of 

metabolizing the choline out of the three components. In fact, the initial jump in growth 

similar to that observed in the diauxic growth of wild-type PAOt, suggests that this 

mutant is utilizing choline as a primary carbon and energy source. However, this mutant 

experiences diauxic growth just like wild-type PAO t, and reaches a final cell density 

comparable to wild-type. This is hard to imagine, as diauxic growth suggests that there is 

a preference for the carbon sources available, but this mutant was previously shown to be 

unable to grow on LCFA and glycerol as sole carbon sources (Figure 5.5). This leads us 
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to believe that upon complete degradation of the available choline and the presence of the 

released of the OAG, the bacteria are metabolizing the OAG molecule as a whole through 

a yet unrecognized alternative pathway that does not involvefadBA or glpD. 

The third double pathway mutant, PAO l!!.beIBAAglpD, is capable of only 

growing on the LCF A component of the PC molecule. In the three prior PC growth 

curves, Figure 5.8A through C, the strain was not verified prior to starting the curves, and 

the wrong strain was used. Thusly, the strain was recreated and verified, and used in the 

subsequent PC growth curves, Figures 5.80 through F. When the growth of this strain is 

analyzed in the latter half of Figure 5.8, we notice that this strain enters early-log phase 

later than wild-type PAOl, which is consistent with all belBA mutations and the inability 

to grow on choline as a primary carbon source. This mutant also grows in a smooth 

fashion to a final 00540 less than that of the wild-type PAOl, which is what would be 

expected as this mutant is reduced to only the LCF A for carbon, and can no longer grow 

on glycerol and choline. 

Finally, we analyzed the growth curves of the triple pathway mutant in this 

minimal PC media. The triple pathway mutant PAOIAfadBAI-5!!.betBAAglpD was not 

expected to grow in this minimal PC media, similar to the observations in the individual 

PC components media (Figures 5.5 and 5.7) and so the growth observed in minimal PC 

media was quite surprising. The growth curve did not start with an initial growth spurt, 

which is indicative of initial growth on choline, but rather the curve resembled that ofthe 

PAO l!!.betBAAglpD double mutant. At first, one would assume that the growth was a 

result of growth on the LCF A, much like the double mutant, but previous data had shown 

that a deletion of all five fadBA operons renders the bacteria unable to metabolize the 
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LCFA as a carbon source. This suggests that the PC is being degraded by an alternative 

pathway that does not utilize any of the three pathways studied here (fad, gIp, or bet). As 

complex as the PC molecule is, and as redundant and complex as the metabolic pathways 

of P. aeruginosa are, it would be naYve of us to imagine that the only degradative 

pathway for PC is solely through these three pathways in this precise manner. 

The synthesis of PC has been demonstrated to occur through two possible 

pathways; the addition of methyl groups to phosphatidylethanolamine (PE) by the use of 

PmtA (P A0798), a phospholipid N-methyltransferase, or by condensing choline with 

CDP-I,2-diacylglycerol (CDP-I,2-DAG) through PC synthase (\4, 15, 73). The 

condensation of choline and CDP-I,2-DAG has been demonstrated in P. aeruginosa (73), 

and it is conceivable that this reaction is reversible given the proper conditions. In this 

case, under conditions where normal PC degradative pathways are non-functional and 

where PC is the only carbon source, it is not unreasonable to imagine that the PC 

synthetic pathway has been reversed, and the mutant is growing on DAG, which can be 

degraded through alternative pathways. The DAG molecule's most logical cleavage 

points are the ester bonds joining the fatty acid tails and the glycerol molecule, as these 

are the weakest bonds in the molecule. Perhaps the LCF A are released from the glycerol 

and a cryptic fad operon is degrading the LCFA, since we have only been looking at the 

putative aerobic fad operons. In E. coli, there exists an aerobic and an anaerobic fad 

pathway, but we have been using the aerobic pathway as a model to identifY the fad 

pathway in P. aeruginosa. It is possible that this unknown fatty acid degradation 

pathway is induced in the presence of DAG, rather than fatty acids, and remains to be 

elucidated and characterized like the anaerobic fad pathway of E. coli. 
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The long initial lag phase (> 20 hours) may be attributed to the mutant adjusting 

to the minimal media, sensing the PC as a sole carbon source, recognizing that it cannot 

degrade PC through the normal preferred pathway, and thus expressing the genes 

involved in reversing the PC synthetic pathway and degrading DAG. Creating a mutation 

in the pathways to prevent degradation of DAG, such as lipase mutants, may shed some 

insight into what alternative pathways are being utilized to degrade the PC molecule. 

Of all the growth curves presented in Figure 5.8, many problems were noticed and 

corrected for each subsequent set of growth curves. The initial three curves in Figure 5.8, 

contained 2 mM KOH in the media, which, although the media contained phosphate 

buffer, may have degraded the PC molecule to release individual components prior to 

inoculation. KOH was added to the media in order to maintain consistency with the 

media constituents in the previous LCF A media and growth curves. This would of 

course, not represent a true growth curve on PC as sole carbon source. 

When looking back at all the growth curves in Figure 5.8, we see that Figure S.8C 

is the one figure that represents the pattern of growth we were expecting. However, this 

may be a result of the addition of PC to the media the night prior to starting the 

experiment rather than making the media fresh as in later curves, and may have resulted 

in the degradation of PC into its components, which would explain the growth patterns 

observed here. The most compelling growth curves are Figure 5.8E and F, as this utilized 

the proper strains verified prior to starting the curves, and showed a level of 

reproducibility to each other, and a degree of consistency with the trends and 

observations seen in prior PC growth curves. 
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Finally, the complementation vector, miniCTX2-fadBA5-betBA-P1ac-glpD, was 

created to complement the triple pathway mutations. This construct could be used in 

animal studies, an approach that would determine what the effects of the wild-type 

PAOl, the triple pathway mutant and the complemented mutant would individually have 

on the health of a mouse model. It would be predicted that if these three pathways are 

involved in pathogenesis and PC metabolism by P. aeruginosa, then while wild-type 

PAO I would have a serious effect on the health of the mice, the triple pathway mutant 

would have decreased negative effects on the mice. However, if the complemented strain 

caused a similar effect as wild-type, then it would provide strong evidence that these 

three pathways are involved in PC degradation, and that PC degradation contributes to 

the pathogenesis of Pseudomonas during lung infections to afford HCD replication and 

cell maintenance. Fellow graduate students are currently investigating this area, and the 

results of the animal studies should prove very interesting and should shed some more 

light on the metabolism of PC and P. aeruginosa pathogenesis in the lung. 
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6.1 Abstract 

Without prior knowledge of the promoters of various genes in bacteria, it can be 

difficult to study gene regulation using reporter-gene fusions. Regulation studies of 

promoters are ideal at their native locus, which do not require prior knowledge of 

promoter regions. Based on a previous study with FRT-lacZ-KmR constructs, we 

constructed two novel FRT-lacZ-GmR plasm ids. This allows easy engineering of P. 

aeruginosa reporter-gene fusions, post-mutant construction with the Flp-FRT system. We 

demonstrate the usefulness of one of these FRT-lacZ-GmR plasmids to study the 

regulation oftheJadABl operon in P. aeruginosa at its native locus. TheJadABl operon, 

involved in fatty acid (FA) degradation, was significantly induced in the presence of 

several medium chain-length fatty acids (MCFA) and, to a lesser degree, long chain

length fatty acids (LCFA). In addition to the previous work on the FRT-lacZ-KmR tools, 

these new constructs increase the repertoire of tools that can be applied to P. aeruginosa 

or other species and strains of bacteria where kanamycin resistance may not be 

appropriate. 
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6.2 Introduction 

Studying gene-regulation is the foundation of understanding cellular physiology. 

Specifically in bacteria, gene-expression studies have become more elaborate and the 

technologies more complex. Gene-expression profiles can be achieved using macro- and 

microarrays (5) and quantitative real-time polymerase chain reactions (qRT-PCR) (6, 19). 

However, these innovative technologies can prove costly and a classical approach may be 

more appropriate. 

Many plasmid-based systems have been developed to study gene-expression by 

creating reporter-gene fusions, such as lacZ (8, 11, 14, 20, 22, 24), xylE (9), the /uxAB 

(7), and the green fluorescent protein (gfp) (16). However, they all suffer from inherent 

problems such as titration of regulators for high-copy plasmids, and incorrect 

representation of the natural regulation of the gene(s). Previously. lacZ fusions were 

introduced into P. aeruginosa using the miniCfX system (11) or the Tn7 integration 

system (2). allowing site-specific lacZ fusions to be studied as a more representative 

single copy. However, these existing systems require prior knowledge of the promoter 

region, and fusions other than at the native locus may misrepresent the more complex 

natural regulatory mechanism. More recently. Ellermeier et al constructed a Flp

mediated site-specific recombination system, where lacZ can be introduced into the 

chromosome at the native locus as a transcriptional fusion, using a Flp recombination 

target sequence (FRT) (4). This system requires a chromosomally located FRT 

previously introduced via the A-Red mutant construction method (8). A plasmid 

harbouring lacZ and a kanamycin resistance (KmR) cassette downstream of an FRT (FRT-
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lacZ-KmR) was easily constructed (4). When Flp was introduced, the two FRTs 

recombined, integrating the plasmid-borne FRT-lacZ-KmR fusion with the 

chromosomally located FRT, to generate a lacZ transcriptional fusion. However, P. 

aeruginosa can have high resistance levels to kanamycin ~IOOO fA.l¥ml), and a cleaner 

alternative selectable marker (i.e. gentamycin resistance) is more desirable. 

Fatty acid degradation (fad) is an essential pathway for bacteria to utilize lipids 

and other fatty acid-associated compounds. In E. coli,fadhas been well characterized (I, 

3), where several of the genes,fadA,fadB,fadD,fadE andfadL. are negatively regulated 

by FadR in the absence of external fatty acids (FA) :::CI2:0. However, virtually nothing is 

known about fad in P. aeruginosa, and the regulatory mechanism remains an enigma. 

With a genome of 6.3Mb (26), P. aeruginosa has 6-8 fold more genes involved in fad 

than E. coli, suggesting increased complexity and redundancies in the fad pathway. P. 

aeruginosa is capable of growing on short (C4:o-Cs:o), medium (CIO:0-C14:0) and long 

chain-length FAs ~CI6:0), and the involvement of one fad operon has been identified as 

fadABl (pA1737 and PA1736, respectively) (25). 

Here, we report the engineering of two FRT-lacZ-GmR plasmids, one of which 

was utilized to generate a chromosomal P/adABr-FRTl-lacZ transcriptional fusion. This 

fusion was characterized in P. aeruginosa by monitoring the regulation ofthefadABl

promoter at its native locus. P. aeruginosa containing this P/adAB/-FRTl-lacZ fusion was 

grown and characterized in minimal glucose media with different chain-length FAs (short 

chain-length FAs (SCFA), medium chain-length FAs (MCFA) and long chain-length FAs 

(LCF A)). These constructs add to the repertoire of FRT-based tools previously reported 
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(Ellermeier et al.. 2002) to study non-essential gene function and regulation. because 

these genes are often involved in virulence and pathogenesis. 

6.3 Materials and Methods 

6.3.1 Bacterial strains and media 

Strains and plasmids used and constructed in this study are shown in Table 6.1. 

E. coli DH5a (13) was used for all molecular cloning steps. E. coli SMIO (23) was the 

donor strain for conjugation to introduce the plasmid pEXI8T!ifadABl::FRT-GmR-FRT 

into wild-type P. aeruginosa PAOi to create a mutant PAOIllfadABl::FRT-GmR-FRT. 

For tri-parental mating to introduce the FRT2-lacZ transcriptional fusion into 

PAOlllfadABl::FRT. E. coli strains ER2566mob-pir1J6/pFRT2-1acZ and ER2566mob-

pirl16/pCD\3SK-Flp-oriT were used as donors. All E. coli strains were grown in LB 

broth (Difco, Sparks, MD). with gentarnycin (15 fLglml) or streptomycin (25 fLglml) 

(Teknova, Halfinoon Bay, CAl for plasmid maintenance. P. aeruginosa strains were 

grown in Pseudomonas Isolation Broth (PIB) or Pseudomonas Isolation Agar (PIA) 

(Difco. Sparks. MD). supplemented with gentarnycin (ISO fLgfml) for selection. unless 

otherwise stated. 

Growth curves were conducted in Ix M9 media (Ix M9. 1% Brij-58. 0.5 mM 

MgS04. 0.02 mM CaCh) + 40 mM glucose ± 0.1 % (w/v) of the individual saturated F As 

(butyric acid. C4:0; n-caproic acid. Cc;:o; caprylic acid. Cs:o; capric acid. C\O:o; lauric acid. 

CI2:O; myristic acid. CI4:0; palmitic acid. CI6:0) or an unsaturated FA (oleic acid, CIS:I'!) 

(Sigma, St. Louis, MO). 3% stock solutions ofFAs were made in equimolar KOH and 
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Table 6.1 - Strains and plasmids used infadABl induction study 
Strains 
E. coli DHSa 

SMIO 

ER2566mob-pirI16 

DHSa- MIIB: :pCD 13SK -Flp 

Genotype 
($80dlacZ t.M 15) t.(lacZYA-argf)U 169 deaR recA I 
endAl hsdRI7 (rKm.') glnV44)'" (hi-I gyrA96 reLA I 

Reference 
( 13) 

thi·lth, leu lonA lacY sup£ recA ::RP4-2-Tc::Mu (23) 
KmR 

F" ! .. :jhuA2 [Ion] ompT lacZ:: T7 gene l gal sliLA II This study 
!;(mcrC-mrr) 114::/SIO R(mcr-73:: miniTnIO)2 R(zgb-
120::Tn/o)1 endA I [dcmJ recA ::RP4-2Tc::Mu Km 
pir1l6-Tet" 
($80dlacZ !;MIS) t.(IacZYA-argf)UI69 deaR recA I This study 
endA I hsdR I7 (rKm.') IjfnV44 (hi-I gyrA96 relA I 
MIIB::pCD13SK-Flp Sp 

P. aeruginosa PAOI Prototroph (26) 

Plasmids 

PAOII!JadABl :FRT-GmR-FRT GmR, PAOI withfadABI operon deletion and FRT
GmR.FRTinscrtion 

This study 

PAOII!JadABI :FRT PAOIAjadABJ :: FRT-GmR.FRTwith GmR-cassene This study 
removed 

PAO lt.fadABI :FRT2-lacZ' GmR, PAO ) with/adABI operon deletion and FRT2- This study 
lacZ insertion 

pPS8S6 ApR, GmR, plasmid with FRT-GmR-FRT cassette (10) 

pEX I8T ApR, oril, sacB"', gene replacement vector ( 10) 

pEXI8TfadABI ApR, pEXI8T with wild-rypefadABI operon This study 

pEX 18T t.fadAB I ::FRT-GmR- ApR, GmR, pEX I8T with l!JadABI operon with FRT- This study 
FRT GmR -FRT insertion 
pFlp2 ApR, sacB", plasmid withjlp gene ( 10) 

pTZI20 ApR, lael operon fus ion vector (2 1) 

pXR6KaS GmR, saclf, suicidal vector This study 

pCD13SK SpR, MuB integration vector ( 17) 

pCDI3SK-Flp SpR, pCD13SK withf/p gene and cI8S7 This study 

pCDI3SK-Flp-oriT SpR, pCDIlSK-Flp with oriT This study 

pFRTI-lacZ' GmR, FRT1·lacZ fusion containing suicidal vector This study 

pFRT2-1acZ· GmR, FRT2·1acZ fusion containing suicidal vector This study 

pDTNIOO ::FRTI-GmR-FRTI' GmR, pTZI20 backoone with FRTI -GmR-FRTI This study 

pDTN IOO: :FRT2-GmR-FRT2' GmR, pTZ I20 backoone with FRT2-GmR-FRT2 This stud)' 

pDTNIOO::FRTI -IacZ' GmR, pDTNIOO :: FRTI -GmR-FRTI with GmR_ This study 
cassene excised 

pDTNI OO::FRT2-lacZ' GmR, pDTN lOO::FRT2-GmR-FRT2 with GmR_ This study 
cassene excised 

• FRTl and FRT2 refer to opposite orientations of the FRTrelative to lacZ (refer to Figure 6.IA) 
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1 % Brij-58. Cell cultures were diluted 1:4 in 4% Brij-58 prior to taking OD540 

measurements. 

6.3.2 General molecular methods and reagents 

All restriction enzymes, Taq DNA polymerase, and T4 DNA ligase were 

purchased from New England Biolabs (Beverly, MA) and used according to 

manufacturer recommendations. Plasm ids were recovered using the Zyppy Plasmid 

Miniprep Kit (Zymo Research, Orange, CAl and gel purification of DNA bands were 

performed using the Zymoclean Gel DNA Recovery Kit (Zymo Research, Orange, CAl. 

All primers were from JOT Technologies (Coralville, IA). 

6.3.3 Construction ofladABl::FRTmutant 

The ladAB 1 operon (3. 7kb) was PCR amplified using forward primer 5'

CGAAAGCTTGCATGGTGCTATCTTCC-3' and reverse primer 5'

GCGGAATTCGCCCTACCCGTGGCG-3'. PCR was assembled in 50 III reactions 

containing 10 ng PA01 chromosomal DNA, 30 pmoles of each forward and reverse 

primer, 0.2 mM dNTP, Ix ThermoPol reaction buffer, and 5 units of Taq DNA 

polymerase. After thirty-four cycles (95°C for 1 min, 58°C for 45 sec, 72°C for 3 min), a 

final extension at noc for 10 min was performed. The product was gel purified, digested 

with Hind/II + BamHI, and cloned into the vector pEXI8T, digested with the same 

restriction enzymes, to yield pEXI 8TladAB1. 

To create the final gene-replacement vector pEXI8TAladAB1::FRT-GmR-FRT, the 1.1 kb 

Smal digested FRT-GmR-FRT cassette from plasmid pPS856 (10) was ligated into 
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pEXI 8T!adABJ, previously digested with PsI! + BamHI and blunt-ended. 

pEXI8TI'1!adABJ::FRT-GmR-FRT was conjugated from E. coli SMIO into PAOI and 

unmarked mutations constructed as previously described (10). 

6.3.4 pCD13SK-Flp-orlTheJper plasmid construction 

The 2.5 kb BamHI-SacI fragment containingflp and the Iv-repressor from pFlp2 

was cloned into pCDI3SK cut with the same enzymes, yielding pCDI3SK-Flp. The 660 

bp oriT from pTZI20 was removed with NarI + NdeI, and blunt-ended. This fragment 

was cloned into pCDI3SK-Flp at the SmaI site to give pCD\3SK-Flp-oriT. 

6.3.5 pFRTl-lacZ and pFRT2-1acZ plasmid construction 

Plasmid pTZ 120 was digested with SapI and NarI, blunt-ended and self-ligated to 

remove the oril600-rep; this gave a final plasmid size of 5.7 kb. The FRT-GmR-FRT 

cassette (1.1 kb) was excised from plasmid pPS856 using BamHI. This fragment was 

then cloned into pTZI20, also digested with BamHI, yielding pDTNIOO::FRTJ-GmR-

FRTJ and pDTNI OO::FRT.2-GmR-FRT.2, which contains the GmR-cassette in the opposite 

orientation, along with the lacZ fusion. FRTJ -lacZ and FRT.2-lacZ have identical 

sequences but differ in the orientation of the FRT relative to the lacZ. These plasmids 

were transformed into a Flp expression strain (DH5ct-MtIB::pCDI3SK-Flp), to remove 

the GmR -cassette, yielding pDTN I OO::FRTJ -lacZ and pDTN 1 00::FRT.2-1acZ. The 2.3 kb 

FRTJ-lacZ and FRT.2-lacZ fragments were then excised from pDTNIOO::FRTI-lacZ and 

pDTNIOO::FRT.2-lacZ, respectively, using XhoI + AflII and blunt-ended. These 

fragments were ligated with the GmR-R6Krori-T/T2 fragment (2.6 kb) from plasmid 
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pXR6KaS, which was digested with XmnI + PvuII. This ligation gave the final plasm ids 

pFRTI-lacZ and pFRT2-lacZ (Figure 6.1 A). 

6.3.6 Conjugation and selection 

All strains were grown to mid-log phase for conjugation. Conjugation was 

performed by mixing 500 fl.1 of each donor strain ER2566mob-pirIl6/pFRT2-lacZ and 

ER2566mob-pir1l6/pCD13SK-Flp-oriT, with 500 fl.1 of the recipient strain 

PAO I afadABI ::FRT2. Cells were pe\1eted sequentia\1y and the media decanted leaving 

-40 fl.1 in the final pelleting step. The conjugation mixture was resuspended in the 

remaining media and spotted onto ce\1ulose-acetate filters (Satorius, Goettingen, 

Germany) on LB plates and incubated overoight at 31'C. Filters were resuspended in I 

ml of Ix M9 (18) and plated on PIA containing gentamycin. Positive clones were 

screened for a 1.2 kb PCR product using the GmR-specific forward primer 5'

CAT ACGCT ACITGCA IT ACAG-3' and the fadAB I-specific reverse primer 5'-

GCGGAA TTCGCCCTACCCGTGGCG-3'. 

6.3.7 Growth curve and p-galactosidase assay 

PAOI was grown simultaneously, as a control, with PAOI4fadABl::FRT2-lacZ. 

Cultures were grown for 14 hours in PIB and the ce\1s were washed twice with 1 x M9 

media. A I: I 00 dilution was inoculated into 50 ml Ix M9 minimal media supplemented 

as described in Bacterial Strains and Media. Both strains were grown in I x M9 + 40 mM 

glucose as controls. Cultures were diluted as described in Bacterial Strains and Media 

and cell densities were measured in a Beckman-DU7500 spectrophotometer, taking 
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dilution factors into account. Standard II-galactosidase assays were conducted in 

triplicate as described previously (12, 15) and mean values determined with S.E.M. 

6.3.8 GenBank accession numbers 

The plasm ids pFRTI-lacZ, pFRT2-1acZ and pCD13SK-FIp-oriT have been 

deposited in GenBank with accession numbers EU034636, EU034637 and EU034638, 

respectively. 

6.4 Results and Diseussion 

When used in conjunction with the gene-replacement system (10), the integration 

of the FRT-lacZ fusion makes it possible to study the regulation of non-essential genes, 

eliminating the arduous task of identifYing promoters. Using this fusion involves two 

steps: first, the construction of the mutant containing a single FRT; and second, 

introduction of the FRT-lacZ fusion through tri-parental mating. 

In this study, a/adABJ mutant was constructed in P. aeruginosa, by inserting a 

GmR-cassette flanked by FRTs into the operon, as described previously (10). The GmR
_ 

cassette and a single FRT were then excised by introducing a jlp-containing plasmid, 

leaving behind a single FRT at the allelic replacement site. This chromosomally located 

FRT is the subsequent insertion site of the FRT-lacZ fusion. 

The two FRTl-lacZ and FRT2-1acZ fusions were generated on the suicidal 

plasmids pFRTl-lacZ and pFRT2-1acZ, respectively (Figure 6.IA). Although two FRT

lacZ fusion plasm ids were created to accommodate the two orientations of the FRTs, only 
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Figure 6.1 - Schematic of pFRT-lacZ plasmid, helper plasmid, and chromosomal target 

gene of interest with FRT. (A) pFRTI-lacZ or pFRT2-1acZ is conjugated with a (B) 

helper plasmid, pCDI3SK-Flp-onT, into the recipient P. aeruginosa strain containing an 

FRT (FRTl) in the same orientation as the fusion. (C) The chromosomal tifadABl::FRT 

is the locus where the FRT-lacZ fusion will recombine catalyzed by the Flp protein 

expressed on the helper plasmid. (0) The final recombined product is shown with the 

fusion integrated into the chromosome at the FRT site. The FRT-lacZ plasm ids contain 

several key features that make this system appropriate for these studies: i) T/ and T2 

immediately downstream of the FRT-lacZ fusion prevent any read through; ii) a suicidal 

R6Kyori origin of replication that can only replicate in the presence of a " protein or a 
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strain expressing the pir gene; iii) a GmR-cassette to allow for selection of positive 

recombinations in P. aeruginosa; iv) a Flp expressing R6K rori suicidal helper plasmid, 

pCDI3SK-Flp-oriT. The expression ofFlp is under the control ofthe A.-promoter, which 

is repressed by cI857. Abbreviations; cI857, temperature sensitive A.-repressor; flp, Flp 

protein driven by the A.-promoter; FRT, Flp recognition target; GmR, gentamycin 

resistance cassette; lacZ, (3-galactosidase; oriT, origin of transfer; PlaMBI, fadABl 

promoter; R6K yori, suicidal origin ofreplication; SpR, streptomycin resistance cassette; 

TITZ, transcriptional terminators. 

247 



pFRT2-1acZ was used in this regulation study. During tri-parental mating, the fusion 

plasmid pFRT2-lacZ (Figure 6.1 A) is introduced into the P. aeruginosa recipient along 

with the helper plasmid pCDI3SK-Flp-orlT (Figure 6.1B). This helper plasmid encodes 

Flp, which catalyzes the recombination of the FRT2 on pFRT2-lacZ fusion and the 

chromosomally located FRT2 within the inactivatedJadABI operon (Figure 6.1C). This 

resulting transcriptional fusion is downstream of the JadABI-promoter and therefore 

expression of the JadABI operon can be directly correlated to fI-galactosidase activity 

(Figure 6.1D). 

Using the P. aeruginosa mutant, we were able to demonstrate the utility of the 

FRT2-1acZ fusion to study the induction of the JadABI operon by the different chain

length FAs. The mutant carrying the lacZ-reporter fusion was grown in Ix M9 minimal 

media containing 40 mM glucose supplemented with or without FA. To address the 

effects of the different chain-length F As on gene-expression levels of the JadABI operon, 

growth rates and fI-galactosidase activity were measured. The growth rates of the 

PAOII!.JadABI::FRT2-1acZ mutant carrying the fusion were compared to that of wild

type PAOl (Figures 6.2A and 6.2B), since growth rate differences affect gene expression. 

Figures 6.2A and 6.2B show identical growth rates when the mutant was grown in the 

same media as wild-type PAOl, and that the addition of FAs both increased the length of 

stationary phase and decreased the rate of death. In addition, the same growth rates were 

observed when the mutant was grown in glucose ± individual F As (Figure 6.2B). These 

identical growth rates allOWed appropriate comparison of the JadABI operon expression 

level in response to the different FA, by measuring fl-galactosidase activities 

during three different growth phases (early-, mid-, and late-log) for each FA chain-length 
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Figure 6.2 - Growth curves of wild-type PAOI and PAOI!:>.fadAB/::FRT2-lacZ fusion 

strain grown in glucose and various fatty acids, showing induction of the fadABI operon 

by fatty acids. Growth curves of (A) wild-type PAOI and (B) PAOID.fadAB/ ::FRT2-lacZ 
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fusion strain in glucose media supplemented with and without fatty acids, showing no 

growth defects in the mutant fusion strain. (C) The fodABl operon is regulated by the 

medium to long chain-length FAs, as indicated by the higher (3-galactosidase activity of 

the FRT2-1acZ fusion. The three growth phases monitored were early-. mid- and late-log 

growth, and (3-galactosidase activities measured in triplicate and displayed as an average. 

The points chosen at early-log (EL), mid-log (ML) and late-log (LL) for f3-galactosidase 

measurements are indicated in (B). 
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(Figure 6.2C). In the presence of short chain-length FAs (SCFA) (C4:0-C8:0), the fadABl 

operon was not induced, as the II-galactosidase activities were relatively equal to that 

grown in the absence of FA (Figure 6.2C). The lack of gene induction by the SCF A 

and the absence of any growth defect in the !ifadABl mutant were observed throughout 

all growth phases. Our laboratory has identified two other fadAB operons that are also 

involved in fad, and future studies are required to show if these other two operons are 

involved in SCF A degradation. 

ThefadABI operon was most significantly induced when the mutant was grown 

in the presence of medium chain-length FAs (MCFA) (CIO:O to CI4:0). In all growth 

phases, the effects of the MCFA were similar, with C12:0 causing slightly higher induction 

levels throughout. In early-log, the basal activity in glucose alone was only 7.3 Miller 

units, where CIOO (59.7 Miller units), CI20 (65.5 Miller units) and CI40 (40.1 Miller units) 

induced the fadABl operon S.2-, 9.0- and 5.5-folds, respectively. This trend was 

mirrored at slightly higher levels in mid-log, where basal activity in glucose was at 7.S 

Miller units and induction levels reached 10.1-, 12.7- and S.5-folds, for CIO:O (79.2 Miller 

units), C12:0 (99.1 Miller units) and C14:0 (66.4 Miller units), respectively. The most 

significant increase infadABl operon induction was observed when going from mid- to 

late-log. In late-log phase, basal levels in glucose alone were at 4.1 Miller units and CIO:O 

induced the operon up to 26.2-folds (lOS Miller units), C12:0 up to 27.6-folds (113.9 

Miller units), and C14:0 up to 2S.S-folds (1IS.5 Miller units). 

Although P. aeruginosa can metabolize and reach high cell densities when grown 

solely on long chain-length FA (LCFA) (CI6:0 and CI8:1'!) (unpublished data), thefadABl 

operon was not induced to high levels during early-log (Figure 6.2C). At early-log, the 
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ii-galactosidase activity with these LCFA was 18.9 and 17.3 Miller units for C16:0 and 

CIS:I,9, respectively. However, as the cells reached mid-log phase, induction rose to 45.2 

Miller units and 39.9 Miller units by C16:0 and CIS:I'9, respectively, (5.8- and 5.l-folds 

respectively, compared to glucose alone). As the cells reached late-log, induction rose 

further up to 69.5 Miller units and 60.2 Miller units by C16:0 and CIS:I'·. respectively, 

(16.9- and 14.6-folds respectively, compared to glucose alone). fadABl is most 

responsive to the MCF A in all three growth phases, but also responds to LCF A to a lesser 

degree. 

In summary, we constructed two plasmids for the simultaneous study of promoter 

activity in conjunction with mutational analysis using the Flp-FRT system. Furthering 

the existing method of creating unmarked deletions in P. aeruginosa using the gene

replacement system (10), we capitalize on the presence of the FRT left behind after 

excision of the GmR-cassette with Flp as previously perfurmed for E. coli (4). We have 

constructed a simple FRT-lacZ fusion reporter system that allows one to study the 

regulation of a particular gene of interest. The utility of this reporter fusion was 

demonstrated using the fadABl operon of P. aeruginosa as a model. The regulation of 

this operon has not been characterized, and using the FRT2-1acZ fusion, we demonstrated 

its regulation by MCF A and LCFA. This study would be difficult in P. aeruginosa with 

the previously reported FRT-lacZ-KmR fusion (4), because of high kanamycin resistance 

levels. However, these novel FRT-lacZ fusion constructs with the GmR-cassette add to 

the existing repertoire of gene fusion tools for bacteria. 
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Chapter 7 

Closing Remarks 
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7.1 Discussiou 

P. aeruginosa is the primary cause of morbidity and mortality in CF patients. The 

havoc unleashed throughout the chronic lung infection is a culmination of the virulence 

factors produced and the sometimes nalve host immune response, during P. aeruginosa 

pathogenesis. All this damage is a result of the bacteria's ability to orchestrate a simple 

plan to over-power the host defenses through a high cell density (HCD) dependent 

communication system called quorum sensing. Quorum sensing itself is not as simple as 

it sounds, and involves proper timing and regulation of a huge network of genes involved 

in not only virulence, but also basic cellular processes, which need to be adjusted 

accordingly. This communication system is dependent upon HCD. HCD replication and 

maintenance, as well as production of many virulence factors, such as alginate 

biosynthesis, have a substantial energy requirement. which can only be satisfied with rich 

carbon and energy sources. However, the lung is not considered to be rich in 

conventional nutrients, unlike the gastrointestinal tract or bloodstream, but is rather lined 

with surfactant. Lung surfactant is an amalgamation of -I 0% protein and -90% lipids, in 

particular, phosphatidylcholine (PC). It is this particular lipid, PC, which has been the 

central theme of the research presented in this dissertation. The main purpose of this 

research was to det\llTlline whether or not P. aeruginosa degrades PC as a carbon and 

energy source to afford HCD replication and maintenance during CF lung infections. 

This was achieved using state-of-the-art equipment and techniques, and novel approaches 

to simultaneously determine the metabolic profile of P. aeruginosa in vivo during CF 

lung infections. Such a contribution to help understand the pathogenesis of an organism 
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in an in vivo situation was the first of its kind, and opens the possibility of similar studies 

and research for other bacterial infections. 

To investigate whether P. aeruginosa utilizes lung surfactant component PC as a 

carbon and energy source to afford HCD replication and maintenance, we first 

determined the metabolic profile of an HCD P. aeruginosa popUlation just prior to 

expectoration from a CF patient (19). By isolating the bacterial RNA directly from the 

sputum, from the same sputum isolate pool grown in a control media, and also from wild

type PAD I grown in the same control media, we conducted microarray experiments. 

Through these microarrays experiments, we were able establish a metabolic 

profile for each condition, correlating what genes were turned on under what conditions 

and by which sample of bacteria. By making profile comparisons of the sputum RNA to 

the sputum isolate pool grown in vitro, and the sputum isolate pool grown in vitro to 

wild-type PADI grown under the same conditions, we were able to classifY the genes 

into two major groups, genes that were induced during in vivo conditions (Le. genes 

turned on during lung infection), and genes constitutively expressed by the CF sputum 

isolate pool. 

In our investigation into the metabolic profile of P. aeruginosa during lung 

infection in CF patients, our first observations were the expression and the deregulation 

of virulence factor genes. We were initially surprised at the lack of expression of a 

majority of virulence factors, in particular the alginate biosynthesis genes. However, 

upon distinguishing the expression of genes as induced and constitutively expressed 

under in vivo conditions, we recognized that many of these genes were constitutively 

expressed, while only a smaller set were induced. 
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Upon further analysis of the induced and constitutively expressed genes, we found 

the expression of the genes involved in the degradation of the lung surfactant component 

PC. These genes included the induced and constitutively expressed fatty acid 

degradation (fad), and choline metabolism (bet) genes, and the constitutively expressed 

glycerol metabolism (g/p) and phospholipase and lipase genes, which cleave the PC 

molecule into its three constituents. This observation provided great support to our 

original hypothesis that P. aeruginosa degrades the lung surfactant component PC as a 

nutrient source, to afford HCD replication and maintenance. 

However, as powerful as microarray technology is, it requires confirmation by an 

alternative approach (9, 12) in order to validate any changes in gene expression, as well 

as to provide a more quantitative level of fold change expression. Although microarray 

data can be validated through reporter gene fusion, such as to /acZ (9), this is neither an 

appropriate nor feasible approach, as we were interested in in vivo gene expression. Our 

alternative approach was to conduct quantitative real-time RT-PCR on the RNA extracted 

directly from the sputum sample, another first of its kind. Using the more sensitive 

technique ofTaqMan® real-time RT-PCR we verified our microarray data and deemed it 

reliable, as the trends of induction were consistent between the microarray data and real

time RT-PCR data over 14 different genes. We also incorpomted three housekeeping 

genes instead of one (12) to quantitate the level of induction of each of our target genes 

for accumcy. 

At this point, we had strong microarmy evidence, verified by real-time RT-PCR 

data for one CF patient and sepamte real-time RT -PCR data for a second CF patient, 

which indicate that P. aeruginosa degrades PC as a nutrient source. With a list of genes 
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involved in PC degradation, we proceeded to target these genes and analyze them further, 

particularly the genes involved in the process of fatty acid degradation (jad), as the bet 

and glp pathways had previously been characterized (5, 13-18,20). Characterization of 

the P. aeruginosa fad pathway would lend great insight into the pathogenesis of this 

organism during lung infection, and establishment of the PC degradative pathway would 

provide opportunities into novel therapies for CF patients. 

The fad pathway has yet to be characterized in P. aeruginosa. Using the E. coli 

fad pathway as a model (1-4, 6-8, 10, 11), we initiated our investigations into the P. 

aeruginosa fad pathway by characterizing the initial step in fad, the activation of the fatty 

acid (FA) with coenzyme A (CoASH), catalyzed by acyl-CoA synthetases, FadDs. These 

proteins are coded by thefadD genes, of which, P. aeruginosa has two,fadDl andfadD2, 

and were found to be expressd in vivo during CF lung infection in two individual patients. 

Mutational analysis of the fadD] and fadD2 genes, indicated that both are 

involved in LCF A degradation, where a significant defect in growth was observed upon 

deletion of either of the two genes. The role of both fadD1 and fadD2 were further 

confirmed when an E. coli fadD mutant, which cannot grow on LCFA, was 

complemented by both P. aeruginosa fadD1 and fadD2, restoring the fadD mutant E. 

coli's ability to grow on LCFA to wild-type levels. This prompted additional 

experiments in to characterizing both fadDs, at the genetic level and also at the protein 

level. 

The promoter regions and transcriptional start sites ofbothfadD1 andfadD2 were 

mapped, allowing us to perform induction studies to identifY which FA substrates induce 

either or both of the fadDs. Simultaneously, we purified both FadDl and FadD2 to 
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determine the enzyme kinetics of both proteins, which also allowed us to detennine 

which FAs each FadD has a higher activity and affinity for, as we realized that this may 

not correlate with induction studies. Our gene induction data revealed that JudD! was 

induced by medium- to long-chain FAs (CIO to CIS), while JadD2 was induced by the 

short- to medium-chain F As (C4 to C 10). This was in agreement with our FadD enzyme 

activity study, where FadD I had the highest activity with LCF A and FadD2 exhibited 

highest activity with SCF A. 

This characterization of both JudD! andJadD2 at the genomic level as well as the 

protein level, is the beginning of deciphering the enigmatic Jad pathway in P. aeruginosa, 

and paves the way for investigations into the other Jad homologues, such as the JadBA 

operons. 

Our initial bioinformatic studies identified up to five different JadBA operons, 

designatedJadAB!,fadBA2,fadBA3,JadBA4, andJadBA5, some of which were found to 

be expressed by P. aeruginosa during lung infection. This urged further studies into the 

JadBA operons to identifY which operons are involved in Jad. Through mutational 

analysis and growth curves, we were able to focus on JadAB!, JadBA4 and JadBA5 as 

having major roles in LCF A degradation, and JadBA5 as serving the most important role 

as determined by growth defects. 

A similar approach was taken for the characterization of the JadDs, as 

transcriptional start sites and promoter regions were mapped for JadAH!, JadA4 and 

JadBA5. The transcriptional start site and promoter region for JadB4 was not mapped as 

difficulties were encountered during mapping and ideal expression conditions (i.e. proper 

FA as carbon source to yield maximum expression) were not determined. Induction 
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studies onJadABl identified MCFA, and to a lesser extent LCFA, to induce this operon, 

whileJadBA5 was induced by LCFA. Although induction studies intoJadBA4 were not 

conducted, the constructs for the study were generated. 

Complementation ofaJadBA mutant E. coli by the differentJadBA operons of P. 

aeruginosa individually, would lend further support into the roles of these three 

homologues. Unfortunately, only JadBA5 demonstrated the ability to complement the E. 

coli mutation, and this was only observed on LCFA (C12 to C18). JadABl complemented 

the mutation to a small degree, but again, only in the LCFA (C16 to CI8). This may be 

explained by the P. aeruginosa promoters not being recognized by the E. coli system. It 

is obvious that further more thorough investigations into the JadBA operons is required, 

as this is a far more complex operon that one first imagined. 

Although more work still needs to be done into the JadBA operons, it was clear 

from the data that deletion of all five operons rendered the P. aeruginosa unable to grow 

on FA as a sole carbon source. Armed with this knowledge and knowing that the bet and 

glp pathways are responsible for choline and glycerol degradation, respectively, we made 

a bold hypothesis, and hypothesized that these three pathways are the only ones involved 

in the degradation of the lung surfactant component pc. 

pc is made up of three mllior components, a choline headgroup, a glycerol 

molecule, and two LCF A tails. The degradation of the components individually occur 

through the bet, gip, andJad pathways. Our in vivo microarray data, verified by real-time 

RT -PCR, revealed that the genes of these three pathways were expressed by P. 

aeruginosa during chronic lung infections in two CF patients. To demonstrate that P. 

aeruginosa degrades the lung surfactant component PC as a nutrient source, we initiated 
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experiments into identifYing whether these three pathways are the only ones involved in 

PC degradation. 

Mutational analysis of the three pathways individually, revealed that deletions in 

the individual pathways resulted in the mutant unable to grow in their respective carbon 

sources. When double and triple combinations were made, the same phenotype was 

observed, where, for example, any mutant carrying the betBA deletion would not be able 

to grow in choline as a sole carbon source. We also demonstrated that a triple pathway 

mutant was not able to grow in minimal media containing only LCFA (CI8:1""), choline 

and glycerol as available carbon sources. Based on these observations, we predicted that 

the same triple pathway mutant would not be able to grow in minimal media containing 

whole PC as a sole carbon source, strongly suggesting that PC can only be degraded by 

these three pathways. However, when grown in whole PC as a sole carbon source, the 

triple pathway mutant was able to grow to near wild-type levels, but took much longer to 

enter early-log phase. This hinted at the possibility that when the preferred PC 

degradative pathway is deleted, P. aeruginosa has alternative pathways to degrade PC as 

a nutrient source, possibly by converting it to another phospholipid compound, such as 

phosphatidylethanolamine (21). It seems that, for the moment, the PC degradative 

pathway in P. aeruginosa is just as complicated as the PC molecule itself and further 

investigations into identifYing alternative PC degradative pathways is required. 

Although much is known about P. aeruginosa and its various regulatory 

pathways, particularly in regards to virulence and virulence expression, the pathogenesis 

of chronic P. aeruginosa lung infection in CF patients is very complex and poorly 

understood. This complexity is further compounded by the lack of knowledge regarding 
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the gene expression during infection. Much effort has been made to help de-mystity the 

pathogenesis, including the identification and acceptance of microenvironments within 

the lung and biofilm, and the concept of mutations to optimize the infection process. 

However, a clear picture has never been painted that allowed researchers to identity 

which genes are expressed during infection until now, as such knowledge would allow 

researchers to target specific metabolic processes and determine whether or not a certain 

drug regimen is effective for a particular CF patient. 

Using microarray technology, verified with real-time RT-PCR, we have been able 

to take a snap shot of the metabolic profile of P. aerugtnosa just prior to expectoration of 

sputum, allowing the bacteria to tell us what is happening during chronic infection, the 

first study ofits kind. We were able to unravel the pieces of the story to determine what 

metabolic processes the bacteria are experiencing, including virulence factor expression 

and drug resistance mechanisms. At the same time, we presented strong evidence for our 

hypothesis that P. aerugtnosa are metabolizing lung surfactant PC as a nutrient source to 

afford HCD replication and maintenance. This provided stronger justification into 

studying and deciphering the fad pathway in P. aerugtnosa. Although presented here 

were some initial data and preliminary studies into characterizing thefadpathway and PC 

degradation in P. aeruginosa, more work is required to completely establish the fad 

pathway. This, in conjunction with such microarray data presented in this dissertation, 

may provide some clues and insights into the pathogenesis of chronic P. aeruginosa lung 

infections, which may help with the development of more effective therapies in the 

future. 
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Appendix 1 - Complete pathway map for P. aeruginosa indicating reactions induced 

during in vivo lung infection in 2 CF patients. Red arrows and PA numbers indicate 

induced genes, whereas blue arrows and PA numbers indicate constitutively expressed 

genes (as defined in Chapter 2). Major pathways are grouped by colour according to 

designations indicated in the Results and Discussion section. Purple boxes are pathways 

involved in general metabolism and cell maintenance and growth. Red boxes are 

pathways involved in amino acid metabolism, including amino acid transporters. Dark 

green boxes are pathways involved in phosphatidylcholine component (fatty acids, 

glycerol and choline headgroup) metabolism. Beige boxes represent pathways for drug 

resistance, including pumps, transporters, and folate biosynthesis, as well as ribosomal 

genes induced as a result of drug-target over-expression. Yellow boxes indicate all 

virulence factors, including excreted factors and flagella. Also shown are genes involved 

in sensory and two-component systems, A TP synthases, ABC transporters, protein 

secretion, chaperones, heat-shock proteins, secreted factors, general transporters, porins 

and outer membrane proteins, as well as unclassified genes (others). 

·Pathways and categorization of genes according to the Kyoto Encyclopedia of Genes 

and Genomes (KEGG) database. 
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