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Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen often 

infecting the lungs of individuals with the heritable genetic disease cystic fibrosis and the 

peritoneum of those undergoing continuous peritoneal dialysis. Often these infections 

are not caused by colonization with P. aeruginosa alone but instead by a consortium of 

pathogenic bacteria. Little is known about growth and persistence of P. aeruginosa in 

vivo, and less is known about the impact of coinfecting bacteria on P. aeruginosa 

pathogenesis and physiology. In this dissertation I used a rat dialysis membrane 

peritoneal model to evaluate the in vivo transcriptome of P. aeruginosa in monoculture 

and in coculture with Staphylococcus aureus. Monoculture results indicate that 

approximately 5% of all P. aeruginosa genes are differentially regulated during growth in 

vivo. Included in this analysis are genes important for iron acquisition and growth in low-

oxygen environments. The presence of S. aureus caused decreased transcription of P. 

aeruginosa iron-regulated genes during in vivo coculture, indicating that the presence of 

S. aureus increases usable iron for P. aeruginosa in the environment. This lysis was 

shown to be dependent on antimicrobial quinolones produced by P. aeruginosa. I 
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demonstrate that these quinolones are present in outer membrane vesicles (MVs). Not 

only were these quinolones present in MVs, but the quorum sensing molecule; 2-heptyl-

3-hydroxy-4-quinolone (Pseudomonas Quinolone Signal; PQS) was also packaged into 

MVs and was necessary for MV formation. These findings illustrate that a prokaryote 

possesses a signal trafficking system with features common to those used by higher 

organisms and outlines a novel mechanism for delivery of a signal critical for 

coordinating group behaviors in P. aeruginosa. Although MVs are involved in important 

processes besides signaling, the molecular mechanism is unknown. To provide insight 

into the molecular mechanism of MV formation, I examined the interaction of PQS with 

bacterial lipids. In this work, I demonstrated that PQS interacts strongly with the acyl 

chains and 4’-phosphate of bacterial lipopolysaccharide. The results of my studies 

provide molecular insight into P. aeruginosa MV formation and demonstrate that quorum 

signals serve important non-signaling functions. Finally, I propose a model of PQS-

mediated MV formation where PQS interacts with specific outer membrane components 

to allow the necessary curvature for MV formation. 



 

 viii

Table of Contents 

List of Tables....................................................................................................... xii 

List of Figures .................................................................................................... xiii 

CHAPTER 1: INTRODUCTION 1 

1.1 OVERVIEW OF PSEUDOMONAS AERUGINOSA PATHOGENESIS 
AND QUORUM SENSING 1 
1.1.1 Summary .............................................................................................1 
1.1.2 P. aeruginosa Biofilm Formation......................................................2 
1.1.3 P. aeruginosa Studies In Vivo ..........................................................3 

1.2 QUORUM SENSING .....................................................................................4 
1.2.1 Overview ..............................................................................................4 
1.2.2 Quorum Sensing in Gram-Negative Bacteria ................................5 
1.2.3 Cell-Cell Signaling Transport............................................................5 
1.2.4 Acyl Homoserine Lactone Systems in P. aeruginosa ..................6 
1.2.5 The Pseudomonas Quinolone Signal .............................................8 

1.3 GRAM-NEGATIVE OUTER MEMBRANE VESICLES ...........................11 
1.3.1 Gram-negative Cell Wall .................................................................11 
1.3.2 Overview of Outer Membrane Vesicles ........................................13 
1.3.3 Membrane Vesicles as Trafficking Vehicles ................................14 
1.3.4 Membrane Vesicles are Present in Biofilms ................................17 
1.3.5 Proposed Models for Membrane Vesicle Formation ..................17 

1.4 DISSERTATION OBJECTIVES..................................................................22 

CHAPTER 2: STAPHYLOCOCCUS AUREUS SERVES AS AN IRON SOURCE FOR 
PSEUDOMONAS AERUGINOSA DURING IN VIVO COCULTURE 24 

2.1 INTRODUCTION ..........................................................................................24 

2.2 MATERIALS AND METHODS....................................................................26 
2.2.1 Bacterial Strains, Plasmids, and Media ........................................26 



 

 ix

2.2.2 Dialysis Membrane Chambers .......................................................27 
2.2.3 Biofilm Growth in Dialysis Membrane Chambers........................27 
2.2.4 Analysis of Global Gene Expression Using Affymetrix 

GeneChips .........................................................................................28 
2.2.5 P. aeruginosa and S. aureus Cocculture Growth........................29 
2.2.6 Lysis of S. aureus.............................................................................30 
2.2.7 P. aeruginosa Growth Yields..........................................................30 

2.3 RESULTS ......................................................................................................31 
2.3.1 Growth of P. aeruginosa In Vivo ....................................................31 
2.3.2 Biofilm Formation of P. aeruginosa In Vivo ..................................34 
2.3.3 Identification and Classification of P. aeruginosa Genes 

Differentially Expressed in the Peritoneum ...................................38 
2.3.4 Correlation of GeneChip and IVET Data ......................................42 
2.3.5 Iron Acquisition In Vivo ....................................................................49 
2.3.6 Oxygen Levels in the Peritoneum..................................................53 
2.3.7 P. aeruginosa Physiology and Metabolism In Vivo.....................53 
2.3.8 Growth of P. aeruginosa and S. aureus Cocultures In Vitro and 

In Vivo .................................................................................................54 
2.3.9 Gene Expression of P. aeruginosa Cocultured In Vi vo With S. 

aureus .................................................................................................57 
2.3.10 Lysis of S. aureus is Required for Iron Acquisition ...................58 
2.3.11 P. aeruginosa Can Use S. aureus as an Iron Source ..............61 

2.4 DISCUSSION ................................................................................................63 

CHAPTER 3: MEMBRANE VESICLES TRAFFIC SIGNALS AND FACILITATE 
GROUP ACTIVITIES IN A PROKARYOTE 70 

3.1 INTRODUCTION ..........................................................................................70 

3.2 MATERIALS AND METHODS....................................................................73 
3.2.1 Bacterial Strains and Media............................................................73 
3.2.2 Isolation and Quantification of Membrane Vesicles....................73 
3.2.3 TLC and Acyl-HSL Bioassays ........................................................74 
3.2.4 LC–MS and CID ...............................................................................75 



 

 x

3.2.5 Transmission Electron Microscopy................................................75 
3.2.6 Biological Assays .............................................................................76 
3.2.7 Inhibition of Protein Synthesis ........................................................76 
3.2.8 HPLC ..................................................................................................77 

3.3 RESULTS ......................................................................................................77 
3.3.1 Cell-cell Signal Localization ............................................................77 
3.3.2 Quinolones are Present in Membrane Vesicles ..........................82 
3.3.3 PQS-Containing Membrane Vesicles have Biological Activities 84 
3.3.4 Antimicrobial Quinolones are Present in Membrane Vesicles ..86 
3.3.5 PQS is Important in Membrane Vesicle Formation ....................88 
3.3.6 PQS Signaling is not Required for Membrane Vesicle Formation

..............................................................................................................91 
3.3.7 The Alkyl Chain and Hydroxyl Group on PQS is Important for 

Membrane Vesicle Formation .........................................................93 

3.4 DISCUSSION ..............................................................................................101 

CHAPTER 4: INTERACTION OF QUORUM SIGNALS WITH OUTER MEMBRANE 
LIPIDS: INSIGHTS INTO PROKARYOTIC MEMBRANE VESICLE FORMATION103 

4.1 INTRODUCTION ........................................................................................103 

4.2 MATERIALS AND METHODS ..................................................................108 
4.2.1 Lipids and quinolones ....................................................................108 
4.2.2 Isolation and Quantification of Membrane Vesicles..................109 
4.2.3 Fourier-Transform Infrared Spectroscopy (FTIR) .....................109 
4.2.4 Differential Scanning Calorimetry (DSC) ....................................110 
4.2.5 Isothermal Titration Calorimetry (ITC).........................................111 
4.2.6 X-ray Diffraction ..............................................................................111 
4.2.7 Freeze-fracture and Cryo-Transmission Electron Microscopy112 
4.2.8 Fluorescence Resonance Energy Transfer Spectroscopy 

(FRET)                                                                                              113 

4.3 RESULTS ....................................................................................................113 
4.3.1 PQS Alters the Acyl Chain Melting Transition of LPS ..............113 



 

 xi

4.3.2 PQS Alters the Hydration and Mobility of the 4’-phosphate of P. 
aeruginosa Lipid A ..........................................................................119 

4.3.3 PQS Incorporates into LPS and Phospholipids.........................123 
4.3.4 The PQS:LPS Interaction is Endothermic ..................................127 
4.3.5 PQS-LPS Aggregates Display Unique Structure ......................129 
4.3.6 PQS Induces Liposome-like LPS Structures .............................132 

4.4 DISCUSSION ..............................................................................................135 

CHAPTER 5: CONCLUSIONS, FUTURE DIRECTIONS, AND PROPOSED MODEL 
FOR MEMBRANE VESICLE FORMATION                                                              142 

5.1 OVERVIEW .................................................................................................142 
5.1.1 P. aeruginosa Growth and Physiology In Vivo ..........................142 
5.1.2 Quinolone-Mediated Membrane Vesicle Formation in P. 

aeruginosa........................................................................................143 
5.1.3 Biophysical Analyses of the Pseudomonas Quinolone Signal 

and Bacterial Outer Membrane Lipids                                         145 

5.2 FUTURE DIRECTIONS .............................................................................146 
5.2.1 Rat Peritoneal Dialysis Membrane Chamber Model ................146 
5.2.2 Other Cell-cell Signaling Molecules Present in Membrane 

Vesicles? ..........................................................................................147 
5.2.3 Pseudomonas Quinolone Signal Studies with LPS Modifications 

 148 
5.2.4 Membrane Vesicle Attachment and Fusion ...............................153 

5.3 PROPOSED MODEL FOR P. AERUGINOSA MEMBRANE VESICLE 
FORMATION.............................................................................................154 

5.4 FINAL DISCUSSION .................................................................................159 

REFERENCES 160 

VITA              170



 

 xii

List of Tables 

 
TABLE 2.1. Classes of in-vivo-induced genes. .................................................... 41 

TABLE 2.2. P. aeruginosa genes differentially regulated during in vivo 

growth. ............................................................................................................................ 43 

TABLE 2.3. Expression of P. aeruginosa iron-regulated genes during 

monoculture and coculture growth in vivo........................................................... 50 

TABLE 3.1: Localization of QS signals .................................................................. 80 

TABLE 3.2. Localization of PQS, HHQ and their derivatives. ........................ 100 



 

 xiii

List of Figures 

Figure 1.1: The regulatory network of P. aeruginosa QS.................................... 7 

Figure 1.2: The PQS biosynthetic pathway........................................................... 10 

Figure 1.3: The Gram-negative bacterial cell wall............................................... 12 

Figure 1.4: Known and proposed functions of MVs from various Gram-

negative bacteria.......................................................................................................... 16 

Figure 1.5: Proposed models for MV formation. ................................................. 20 

Figure 1.5: Proposed models for MV formation. ................................................. 21 

Figure 2.1: Growth of P. aeruginosa in vivo and in vitro. ................................. 33 

Figure 2.2: P. aeruginosa biofilm formation in vivo. .......................................... 35 

Figure 2.3: P. aeruginosa in vivo biofilms are antibiotic resistant. ................ 37 

Figure 2.4: Validation of Genechip Results. ......................................................... 39 

Figure 2.5: P. aeruginosa lyses S. aureus when growing planktonically and 

in biofilms. ..................................................................................................................... 56 

Figure 2.6: Lysis of S. aureus requires the pqsABCD operon. ....................... 59 

Figure 2.7: Low iron inducible gene expression is reduced in the presence 

of S. aureus.................................................................................................................... 60 

Figure 2.8: P. aeruginosa growth yield increases in the presence of S. 

aureus in a low iron environment............................................................................ 62 

Figure 3.1: Structures of quinolones produced by P. aeruginosa. ................ 72 

Figure 3.2: Transmission electron micrograph of negatively-stained P. 

aeruginosa membrane vesicles. .............................................................................. 79 



 

 xiv

Figure 3.3: Packaging of the P. aeruginosa signaling molecule PQS into 

MVs. ................................................................................................................................. 81 

Figure 3.4: Analysis of antimicrobial quinolones from P. aeruginosa MVs 

using LC-MS and CID.................................................................................................. 83 

Figure 3.5: Biological activities of P. aeruginosa MVs. ..................................... 85 

Figure 3.6: Antimicrobial activity of MVs from P. aeruginosa. ........................ 87 

Figure 3.7: Exogenous PQS stimulates P. aeruginosa MV production......... 89 

Figure 3.8: Examination of the localization of PQS after exogenous addition 

to the pqsH mutant. ..................................................................................................... 90 

3.3.6 PQS SIGNALING IS NOT REQUIRED FOR MEMBRANE VESICLE FORMATION ... 91 

Figure 3.9: PQS-mediated gene regulation is not required for MV formation.

........................................................................................................................................... 92 

Figure 3.10: Alkyl chain length and the hydroxyl group present on PQS is 

crucial for P. aeruginosa MV formation. ................................................................ 94 

Figure 3.11: Transmission electron micrographs of negatively-stained 

natural and artificially induced P. aeruginosa MVs. ........................................... 96 

Figure 3.11: Transmission electron micrographs of negatively-stained 

natural and artificially induced P. aeruginosa MVs. ........................................... 97 

Figure 3.11: Transmission electron micrographs of negatively-stained 

natural and artificially induced P. aeruginosa MVs. ........................................... 98 

Figure 4.1: Structures of molecules referred to in this chapter. ................... 106 

Figure 4.1: Structures of molecules referred to in this chapter. ................... 107 



 

 xv

Figure 4.2: Phase transition of LPS is affected by PQS and not HHQ. ....... 115 

Figure 4.3: Thermodynamic studies of the phase transition of LPS in the 

presence of PQS and HHQ. ..................................................................................... 118 

Figure 4.4: Infrared spectra in the wavenumber range 1800 to 900 cm-1 for 

the pure quinolones PQS and HHQ. ..................................................................... 120 

Figure 4.5: Interaction of PQS with the 4’-phosphate of lipid A.................... 122 

Figure 4.6: PQS interaction with P. aeruginosa LPS and phospholipids. .. 126 

Figure 4.7: Thermodynamic interactions of LPS and PQS. ............................ 128 

Figure 4.8: Multilamellar stacking of LPS in the presence of PQS............... 130 

Figure 4.8: Multilamellar stacking of LPS in the presence of PQS............... 131 

Figure 4.9: Cryo-transmission and freeze-fracture electron micrographs of 

LPS from S. minnesota R60 in the absence and presence of HHQ, PQS, and 

3OH-4Q.......................................................................................................................... 133 

Figure 4.9: Cryo-transmission and freeze-fracture electron micrographs of 

LPS from S. minnesota R60 in the absence and presence of HHQ, PQS, and 

3OH-4Q.......................................................................................................................... 134 

Figure 4.10: PQS, but not HHQ, stimulates MV formation in S. minnesota.

......................................................................................................................................... 136 

Figure 4.11: The PQS alkyl chain is important for MV formation.................. 140 

Figure 5.1: Structure of P. aeruginosa lipid A.................................................... 150 

Figure 5.2: The modification of lipid A causes a decrease in MV formation 

in P. aeruginosa.......................................................................................................... 152 



 

 xvi

Figure 5.3: Proposed model of PQS-mediated MV formation in P. 

aeruginosa. .................................................................................................................. 158 



 

1 

CHAPTER 1: INTRODUCTION 

 

1.1 OVERVIEW OF PSEUDOMONAS AERUGINOSA PATHOGENESIS AND 

QUORUM SENSING  

1.1.1 SUMMARY 

Pseudomonas aeruginosa is a Gram-negative opportunistic animal and plant 

pathogen frequently found in water and soil. P. aeruginosa is a member of the Gamma 

Proteobacteria, and its sequenced genome possesses roughly 5,500 genes (131). P. 

aeruginosa causes a number of chronic and acute infections and is resistant to many 

clinically relevant antibiotics. In the field of pathogenesis, P. aeruginosa is most known 

for colonizing the lungs of individuals with the heritable genetic disease cystic fibrosis 

(CF) (56). Eighty to ninety percent of patients with CF have a chronic infection of P. 

aeruginosa in their lungs by the age of eight (56). Once P. aeruginosa is established 

within the lungs it is difficult to eradicate, even with intense antibiotic treatment. Because 

P. aeruginosa can exist in the CF lung for a long period of time (sometimes over 30 

years), it is ultimately the major cause of mortality of CF patients. P. aeruginosa 

persistence is thought to be caused by a number of factors including biofilm formation 

within the CF lung, which reduces the effectiveness of antibiotic treatment (55, 129). Not 

only does P. aeruginosa infect those with CF it also causes a number of nosocomial and 

opportunistic infections. Another common opportunistic infection caused by P. 

aeruginosa is 
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peritonitis in individuals undergoing continuous ambulatory peritoneal dialysis (CAPD) 

(86), a treatment often used for end-stage renal disease. 

 

1.1.2 P. AERUGINOSA BIOFILM FORMATION 

While bacteria can live as free-living planktonic organisms, most bacteria 

whether present in the environment or human hosts, are thought to exist as biofilms. A 

biofilm is a group of bacterial cells encased in a self-produced exopolymeric matrix, 

attached to a surface. P. aeruginosa resides in the CF lung as an antibiotic-resistant 

biofilm population (55, 129). Because of its prevalence, P. aeruginosa has become a 

model organism to study biofilm formation. It is thought that biofilm formation is a 

developmental process involving multiple distinct stages. These involve the bacteria first 

attaching to a surface, where they grow to form small groups called microcolonies. The 

microcolonies then grow and become mature biofilms that are encased in an 

exopolymeric matrix, which protects the biofilm from a variety of extracellular agents 

including antibiotics and immune factors (25, 26, 79, 99, 111). Since biofilms exist 

everywhere, including the surface of teeth, and on surfaces within the hospital setting, 

biofilms are an important mode of bacterial growth to study. 

Several models exist to study P. aeruginosa biofilms. Laser scanning confocal 

microscopy can be used to visualize biofilms growing in flow cell chambers (21, 52, 111). 

Biofilms can also be examined using colony biofilms grown on agar, and cell attachment 

can be studied with a high-throughput microtitre plate assay (100, 111). Although these 

models allow investigations of biofilms in vitro, few models exist to study biofilms in vivo. 

One current in vivo biofilm model uses a silastic catheter material surgically implanted 

into the rabbit peritoneum (17). In this model, P. aeruginosa attaches to implants within 
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the peritoneal cavity and forms biofilms (17). Another in vivo biofilm model uses agarose 

beads in a rat chronic lung model (78). This model allows biofilm visualization with 

Haematoxylin and Eosin (HE) staining and indirect immunofluorescence. Although these 

models monitor the growth and detection of P. aeruginosa biofilms in vivo, several 

limitations exist. For example, the catheter implant model was obstructed by host 

tissues, making biofilm detection difficult, and the chronic lung model doesn’t allow the 

direct visualization of biofilms, but rather uses staining after tissues had been removed 

and fixed. 

 

1.1.3 P. AERUGINOSA STUDIES IN VIVO 

Most investigations of P. aeruginosa in the laboratory are performed in an in vitro 

setting. Although these studies provide insight on P. aeruginosa growth and physiology 

in vitro, little is known about P. aeruginosa growth in vivo. One in vivo model to study P. 

aeruginosa uses In Vivo Expression Technology (IVET) to positively select genes 

expressed in a neutropenic mouse (138). Using IVET, Wang et al. identified 19 genes 

that were induced in vivo including a gene expressed in low iron environments and a 

transcriptional regulator that is required for virulence (138). Another study by Lehoux et 

al. used Signature Tagged Mutagenesis (STM) in a rat chronic lung infection model (81). 

STM uses negative selection to identify for genes essential for growth and establishment 

in the host. This study identified genes involved in purine and threonine biosynthesis, a 

probable ABC transporter, a multidrug efflux pump, and hypothetical unknown proteins 

(81). While these models are useful for identifying genes that are important for survival 

and virulence, they require the production of libraries and genetic mutations. More 
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importantly they do not provide a comprehensive investigation of P. aeruginosa growth 

in vivo. 

 

1.2 QUORUM SENSING 

1.2.1 OVERVIEW 

In many situations bacteria grow in multicellular communities both planktonically 

and in biofilms. Bacteria have evolved mechanisms to sense cell density and perform 

group behaviors that cannot be achieved by a single cell, a process known as quorum 

sensing (QS) (103). Bacteria constitutively produce signaling molecules that originate 

from common metabolic intermediates within the cell. Once produced, these small 

molecules exit the bacterial cells from which they were synthesized, and are trafficked to 

other cells within the population. At low cell numbers these molecules are present at low 

concentrations, and as the population density increases, the concentration of the 

quorum sensing signals also increases. Once the QS signals reach a critical threshold 

concentration corresponding to a specific cell number, the signal enters the cell where it 

binds and activates a transcriptional regulator, causing significant changes in gene 

expression. These small molecules also positively regulate their own gene expression 

and are thus referred to as “autoinducers” (103). The most common quorum sensing 

molecules used by Gram-negatives are acyl-homoserine lactones, whereas Gram-

positives utilize small peptides. 
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1.2.2 QUORUM SENSING IN GRAM-NEGATIVE BACTERIA 

The most widespread QS system in Gram-negative bacteria involves the 

production of acyl homoserine lactones (HSLs) (103). These small molecules are 

produced from common metabolic intermediates within the cell, and are constitutively 

expressed at basal levels. After being synthesized, the HSLs are thought to diffuse from 

the cell where they travel to neighboring cells. Once the HSLs reach a defined 

concentration, they bind their respective transcriptional regulators inside the cell and 

coordinate the expression of a number of genes (103). While most Gram-negatives use 

HSLs for QS, the signal specificity between species of Gram-negatives is achieved by 

HSL structure. All Gram-negative HSLs contain the lactone ring, but the length and 

substitutions of the acyl chains can vary. Some Gram-negatives produce only one form 

of HSLs to sense cell densities, whereas other species can produce a variety of HSLs. 

 

1.2.3 CELL-CELL SIGNALING TRANSPORT 

The paradigm of QS in Gram-negative bacteria involves the diffusion of QS 

molecules into and out of the cell. This is probable with small HSLs; however, for HSLs 

that contain longer acyl chains, this is not likely due to their hydrophobic nature. It has 

been shown that HSLs with shorter acyl chains can diffuse freely out of the cell (69, 

105), whereas HSLs that possess longer acyl chains are exported out of the cell via an 

active efflux pump of the resistance nodulation cell division (RND) family  (39, 105). RND 

multi-drug efflux pumps permit many bacteria to be resistant to a number of 

antimicrobials by directly exporting them out of the cell. RND efflux pumps are made up 

of three components, which include a cytoplasmic membrane efflux protein, an outer 

membrane protein, and a periplasmic protein that connects the two cytoplasmic and 
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outer membrane proteins. Together these proteins make up the energy dependent 

transport system that allows movement of the antimicrobial directly from the cytoplasm 

of the cell to the extracellular environment. 

 

1.2.4 ACYL HOMOSERINE LACTONE SYSTEMS IN P. AERUGINOSA 

P. aeruginosa utilizes two HSL QS systems (Fig. 1.1) (103). The las system 

involves the production of the signaling molecule N-(3-oxododecanoyl)-L-homoserine 

lactone (3OC12-HSL) by the synthase LasI, and the sensing of 3OC12-HSL by the 

transcriptional regulator LasR. The rhl system is similar to the las QS system and 

involves the synthesis of N-butyryl-L-homoserine lactone (C4-HSL) by RhlI and sensing 

by RhlR (Fig. 1.1) (103). C4-HSL is expected to diffuse freely out of bacterial cells (69, 

105), whereas the longer and more hydrophobic COC12-HSL is exported via the active 

efflux pump MexAB-OprM (39, 106). It is estimated that over 5% of genes within the P. 

aeruginosa genome are controlled by QS (125, 135). 
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Figure 1.1: The regulatory network of P. aeruginosa QS.  

P. aeruginosa utilizes three distinct QS systems. These signals are sensed individually 

by binding with/to their specific transcriptional regulators. This regulatory network 

controls the expression of over 500 genes. 
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1.2.5 THE PSEUDOMONAS QUINOLONE SIGNAL 

P. aeruginosa produces a third cell signaling molecule, 2-heptyl-3-hydroxy-4-

quinolone termed the Pseudomonas Quinolone Signal (PQS) (108). Unlike the typical 

HSLs, PQS is unique to P. aeruginosa and has not been found to be produced by any 

other bacterial species. PQS controls the expression of a number of virulence factors 

including phenazines and hydrogen cyanide (33, 46). In a report by Palmer et al., P. 

aeruginosa was shown to produce PQS earlier when grown in sputum from CF patients 

(102). Also, it has been demonstrated by Collier et al. that PQS is present in CF lungs 

(24). Additional studies have shown that PQS is required for virulence in multiple plant, 

mammalian, and insect models (60, 104). Together 3OC12-HSL, C4-HSL and PQS 

constitute a complex signaling network that controls the expression of over 500 genes 

(Fig. 1.1) (125, 135). 

Along with PQS, P. aeruginosa produces at least 55 additional quinolones, some 

of which have antimicrobial activity and many whose function(s) are unknown (29, 82, 

88). All quinolones produced by P. aeruginosa are synthesized by a head-to-head 

condensation reaction of anthranilic acid and activated β-keto fatty acids, including the 

immediate precursor to PQS, 2-heptyl-4-quinolone (HHQ) (Fig. 1.2) (12, 29). Although 

the reaction mechanism is unknown, proteins encoded by the pqsABCD operon are 

required for quinolone biosynthesis. HHQ is hydroxylated to form PQS by the putative 

monooxygenase PqsH (Fig. 1.2) (12, 29). Xiao et al. have shown that HHQ can also act 

as a cell signaling molecule, but PQS has more potent signaling activity (144). Both PQS 

and HHQ bind to the transcriptional regulator PqsR (also referred to as MvfR) to induce 

the expression of PqsR-regulated genes (Fig. 1.1) (18, 144). It is important to note that 
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HHQ production has been detected in some other bacterial species, but PQS production 

seems to be unique to P. aeruginosa (31). 
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Figure 1.2: The PQS biosynthetic pathway.  

Quinolone production in P. aeruginosa involves a head-to-head condensation reaction of 

anthranilic acid and activated ß-keto fatty acids by an unknown mechanism. This 

process requires the proteins encoded by pqsABCD. 2-heptyl-4-quinolone (HHQ) is the 

direct precursor to PQS and is hydroxylated to form PQS by the monooxygenase PqsH. 
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1.3 GRAM-NEGATIVE OUTER MEMBRANE VESICLES 

1.3.1 GRAM-NEGATIVE CELL WALL 

 As depicted in Figure 1.3, Gram-negative bacteria possess two membranes. The 

inner (cytoplasmic) membrane is composed of a phospholipid bilayer, and the outer 

membrane of an inner leaflet of phospholipids and an outer leaflet of lipopolysaccharide 

(LPS). These two membranes are separated by a gel-like layer known as the periplasm. 

A thin layer (~ 4 nm thick) of peptidoglycan exists in the periplasm to give the bacterial 

cell structure. 

 LPS is unique to Gram-negatives and is composed of three distinct components; 

lipid A, core oligosaccharide, and the polysaccharide O-antigen. The LPS structure for 

many Gram-negative bacteria is known, and it is clear that the chemical structure of LPS 

is widely diverse among bacterial species. The lipid A portion of LPS serves as the lipid 

anchor and is commonly composed of fatty acids, sugars, and phosphate groups. 

Adjacent lipid A molecules in the outer membrane exhibit charge repulsion due to the 

close proximity of the terminal phosphate groups and are stabilized in vivo by divalent 

cation salt bridges (4).  
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Figure 1.3: The Gram-negative bacterial cell wall.  

Gram-negatives possess an inner cytoplasmic membrane (IM) and an outer membrane 

(OM) separated by the periplasmic space. The IM is composed of a phospholipid bilayer 

and the OM possesses an inner leaflet of phospholipids and an outer leaflet of 

lipopolysaccharide (LPS). A thin layer of peptidoglycan (PG) resides in the periplasm 

that gives the bacterial cell shape. P. aeruginosa contains three peptidoglycan 

associated proteins, OprF, OprI, and OprL that anchor the outer membrane to the 

underlying peptidoglycan layer (original illustration by author). 
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Both the inner and outer membranes are composed of specialized proteins. The 

outer membrane contains unique trimeric proteins known as porins. Porins are channel-

forming proteins that allow small molecules (<600 daltons) to pass through and enter the 

periplasmic space. Once in the periplasm, proteins within the cytoplasmic membrane 

allow transport of molecules into the cytoplasm. A specific porin in P. aeruginosa, OprF 

allows passage of small molecules, but is also associated with the underlying 

peptidoglycan layer within the periplasm (Fig. 1.3) (49). This linkage allows the outer 

membrane to be anchored to the underlying peptidoglycan layer. Lipoproteins are also 

present in the periplasm, the purpose of which is to secure the outer membrane to the 

bacterial cell wall. Lipoproteins are connected with both the outer membrane and the 

underlying peptidoglycan layer. P. aeruginosa contains two known lipoproteins; OprI and 

OprL (formerly known as outer membrane protein H2) (Fig. 1.3) (49). 

 

1.3.2 OVERVIEW OF OUTER MEMBRANE VESICLES 

Most Gram-negative bacteria naturally produce outer membrane vesicles (MVs). 

MVs are spherical in shape and range in size from 50-150 nm in diameter. MVs result 

from the outer membrane “bulging out” and eventually pinching off by a mechanism that 

is currently unknown. MVs are composed of outer membrane components including 

LPS, proteins, and phospholipids. MVs also contain periplasmic components and in 

some cases specific proteins have found to be enriched and excluded from MVs, 

suggesting that there is a specific sorting mechanism(s) for these proteins (70, 136, 

141). MVs from Porphyromonas gingivalis were shown to contain muramic acid 

indicating that peptidoglycan is present within vesicles liberated from this bacterium 
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(150). These findings illustrate that the composition of MVs is complex and accentuates 

the potential for a diversity of biological functions for these vesicles. 

 

1.3.3 MEMBRANE VESICLES AS TRAFFICKING VEHICLES 

MVs have been found associated with Gram-negative bacteria growing 

planktonically, in biofilms, in solid and liquid media, natural environments, and the 

human body (4, 41). Although MVs are derived from Gram-negative bacteria, they can 

fuse with the surface of other Gram-negatives and attach to the surface of Gram-positive 

and eukaryotic cells and deliver their components (62, 65, 77). Because MVs have 

costly effects for a bacterial cell, due to the liberation of parts of the outer membrane, 

MVs must play a beneficial role for the bacteria from which they are derived. MVs have 

been shown to play numerous biological roles, and the various known functions of MVs 

are summarized in Figure 1.4. MVs have been shown to deliver a variety of virulence 

factors to eukaryotic cells (77). Antibiotic resistance determinants including β-

lactamases, and other antimicrobials have been found in MVs; (5, 23, 83, 84), thus 

allowing the transfer of resistance determinants within a bacterial population. MVs have 

also been shown to carry DNA (75, 113, 148). DNA within MVs was shown to be 

protected from extracellular DNases and was able to mediate transfer of DNA from one 

bacterial strain to another (75, 148). This transfer allowed the successful transformation 

of genes, and it was proposed that MVs mediated a fourth method of DNA transfer 

distinct from transformation, transduction, and conjugation (148). There have been two 

models proposed to account for DNA being present in MVs (113). One model suggests 

that DNA enters the periplasm, and is then packaged in MVs when the outer membrane 

protrudes out and pinches off. The second model proposes that DNA is present in the 
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extracellular environment due to cell lysis. The DNA is then taken up by MVs that have 

already been liberated from the bacterial cell (113). Lastly our laboratory has recently 

shown that a hydrophobic cell-cell signal was packaged within MVs (93). Not only was 

the signal packaged within MVs, but it was required for MV formation (Chapter 3) (93). 
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Figure 1.4: Known and proposed functions of MVs from various Gram-negative 

bacteria. 

MVs have been shown to deliver toxins, DNA, antibiotic resistance determinants, 

antimicrobials, and interspecies cell-cell signaling molecules to various targets. It is also 

proposed that MVs could potentially traffic inter-kingdom communication signals (original 

illustration by author). 
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1.3.4 MEMBRANE VESICLES ARE PRESENT IN BIOFILMS 

The biofilm matrix is composed of a variety of components including DNA, 

polysaccharide, proteins, lipids, and LPS. Because biofilms are the primary mode of 

growth within the environment and the host, it is important to study the importance of 

MVs within biofilms. Schooling and Beveridge (122) demonstrated that MVs are a major 

component within the biofilm exopolymeric matrix. Protein profiles comparing planktonic 

and biofilm MVs were very different, suggesting the content of MVs liberated from 

biofilms differ from those of planktonic cells. It was also demonstrated that biofilm cells 

produced more MVs than planktonic cells. By using electron microscopy, these authors 

also showed that biofilms taken from the natural environment had MVs present in the 

biofilm extracellular matrix (122). These studies suggest that MVs play important roles in 

trafficking molecules within the bacterial biofilm. 

 

1.3.5 PROPOSED MODELS FOR MEMBRANE VESICLE FORMATION 

Very little is known about the mechanism of MV formation. Several studies used 

electron microscopy to show MVs are formed by the outer membrane “bulging out” and 

eventually pinching off to form MVs (4, 5, 20, 27, 41, 65, 68, 83, 109). The molecular 

mechanism of MV formation is currently unknown, although three models have been 

proposed. These models are not mutually exclusive, and the mechanism for MV 

formation may differ between bacterial species. The proposed models of MV formation 

are summarized below and in Figure 1.5. These proposals are based on studies 

performed with P. gingivalis, P. aeruginosa and Escherichia coli. 
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Model 1: The first model hypothesizes that the outer membrane expands faster than the 

underlying peptidoglycan layer causing the outer membrane to bulge out (Fig. 1.5) (141). 

If no lipoproteins are present to anchor the outer membrane to peptidoglycan, then the 

outer membrane will pinch off and form MVs (54, 141). Studies with E. coli have shown 

that about 66% of the lipoproteins present are not covalently linked to peptidoglycan (10, 

54, 58). Thus, MV formation could occur in areas where there are fewer lipoproteins 

present, or where lipoproteins are not associated with peptidoglycan. Studies to support 

this model show that few lipoproteins have been found to be associated with E. coli MVs 

(54, 141). 

 

Model 2: The second model proposes that the outer membrane bulges out due to a build 

up of peptidoglycan in the periplasm (Fig. 1.5) (150). The abundance of peptidoglycan 

could be due to inefficient peptidoglycan turnover in the cell. Two studies in P. gingivalis 

support this model. One of P. gingivalis showed that a component of peptidoglycan, 

muramic acid, was present in MVs (150). Another study illustrated that a peptidoglycan 

hydrolase mutant in P. gingivalis produced more MVs (51). Peptidoglycan hydrolases 

are normally used in cell wall turnover, and a mutation in these genes would cause a 

build up of peptidoglycan within the cell. In this model, MV formation would also occur in 

areas where there are few peptidoglycan-associated proteins to anchor the outer 

membrane to peptidoglycan. 

 

Model 3: The third model is based on studies showing that P. aeruginosa MVs are 

composed mostly of negatively charged B-band O-antigen, instead of the more neutrally 

charged A-band O-antigen (65). From these observations a model was proposed in 

which the electronegative charge of B-band LPS causes charge-to-charge repulsion and 
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membrane instability, thus leading to MV formation (65). This model is supported by a 

study that demonstrated P. aeruginosa MV production was increased, when grown 

under conditions that enriched for B-band LPS (119). As with previous models, MV 

formation will likely occur where few/no peptidoglycan-linked proteins are present. 

Recent studies in our laboratory support the third proposed model for MV 

formation. I have illustrated that the QS molecule, PQS (Fig. 1.1 & 1.2, Chapter 3) is 

important in mediating MV formation in P. aeruginosa. I proposed a model that shows 

PQS stimulates MV formation via destabilization of the Mg2+ and Ca2+ salt bridges used 

to stabilize the negative charges between LPS molecules (Fig. 1.5). This hypothesis is 

supported by studies showing PQS, but not HHQ (Fig. 1.1 & 1.2) is able to “entrap” Fe3+ 

(11, 32). It is plausible that PQS is able to chelate other cations, as it was demonstrated 

that quinolones with similar structures to PQS interacted with cations (89). The ability of 

PQS to sequester the positive charges used to stabilize the outer membrane would 

cause membrane instability and thus MV formation. This is a reasonable hypothesis as 

other divalent cation chelators (EDTA) also enhance MV formation in P. aeruginosa (36). 
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Figure 1.5: Proposed models for MV formation. 

Model 1 suggests that MVs occur in areas where there are few peptidoglycan-

associated proteins present, allowing the outer membrane to protrude out and form MVs. 

The second model proposes that MVs form due to inefficient peptidoglycan turnover in 

the periplasm. The excess peptidoglycan would exude a turgor pressure on the outer 

membrane causing it to bulge out and eventually pinch off to form MVs. The third model 

involves specific molecules that chelate cations within LPS, causing the divalent cations 

present to stabilize negative charges within the outer membrane. This would lead to 

charge-to-charge repulsion and would destabilize the outer membrane leading to MV 

formation (original illustration by author).
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1.4 DISSERTATION OBJECTIVES 

Very few models exist to study P. aeruginosa growth and physiology in vivo. While 

these models provide a look at P. aeruginosa gene expression in vivo, they do not 

provide a comprehensive examination of P. aeruginosa growth in vivo. My dissertation 

work began by using DNA microarrays to obtain an inclusive look at P. aeruginosa 

grown in the mammalian host as a monoculture and in coculture with another important 

pathogen within the CF lung and the peritoneum, Staphylococcus aureus (92). These 

studies led to the investigation of MV formation in P. aeruginosa, where a cell-cell signal 

was present in MVs and important for their formation (93). To better understand how this 

cell-cell signal caused MV formation, I spent time in the Biophysics Department at the 

Research Center Borstel, Borstel, Germany. There I learned a variety of biophysical 

techniques to study the interactions of the cell-cell signal with bacterial outer membrane 

components.  

This dissertation is comprised of 5 chapters. Chapter 1 is an introduction to P. 

aeruginosa and describes the importance of studying this opportunistic pathogen. 

Chapter 2 describes the growth and physiology of P. aeruginosa grown in a mammalian 

host in monoculture and in coculture with S. aureus. I demonstrate that P. aeruginosa 

lyses S. aureus and can use the liberated iron from S. aureus as an iron source in vitro 

and in vivo. This lysis was dependent on antimicrobial quinolones produced by P. 

aeruginosa. Chapter 3 is the investigation of a cell-cell signal important for MV formation. 

I illustrate that a P. aeruginosa quorum sensing signal termed the Pseudomonas 

Quinolone Signal (PQS) is packaged within MVs and is important for MV formation. MV 

formation was shown to be independent of cell signaling, and was dependent on the 

structure of PQS. Chapter 4 was done in collaboration with Dr. Klaus Brandenburg at the 

Research Center Borstel. In this chapter, I show that the PQS interacts with specific 
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outer membrane components, where I mapped the molecular interaction of PQS-LPS 

interactions. The last chapter is a conclusion and discusses future research directions. 

Lastly a model is presented on the mechanism of PQS-mediated MV formation in P. 

aeruginosa. 
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CHAPTER 2: STAPHYLOCOCCUS AUREUS SERVES AS AN 

IRON SOURCE FOR PSEUDOMONAS AERUGINOSA DURING IN 

VIVO COCULTURE 

 

2.1 INTRODUCTION 

Pseudomonas aeruginosa physiology and gene expression during in vivo growth 

is largely unknown. Using in vivo expression technology (IVET), Wang et al. identified 19 

P. aeruginosa genes inducible during growth in a neutropenic mouse (138). Another 

study done by Lehoux et al. used Signature Tagged mutagenesis to identify genes that 

were required for establishment and survival in a rat chronic lung infection model (81). 

Although these studies identified several new genes important for survival and virulence 

in P. aeruginosa, they did not provide a comprehensive analysis of in vivo gene 

expression. Two recent studies using Pasteurella multocida and Borrelia burgdorferi 

have provided a more comprehensive view of in vivo bacterial gene expression by using 

DNA microarrays (7, 13, 114). These studies illustrate that a significant number of genes 

(2 to 8% of all the genes in the genomes) are differentially regulated in vivo, suggesting 

that the in vivo environment is distinct from normal in vitro culture conditions.  

 Although evaluation of the transcriptomes of in vivo-grown bacteria provides a 

snapshot of transcription under monoculture growth conditions, it is clear that many 

infections are not simply the result of colonization by one bacterium but rather the 

pathogenic contributions of several bacteria (42, 56, 57, 71, 149). Such is the case for P. 
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aeruginosa infections, particularly in the cystic fibrosis (CF) lung, which often consist of a 

consortium of pathogenic bacteria, including Staphylococcus aureus and Streptococcus 

pneumonia (56, 74). As with most bacteria, studies of P. aeruginosa pathogenesis have 

primarily focused on monoculture infections; consequently, little is known about 

interspecies interactions in polymicrobial infections. Although bacterium-bacterium 

interactions in vivo will be affected by numerous factors both spatial and temporal, it is 

possible that in some circumstances interspecies interactions may affect the course of 

disease.  

 In this chapter I provide a more comprehensive analysis of P. aeruginosa gene 

expression in vivo, using Affymetrix GeneChips to examine the transcriptome of P. 

aeruginosa growing as a monoculture and in coculture with S. aureus in the rat 

peritoneum. My studies suggest that approximately 5% of all P. aeruginosa genes are 

differentially regulated during monoculture growth within the peritoneum compared to in 

vitro conditions. The results indicate that the peritoneum is a low-oxygen, iron-limited 

environment, and the presence of S. aureus increases usable iron for P. aeruginosa in 

vivo. A model is proposed where P. aeruginosa lyses S. aureus during coculture and 

gains access to sequestered iron. My data suggest that P. aeruginosa pathogenesis and 

physiology are influenced by the presence of S. aureus, thereby implicating the 

importance of studying interspecies interactions to understand P. aeruginosa 

pathogenesis. 
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2.2 MATERIALS AND METHODS 

 

2.2.1 BACTERIAL STRAINS, PLASMIDS, AND MEDIA 

 P. aeruginosa strain UCBPP-PA14 (wild-type) (110), UCBPP-PA14 strain 

expressing the green fluorescent protein (111), and S. aureus strain MN8 (121) were 

used in these studies. P. aeruginosa PA14-LM1 containing a Tn5 insertion in pqsA was 

obtained from a publicly available transposon database (http://pga.mgh.harvard.edu/cgi-

bin/pa14/mutants/retrieve.cgi). Bacteria were grown in morpholinepropanesulfonic acid 

(MOPS) minimal medium containing 50 mM MOPS (pH 7.2), 93 mM NH4Cl, 43 mM NaCl, 

2 mM KH2PO4, 1 mM MgSO4, 3.5 µM FeSO4, and 20 mM glucose or 20 mM sodium 

succinate as the sole source of carbon and energy. For in vitro growth of S. aureus, 

0.5% yeast extract (Becton, Dickinson, and Company, Franklin Lakes, NJ) and 0.5% 

Casamino Acids (Becton, Dickinson, and Company, Franklin Lakes, NJ) were added to 

the MOPS medium. For low-iron medium, MOPS minimal medium without added FeSO4
 

and containing 20 mM sodium succinate was Chelex-treated two times overnight at 4°C 

using Chelex 100 (10 g/liter; Sigma Chemical Co., St. Louis, Mo.). For differential 

isolation of P. aeruginosa and S. aureus in coculture, pseudomonas isolation agar and 

Baird Parker agar were used, respectively (Remel, Lenexa, Kans.). Brain heart infusion 

(BHI; Difco, Detroit, Mich.) agar was used for coculture on petri plates.  

 

http://pga.mgh.harvard.edu/cgi-bin/pa14/mutants/retrieve.cgi�
http://pga.mgh.harvard.edu/cgi-bin/pa14/mutants/retrieve.cgi�
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2.2.2 DIALYSIS MEMBRANE CHAMBERS 

 Spectra/Por (Spectrum Medical Industries Inc., Los Angeles, Calif.) dialysis 

tubing with a molecular mass exclusion of molecules larger than 8k Da was rinsed in 

sterile water for 5 min and then boiled for 20 min in sterile water containing 1 mM EDTA. 

The bags were then rinsed with sterile water for 10 min, transferred to MOPS minimal 

medium to cool, and tied at one end using strict aseptic technique. Each bag was then 

filled with 10 ml of MOPS minimal medium containing either 2,000 P. aeruginosa cells/ml 

or a binary culture of P. aeruginosa and S. aureus each at 1,000 cells/ml. Stationary-

phase cultures of MOPS medium-grown P. aeruginosa and S. aureus cells were the 

source of inocula for these experiments. After inoculation, the dialysis bags were tied at 

the other end, and excess tubing was removed from the ends of the dialysis bag. Four- 

to 6-week-old Sprague-Dawley rats (Sprague-Dawley Inc., Indianapolis, Ind.) were 

anesthetized by subcutaneous injection with a mixture of ketamine (50 mg/ml), xylazine 

(5 mg/ml), and acepromazine (1 mg/ml) at a dose of 1 ml/kg of body weight. The 

inoculated dialysis bags were then implanted into the rat's peritoneal cavity as outlined 

by Akins et al. 1998 (2). At the desired time, the dialysis bags were explanted from the 

rats and rinsed with sterile MOPS minimal medium, and bacteria were removed using a 

sterile syringe.  

 

2.2.3 BIOFILM GROWTH IN DIALYSIS MEMBRANE CHAMBERS 

 Dialysis membrane chambers were prepared as described above. To analyze 

biofilm formation six silicon discs were added to the dialysis tubing along with 2,000 

cells/ml of P. aeruginosa constitutively expressing the green fluorescent protein (GFP) 
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(111). After 24, 48, or 72 hours, bags were explanted and 2 discs were viewed by 

confocal laser scanning microscopy. Two discs were put into MOPS minimal media 

(described above) with and without 50 µg/ml of tobramycin (Sigma Chemical Co., St. 

Louis, Mo.). Discs were incubated for 3 hours at room temperature and then placed into 

PBS, vortexed, sonicated, and plated on Tryptic Soy Agar (TSA) (Becton, Dickinson, and 

Company, Franklin Lakes, NJ). Plates were incubated at 37˚C for 24 hours and colonies 

were counted to determine colony forming units (CFU). As a control, P. aeruginosa cells 

were grown planktonically to the same cell densities as in vivo biofilms. The cells were 

then treated with tobramycin and plated as described above. 

 

2.2.4 ANALYSIS OF GLOBAL GENE EXPRESSION USING AFFYMETRIX GENECHIPS 

  Dialysis bags containing P. aeruginosa or P. aeruginosa-S. aureus cocultures 

were explanted from the rats at 18 h (optical density at 600 nm [OD600] = 0.3 to 0.4). In 

vivo-grown bacteria were removed from the dialysis bags by using a sterile syringe and 

mixed 1:1 with the RNA-stabilizing agent RNALater (Ambion, Austin, Tex.). To serve as 

an in vitro comparison, P. aeruginosa was grown aerobically in MOPS minimal medium 

containing either 20 mM glucose or 20 mM succinate to an OD600 of 0.4 and mixed 1:1 

with RNALater. DNA-free RNA was isolated from in vitro- and in vivo-grown P. 

aeruginosa as outlined by Schuster et al., 2003, except for cocultures of P. aeruginosa 

and S. aureus, where the lysozyme-lysostaphin treatment was omitted (125). RNA 

integrity was monitored by gel electrophoresis of glyoxylated samples. Preparation of 

labeled cDNA and processing of the P. aeruginosa GeneChip arrays was performed as 

previously described (125). Washing, staining, and scanning of the GeneChips were 
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performed by the University of Iowa DNA Core Facility using an Affymetrix fluidics 

station. GeneChips were performed in duplicate or triplicate for each culture condition. 

Data were analyzed using Microarray Suite software, and only genes exhibiting 

regulation levels of five-fold or greater are reported. Verification of GeneChip data was 

performed with semiquantitative reverse transcription-PCR (RT-PCR) using Superscript II 

(Invitrogen, Carlsbad, Calif.) as described by Ramsey and Whiteley, 2004 (111). PA2426 

(pvdS), PA2247 (bkdA1), and PA1717 (pscD) were confirmed using PA1802 (clpX) as 

the constitutively-expressed control.  

 

2.2.5 P. AERUGINOSA AND S. AUREUS COCCULTURE GROWTH 

For planktonic coculture growth, P. aeruginosa and S. aureus were grown 

overnight in BHI. Cells were diluted to 0.8 OD600nm and 500 µl was added to 500 µl BHI. 

100 µl of the dilution was added to 10 ml of BHI and cells were incubated at 37˚C 

shaking. For biofilm coculture growth, P. aeruginosa and S. aureus were also grown 

overnight in BHI. Cells were diluted to 0.8 OD600nm and 500 µl was added to 500 µl of 

BHI. 5 µl of the dilution was placed on a 0.4 µm polycarbonate membrane (Whatman) 

placed on BHI agar. Cell counts were determined by plating on appropriate plates as 

described above. 

 



 

 30

2.2.6 LYSIS OF S. AUREUS 

 Lysis of S. aureus was performed by thoroughly swabbing a BHI plate with an 

overnight culture of S. aureus diluted to an OD600nm of 0.1. After drying, 5 µl of an 

overnight culture of P. aeruginosa was spotted onto the petri plate, dried, and incubated 

at 37°C for 24 h. Plates were imaged using an Alpha-Innotech documentation system.  

 

2.2.7 P. AERUGINOSA GROWTH YIELDS 

For growth yield experiments using S. aureus as a source of iron, overnight 

bacterial cultures were centrifuged at 5,000 x g for 5 min and washed (three times) in 

Chelex-treated MOPS minimal succinate medium. P. aeruginosa and S. aureus were 

then resuspended in Chelex-treated MOPS minimal succinate medium (no added 

FeSO4) to OD600nm of 2.0 and 100, respectively. P. aeruginosa was then mixed 1:1 with 

S. aureus or Chelex-treated MOPS minimal succinate medium (as a no-iron control). A 

sterile 25-mm polycarbonate membrane was placed onto a chelexed MOPS minimal 

succinate plate solidified with 1% agarose and allowed to dry. 5 µl aliquots of these 

mixtures were placed onto the polycarbonate membrane, allowed to dry, and incubated 

at 37°C for 24 h (34). Membranes were resuspended in 1 ml MOPS minimal medium, 

and serial dilutions were performed. Viable bacteria were quantitated using 

pseudomonas isolation agar and Baird Parker agar plates (Remel, Lenexa, Kans.): S. 

aureus does not grow on MOPS minimal succinate medium due to amino acid 

auxotrophy. To examine if P. aeruginosa could use lysed S. aureus as a source of iron, 

S. aureus (1 ml of OD600nm = 100) was mechanically lysed by bead beating with 0.1-mm 

beads for 30 min in a Biospec Products minibead beater as outlined by the manufacturer 
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(Biospec Products, Bartlesville, Okla.). After filter sterilization, Chelex-treated minimal 

succinate agarose plates containing mechanically lysed S. aureus (1/14 dilution) were 

used to grow P. aeruginosa as outlined above. To ensure the chelexed succinate plates 

were iron limited, P. aeruginosa was also grown with 10 µM FeSO4 added to the 

solidified medium. 

 

 

2.3 RESULTS 

2.3.1 GROWTH OF P. AERUGINOSA IN VIVO 

The opportunistic human pathogen P. aeruginosa primarily causes infections in 

individuals with compromised immune systems. These infections often occur in the lungs 

of individuals with the heritable disease CF (56) and the peritoneum of individuals 

undergoing continuous ambulatory peritoneal dialysis (CAPD) (86). Although a number 

of in vivo models exist to study P. aeruginosa lung and peritoneal pathogenesis (40, 107, 

145-147), most of these models do not possess the versatility to allow genome-scale 

gene expression studies and study of multispecies consortia. To begin to understand in 

vivo gene expression, we grew P. aeruginosa in a dialysis membrane chamber (DMC) 

implanted into the peritoneal cavity of a rat (2). In this in vivo model, P. aeruginosa 

undergoes a typical planktonic growth curve with a doubling time similar to that of in vitro 

glucose-grown bacteria (approximately 50 min in the DMC and 40 min in glucose 

minimal medium) (Fig. 2.1). Final bacterial densities achieved by P. aeruginosa in the 

DMC were greater than 1010 bacteria. Although the DMC model does not allow direct 
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interactions with host cells, P. aeruginosa is growing on peritoneal contents; thus, we will 

refer to this model as an in vivo batch culture model. 
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Figure 2.1: Growth of P. aeruginosa in vivo and in vitro. 

Growth of P. aeruginosa in vitro in MOPS minimal medium with 20 mM glucose (■) and 

in vivo in the DMC in the rat (▲). Representative growth curves are shown. Maximum 

doubling times were approximately 40 min in vitro and 50 min in vivo. 
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2.3.2 BIOFILM FORMATION OF P. AERUGINOSA IN VIVO 

Most microorganisms growing in the environment or within the host are not 

growing planktonically, but are instead growing as biofilms. To investigate whether P. 

aeruginosa formed biofilms in our peritoneal model, GFP-labeled P. aeruginosa and 

silicon discs were placed inside the DMC. After 24 and 48 hours of in vivo growth, bags 

were carefully explanted and the silicon discs were imaged with confocal laser scanning 

microscopy. After 24 hours (Fig. 2.2A) bacterial cells can be seen attached to the discs 

and at 48 hours (Fig. 2.2B), robust biofilms were formed. 
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Figure 2.2: P. aeruginosa biofilm formation in vivo. 

P. aeruginosa biofilms attached to silicon discs harvested at 24 (A) and 48 (B) hours 

from the rat peritoneum. Photographs were taken using scanning confocal laser 

microscopy and represent a top down view of the biofilms. P. aeruginosa bacteria are 

constitutively expressing the green fluorescent protein. 
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A hallmark of biofilms is the inherent resistance to antimicrobial killing. To 

determine whether in vivo biofilms of P. aeruginosa were resistant to antibiotics, P. 

aeruginosa biofilms were treated with tobramycin, the antibiotic often used to treat P. 

aeruginosa infections within the CF lung. After 48 and 72 hours of growth, silicon discs 

were removed from the DMC and were treated with PBS (as a control) or 50 µg/ml of 

tobramycin (50 times the minimum inhibitory concentration needed to kill planktonic P. 

aeruginosa). After 3 hours of treatment, silicon discs were vortexed and sonicated to 

remove cells and plate counts were performed to determine cell numbers. Both the 48 

and 72 hour biofilms were resistant to tobramycin treatment (Fig. 2.3). As a control 

planktonic P. aeruginosa at the same cell densities as the biofilms were treated with 

tobramycin, where no viable cell counts were detected (Fig. 2.3). 
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Figure 2.3: P. aeruginosa in vivo biofilms are antibiotic resistant. 

Biofilms grown on silicon discs within the dialysis bag were removed from the rat at 48 

and 72 hours. The discs were treated with tobramycin (50µg/ml) for 3 hours at room 

temperature. As a control, planktonic cells at the same cell densities as the biofilms were 

treated with tobramycin for 3 hours. Plate counts were used to determine the amount of 

viable bacteria. Error bars represent the standard deviation.
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2.3.3 IDENTIFICATION AND CLASSIFICATION OF P. AERUGINOSA GENES 

DIFFERENTIALLY EXPRESSED IN THE PERITONEUM 

 Although most laboratory experiments evaluating bacterial gene expression are 

conducted in vitro, in vivo growth conditions are difficult to mimic in the laboratory. To 

begin to understand the physiology of in vivo-grown P. aeruginosa, I performed 

transcriptome analyses of DMC-grown and in vitro-grown P. aeruginosa using Affymetrix 

GeneChips. As in vitro comparisons, P. aeruginosa was grown in MOPS minimal 

medium containing 20 mM glucose or 20 mM sodium succinate as the sole source of 

carbon and energy. To eliminate carbon source-specific genes from our analysis, only 

genes differentially expressed in vivo compared to glucose- and succinate-grown 

bacteria are reported.  

Bacteria were harvested for GeneChip analysis at mid-logarithmic phase 

(OD600nm = 0.3 to 0.5) under both in vitro and in vivo conditions, and gene expression 

profiles were compared using Affymetrix Microarray Suite software. On average, 71% of 

the gene-specific tiles present on the Affymetrix GeneChip hybridized at levels sufficient 

for statistical analysis; thus, I was able to compare expression profiles of approximately 

4,000 genes. A total of 316 genes (approximately 5% of all P. aeruginosa genes) were 

differentially regulated at least fivefold during growth of P. aeruginosa in vivo compared 

to the in vitro controls. Of these genes, the majority were up-regulated (238 genes), while 

a smaller number were repressed (78 genes). As validation of our GeneChip results, I 

observed similar regulation patterns for strains PA2426 (pvdS), PA2247 (bkdA1), and 

PA1717 (pscD) using semiquantitative RT-PCR (Fig. 2.4 and data not shown). 
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Figure 2.4: Validation of Genechip Results. 

Semiquantitative RT-PCR analysis of the low-iron-inducible gene pvdS and the 

constitutively expressed clpX gene. P. aeruginosa was grown in vitro in glucose minimal 

medium containing excess FeSO4 (3.5 µM) or in vivo as a monoculture. 
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Genes in the sequenced P. aeruginosa genome are grouped into a number of 

classes based on functionality (www.pseudomonas.com). Classification of our in vivo-

regulated genes revealed that most of these genes (33%) are of unknown function 

(Table 2.1). This is not surprising, given the observation that 45% of the 5,570 predicted 

P. aeruginosa genes have little homology to known proteins (131). The remaining genes 

are included in several classes, some of which possess distinct patterns of regulation. 

Most of the classes primarily include genes which are induced during in vivo growth, 

while all the genes in one group (bacteriophage/transposon) were repressed (Table 2.1). 

One of the most striking features of these data is that 29 transcriptional activators were 

induced during growth in vivo, indicating specific responses to the peritoneal 

environment. Only one gene involved in motility and attachment was differentially 

regulated during in vivo growth, indicating that these processes are quite similar with 

regard to transcription during in vitro and in vivo growth. Although no genes involved in 

lipopolysaccharide (LPS) biosynthesis were differentially expressed, it should be noted 

that most of the genes involved in O-antigen biosynthesis did not hybridize at levels 

sufficient for analysis. This is not surprising given the fact that I was not using the 

sequenced P. aeruginosa PAO1 strain, and O-antigen genes are highly divergent among 

P. aeruginosa strains (112). 

 

 

http://www.pseudomonas.com/�
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TABLE 2.1. Classes of in-vivo-induced genes. 

 
Functional classa No. 

activatedb 
No. 

repressedb 
Adaptation, protection 10 2 
Amino acid biosynthesis and metabolism 17 6 
Biosynthesis of cofactors 7 3 
Carbon compound catabolism 3 2 
Cell wall-LPS 1 0 
Central intermediary metabolism 4 1 
Chaperones and heat shock protein 2 0 
Energy metabolism 25 6 
Membrane proteins 2 0 
Motility and attachment 1 0 
Nucleotide biosynthesis and metabolism 1 0 
Protein-secretion-export apparatus 4 0 
Putative enzymes 15 2 
Related to phage, transposon, plasmid 0 11 
Secreted factors 2 0 
Transcriptional regulators 29 2 
Translation, posttranslational modification, 
degradation 

1 0 

Transport of small molecules 32 18 
Two-component regulatory systems 3 0 
Hypothetical proteins 65 19 
Unknown (conserved hypothetical) 14 6 
 

aFunctional classes are from the P. aeruginosa genome website 

(www.pseudomonas.com). 

bGenes that were activated or repressed in the DMC at least fivefold compared to cells 

grown in vitro in MOPS minimal medium. 

 

 

 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=543556&rendertype=table&id=t1#t1fn1#t1fn1�
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=543556&rendertype=table&id=t1#t1fn2#t1fn2�
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=543556&rendertype=table&id=t1#t1fn2#t1fn2�
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0ElXBNoF4QyKD8sdB_GJMPBnkmQmpYIaqWm1rpA_l&reftype=extlink&artid=543556&iid=17964&jid=88&FROM=Article%7CBody&TO=External%7CLink%7CURI&article-id=543556&journal-id=88&rendering-type=normal&&http://www.pseudomonas.com�
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2.3.4 CORRELATION OF GENECHIP AND IVET DATA 

Using IVET and a neutropenic mouse model, Wang et al. identified 19 genes 

induced during growth of P. aeruginosa in vivo (138). An examination of our in vivo-

regulated genes indicated that of these 19 IVET genes, 6 did not hybridize at levels 

sufficient for GeneChip analysis, 10 were not differentially regulated, 2 were induced over 

fivefold in our DMC model (Table 2.2), and 1 was induced threefold in the DMC 

(PA4115). The two IVET genes induced over fivefold in our DMC model, np20 (PA5499) 

and fptA (PA4221), have been partially characterized in P. aeruginosa (3, 137, 138). The 

np20 gene was up-regulated approximately six fold in the DMC and encodes a 

polypeptide with homology to a number of transcriptional regulators. The np20 locus is 

important for pathogenesis of P. aeruginosa (138). The fptA gene encodes a receptor for 

the siderophore pyochelin (discussed below) and is up-regulated approximately 81-fold 

in the DMC model (3). 
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TABLE 2.2. P. aeruginosa genes differentially regulated during in vivo growth. 

 
ORFa Gene Homology or functiona Fold 

regulationb 
0149  Probable sigma-70 factor 7 
0171  Hypothetical protein −8 
0200  Hypothetical protein 7 
0280 cysA Sulfate transport protein −11 
0281 cysW Sulfate transport protein −17 
0282 cysT Sulfate transport protein −11 
0283 sbp Sulfate-binding protein precursor −15 
0284  Hypothetical protein −17 
0440*  Probable oxidoreductase 7 
0466  Hypothetical protein −7 
0509* nirN Probable c-type cytochrome 7 
0510  Probable uroporphyrin III c-methyltransferase 13 
0511* nirJ Heme d1 biosynthesis protein 7 
0512  Conserved hypothetical protein 8 
0513  Probable transcriptional regulator 8 
0514* nirL Heme d1 biosynthesis protein 11 
0515  Probable transcriptional regulator 9 
0516* nirF Heme d1 biosynthesis protein 8 
0517* nirC Probable c-type cytochrome precursor 11 
0518* nirM Cytochromec551 precursor 12 
0519* nirS Nitrate reductase precursor 15 
0521  Probable cytochrome c oxidase subunit 6 
0523* norC Nitric oxide reductase subunit C 32 
0524* norB Nitric oxide reductase subunit B 68 
0525*  Probable denitrification protein 15 
0587  Conserved hypothetical protein 5 
0613  Hypothetical protein −5 
0614  Hypothetical protein −5 
0617  Probable bacteriophage protein −10 
0621  Conserved hypothetical protein −5 
0622  Probable bacteriophage protein −8 
0627  Conserved hypothetical protein −5 
0629  Conserved hypothetical protein −7 
0631  Hypothetical protein −6 
0632  Hypothetical protein −7 
0633  Hypothetical protein −8 
0635  Hypothetical protein −11 
0636  Hypothetical protein −8 
0639  Conserved hypothetical protein −9 
0641  Probable bacteriophage protein −19 
0674  Hypothetical protein 25 
0675  Probable sigma-70 factor 5 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=543556&rendertype=table&id=t2#t2fn1#t2fn1�
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=543556&rendertype=table&id=t2#t2fn1#t2fn1�
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=543556&rendertype=table&id=t2#t2fn2#t2fn2�
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0713  Hypothetical protein 26 
0714  Hypothetical protein 24 
0781  Hypothetical protein 18 
0782† putA Proline dehydrogenase 8 
0865† hpd 4-Hydroxyphenylpyruvate dioxygenase 5 
0872† phhA Phenylalanine-4-hydroxylase 31 
0910  Hypothetical protein −18 
0911  Hypothetical protein −6 
0921  Hypothetical protein −6 
0984  Colicin immunity protein 7 
1123  Hypothetical protein 5 
1178 oprH Outer membrane protein H1 precursor −17 
1179 phoP Two-component response regulator −5 
1195  Hypothetical protein 6 
1196  Probable transcriptional regulator 5 
1382  Probable type II secretion system protein 12 
1414  Hypothetical protein 5 
1516  Hypothetical protein 5 
1537  Probable short-chain dehydrogenase 6 
1540  Conserved hypothetical protein 7 
1541  Probable drug efflux transporter 8 
1552  Probable cytochrome c −12 
1553  Probable cytochrome c oxidase subunit −13 
1554  Probable cytochrome oxidase subunit −5 
1673  Hypothetical protein 5 
1742  Probable amidotransferase 7 
1746  Hypothetical protein 9 
1837  Hypothetical protein −13 
1838 cysI Sulfite reductase −10 
1871 lasA LasA protease precursor 6 
1887  Hypothetical protein 11 
1888  Hypothetical protein 10 
1892  Hypothetical protein −9 
1894  Hypothetical protein −9 
1895  Hypothetical protein −10 
1896  Hypothetical protein −9 
1897  Hypothetical protein −35 
1911  Probable transmembrane sensor 6 
1912  Probable sigma-70 factor 7 
1922  Probable TonB-dependent receptor 11 
1924  Hypothetical protein 9 
1925  Hypothetical protein 8 
1999†  Probable CoA transferase, subunit A 35 
2000†  Probable CoA transferase, subunit B 44 
2001 atoB Acetyl-CoA acetyltransferase 13 
2003 bdhA 3-Hydroxybutyrate dehydrogenase 6 
2004  Conserved hypothetical protein 8 
2016  Probable transcriptional regulator 5 
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2114  Probable MFS transporter −7 
2202  Probable amino acid permease −7 
2204  Probable binding protein component of ABC 

transporter 
−10 

2223  Hypothetical protein 6 
2247† bkdA1 2-Oxoisovalerate dehydrogenase (alpha subunit) 38 
2248† BkdA2 2-Oxoisovalerate dehydrogenase (beta subunit) 14 
2249† bkdB Branched-chain alpha-keto acid dehydrogenase 

(lipoamide component) 
15 

2250† lpdV Lipoamide dehydrogenase (−Val) 9 
2466  Probable TonB-dependent receptor 5 
2534  Probable transcriptional regulator 5 
2567  Hypothetical protein 5 
2648 nuoM NADH dehydrogenase I chain −5 
2686 pfeR Two-component response regulator 6 
2687 pfeS Two-component sensor 5 
2753  Hypothetical protein 7 
2807  Hypothetical protein −19 
2825  Probable transcriptional regulator 5 
2826  Probable glutathione peroxidase 5 
2929  Hypothetical protein 5 
2931  Probable transcriptional regulator 19 
2932 morB Morphinone reductase 71 
2933  Probable MFS transporter 31 
2934  Probable hydrolase 16 
2945  Conserved hypothetical protein −6 
3038  Probable porin −6 
3118† leuB 3-Isopropylmalate dehydrogenase −5 
3120† leuD 3-Isopropylmalate dehydratase small subunit −6 
3121† leuC 3-Isopropylmalate dehydratase large subunit −6 
3126 ibpA Heat shock protein 7 
3188  Probable permease of ABC sugar transporter −382 
3189  Probable permease of ABC sugar transporter −79 
3195 gapA Glyceraldehyde-3-phosphate dehydrogenase −6 
3249  Probable transcriptional regulator 5 
3309  Conserved hypothetical protein 6 
3313  Hypothetical protein −5 
3391* nosR Regulatory protein 54 
3392* nosZ Nitrous oxide reductase precursor 25 
3393* nosD NosD protein 11 
3394* nosF NosF protein 16 
3395* nosY NosY protein 8 
3396* nosL NosL protein 8 
3404  Probable secretion protein 7 
3405 hasE Metalloprotease secretion protein 32 
3406 hasD Transport protein 16 
3415  Probable dihydrolipoamide acetyltransferase 9 
3416  Probable pyruvate dehydrogenase E1 component, 36 
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beta chain 
3417  Probable pyruvate dehydrogenase E1 component, 

alpha subunit 
7 

3418† ldh Leucine dehydrogenase 8 
3441  Probable molybdopterin-binding protein −12 
3442  Probable ATP-binding component of ABC transporter −21 
3443  Probable permease of ABC transporter −43 
3444  Conserved hypothetical protein −161 
3445  Conserved hypothetical protein −62 
3446  Conserved hypothetical protein −19 
3450  Probable antioxidant protein −8 
3516  Probable lyase −5 
3581 glpF Glycerol uptake facilitator protein 9 
3582 glpK Glycerol kinase 6 
3584 glpD Glycerol-3-phosphate dehydrogenase 44 
3598  Conserved hypothetical protein 7 
3600  Conserved hypothetical protein 139 
3601  Conserved hypothetical protein 83 
3719  Hypothetical protein 21 
3720  Hypothetical protein 30 
3721  Probable transcriptional regulator 5 
3837  Probable permease of ABC transporter −5 
3862  Hypothetical protein 6 
3870 moaA1 Molybdopterin biosynthetic protein 7 
3871  Probable peptidyl-prolyl cis-trans isomerase 7 
3872* narI Respiratory nitrate reductase gamma chain 9 
3873* narJ Respiratory nitrate reductase delta chain 11 
3874* narH Respiratory nitrate reductase beta chain 24 
3875* narG Respiratory nitrate reductase alpha chain 19 
3876* narK2 Nitrite extrusion protein 2 10 
3877* narK1 Nitrite extrusion protein 1 6 
3914 moeA1 Molybdenum cofactor biosynthetic protein 7 
3915 moaB1 Molybdopterin biosynthetic protein 5 
3922  Conserved hypothetical protein −6 
3931  Conserved hypothetical protein −16 
3933  Probable choline transporter 10 
3935 tauD Taurine dioxygenase −16 
3936  Probable permease of ABC taurine transporter −35 
3937  Probable ATP-binding component of ABC taurine 

transporter 
−25 

3938  Probable periplasmic taurine-binding protein 
precursor 

−21 

4063  Hypothetical protein 15 
4064  Probable ATP-binding component of ABC transporter 7 
4065  Hypothetical protein 5 
4156  Probable TonB-dependent receptor 10 
4160 fepD Ferric enterobactin transport protein 5 
4167  Probable oxidoreductase 13 
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4168  Probable TonB-dependent receptor 17 
4181  Hypothetical protein 16 
4182  Hypothetical protein 10 
4197  Probable two-component sensor 10 
4288  Probable transcriptional regulator 8 
4333  Probable fumarase −5 
4364  Hypothetical protein 113 
4365  Probable transporter 54 
4442† cysN ATP sulfurylase GTP-binding subunit, APS kinase −22 
4443† cysD ATP sulfurylase small subunit −10 
4577  Hypothetical protein 5 
4588† gdhA Glutamate dehydrogenase −6 
4610  Hypothetical protein 9 
4621  Probable oxidoreductase 5 
4657  Hypothetical protein 5 
4738  Conserved hypothetical protein −6 
4739  Conserved hypothetical protein −9 
4834  Hypothetical protein 18 
4835  Hypothetical protein 16 
4836  Hypothetical protein 32 
4837  Probable outer membrane protein 38 
4838  Hypothetical protein 7 
5024  Conserved hypothetical protein −13 
5027  Hypothetical protein 5 
5088  Hypothetical protein 7 
5100† hutU Urocanase 7 
5102  Hypothetical protein −8 
5106  Conserved hypothetical protein 6 
5170† arcD Arginine-ornithine antiporter 11 
5171† arcA Arginine deiminase 9 
5172† arcB Ornithine carbamoyltransferase, catabolic 10 
5173† arcC Carbamate kinase 6 
5302† dadX Catabolic alanine racemase 6 
5303  Conserved hypothetical protein 9 
5304† dadA D-Amino acid dehydrogenase, small subunit 9 
5351  Rubredoxin −5 
5372† betA Choline dehydrogenase 12 
5373† betB Betaine aldehyde dehydrogenase 12 
5374 betI Transcriptional regulator 11 
5427 adhA Alcohol dehydrogenase 6 
5446  Hypothetical protein 13 
5475  Hypothetical protein 5 
5481  Hypothetical protein −7 
5482  Hypothetical protein −8 
5499‡ np20 Transcriptional regulator 6 
5500 znuC Zinc transport protein 6 
5532  Hypothetical protein 8 
5534  Hypothetical protein 13 
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5535  Conserved hypothetical protein 15 
5536  Conserved hypothetical protein 52 
5538 amiA N-Acetylmuramoyl-L-alanine amidase 28 
5539  Hypothetical protein 8 
5540  Hypothetical protein 17 
5541  Probable dihydroorotase 11 
 

aFrom the P. aeruginosa genome website, www.pseudomonas.com. Genes involved in 

anaerobic metabolism (*), transport and metabolism of amino acids (†), or identified 

previously using IVET (‡) are listed in bold. 

b Fold change in P. aeruginosa mRNA level when grown in vivo in the DMC compared to 

that in bacteria grown in glucose minimal medium in vitro. Positive numbers represent 

induction, and negative numbers indicate repression in the DMC. All genes listed were 

also >5- fold regulated when DMC-grown and succinate-grown P. aeruginosa cultures 

were compared. 

http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0ZOXQUdcqmPJBMLNbo3xQa1C2Hq3Y498AN-TdDAoF&reftype=extlink&artid=543556&iid=17964&jid=88&FROM=Article%7CBody&TO=External%7CLink%7CURI&article-id=543556&journal-id=88&rendering-type=normal&&http://www.pseudomonas.com�
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2.3.5 IRON ACQUISITION IN VIVO 

Most bacteria require iron for growth, and acquisition of iron is a significant 

challenge in most in vivo environments where little free iron exists. P. aeruginosa and 

many other bacteria produce high-affinity iron chelators called siderophores to acquire 

iron in vivo (16). These extracellular chelators are able to scavenge iron from in vivo 

sources and deliver it to the bacterium. P. aeruginosa produces two well-studied 

siderophores, pyoverdine and pyochelin, and the genes important for their syntheses and 

transport are induced in low-iron environments (16). Ochsner et al. recently reported a 

transcriptome analysis of P. aeruginosa grown in vitro under low- and high-iron 

conditions (101). Of the 113 genes which were induced at least fivefold in this study, 

under low-iron conditions, 82 were also induced at least fivefold in our DMC model 

(Table 2.3). Included within these in vivo-induced genes, were genes involved in 

synthesis and binding of pyoverdine and pyochelin, as well as multiple genes important 

for heme uptake (Table 2.3). Heme may serve as a source of iron in vivo, and the hasAp 

gene involved in heme utilization was the most highly induced in vivo gene (over 2,000-

fold induction). 
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TABLE 2.3. Expression of P. aeruginosa iron-regulated genes during monoculture 

and coculture growth in vivo. 

 
Fold regulationb  ORFa Gene Homology or functiona 

In vivo vs 
in vitro 

Coculture vs 
monoculture 

0471  Probable transmembrane sensor 7 −17 
0472  Probable sigma-70 factor 8 −34 
0500 bioB Biotin synthase −9 NC 
0672  Hypothetical protein 44 −44 
0707 toxR Transcriptional regulator 6 −4 
1245  Hypothetical protein 5 −3 
1300  Probable sigma-70 factor 35 −37 
1301  Probable transmembrane sensor 13 −12 
2033  Hypothetical protein 20 −23 
2034  Hypothetical protein 20 −16 
2384  Hypothetical protein 41 −46 
2385  Probable acylase 34 −30 
2386 pvdA L-Ornithine N5-oxygenase 85 −74 
2389  Conserved hypothetical protein 9 −9 
2390  Probable ATP-binding/permease 

fusion ABC transporter 
7 −8 

2391  Probable outer membrane protein 5 −7 
2392  Hypothetical protein 18 −12 
2393  Probable dipeptidase precursor 53 −127 
2394  Probable aminotransferase 57 −60 
2395  Hypothetical protein 13 −38 
2396  Hypothetical protein 13 −7 
2397 pvdE Pyoverdine biosynthesis protein 44 −25 
2398 fpvA Ferripyoverdine receptor 30 −86 
2399 pvdD Pyoverdine synthetase 40 −23 
2400  Probable nonribosomal peptide 

synthetase 
94 −28 

2401  Probable nonribosomal peptide 
synthetase 

94 −40 

2402  Probable nonribosomal peptide 
synthetase 

46 −28 

2403  Hypothetical protein 58 −22 
2404  Hypothetical protein 43 −39 
2405  Hypothetical protein 43 −37 
2406  Hypothetical protein 24 −21 
2407  Probable adhesion protein 14 −18 
2408  Probable ATP-binding component 38 −11 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=543556&rendertype=table&id=t3#t3fn2#t3fn2�
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=543556&rendertype=table&id=t3#t3fn1#t3fn1�
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of ABC transporter 
2411  Probable thioesterase 84 −111 
2412  Conserved hypothetical protein 197 −203 
2413  Probable class III aminotransferase 51 −136 
2424  Probable nonribosomal peptide 

synthetase 
112 −53 

2425  Probable thioesterase 44 −51 
2426 pvdS Sigma factor 66 −117 
2427  Hypothetical protein 14 −8 
2451  Hypothetical protein 9 −9 
2452  Hypothetical protein 73 −110 
2467  Probable transmembrane sensor 5 −8 
2468  Probable sigma-70 factor 6 −13 
3407 hasAp Heme acquisition protein 2,180 −724 
3408 hasR Heme acquisition protein 74 −74 
3409  Probable transmembrane sensor 9 −7 
3410  Probable sigma-70 factor 14 −18 
3530  Conserved hypothetical protein 9 −39 
3899  Probable sigma-70 factor 17 −26 
3900  Probable transmembrane sensor 7 −11 
3901 fecA Fe(III) dicitrate transport protein 9 −10 
4158 fepC Ferric enterobactin transport 

protein 
13 −13 

4218  Probable transporter 40 −22 
4219  Hypothetical protein 109 −66 
4220  Hypothetical protein 288 −48 
4221 fptA Fe(III) pyochelin receptor precursor 81 −92 
4222  Probable ATP-binding component 

of ABC transporter 
34 −13 

4223  Probable ATP-binding component 
of ABC transporter 

26 −15 

4224  Hypothetical protein 58 −34 
4225 pchF Pyochelin synthetase 52 −65 
4226 pchE Dihydroaeruginoic acid synthetase 53 −46 
4227 pchR Transcriptional regulator 21 −76 
4228 pchD Pyochelin biosynthesis protein 74 −66 
4229 pchC Pyochelin biosynthesis protein 99 −163 
4230 pchB Salicylate biosynthesis protein 126 −118 
4231 pchA Salicylate biosynthesis 

isochorismate synthetase 
122 −89 

4359  Conserved hypothetical protein 5 −10 
4467  Hypothetical protein 21 −10 
4468 sodM Superoxide dismutase 40 −48>  
4469  Hypothetical protein 48 −53 
4470 fumC1 Fumarate hydratase 60 −106 
4471  Hypothetical protein 100 −131 
4570  Hypothetical protein 37 −25 
4708  Hypothetical protein 9 −6 
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4709  Probable hemin degrading factor 9 −8 
4710  Probable outer membrane hemin 

receptor 
19 −30 

4895  Probable transmembrane sensor 12 −13 
4896  Probable sigma-70 factor 14 −25 
4973 thiC Thiamin biosynthesis protein −14 NC 
5312  Probable aldehyde dehydrogenase 6 NC 
5313  Probable pyridoxal-dependent 

aminotransferase 
7 NC 

 

aFrom the P. aeruginosa genome website, www.pseudomonas.com. 

bRegulation of P. aeruginosa iron-regulated genes (28) as determined by Affymetrix 

GeneChip analysis. Two conditions were compared: monoculture growth in vivo versus 

monoculture growth in vitro in glucose minimal medium with added FeSO4 (positive 

numbers represent induction in vivo); and in vivo coculture growth versus in vivo 

monoculture growth (positive numbers represent induction during coculture growth). NC, 

no change. 

http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=02AqJOzLYPaql7Zh_lUcBPJ-cScYeDOJlxyAkXk4l&reftype=extlink&artid=543556&iid=17964&jid=88&FROM=Article%7CBody&TO=External%7CLink%7CURI&article-id=543556&journal-id=88&rendering-type=normal&&http://www.pseudomonas.com�
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2.3.6 OXYGEN LEVELS IN THE PERITONEUM 

 P. aeruginosa grows anaerobically by using nitrate and its reduced derivatives as 

terminal electron acceptors. If nitrate is not present, arginine may be metabolized 

fermentatively by P. aeruginosa (134). The genes encoding proteins critical for anaerobic 

nitrate and arginine metabolism are positively regulated under low-oxygen conditions 

(120). An examination of our in vivo GeneChip data indicates that several P. aeruginosa 

operons involved in utilization of nitrate, nitrite, nitric oxide, nitrous oxide, and arginine 

were highly up-regulated during in vivo growth compared to aerobic glucose-grown cells 

(Table 2.2). Thus, I hypothesize that P. aeruginosa would possess the enzymatic 

capabilities of anaerobically grown bacteria, including the ability to reduce nitrate via the 

nitrate reductase enzyme. An evaluation of the nitrate reductase activity of in vivo-grown 

P. aeruginosa revealed that in vivo-grown P. aeruginosa was capable of reducing 

exogenously added nitrate to levels below detection (data not shown). 

 

2.3.7 P. AERUGINOSA PHYSIOLOGY AND METABOLISM IN VIVO 

 To cause more than a transient infection, P. aeruginosa must survive and grow 

within the host environment. However, the growth environment within the host is not well 

understood, other than the observation that P. aeruginosa mutants unable to synthesize 

purine precursors grow poorly in mouse models (138). Thus, it is critical to understand 

the host growth environment for P. aeruginosa in vivo. Our in vitro growthconditions 

required P. aeruginosa to metabolize glucose or succinate as sole carbon sources and to 

synthesize all essential metabolic precursors de novo. Under these in vitro conditions as 
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our GeneChip control, our data indicate that genes encoding proteins involved in 

transport and metabolism of amino acids, particularly aromatic (PA0865 and PA0872) 

and branched-chain (PA2247 to PA2250) amino acids, are highly induced during growth 

in the DMC (Table 2.2). These data suggest that P. aeruginosa is using amino acids as a 

carbon source in the peritoneum.  

 

2.3.8 GROWTH OF P. AERUGINOSA AND S. AUREUS COCULTURES IN VITRO AND IN 

VIVO 

 It is clear that a number of bacterial infections are not simply the result of 

colonization by one microorganism, but of the pathogenic contributions of several 

organisms (35, 149). Such is the case with chronic lung infections and peritoneal 

infections in patients undergoing dialysis, where multispecies consortia, often including 

P. aeruginosa and S. aureus (42, 56, 57, 71, 149), are associated with disease. 

Although these bacteria may reside in the same pathogenic environment, essentially 

nothing is known about if or how they interact in vivo. To begin to understand the 

interactions between P. aeruginosa and S. aureus in vivo, these bacteria were grown in 

monoculture and in coculture in the DMC chamber. When grown in monoculture, S. 

aureus possesses a faster doubling time than P. aeruginosa in the DMC (30 min for S. 

aureus versus 50 min for P. aeruginosa). When P. aeruginosa and S. aureus are started 

at identical densities and grown in the DMC model, P. aeruginosa grows similar to that 

under monoculture conditions, reaching densities of 5 x 108 bacteria/ml after 15 to 18 h. 

S. aureus reaches slightly lower growth yields at this time during coculture in the DMC (4 

x 109 bacteria/ml) compared to monoculture growth (1010 bacteria/ml).   
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To examine the interactions of P. aeruginosa and S. aureus in vitro, coculture 

growth curves were performed both in planktonic and biofilm modes of growth. As can 

be seen in Figure 2.5 in both planktonic (A) and biofilm (B) growth conditions, P. 

aeruginosa reaches high cell densities, whereas S. aureus begins with equal numbers 

as P. aeruginosa, but S. aureus cell numbers start to rapidly decline when P. aeruginosa 

is reaching stationary phase. These observations indicate that P. aeruginosa reaches 

higher cell densities than S. aureus during coculture growth. 
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Figure 2.5: P. aeruginosa lyses S. aureus when growing planktonically and in 

biofilms. 

(A) Quantitation of viable P. aeruginosa and S. aureus during in vitro coculture growth in 

test tubes. Bacteria were grown in BHI broth and bacterial numbers were determined 

using differential plating on the two selective media; Pseudomonas Isolation Agar (PIA) 

and Baird Parker Agar (BPA). (B) Quantitation of P. aeruginosa and S. aureus during 

coculture growth in colony biofilms. Mid-logarithmic cells of P. aeruginosa and S. aureus 

were mixed 1:1 and 5 µl was spotted on a nucleopore track-etch membrane (Whatman) 

PC MB 25 mm 0.2 µm) on top of BHI agar. For all points standard deviations were less 

than 10% of the mean.
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2.3.9 GENE EXPRESSION OF P. AERUGINOSA COCULTURED IN VI VO WITH S. AUREUS 

 To determine the impact of S. aureus on P. aeruginosa physiology during growth 

in the peritoneum, I isolated RNA from P. aeruginosa grown in vivo with S. aureus. As 

mentioned above, P. aeruginosa reaches similar densities after 15 to 18 h in the DMC 

when growing as a monoculture or in coculture with S. aureus; thus, I sampled bacteria 

for RNA isolation at these time points under both conditions. To enrich for P. aeruginosa 

RNA during isolation, S. aureus lysis was prevented by omitting the lysozyme-

lysostaphin treatment. If any contaminating S. aureus RNA was present, it would likely 

not cross-hybridize because of the significant differences in the GC content of these two 

bacteria and the built-in mismatch controls on the Affymetrix GeneChips.  

 I compared the transcriptomes of P. aeruginosa grown in vivo in monoculture to 

those of P. aeruginosa grown in coculture with S. aureus in vivo. A total of 178 genes 

were differentially expressed at least fivefold during in vivo growth with S. aureus, with 

the majority of these genes (131) repressed in the coculture situation. One of the most 

striking features of these data is the fact that over 95% (78 of 82) of the genes repressed 

during in vivo growth with S. aureus are regulated by iron availability (Table 2.3). This 

includes genes involved in pyoverdine and pyochelin biosynthesis and suggests that P. 

aeruginosa growing in coculture with S. aureus perceives its environment as high in iron, 

in contrast to the monoculture in vivo situation, where the perceived environment is low in 

iron (Table 2.3). In fact, no differences in iron-regulated genes were observed when the 

transcriptomes of high-iron, in vitro-grown P. aeruginosa were compared to those of P. 

aeruginosa grown in vivo with S. aureus (data not shown). This suggests that the 
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presence of S. aureus must locally concentrate useful iron for P. aeruginosa or increase 

the concentration of free iron in the peritoneum. The former is likely, since the molecular 

weight exclusion of the dialysis membranes prevents diffusion of most S. aureus toxins 

and most in vivo iron is present in heme and chelated by transferrin or lactoferrin.  

 

2.3.10 LYSIS OF S. AUREUS IS REQUIRED FOR IRON ACQUISITION 

Given the observation that P. aeruginosa lyses several bacteria, including S. 

aureus (29, 48, 88), I hypothesized that the increased iron levels perceived by P. 

aeruginosa during in vivo coculture may be partially explained by S. aureus lysis and 

subsequent release of intracellular iron. To test this hypothesis, I cocultured S. aureus in 

vivo with P. aeruginosa PA14 and P. aeruginosa PA14-LM1, which contains a Tn5 

insertion in pqsA and exhibits reduced lysis of S. aureus (Fig. 2.6). The pqsA gene is 

involved in biosynthesis of several quinolone molecules in P. aeruginosa important for 

cell-cell signaling and lysis of S. aureus, but possesses no known involvement in 

regulation of low-iron-inducible genes (data not shown). I used the low-iron-inducible 

gene pvdS as a marker gene for iron limitation and evaluated transcript levels of pvdS in 

these cocultures using RT-PCR. As expected from our GeneChip data, the wild-type 

PA14 perceives the in vivo environment as high in iron when cocultured with S. aureus 

(low levels of pvdS transcript), while PA14-LM1 perceives its environment as low in iron 

(high levels of pvdS mRNA) in coculture (Fig. 2.7). 
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Figure 2.6: Lysis of S. aureus requires the pqsABCD operon. 

BHI agar medium was swabbed with a confluent lawn of S. aureus, and 5 µl of an 

overnight culture of wild-type P. aeruginosa PA14 and P. aeruginosa PA14-LM1 

containing a Tn5 insertion in pqsA was spotted on the plate and incubated at 37˚C for 24 

h. Note the zone of clearing (indicating lysis of S. aureus) around the wild-type P. 

aeruginosa colony. 
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Figure 2.7: Low iron inducible gene expression is reduced in the presence of S. 

aureus. 

Semiquantitative RT-PCR analysis of the low-iron-inducible gene pvdS and the 

constitutively expressed clpX gene. P. aeruginosa was grown in vitro in glucose minimal 

medium containing excess FeSO4 (3.5 µM) or in vivo as a monoculture or in coculture 

with S. aureus. P. aeruginosa PA14-LM1, which is unable to lyse S. aureus but 

possesses no observed growth defects under iron-limited conditions, was also grown in 

vivo coculture with S. aureus. 
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2.3.11 P. AERUGINOSA CAN USE S. AUREUS AS AN IRON SOURCE 

These data suggest that P. aeruginosa can use S. aureus as an iron source. If 

this is true, then P. aeruginosa should grow to higher densities in iron-limited media 

when grown in coculture with S. aureus or when grown in the presence of lysed S. 

aureus cells. To test this hypothesis, I grew P. aeruginosa PA14 in iron-replete medium 

in vitro as a monoculture, as a monoculture in the presence of mechanically lysed S. 

aureus, and in coculture with viable S. aureus. Final P. aeruginosa growth yields showed 

that the wild-type strain grew to higher densities when grown in coculture with S. aureus 

or in the presence of S. aureus lysate (Fig. 2.8), indicating that viable and lysed S. 

aureus can be used as a source of iron by wild-type P. aeruginosa. To assess if lysis is 

required for acquisition of iron from viable S. aureus cells, I grew P. aeruginosa PA14-

LM1 in the presence and absence of viable and lysed S. aureus (Fig. 2.8). Growth of 

PA14-LM1 in the presence of lysed S. aureus greatly increased the growth yields over 

monoculture growth, indicating that this mutant can use lysed S. aureus as an iron 

source. However, significantly increased growth yields were not observed for PA14-LM1 

when cocultured with viable S. aureus, suggesting that the inability of PA14-LM1 to 

effectively lyse S. aureus impairs its growth under low-iron coculture conditions. 
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Figure 2.8: P. aeruginosa growth yield increases in the presence of S. aureus in a 

low iron environment. 

Growth yields of wild-type P. aeruginosa and P. aeruginosa PA14-LM1 grown in iron-

limited MOPS minimal medium (see Materials and Methods) as a monoculture, with 10 

µM FeSO4, in coculture with S. aureus, and with the addition of mechanically lysed S. 

aureus. Data are expressed as (the ratio of P. aeruginosa cell yield in the presence of 

the addition)/(monoculture cell yields with no addition) (numbers >1 indicate increased 

cell yield during growth with the indicated addition). For the two no-addition controls, the 

ratio was calculated by pair-wise comparisons of four individual replicates. S. aureus 

does not grow in this minimal medium due to amino acid auxotrophy. Less than 103 S. 

aureus cells were present in PA14-S. aureus coculture colonies at the time of sampling, 

while >109 remained in the PA14-LM1-S. aureus cocultures. Error bars represent the 

standard deviation for three to four experimental repeats. 
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2.4 DISCUSSION 

 The goal of this study was to examine gene expression of P. aeruginosa during in 

vivo growth in order to better understand the physiology of this bacterium during 

infection. I used a rat DMC model in conjunction with DNA microarrays to identify P. 

aeruginosa genes differentially regulated during growth in vivo as a monoculture and in 

coculture with S. aureus. This model involves growing P. aeruginosa in a dialysis bag 

implanted in the peritoneum of a rat. The DMC model does not allow direct interactions 

with host molecules larger than 8k Da, including host cells; thus, genes differentially 

regulated by such interactions will not be detected. However, this model makes 

microarray and proteomic approaches viable and is easily manipulated to observe 

interactions between bacteria in an in vivo growth environment. P. aeruginosa grows well 

in the DMC, with a doubling time of less than 1 h and reaches final bacterial densities of 

over 1010 bacteria, illustrating that the peritoneum is a high-nutrient growth environment.  

 To identify in vivo-specific genes, I compared the transcriptome of in vivo-grown 

P. aeruginosa to bacteria grown in vitro in MOPS minimal medium with glucose or 

succinate as the sole source of carbon and energy. These carbon sources were chosen 

for comparison since most P. aeruginosa metabolic studies have focused on growth 

using these substrates. By comparing our in vivo transcriptome results to two in vitro 

growth conditions, I was able to decrease the number of in vivo-regulated genes by 30 to 

40% compared to single in vitro growth conditions. I believe this analysis effectively 

eliminated many carbon source-specific genes from our analysis. It should be noted that 

both of our in vitro growth conditions require P. aeruginosa to synthesize all anabolic 

precursors de novo, thus allowing us to make predictions about the nutritional 

environment of the peritoneum. Our data indicate that amino acids are likely a substrate 
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for growth in the peritoneum, since genes involved in catabolism and transport of 

branched-chain and aromatic amino acids are induced during growth in the DMC (Table 

2.2). Although further studies are necessary to determine the specific growth substrates, 

I feel the DMC model provides an easily manipulatable preliminary model for these 

studies. Metabolic genes identified as important for growth in the DMC can then be 

tested in more relevant animal systems.  

 Our transcriptome analysis of in vivo monocultures did not show activation of 

most of the P. aeruginosa genes identified by Wang et al. as in vivo-induced by IVET 

(Tables 2.2 and 2.3) (138). There are a number of reasons to account for this difference, 

the most obvious being the differences in the mouse models used. Wang et al. used a 

neutropenic mouse model and harvested bacteria from the mouse liver (138), whereas 

our peritoneal model is a much simpler in vivo batch growth model. Our study also used 

glucose- or succinate-grown P. aeruginosa as an in vitro control, whereas Wang et al. 

used a common complex medium for IVET library construction (138). Regardless of the 

differences in the studies, it is an important observation that three genes were common 

between the studies. Of these three genes, much is known about the FptA pyochelin 

receptor, which is important for iron acquisition in low-iron environments. Much less is 

known about np20, other than it is induced in vivo and is important for production of the 

extracellular virulence factor pyocyanin, and nothing is known about the third gene 

(PA4115), which was only induced threefold during growth in the peritoneum. Our data in 

combination with the previous IVET analysis indicate these three genes are members of 

a core set of genes that are inducible during in vivo growth in at least two disparate 

animal models. The np20 gene is the most intriguing, given its homology with a number 

of transcriptional regulators. Further study of these genes should provide clues to the in 
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vivo environment and potentially identify processes important for in vivo growth and 

pathogenesis.  

 Our transcriptome analysis of in vivo P. aeruginosa monocultures revealed that 

the peritoneal environment is low in iron compared to the high iron MOPS minimal 

medium (Table 3.3). This is not surprising and coincides with the results of a number of 

studies evaluating bacterial growth in vivo (59, 76, 138). It is interesting that the in vitro 

response of P. aeruginosa to low iron reported by Ochsner et al. (101) is remarkably 

similar to our in vivo results, indicating that in vitro studies evaluating the response to low 

iron are applicable to understanding in vivo growth and pathogenesis. However, It should 

be noted that although our data indicate that the peritoneal environment is low in free 

iron, I do not believe that iron is severely limiting growth, since P. aeruginosa grows near 

its maximum doubling rate in the rat (50-min doubling time). Thus, it appears that 

although the peritoneum is low in free iron, P. aeruginosa is well adapted to growth in 

this site.  

 Our transcriptome data also indicate that the peritoneum is low in oxygen, since 

many genes known to be regulated by anaerobiosis were highly induced during growth in 

vivo (Table 2.2). Based on the fast growth rate of P. aeruginosa in the DMC, it is likely 

that sufficient levels of oxygen and/or nitrate are available in the peritoneum for growth, 

since the maximum doubling time anaerobically in vitro using arginine is approximately 5 

h (data not shown). Nitrate is present within the peritoneum, as I detected low micromolar 

levels of nitrate from an uninoculated DMC chamber (data not shown). Anaerobic growth 

in the peritoneum is relevant to pathogenesis, given the recent evidence that the ability of 

P. aeruginosa to form antibiotic-resistant biofilms is enhanced in low-oxygen 

environments (50). Many P. aeruginosa infections, including those in the CF lung and in 
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the peritoneum, are a consequence of biofilm formation (25, 26, 50). The observation 

that P. aeruginosa growing in the peritoneum perceives its environment as low in oxygen 

enhances the importance of this model to pathogenic studies, including biofilm studies. 

Although in this study I focused on planktonic bacteria, I have shown that P. aeruginosa 

readily forms antibiotic-resistant biofilms on silicon discs placed in the rat peritoneum 

(Fig. 2.2 & Fig. 2.3). 

 The most interesting observation from this study is that wild-type P. aeruginosa 

perceives its environment as iron sufficient when grown with S. aureus in the DMC. Our 

data suggest that the change in iron perception by P. aeruginosa during coculture with S. 

aureus is dependent on lysis of S. aureus, since P. aeruginosa PA14-LM1, which is 

unaffected in iron acquisition or growth in vivo but cannot effectively lyse S. aureus (Fig. 

2.6), perceives its environment as low in iron during coculture growth with S. aureus (Fig. 

2.7). This would not be surprising, since P. aeruginosa produces several extracellular 

antimicrobial molecules (many controlled by the pqsA-E operon) known to be important 

for lysis of S. aureus (29, 48, 88, 96). The DMC coculture experiments were also 

supported by in vitro data, which showed that growth yields of P. aeruginosa were 

increased in iron-limited media when grown in coculture with S. aureus (Fig. 2.8). This 

again was dependent on lysis of S. aureus, since growth yields of PA14-LM1 were not 

increased in coculture. This deficiency in growth by PA14-LM1 cannot be explained by 

competition with S. aureus for iron, since S. aureus is auxotrophic and will not grow in the 

minimal succinate medium used in these experiments. I believe these data together 

suggest that P. aeruginosa lyses S. aureus and can use it as an iron source.  

 S. aureus is capable of undergoing autolysis during in vitro growth (14, 15, 43, 

47). Our data do not distinguish whether P. aeruginosa is causing direct lysis of S. 
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aureus or inducing autolysis; however, our results with P. aeruginosa PA14-LM1 indicate 

that P. aeruginosa-independent autolysis by S. aureus is most likely not the primary 

mechanism of iron acquisition during coculture. I am currently dissecting the specific 

mechanism(s) of S. aureus lysis, and our preliminary work and the work of others 

indicate that it is most likely multifactorial (29, 88). Lysis of S. aureus by P. aeruginosa is 

not unique to the laboratory strains used in this study. Our laboratory P. aeruginosa 

strain exhibited visible lysis of seven S. aureus strains tested, and 24 of 29 (83%) P. 

aeruginosa CF lung isolates tested produced visible lysis of our laboratory S. aureus 

strain (data not shown).  

 Although lysis appears to be important for iron acquisition during coculture in vitro 

and in vivo, the source of the iron is unknown. Our experiments indicate that P. 

aeruginosa can use mechanically lysed S. aureus as a source of iron, and it is likely that 

iron-containing proteins released from the lysed S. aureus cells serve as the source of 

iron. The DMC dialysis membrane will prevent diffusion of proteins larger than 8,000 Da, 

which may act to concentrate iron-containing proteins; thus, I cannot be certain whether 

iron acquisition through S. aureus lysis is important for P. aeruginosa in vivo. However, it 

is clear that the physiology of P. aeruginosa with regard to iron availability is dramatically 

altered during coculture growth with S. aureus in the DMC. Iron acquisition through 

siderophore biosynthesis and response is an energy-intensive process; thus, increasing 

local iron levels through lysis of S. aureus during growth in low-iron environments, such 

as those encountered in vivo, might be beneficial. I do not believe our data are limited to 

P. aeruginosa-S. aureus interactions. P. aeruginosa also lyses several other gram-

positive pathogens, including S. pneumoniae and Bacillus anthracis (data not shown), 

which it may also encounter during infection.  
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 Although I have shown that P. aeruginosa may obtain iron through lysis of S. 

aureus, our results do not preclude other mechanisms of iron acquisition during 

coculture. P. aeruginosa may also obtain iron by binding and uptake of siderophores 

produced by other bacteria. A recent study of cocultures of P. aeruginosa and 

Burkholderia cepacia indicated that P. aeruginosa specifically responds to the presence 

of B. cepacia siderophores during coculture (140). It is likely that the mechanistic details 

of iron acquisition will vary depending on the constituents of the coculture, but our results 

indicate that antagonistic interactions between species may help define community 

structure. Spatial and temporal factors will also affect these interactions, and it is likely 

that P. aeruginosa iron acquisition through S. aureus lysis will only be important when 

these bacteria are in very close proximity, such as in multispecies biofilms.  

Our transcriptome analysis provides a more comprehensive view of in vivo gene 

expression of P. aeruginosa. Our data suggest that the peritoneum is a low-oxygen, iron-

limited environment with sufficient nutrients to support large numbers of P. aeruginosa. 

Our studies verified three previously described in vivo-induced P. aeruginosa genes and 

identified a large number of other genes differentially expressed during growth in the 

peritoneum. Our data also provide a genomic analysis of a common pathogenic coculture 

and indicate that the physiology of P. aeruginosa in vivo is drastically altered in regards 

to iron availability during coculture with S. aureus. These results may have significant 

ramifications for in vivo growth of P. aeruginosa in polymicrobial communities and 

underscore the need for analysis of multispecies infections. Although I focused on iron 

acquisition in this study, it is plausible that other nutrients or cofactors may be obtained 

through competitive interactions. It is likely that the benefits of such interactions are not 
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confined to pathogenesis but instead reflect processes important for survival and growth 

in many polymicrobial environments. 
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CHAPTER 3: MEMBRANE VESICLES TRAFFIC SIGNALS AND 

FACILITATE GROUP ACTIVITIES IN A PROKARYOTE 

3.1 INTRODUCTION 

Many bacteria use extracellular signals to communicate and coordinate social 

activities, a process referred to as quorum sensing (103). Many quorum signals have 

significant hydrophobic character, and how these signals are trafficked between bacteria 

within a population is not understood. Quorum sensing in the Gram-negative bacterium 

Pseudomonas aeruginosa involves multiple signals including N-(3-oxo-dodecanoyl)-L- 

homoserine lactone (3OC12-HSL), N-butyryl-L-homoserine lactone (C4-HSL) and 2-

heptyl-3-hydroxy-4-quinolone (Pseudomonas Quinolone Signal or PQS) (29, 108). 

These signaling molecules constitute a complex integrated regulatory network (Fig 1.1) 

that controls the transcription of about 5% of all P. aeruginosa genes, including many 

genes involved in virulence (125, 135). PQS controls the production of many virulence 

factors including the phenazine pyocyanin, and is required for virulence in a number of 

plant, mammalian, and insect models (60, 104).  

 The quorum sensing model involves the movement of signals into the 

extracellular environment; however, some signals such as PQS (Fig. 3.1) and 3OC12-

HSL have significant hydrophobic character (Table 3.1), which may hamper their 

dissemination within a bacterial population. Thus trafficking of these hydrophobic signals 

within a P. aeruginosa population may require specialized processes. It is already known 

that these molecules are exported from the cell via active efflux pumps (39, 106). 
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However, it is not known how these signals are trafficked between cells. P. aeruginosa is 

well known to naturally produce extracellular membrane vesicles (MVs) (64, 65, 98) that 

could potentially serve as delivery vehicles for these signals in a manner similar to the 

vesicle trafficking systems used in higher organisms (45, 117).  

In the previous chapter, I showed that a P. aeruginosa monoculture perceives its 

environment as low in iron in the rat peritoneum dialysis membrane chamber (DMC). 

When Staphylococcus aureus was present in coculture with P. aeruginosa in the DMC 

model, P. aeruginosa was no longer starved for iron. A model was proposed where P. 

aeruginosa lyses S. aureus and uses the lysate as an iron source. This lysis was shown 

to be dependent on the production of quinolones by P. aeruginosa. How these small 

molecules remain in the DMC is unclear due to the pore size of the dialysis membrane. 

The dialysis membrane used had a molecular exclusion of 8 kDa and thus, would allow 

the passage of the quinolone molecules into the peritoneal cavity. One potential model 

for why these quinolones do not diffuse out of the dialysis chamber is that they are 

associated with MVs. In this chapter, I show that quinolones are present in MVs naturally 

produced by P. aeruginosa. Interestingly, the cell-cell signaling molecule PQS is not only 

packaged in MVs, but is required for MV formation. I demonstrate using PQS derivatives 

that the hydroxyl group and the length of the alkyl chain appear to play major roles in MV 

production. 
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Figure 3.1: Structures of quinolones produced by P. aeruginosa. 

P. aeruginosa produces 55 different quinolones, most of which have functions that are 

unknown. PQS and its precursor HHQ, are involved in cell-cell communication, whereas 

the function of HNQ is unknown. HQNO has been shown to possess antimicrobial 

activity against Staphylococcus aureus. 
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3.2 MATERIALS AND METHODS 

3.2.1 BACTERIAL STRAINS AND MEDIA 

P. aeruginosa strain PA14 and the pqsA mutant were obtained from a publicly 

available collection (http://pga.mgh.harvard.edu/cgi-bin/pa14/mutants/retrieve.cgi) and 

the mvfR mutant was described previously (18).  Staphylococcus epidermidis strain 

14490 #10469 was obtained from the American Type Culture Collection (ATCC, 

Manasses, VA). The pqsH mutant was constructed by double homologous 

recombination as described previously (143), resulting in an insertion of aacC1 

(encoding gentamicin resistance) between base pairs 358 and 359 of the pqsH coding 

region. A double pqsA and pqsH mutant was constructed using the same knockout 

construct as described for pqsH, but the construct was introduced into the parent pqsA 

mutant strain. Brain heart infusion (BHI) agar or MOPS medium containing 20 mM 

succinate (92, 142) or 10 mM phenylalanine and 10 mM tyrosine was used as growth 

medium. PQS, HHQ, and their derivatives (Syntech Solutions, San Diego, CA), or ethyl 

acetate extracts were evaporated under a continuous stream of N2 before resuspension 

in the medium. 

 

3.2.2 ISOLATION AND QUANTIFICATION OF MEMBRANE VESICLES 

For MV preparation, an overnight culture of P. aeruginosa was diluted to 103–104 

bacteria ml-1 in BHI broth or MOPS defined medium containing 10 mM phenyalanine and 

10 mM tyrosine and allowed to grow at 37 °C for 16–18 h, with shaking at 250 r.p.m. 

http://pga.mgh.harvard.edu/cgi-bin/pa14/mutants/retrieve.cgi�
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MVs were purified as described previously (65), except that ultracentrifugation was at 

265,000 x g for 60 min in a Beckman TLA 100.3 or 70.1 Ti rotor. For quantitative 

purposes, MV preparations were subjected to one buffer exchange with Nanosep 300-

kDa omega centrifugal devices (Pall Life Sciences, East Hills, NY). Protein content of the 

MVs, which has been previously used to standardize MV preparations (65), was used as 

a measure of MV levels by evaluating the absorbance at 220 nm or by the Coomassie 

Plus Protein assay (Pierce, Rockport, IL). In some cases, 50 μM synthetic PQS, PQS 

derivatives, HHQ, or HHQ derivatives were added to BHI or MOPS defined medium 

containing 10 mM phenylalanine and 10 mM tyrosine at the beginning of the experiment. 

 

3.2.3 TLC AND ACYL-HSL BIOASSAYS 

Thin-layer chromatography (TLC) was performed as described previously (108), 

with a 17:2:1 dichloromethane:acetonitrile:dioxane solvent system. For analysis of PQS 

derivatives, a 95:5 dichlormethane:methanol solvent system was used. For PQS 

localization studies, one-ml volumes of total bacterial culture, bacterial cells alone, cell-

free supernatant (filtered through 0.45-µm and 0.22-µm filters), ultracentrifuged 

supernatant (without MVs) and MVs were extracted with 3 ml of acidified ethyl acetate, 

after which the solvent was evaporated under a continuous stream of N2. After the 

extracts were concentrated 2–6-fold by resuspension in a 1:1 mixture of ethyl acetate 

and acetonitrile, 10 µl was analyzed by TLC. TLC plates were analyzed under ultraviolet 

excitation with an Alpha Innotech FluorChem 8900 imaging system. For PQS and PQS 

derivatives that were added to MOPS containing phenylalanine and tyrosine, 500 µl of 

the resuspended cell pellet and ultracentrifuged supernatant (without MVs) were 

http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p1�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p1�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p2�
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extracted with 1.5 ml of acidified ethyl acetate. Concentrated MVs (250 µl) were 

extracted with 1 ml of ethyl acetate, after which the extracts were dried (evaporated) 

under a continuous stream of N2. The extracts were analyzed as described above, 

except for TLC plates, which were analyzed under ultraviolet excitation with the Syngene 

G:Box. Percentages of PQS and PQS derivatives were determined with the Syngene 

Genetools software. Acyl-HSLs were quantified by Escherichia coli bioassays, with 

3OC12-HSL and C4-HSL as standards (143). 

 

3.2.4 LC–MS AND CID 

Purified MVs were extracted with three volumes of acidified ethyl acetate, the 

solvent was evaporated under a continuous stream of N2, and the extract was 

resuspended in 30% acetonitrile, 1% acetic acid. This extract was applied to a Magic 

2002 HPLC system (Michrom Bioresources, Inc. San Jose, CA) with a 5-μm, 1-mm x 

150-mm Higgins Clipeus C8 column connected to a Q_Star mass spectrometer (Applied 

Biosystems Foster, City, CA). Elution was with a gradient of 30–100% acetonitrile in 

water containing 1% acetic acid over a 60-min period at a flow rate of 40 μl min-1. 

Quinolones were quantified with a precursor ion scan of 172 (82). 

 

3.2.5 TRANSMISSION ELECTRON MICROSCOPY 

MVs were placed on Formvar-coated nickel grids and stained for 10 s with 2% 

phosphotungstic acid. Samples were viewed with a Hitachi H-7600 transmission electron 

microscope at 80 kV (Toronto, Ontario, Canada). 

http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p3�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p3�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p4�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p4�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p4�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p5�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p5�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p6�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p6�
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3.2.6 BIOLOGICAL ASSAYS 

Pyocyanin assays were performed from P. aeruginosa grown in MOPS succinate 

medium. Volumes (1 mL) of purified MVs, ethyl acetate extracts of purified MVs, or ethyl 

acetate extracts of MV-free supernatants were added to 1 ml of MOPS succinate 

medium. Overnight cultures of P. aeruginosa were diluted 1:1000 into these media and 

allowed to grow for 24 h at 37 °C, with shaking at 250 r.p.m. After extraction from 

cultures, pyocyanin was quantified spectrophotometrically at 520 nm as described 

previously (38). 

Lysis of S. epidermidis on Petri dishes was performed by thoroughly swabbing 

BHI agar medium with an overnight culture of S. epidermidis diluted to an OD600nm of 

0.1–0.2. After drying, sterile test discs (6.4 mm in diameter; Schleicher and Schuell) 

were placed on the surface of the agar. Five μl of an overnight culture of P. aeruginosa; 

20 μl of MVs (six fold concentrate); 20 μl of ethyl acetate extract of MVs (extract was 

from 20 μl of six fold concentrated MVs); or 20 μl of ethyl acetate as a control were 

added to the discs. Discs were allowed to dry at 25 °C and then cultures were incubated 

at 37 °C for 24 h. Plates were imaged with an Alpha Innotech FluorChem 8900 imaging 

system and zones of inhibition were measured. 

 

3.2.7 INHIBITION OF PROTEIN SYNTHESIS 

For protein synthesis inhibition experiments, 25 μg ml-1 tetracycline was added to 

a mid-exponential phase (OD600 of 0.3–0.4) pqsH mutant culture and incubated for 1 h at 

http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p7�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p8�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p8�
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37°C. The culture was then split into two cultures; one received no treatment and the 

other received 50 μM PQS. After 4 h, MVs were purified from these cultures and 

quantified as outlined above. 

 

3.2.8 HPLC 

For HHQ and HHQ derivatives grown in MOPS containing phenylalanine and 

tyrosine, 500 µl of the resuspended cell pellet and ultracentrifuged supernatant were 

extracted with 1.5 ml of ethyl acetate. Concentrated MVs (250 µl) were extracted with 1 

ml of ethyl acetate and these extracts were dried (evaporated) under a continuous 

stream of N2. After the extracts were resuspended in 250 µl of methanol, 50 µl was 

injected onto a Varian Pro Star HPLC system fitted with a Varian Pursuit 5 C8 ChromSep 

HPLC column. Elution was with a gradient of 30-100% methanol over a 50 minute period 

with a 1 ml/min flow rate. Percentage of quinolones was determined by measuring the 

peak absorbencies at 233 and 338 nm. 

 

3.3 RESULTS 

3.3.1 CELL-CELL SIGNAL LOCALIZATION 

P. aeruginosa, like most Gram-negative bacteria, naturally produces MVs 

originating from the outer membrane. Due to the hydrophobic nature of the quorum 

sensing molecules produced by P. aeruginosa (Table 3.1), 3OC12-HSL and PQS, I 

hypothesized that these signals would be present in MVs. To examine this, P. 

aeruginosa MVs were isolated and tested for the presence of 3OC12-HSL, C4-HSL and 
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PQS. Transmission electron microscopy illustrated that MVs were spherical in shape 

and roughly 50-150 nm in diameter (Fig. 3.2). Thin-layer chromatography (TLC), liquid 

chromatography–mass spectrometry (LC–MS) and biological assays revealed that P. 

aeruginosa MVs contain about 86% of the PQS produced by P. aeruginosa, whereas 

less than 1% of both the 3OC12-HSL and C4-HSL produced by P. aeruginosa was 

present in these vesicles (Table 3.1, Fig. 3.3). These results indicate that P. aeruginosa 

packages PQS but not acyl-HSL signaling molecules within MVs. 

 

 

 

http://www.nature.com/nature/journal/v437/n7057/full/nature03925.html#t1#t1�
http://www.nature.com/nature/journal/v437/n7057/full/nature03925.html#f1#f1�
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Figure 3.2: Transmission electron micrograph of negatively-stained P. aeruginosa 

membrane vesicles. 
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Table 3.1: Localization of QS signals 

 

 

 

 

Results for percentages of signals are means ± standard deviation for six replicate 

experiments of stationary-phase bacteria (OD600nm of 4.0-7.0) analyzed by TLC and E. 

coli bioassays (see Materials and Methods). PQS levels were also verified with LC-MS. 

Hydrophobicity values are predicted log P values calculated with the clogP software 

program. US Pharmacopeia defines water-solubility as log P < 0.5. 

 

 

 

  Percent Signal Present in fraction
Cells Supernatant

(no MVs)

MVs Hydrophobicity 

(logP)

PQS 9 ± 3 5 ± 5 86 ± 5 3.6

3OC12 2 ± 1 97 ± 5 <1 1.9

C4 <1 >99 <1 0.3

(no 

PQS

3OC12-HSL

C4-HSL

Substance Percent Signal Present in fraction
Cells Supernatant

(no MVs)

MVs Hydrophobicity 

(logP)

PQS 9 ± 3 5 ± 5 86 ± 5 3.6

3OC12 2 ± 1 97 ± 5 <1 1.9

C4 <1 >99 <1 0.3

(no 

PQS

3OC12-HSL

C4-HSL

Substance
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Figure 3.3: Packaging of the P. aeruginosa signaling molecule PQS into MVs. 

 
Culture components were purified as described in Materials and Methods, extracted with 

ethyl acetate and analyzed by TLC. Included on the TLC plate are 300 ng of chemically 

synthesized PQS as a reference (PQS), extract of total culture including cells and 

supernatant (Culture), extract of bacterial cells from the culture (Cells), extract of cell-

free supernatant (Sup.), extract of supernatant after the removal of MVs by 

ultracentrifugation (Sup. (no MVs)), and extract of purified MVs (MVs). 

 

 

 

  
PQS Culture Cells Sup.

Sup. 
(no MVs) MVs PQS Culture Cells Sup.

Sup. 
(no MVs) MVs PQS Culture Cells Sup.

Sup. 
(no MVs) MVs 
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3.3.2 QUINOLONES ARE PRESENT IN MEMBRANE VESICLES 

P. aeruginosa produces at least 55 quinolones aside from PQS (29, 82), 

including a quinolone that possesses significant antibiotic activity against Gram-positive 

bacteria (29, 88). The molecule 2-heptyl-4-hydroxyquinolone N-oxide (HQNO) was 

shown to be toxic to S. aureus; however, because most of the quinolones produced by 

P. aeruginosa have unknown functions, P. aeruginosa may produce other antimicrobial 

quinolones in addition to HQNO. Due to the structural similarity between these 

molecules and PQS (Fig. 3.1), I reasoned that other quinolones would also be packaged 

into MVs. To test this, LC–MS along with collision-induced dissociation (CID) were used 

to examine MVs for the presence of these quinolones. This analysis revealed that P. 

aeruginosa MVs contain other previously identified quinolones, as well as PQS and the 

antimicrobial quinolone HQNO (Fig. 3.4) (29, 82, 88). 

 

 

 

 

 

 

http://www.nature.com/nature/journal/v437/n7057/full/nature03925.html#f2#f2�
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Figure 3.4: Analysis of antimicrobial quinolones from P. aeruginosa MVs using 

LC-MS and CID. 

Shown is an ion chromatogram for quinolones within MVs, which present a major 

fragment ion at m/z 172. Listed on the elution profile are two quinolones, namely 4-

hydroxy-2-heptylquinolone (HHQ) and 4-hydroxy-2-nonylquinolone (HNQ), and their 

elution times. [M + H]+ ions for HHQ and HNQ had relative masses of 244 and 272, 

respectively. 
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3.3.3 PQS-CONTAINING MEMBRANE VESICLES HAVE BIOLOGICAL ACTIVITIES 

P. aeruginosa MVs have been shown to fuse to Gram-negative bacteria and 

attach to the surface of Gram-positive bacteria and eukaryotes, where they deliver their 

components (62, 65, 77). This would indicate that PQS-loaded and antimicrobial 

quinolone-loaded MVs might be biologically active. To evaluate the biological activity of 

PQS within MVs, a P. aeruginosa strain was constructed that contained a deletion in 

pqsH. PqsH catalyses the final step in PQS biosynthesis, so the pqsH mutant is unable 

to synthesize PQS. Because PQS regulates the transcription of genes necessary for the 

production of the secondary phenazine metabolite pyocyanin (46), the pqsH mutant 

produces very low levels of pyocyanin (Fig. 3.5); however, the exogenous addition of 

chemically synthesized PQS to this strain stimulates it to produce pyocyanin (Fig. 3.5). 

The addition of physiological concentrations of MVs to this mutant also increased 

pyocyanin levels, indicating that PQS contained within MVs is biologically active (Fig. 

3.5). PQS organically extracted from MVs also enhanced the production of pyocyanin, 

indicating that the inclusion of PQS within MVs is not required for biological activity. As 

expected, pyocyanin production was not stimulated by the addition of MV-free 

supernatant extracts to the pqsH mutant, indicating that the PQS biological activity is 

associated with MVs (Fig. 3.5). 
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Figure 3.5: Biological activities of P. aeruginosa MVs. 

Pyocyanin levels produced by the pqsH mutant cultured in the presence of synthetic 

PQS (25 µM), MVs (containing 15–25 µM PQS), ethyl-acetate-extracted MVs and ethyl-

acetate-extracted MV-free supernatant. Error bars represent the standard deviation. 
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3.3.4 ANTIMICROBIAL QUINOLONES ARE PRESENT IN MEMBRANE VESICLES 

I next examined the biological activity of the antimicrobial quinolones present 

within the MVs by evaluating the ability of P. aeruginosa MVs to inhibit the growth of 

actively dividing cells of the Gram-positive bacterium Staphylococcus epidermidis. 

Application of MVs directly to a lawn of S. epidermidis cells produced a zone of clearing 

similar to that produced by actively growing cells of P. aeruginosa (Fig. 3.6A). These 

results indicate that P. aeruginosa MVs possess significant antimicrobial activity. MVs 

from P. aeruginosa have previously been shown to lyse non-dividing Gram-positive 

bacteria, but this activity was attributed to peptidoglycan hydrolases within the MVs (62, 

66). To determine whether the lysis observed by MVs was due to proteins or 

antimicrobial quinolones within the MVs, I extracted the quinolones from the MVs by 

using an organic solvent. The quinolone extract was still able to lyse S. epidermidis, 

indicating that some antimicrobial activity was due to quinolones and not proteins within 

the MVs (Fig. 3.6B-D). 
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Figure 3.6: Antimicrobial activity of MVs from P. aeruginosa. 

BHI agar medium was swabbed with a confluent lawn of S. epidermidis and sterile discs 

were placed on the agar surface. Discs were then inoculated with an overnight culture of 

P. aeruginosa (A), purified MVs (B), ethyl acetate extract of purified MVs (C) or ethyl 

acetate as a control (D). 
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3.3.5 PQS IS IMPORTANT IN MEMBRANE VESICLE FORMATION 

I next determined whether in addition to being packaged within MVs, the 

quinolones produced by P. aeruginosa actively initiate MV formation. To test this, MV 

formation was examined in a P. aeruginosa strain that possesses a mutation in the pqsA 

gene: PqsA is required for the production of all known quinolones in P. aeruginosa (Fig. 

1.2). MV production by the pqsA mutant was nearly abolished (Fig. 3.7), indicating that 

quinolone production is crucial for MV formation in P. aeruginosa. 

Because the pqsA mutant is deficient in the production of all quinolones, it was 

not clear whether all or a subset of these molecules is required for MV formation. To 

address this question, I evaluated MV formation by the pqsH mutant. Although the pqsH 

mutant does not synthesize PQS, all other classes of quinolones are produced by this 

strain, including the direct precursor to PQS, 2-heptyl-4-quinolone (HHQ). The pqsH 

mutant was also highly deficient in MV formation; however, the addition of physiological 

levels of chemically synthesized PQS to cultures of this mutant restored MV formation 

(Fig. 3.7). In fact, not only did PQS addition stimulate MV formation by PA14-pqsH, but 

60–80% of the added PQS was packaged within these MVs (Fig. 3.8). The addition of 

synthetic PQS to the pqsA mutant also stimulated MV formation (Fig. 3.7), indicating that 

PQS alone is sufficient to induce MV formation. Furthermore, MVs produced by the 

pqsH mutant after the addition of PQS had significant antimicrobial activity, indicating 

that antimicrobial quinolones were also packaged within these MVs (data not shown). 

Taken together, these data indicate that PQS is required and sufficient for MV formation 

in P. aeruginosa, and that exogenous PQS mediates its own packaging and the 

packaging of other quinolones into these vesicles. 
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Figure 3.7: Exogenous PQS stimulates P. aeruginosa MV production. 

 
MV formation by the pqsA mutant and the pqsH mutant cultured with and without 50 µM 

PQS. Error bars represent the standard deviation.
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Figure 3.8: Examination of the localization of PQS after exogenous addition to the 

pqsH mutant. 

Culture components were analyzed by TLC. Included on the TLC plate were the 

following: 300 ng of chemically synthesized PQS as a reference (PQS), extract of total 

culture (Culture), extract of bacterial cells (Cells), extract of cell-free supernatant (Sup.), 

extract of supernatant after the removal of MVs (Sup. (no MVs)), and extract of purified 

MVs (MVs). 
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3.3.6 PQS SIGNALING IS NOT REQUIRED FOR MEMBRANE VESICLE FORMATION 

PQS signaling controls the transcription of numerous genes in P. aeruginosa (28, 

46), so it was not clear whether PQS or factors regulated by PQS are important for the 

production of MVs. To address this question, I evaluated the ability of exogenously 

added PQS to stimulate MV formation by the pqsH mutant in the presence of the protein 

synthesis inhibitor tetracycline. The addition of PQS stimulated MV formation in 

tetracycline-treated pqsH mutant bacteria (Fig. 3.9), indicating that active growth and 

protein synthesis are not required for MV stimulation by PQS. To confirm this 

observation, MV formation was evaluated with a P. aeruginosa strain that does not 

produce the PQS-dependent transcriptional regulator MvfR (18, 28). MvfR is required for 

PQS production and PQS-mediated gene regulation; thus, the mvfR mutant is unable to 

induce the transcription of PQS-controlled genes even in the presence of exogenous 

PQS. As expected, the mvfR mutant did not produce MVs; however, the exogenous 

addition of PQS stimulated MV formation in this strain (Fig. 3.9). 
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Figure 3.9: PQS-mediated gene regulation is not required for MV formation. 

 
MV formation was assessed for protein-synthesis-inhibited (by the antibiotic tetracycline) 

pqsH mutant cells cultured in the presence and absence of exogenous PQS. Similar 

results were obtained with the protein synthesis inhibitor chloramphenicol (data not 

shown), and the addition of protein synthesis inhibitors halted the growth of P. 

aeruginosa. MV formation was also assessed for the mvfR mutant cultured in the 

presence and absence of exogenous PQS. Error bars represent the standard deviation. 
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3.3.7 THE ALKYL CHAIN AND HYDROXYL GROUP ON PQS IS IMPORTANT FOR 

MEMBRANE VESICLE FORMATION 

These data indicate that PQS-mediated MV formation in P. aeruginosa is not due 

to the regulatory role of PQS, but instead implies a direct role for this molecule in MV 

formation and signal trafficking. To determine the importance of the PQS structure on 

MV formation, PQS derivatives were examined for their ability to induce MV formation in 

a pqsA/H double mutant. This double mutant does not convert HHQ or HHQ derivatives 

to PQS, allowing their direct impacts on MV formation to be measured. Compared to the 

P. aeruginosa wildtype, the pqsA/H strain produced significantly less MVs (Fig. 3.10). 

PQS derivatives that possess decreasing lengths of the alkyl chains from a 7-carbon 

(wildtype PQS, C7) to a 5-carbon (C5), 3-carbon (C3), and 0-carbon (C0) alkyl chain were 

added to the pqsA/H mutant to determine the impact of alkyl chain length on MV 

formation. The PQS derivatives induced MV formation, but not to the same levels as 

wild-type PQS (Fig. 3.10). The length of the alkyl chain correlated with MV formation, 

with longer alkyl chains enhancing MV formation. The addition of HHQ as a control did 

not induce MV formation as expected (Fig. 3.10). HHQ derivatives with decreased alkyl 

chain lengths also did not induce MV formation (data not shown). Not only do these data 

suggest that the alkyl chain length is critical for inducing MV formation, but also that alkyl 

chain length is important for MV production. 
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Figure 3.10: Alkyl chain length and the hydroxyl group present on PQS is crucial 

for P. aeruginosa MV formation. 

MV production by wild-type and the pqsA/H double mutant (M) with and without the 

addition to cultures of HHQ, PQS, and PQS derivatives. Error bars represent the 

standard deviation. 
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To ensure that PQS and PQS derivatives were inducing MV formation, 

transmission electron microscopy was used to visualize artificially induced MVs. 

Naturally produced MVs were abundant in the wild-type culture supernantant, but were 

scarce in the pqsA/H strain culture supernatant (Fig. 3.11). Transmission electron 

micrographs revealed the presence of artificially induced MVs by the PQS derivatives 

that were the same size and shape as natural wild-type MVs (Fig. 3.11).  
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Figure 3.11: Transmission electron micrographs of negatively-stained natural and 

artificially induced P. aeruginosa MVs.  

MVs from wild-type and pqsA/H mutant cells cultured with and without the addition of 

PQS derivatives. Structures of PQS and PQS derivatives are shown next to their 

corresponding micrographs. 
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Since PQS derivatives caused abundant MV formation, I was interested in 

examining if the side chain affected their localization. To determine the localization of 

PQS derivatives within the cell culture, studies were carried out using TLC. As shown in 

Table 3.2, PQS derivatives with C0 and C3 alkyl chain lengths were mostly present in the 

MV-free supernatant, whereas the PQS derivative with a C5 alkyl chain length and PQS 

were found to be associated with the cells and MVs. This suggests that the alkyl chain 

length is important for association with MVs. As a control, the localization of HHQ and 

HHQ derivatives were determined with HPLC analysis. Table 3.2 shows that the majority 

of HHQ derivatives was present in the supernatants, whereas HHQ was found in the 

supernatants and associated with bacterial cells. These observations imply that the 

length of the alkyl chain allows HHQ to associate with cells, but the hydroxyl group is 

critical for inducing MV formation. 
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Table 3.2. Localization of PQS, HHQ and their derivatives. 

 

 

 

 

 

 

 

 

 
Results are percentages of quinolones associated with cells, supernatants, or MVs 

(means ± standard deviation) for duplicate or triplicate measurements. Cn dictates the 

length of the alkyl chain of PQS and HHQ derivatives. PQS-C7 and HHQ-C7 represent 

PQS and HHQ respectively.

 Quinolone

Cells Supernatant MVs

PQS-C0 3.2 ± 4.4 91.8 ± 0.1 5 ± 4.5
PQS-C3 4.5 ± 5.8 89.8 ± 3.2 5.7 ± 2.5
PQS-C5 29.9 ± 5.3 47.8 ± 0.7 22.3 ± 4.6
PQS-C7 31.7 ± 13.5 15.1 ± 0.1 53.2 ± 13.6

HHQ-C0 <1 95.8 ± 0.1 4.2 ± 0.1
HHQ-C3 1.4 ± 0.5 97.7 ± 0.6 0.8 ± 0.1
HHQ-C5 2.8 ± 1.6 94.2 ± 3.3 3.0 ± 1.7
HHQ-C7 31.0 ± 2.9 69.0 ± 2.9 <1

Percent present in FractionQuinolone

Cells Supernatant MVs

PQS-C0 3.2 ± 4.4 91.8 ± 0.1 5 ± 4.5
PQS-C3 4.5 ± 5.8 89.8 ± 3.2 5.7 ± 2.5
PQS-C5 29.9 ± 5.3 47.8 ± 0.7 22.3 ± 4.6
PQS-C7 31.7 ± 13.5 15.1 ± 0.1 53.2 ± 13.6

HHQ-C0 <1 95.8 ± 0.1 4.2 ± 0.1
HHQ-C3 1.4 ± 0.5 97.7 ± 0.6 0.8 ± 0.1
HHQ-C5 2.8 ± 1.6 94.2 ± 3.3 3.0 ± 1.7
HHQ-C7 31.0 ± 2.9 69.0 ± 2.9 <1

Percent present in Fraction
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3.4 DISCUSSION 

The goal of this study was to understand how hydrophobic cell-cell signals are 

trafficked within a bacterial population. P. aeruginosa produces three known signaling 

molecules, 3OC12-HSL, C4-HSL, and PQS, to sense cell density and coordinate group 

behaviors. Due to the hydrophobic nature of 3OC12-HSL and PQS, I hypothesized that 

one or more of these QS signals would be associated with MVs. This study showed that 

PQS was the main quorum sensing molecule present in MVs, and that less than 1% of 

3OC12-HSL was contained in MVs. This was the first report to demonstrate that a 

prokaryote uses vesicles to traffic signals, in a manner similar to that of higher 

organisms (93).  

P. aeruginosa produces 55 quinolones that possess similar structures. 

Interestingly, our investigation showed that a number of these molecules are present in 

MVs, including ones with known antimicrobial activity. Although these molecules are 

packaged within MVs, the cell-cell signaling molecule PQS, is the only quinolone 

necessary for MV formation. Our studies suggest that the alkyl side chain and hydroxyl 

group of PQS are important for MV formation. Based on these observations, I propose a 

model where PQS inserts into the outer membrane, via the alkyl side chain. Once 

localized to the outer membrane, the 3rd position hydroxyl mediates MV formation. This 

model will be explained further in the next chapter. 

The production of MVs is an expensive process and requires replenishment of 

the outer membrane. This suggests that the production of MVs is beneficial to the 

organisms from which they are derived. The advantage of packaging quinolones into 

MVs might serve several functions. In some environments, dissemination of these 

hydrophobic molecules might be facilitated by their packaging into MVs. Because P. 

aeruginosa MVs deliver internal contents to Gram-negative and Gram-positive bacteria 
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(62), MVs might act to concentrate quinolones to allow their mass delivery to 

surrounding bacteria. Recent studies also indicate that acyl-HSL signals are degraded 

by prokaryotic and eukaryotic cells, and this degradation can halt communication within 

a bacterial population (22, 80, 85, 139). The chemical structure of PQS makes it a likely 

substrate for such degradation, so it is plausible that their packaging into MVs might 

protect PQS from catabolism by surrounding cells. Our studies also have implications in 

medicine. For example, after P. aeruginosa colonizes the lungs of most patients with 

cystic fibrosis, the resulting infections are often maintained throughout the life of the 

patient, and usually the mail cause of death. Cell–cell signaling and antimicrobial 

quinolone production by P. aeruginosa have been proposed to be important for 

virulence, antibiotic resistance and competition with other bacteria in the lungs of 

patients with cystic fibrosis (23, 88, 103), indicating that inhibiting PQS-mediated MV 

formation could aid in the treatment of P. aeruginosa infections in cystic fibrosis. 

My study indicates that a bacterial cell–cell signal mediates the packaging of 

itself and other small molecules into MVs. The use of MVs to coordinate group behavior 

in a prokaryote draws parallels to eukaryotic vesicle trafficking systems and illustrates 

that prokaryotes possess communication systems analogous to those commonly used 

by multicellular organisms. As in higher organisms, vesicle trafficking in P. aeruginosa is 

an active process that requires specific components, and inhibition of this process 

significantly alters the physiology of the cell population. These findings also provide 

evidence for the physiological relevance of bacterial MVs in cell–cell signaling and 

significantly enhance our understanding of the regulation of prokaryotic social activities. 
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CHAPTER 4: INTERACTION OF QUORUM SIGNALS WITH 

OUTER MEMBRANE LIPIDS: INSIGHTS INTO PROKARYOTIC 

MEMBRANE VESICLE FORMATION 

 

4.1 INTRODUCTION 

 Pseudomonas aeruginosa is a ubiquitous Gram-negative bacterium and a 

frequent cause of opportunistic infections in immunocompromised individuals. P. 

aeruginosa is a primary colonizer of the lungs of individuals with the genetic disorder 

cystic fibrosis, where approximately 80% of individuals over eight years of age are 

chronically infected. P. aeruginosa is also a common cause of nosocomial infections 

including intensive care unit pneumonia, and these infections are often life-threatening 

due to the inherent antibiotic resistance of this bacterium. P. aeruginosa pathogenesis is 

complex and involves a wide-array of extracellular factors critical for colonization and 

disease progression. Many of these factors are controlled by a cell density-dependent 

process termed quorum sensing (QS). QS involves production and sensing of small 

extracellular signaling molecules that allow a bacterium to monitor and respond to its 

own cell density. P. aeruginosa QS utilizes multiple signaling molecules, including 2-

heptyl-3-hydroxy-4-quinolone (termed the Pseudomonas Quinolone Signal or PQS), 

which collectively allow this bacterium to communicate and coordinate its group activities 

(103, 108). QS controls expression of approximately 500 genes in P. aeruginosa (124, 

135), including many that are required for virulence in multiple plant, mammalian, and 

insect models (60, 104).  
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 The QS paradigm involves secretion of signaling molecules into the extracellular 

milieu where they diffuse between cells to allow coordinated group behaviors. Unlike 

many other QS signaling molecules, PQS is extremely hydrophobic, making its diffusion 

into the extracellular milieu unlikely. Our laboratory recently demonstrated that PQS 

does not follow the classical QS signal tenet, but is instead trafficked within the P. 

aeruginosa population via membrane vesicles (MVs) (93). MVs are produced by most 

Gram-negative bacteria and arise through bulging and pinching off of the outer 

membrane. Similar to the outer membrane, MVs are bilayered with an outer leaflet of 

lipopolysaccharide (LPS) and an inner leaflet of phospholipids (4, 5, 19, 27, 41, 65, 67, 

83, 109). Aside from PQS, MVs serve as trafficking vehicles for a wide-array of 

biologically relevant molecules including bacterial toxins, DNA, antibiotic resistance 

determinants, and antimicrobial compounds (77, 90).  

 Although the biological relevance of MVs has been noted for over 20 years, 

mechanistic insights into MV formation are limited. In the previous chapter it was 

demonstrated that PQS is required for MV formation in P. aeruginosa (93); thus 

implicating a small signaling molecule as a key player in MV formation. Based on these 

observations, I proposed a model for P. aeruginosa MV formation in which PQS interacts 

with the LPS component of the outer membrane to initiate MV formation (90, 91). LPS is 

composed of lipid A, core oligosaccharides, and the polysaccharide O-antigen. The lipid 

A portion of LPS serves as the lipid anchor and is commonly composed of fatty acids, 

sugars, and phosphate groups (Fig. 4.1A). Adjacent lipid A molecules in the outer 

membrane exhibit charge repulsion due to the close proximity of terminal phosphates 

and are stabilized in vivo by divalent cation salt bridges (4).  

LPS structures for many bacteria are known; however few have been utilized 

experimentally to examine interactions with small molecules. LPS from Salmonella 
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minnesota strain R60 has been used extensively to examine interactions of small 

molecules with the bacterial outer membrane. S. minnesota R60 possesses lipid A with 

a chemical structure similar to the lipid A of P. aeruginosa, although R60 LPS does not 

contain O-antigen (Fig. 4.1A). To examine the roles of PQS in MV formation and test our 

model that PQS interacts with lipid A, biophysical techniques were used to examine the 

interactions of PQS with LPS from P. aeruginosa and S. minnesota R60. Our results 

demonstrate that PQS interacts more strongly with LPS than with the phospholipid 

component of the outer membrane. Specifically, PQS interacts with the 4’-phosphate 

and acyl chains of lipid A. I also provide evidence that the 3rd position hydroxyl of PQS 

and the length of the alkyl side chain are critical for mediating these interactions. 
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Figure 4.1: Structures of molecules referred to in this chapter. 

 
(A) Structure of lipid A of S. minnesota R60 and P. aeruginosa PA14. Black represents 

shared structural components, substituents in red are specific to S. minnesota, and 

substituents in blue are specific to P. aeruginosa. Unlike other Salmonella spp., R60 

primarily possesses a free 4’-phosphate that is not modified with aminoarabinose (6, 

130). Although not included, the 1-phosphate of R60 may be modified with 

phosphoethanolamine. (B) Structures of quinolones used in this study: 2-heptyl-3-

hydroxy-4-quinolone (PQS), 2-heptyl-4-quinolone (HHQ), 3-hydroxy-4-quinolone (3OH-

4Q) and 4-quinolone (4Q).
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4.2 MATERIALS AND METHODS 

 

4.2.1 LIPIDS AND QUINOLONES 

Lipopolysaccharides from the rough mutant S. minnesota strain R60 and 

Pseudomonas aeruginosa strain PA14 were extracted and purified by the 

phenol/chloroform/petrol ether method (44),  from bacteria grown at 37°C, and 

lyophilized. The phospholipids phosphatidylethanolamine (PE) from Escherichia coli and 

phosphatidylglycerol (PG) from phosphatidylcholine were purchased from Sigma (St. 

Louis, MO). All lipid samples were prepared as aqueous suspensions in 20 mM HEPES, 

pH 7.4. The lipids were suspended directly in buffer and were temperature-cycled 3 

times between 5 and 70°C and then stored for at least 12 h before measurement. To 

guarantee physiological conditions, the water content of the samples was usually around 

95 %.   

For preparations of liposomes, PE and PG were solubilized in chloroform, and 

the solvent was evaporated under a stream of nitrogen. The lipids were resuspended in 

the appropriate volume of HEPES buffer, and treated as described above (temperature-

cycling). The resulting liposomes were large and multilamellar as detected in some 

electron microscopic experiments (kindly performed by H. Kühl, Div. of Pathology, 

Forschungszentrum Borstel). All quinolones were purchased from Synthech Solutions 

(San Diego, CA). Quinolones were either resuspended in a 1:1 mix of ethyl 

acetate:acetonitrile or methanol. 
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4.2.2 ISOLATION AND QUANTIFICATION OF MEMBRANE VESICLES 

A pqsA/pqsH (pqsA-H-) double mutant in P. aeruginosa PA14 was constructed by 

the insertion of aacC1 into the pqsH coding region (93) of the pqsA Tn5 mutant (92). For 

MV preparation, an overnight culture of P. aeruginosa pqsA-H- was diluted to an OD600nm 

of 0.05 in MOPS minimal media (92) containing 10 mM tyrosine and 10 mM 

phenylalanine and allowed to grow at 37°C with shaking at 250 r.p.m. for 15 hours. 

Quinolones were added for 5 hours and MV formation quantified. S. minnesota R60 was 

diluted to an OD600nm of 0.05 in MOPS minimal media containing 20 mM glucose with 

and without the addition of 50 µM PQS or HHQ and allowed to grow at 37°C with 

shaking at 250 r.p.m for 7 hours. MVs were purified as described previously (65), except 

that ultracentrifugation was performed at 265,000 g for 60 min in a Beckman 70.1 Ti 

rotor. For quantitative purposes, MV preparations were subjected to one buffer 

exchange with Nanosep 300-kDa omega centrifugal devices (Pall Life Sciences, East 

Hills, NY). Protein content of the MVs was used as a measure of MV levels using the 

Coomassie Plus Protein assay (Pierce Biotechnology, Inc. Rockford, IL). 

 

4.2.3 FOURIER-TRANSFORM INFRARED SPECTROSCOPY (FTIR) 

The infrared spectroscopic measurements were performed with an IFS-55 

spectrometer (Bruker, Karlsruhe, Germany). The lipid samples were placed in a CaFB2B 

cuvette with a 12.5 µm teflon spacer. Temperature-scans were performed automatically 

between 10 to 70°C with a heating-rate of 0.6°C/min. Every 3°C, 200 interferograms 

were accumulated; apodized, Fourier transformed, and converted to absorbance 

spectra. For strong absorption bands, the band parameters (peak position, band width, 

band intensity) were evaluated from the original spectra, and if necessary after 

http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p1�
http://www.biocompare.com/natureproducts/go.asp?id=nature03925_p_p1�
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subtraction of the strong water bands. The main vibrational bands used for the analysis 

were the asymmetrical stretching vibration of the methylene groups νsB(CH2) located 

around 2850 cm-1, a measure of order of the lipid A chains, and the asymmetric 

stretching vibrations bands of the negatively charged phosphate groups νas(PO2
-)  in the 

range 1280 to 1200 cm-1  (9). 

 

4.2.4 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

DSC measurements were performed with a MicroCal VP scanning calorimeter 

(MicroCal, Inc., Northhampton, MA, USA). The heating and cooling rates were 1°C/min. 

Heating and cooling curves were measured in the temperature interval from 10 to 80°C. 

The phase transition enthalpy was obtained by integration of the heat capacity curve as 

described previously (61). Usually, three consecutive heating and cooling scans were 

measured. The lipids, as well as the quinolones, were dissolved in an organic solvent 

composed of acetyl nitrile and ethyl acetate 1:1 v/v. Lipid to quinolone at a 1:1 molar 

ratio was prepared by pipetting the corresponding amount of quinolone to the lipid. The 

organic solvent was rapidly removed by gently heating the sample to 30°C under a 

nitrogen stream. After solvent evaporation, the samples were kept over night under 

vacuum to remove solvent traces. The DSC samples were prepared by dispersing the 

sample in PBS buffer at pH 7.4. The lipid dispersion was prepared according to recently 

described protocols at a concentration of approximately 2 mg/ml (corresponds to 0.5 

mM). 
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4.2.5 ISOTHERMAL TITRATION CALORIMETRY (ITC) 

Microcalorimetric measurements of the binding of the quinolones to LPS were 

performed on a MCS isothermal titration calorimeter (Microcal Inc., Northampton, MA, 

USA) at 37°C. P. aeruginosa LPS samples (0.1 mM) were dispensed into the 

microcalorimetric cell (volume 1.5 ml). Since the quinolones are not soluble in aqueous 

buffers, they were co-solubilized with PE. The resulting mixture was loaded into the 

syringe compartment (volume 100 µl), after thorough degassing of each of the 

suspensions by ultrasonification. After temperature equilibration, the PE:quinolone 

mixtures were titrated in 3 µl portions every 5 minutes into the LPS-containing cell under 

constant stirring, and the heat of interaction after each injection was measured by the 

ITC instrument and plotted versus time. The titration curves were repeated three times. 

As a control, pure PE was titrated into the LPS dispersion. 

 

4.2.6 X-RAY DIFFRACTION 

X-ray diffraction measurements were performed at the European Molecular 

Biology Laboratory (EMBL) outstation at the Hamburg synchrotron radiation facility 

HASYLAB using the SAXS camera X33 (72). Diffraction patterns in the range of the 

scattering vector 0.1 < s < 1.0 nmP-1P (s = 2 sin θ/λ, 2θ scattering angle and λ the 

wavelength = 0.15 nm) were recorded at 40°C with exposure times of 1 min using an 

image plate detector with online readout (MAR345, MarResearch, 

Norderstedt/Germany) (118). The s-axis was calibrated with Ag-behenate, which has a 

periodicity of 58.4 nm. The diffraction patterns were evaluated as described  previously 

(8) assigning the spacing ratios of the main scattering maxima to defined three-
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dimensional structures. The lamellar and cubic structures are most relevant here. They 

are characterized by the following features: 

(1) Lamellar: The reflections are grouped in equidistant ratios, i.e., 1, 1/2, 1/3, 1/4, etc. of 

the lamellar repeat distance dBlB. 

(2) Cubic: The different space groups of these non-lamellar three-dimensional structures 

differ in the ratio of their spacings. The relation between reciprocal spacing shklB = 1/dhklB 

and lattice constant a is 

shklB = [(h2 + k2 + l2) / a ]1/2 

(hkl = Miller indices of the corresponding set of plane). 

 

4.2.7 FREEZE-FRACTURE AND CRYO-TRANSMISSION ELECTRON MICROSCOPY 

S. minnesota R60 LPS and LPS:quinolone mixtures were prepared as described 

above at 90% water content (3-5 mg/30 µl). For cryo-transmission experiments, 3 µl of 

the dispersion were placed on a copper grid with perforated carbon film (Quantifoil R 

1.2/1.3, Jena, Germany), and excess liquid was blotted automatically for two seconds 

between two strips of filter paper. Subsequently, the samples were rapidly plunged into 

liquid ethane (cooled to ~ -175°C) in a cryo-box (Zeiss, Oberkochen, Germany). Excess 

ethane was removed with a piece of filter paper. The sample was transferred with a 

liquid nitrogen-cooled holder (Gatan 626, München, Germany) into the cryo-TEM (Philips 

CM 120, Netherlands) and investigated at 120 kV. The micrographs were generated by 

a Tietz-Fast Scan CCD Camera (TVIPS, Gauting, Germany). 

For freeze-fracturing, the samples, copper sandwich profiles, and instruments for 

manipulation were incubated at room temperature or at 40°C. A small amount of the 

sample was sandwiched between two copper profiles as used for the double-replica 
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technique and frozen by plunging the sandwiches immediately into liquefied 

ethane/propane-mixture cooled in liquid nitrogen. Fracturing and replication were 

performed at –150°C in a BAF 400T freeze-fracture device (BAL-TEC, Liechtenstein) 

equipped with electron guns and a film sheet thickness monitor. The replicas were 

placed on copper grids, cleaned with a chloroform-methanol mixture, and examined in 

an EM 901 electron microscope (Zeiss, Oberkochen, Germany). 

 

4.2.8 FLUORESCENCE RESONANCE ENERGY TRANSFER SPECTROSCOPY (FRET)0 

The extent of intercalation of the quinolones into P. aeruginosa LPS aggregates 

or into liposomes made from PE or PG was determined by FRET spectroscopy applied 

as a probe dilution assay (123). To the aggregates or liposomes, which were labelled 

with the donor dye 4-nitro-benz-2-oxa-phosphatidylethanolamine (NBD-PE) and 

acceptor dye Rhodamine-phosphatidylethanolamine (Rh-PE), the quinolones were 

added, all at final molar ratio of 1:10, LPS or PE:quinolones. Intercalation was monitored 

as the increase of the ratio of the donor intensity ID at 531 nm to that of the acceptor 

intensity IA at 593 nm (FRET signal) over 300 seconds. 

 

 

4.3 RESULTS 

4.3.1 PQS ALTERS THE ACYL CHAIN MELTING TRANSITION OF LPS 

The gel to liquid crystalline phase transition from a well-ordered (gel) into an 

unordered (liquid crystalline) state is a characteristic property of all membrane lipids that 
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occurs as the temperature increases. For well-studied enterobacterial lipid A, such as 

that from S. minnesota R60, this phase transition lies in the range 30-37°C, depending 

on the length of the carbohydrate moiety (127). Since all molecules vibrate at a 

characteristic frequency, infrared (IR) spectroscopy can be utilized to study the phase 

transition of lipid A by examination of this vibrational spectrum. The peak position of the 

asymmetric stretching vibration of well ordered lipid A occurs at 2850 cm-1 and increases 

as the gel-like state transitions to the liquid crystalline state. To investigate their effects 

on the acyl chains of lipid A, PQS and the non-hydroxylated PQS derivative 2-heptyl-4-

quinolone (HHQ, Fig. 4.1B) were added to S. minnesota R60 LPS and examined by IR 

spectroscopy. The results indicate that HHQ alters the phase transition of LPS slightly, 

but at 37°C not at all (Fig. 4.2). In contrast, PQS interacts strongly with LPS by 

decreasing the acyl chain fluidity (strong decrease of the wavenumbers), thus inhibiting 

the transition of LPS from a well-ordered (gel) into an unordered (liquid crystalline) state. 

This inhibition was most prominent at temperatures above 30°C, indicating that PQS 

influences the acyl chains of lipid A by making them more ordered. 
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Figure 4.2: Phase transition of LPS is affected by PQS and not HHQ. 

Gel to liquid crystalline phase transition of the acyl chains of S. minnesota R60 LPS 

were measured by infrared spectroscopy alone, with an equimolar ratio of PQS, and an 

equimolar amount of HHQ. Temperature scans were performed between 10 to 70°C with 

a heating rate of 0.6°C/minute. Plotted is the peak position of the symmetric stretching 

vibrational band of the methylene groups versus temperature, which is a sensitive 

measure of the acyl chain order. These data are representative of separate duplicate 

measurements. 
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The transition of LPS from an ordered gel-like to an unordered liquid crystalline 

state can also be assessed using Differential Scanning Calorimetry (DSC). DSC 

examines the amount of energy required for LPS to complete its phase transition. The 

heat capacity curve of S. minnesota R60 LPS is characterized by an endothermic phase 

transition representing the transition from a gel into the liquid crystalline phase (Fig. 4.3). 

The corresponding phase transition enthalpy was 18 kJ/mol, with a heat capacity 

maximum at 31°C. The presence of PQS reduced the phase transition enthalpy to 10 

kJ/mol, and the maximum of the heat capacity was slightly shifted to a lower temperature 

(30.4°C). This result indicates a strong reduction of the van der Waals interaction 

between the hydrocarbon chains of the lipids due to the presence of PQS. The infrared 

investigation of the thermotropic phase properties of an equimolar ratio of LPS:PQS 

indicates an additional increase of the gauche isomers between 50-55°C. This transition 

was however, not accompanied by a change in the heat capacity curve. In contrast to 

the effect induced by PQS, the presence of HHQ shifted the maximum of the heat 

capacity curve to ~32.5°C, with a slight increase of the phase transition enthalpy to 21 

kJ/mol (Fig. 4.3). The lower phase transition enthalpy observed upon PQS addition 

corroborates the IR data demonstrating that PQS decreases the acyl chain fluidity of 

lipid A.  

In order to elucidate the importance of the PQS alkyl chain for biological activity, 

a PQS derivative that does not contain an alkyl chain (3-hydroxy-4-quinolone or 3OH-

4Q, Fig. 4.1B) was also investigated. The addition of 3OH-4Q considerably broadened 

the coexistence of the LPS phase transition (Fig. 4.3), indicating that two maxima in the 

heat capacity were observed, one at ~32°C and another at ~39°C. The former is located 

close to the maximum of the heat capacity curve of the pure LPS system. The second 

maximum is indicative of a strong interaction of the lipid head group with the PQS 
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derivative. The overall phase transition enthalpy was increased to 24 kJ/mol. The 

reproducibility of the phase behavior for the system LPS:3OH-4Q was demonstrated by 

running up to 5 heating scans, which were in each case identical. Comparing the 

calorimetric results of PQS with 3OH-4Q indicated that the PQS alkyl chain induced a 

destabilization and perturbation of the lipid hydrocarbon chain organization, which is 

associated with a decrease of the phase transition enthalpy. 
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Figure 4.3: Thermodynamic studies of the phase transition of LPS in the presence 

of PQS and HHQ. 

Differential calorimetric scan of S. minnesota R60 LPS assayed in the absence and 

presence of an equimolar amount of PQS, HHQ, and 3OH-4Q. Heating scans were 

performed from 10 to 80°C with a heating rate of 1°C/min. Plotted is the specific molar 

excess heat capacity versus temperature. These data are representative of at least three 

separate scans. 
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4.3.2 PQS ALTERS THE HYDRATION AND MOBILITY OF THE 4’-PHOSPHATE OF P. 

AERUGINOSA LIPID A 

Our analysis with S. minnesota R60 LPS indicated a strong interaction between 

PQS and LPS. Although these results provide new information regarding LPS:PQS 

interactions, it is critical to examine PQS interactions with native P. aeruginosa LPS. The 

techniques utilized thus far are not feasible with P. aeruginosa LPS due to its high fluidity 

as compared to that of S. minnesota R60 (data not shown); thus I utilized a second IR 

technique (attenuated total reflectance, or ATR) which allowed examination of PQS with 

specific P. aeruginosa LPS constituents. For these experiments, aqueous suspensions 

of P. aeruginosa LPS with and without PQS and HHQ were assayed by ATR. The IR 

data (spectral range 1800 to 900 cm-1) of the pure quinolones is shown in Figure 4.4. 

The spectra of HHQ alone and in the presence of LPS were nearly the same (indicating 

little interaction), whereas those of PQS alone and in the presence of LPS largely 

differed (Fig. 4.4 & 4.5A-B,), indicating a strong interaction.  
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Figure 4.4: Infrared spectra in the wavenumber range 1800 to 900 cm-1 for the pure 

quinolones PQS and HHQ. 

Solutions of HHQ (A) and PQS (B) LPS + HHQ (C) and LPS + PQS (D) were dried 

(evaporated) on the ATR crystal and the vibrational spectra measured. Within this range 

specific functional groups within LPS can be studied. By comparing the quinolones alone 

and the quinolone:LPS mixture, the influences of the quinolones on LPS and LPS on the 

quinolones can be examined. Spectra of HHQ alone and in the presence of LPS were 

nearly identical, whereas those of PQS alone and PQS with LPS were drastically 

different. These data are representative of duplicate measurements. 
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To study the influence of the quinolones on specific P. aeruginosa lipid A 

functional groups, the spectral range 1280 to 1220 cm-1 was monitored (Fig. 4.5A-B). In 

this range, the bands corresponding to the asymmetric stretch of the negatively charged 

phosphates νas(PO2
-) are found. For LPS, two bands at 1260 and 1230 cm-1 are 

characteristic of the 4’-phosphate and 1-phosphate, respectively, of the lipid A moiety 

(9). It has been shown that the LPS lipid A backbone has a strong inclination of the 

plane of the diglucosamine bisphosphoryl headgroup having an angle of 45 to 55° with 

respect to the membrane plane (perpendicular to the direction of the acyl chains) (126). 

Thus, the 4’-phosphate is buried in the hydrophobic moiety between neighboring LPS 

molecules, whereas the 1-phosphate projects outwards into the hydrophilic environment. 

Addition of the spectra corresponding to HHQ and LPS alone are equivalent to that of 

the LPS:HHQ mixture; thus indicating that HHQ exhibits little interaction with either 

phosphate (Fig 4.5A). In contrast, addition of the PQS and LPS spectra drastically differ 

from the PQS:LPS complex, particularly in regard to the 4’-phosphate (Fig. 4.5B). These 

results indicate that PQS interacts strongly with the 4’-phosphate in the hydrophobic 

moiety by making it more hydrated and mobile (indicated by a peak shift and increase in 

peak height respectively), while little interaction is observed with the 1-phosphate. 

Removal of the PQS alkyl side-chain (3OH-4Q) eliminated this interaction (data not 

shown). These data along with Figs. 4.2 and 4.3 demonstrate that PQS, but not HHQ, 

interacts strongly with LPS from P. aeruginosa and S. minnesota R60. 
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Figure 4.5: Interaction of PQS with the 4’-phosphate of lipid A. 

Infrared spectra in the wavenumber range 1300 to 1220 cm-1 for P. aeruginosa LPS 

assayed with and without PQS and HHQ. This range corresponds to the asymetric 

stretch of the phosphate groups of lipid A. The characteristic wavenumbers for the 4’- 

and 1-phosphate are 1260 and 1230 cm-1 respectively. LPS alone, quinolones alone, or 

a LPS:quinolone mixture was dried (evaporated) on an ATR crystal and the vibrational 

spectra measured. (A) The addition of LPS alone and HHQ alone absorbencies were 

equivalent to the absorbance of LPS + HHQ indicating no significant reaction between 

HHQ and LPS. (B) The absorbance of PQS + LPS was significantly increased compared 

to each alone at the 1260 cm-1 peak, and the peak was strongly shifted indicating that 

PQS interacted strongly with the 4’-phosphate of lipid A. The spectra were obtained after 

base-line subtraction. These data are representative of separate duplicate 

measurements. 
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4.3.3 PQS INCORPORATES INTO LPS AND PHOSPHOLIPIDS  

The Gram-negative outer membrane is composed of an outer leaflet of LPS 

assayed and an inner leaflet of phospholipids. Although our data indicate that PQS 

interacts with LPS, it is conceivable that PQS may also interact with phospholipids within 

the outer membrane. To examine this, the extent of incorporation of PQS and HHQ into 

P. aeruginosa LPS aggregates or phospholipids was measured by Fluorescence 

Resonance Energy Transfer (FRET). The test was performed as a probe dilution assay 

in which P. aeruginosa LPS and the phospholipids phosphatidylethanolomine (PE) and 

phosphatidylglycerol (PG) were mixed with the donor-conjugated PE (NBD-PE) and 

acceptor-conjugated PE (Rhodamine-PE), and the quinolones were added. Since FRET 

is used here as a probe dilution assay, intercalation of PQS and HHQ causes an 

increase of the distance between acceptor and donor; therefore leading to reduced 

energy transfer. For LPS aggregates, there is a strong decrease of the FRET signal 

upon addition of PQS, while a significantly smaller change was observed for HHQ (Fig. 

4.6A). This suggests that PQS more readily, compared to HHQ, incorporates into and/or 

fuses with LPS aggregates, thus increasing the distance between the donor and 

acceptor labels. This provides further evidence for the interaction of LPS with the 

biologically active quinolone PQS, but not the inactive derivative HHQ. Removal of the 

PQS alkyl side chain (3OH-4Q) signal decreased the FRET compared to HHQ, although 

not to the same level as PQS (Fig. 4.6C). Similar experiments with phospholipid 

liposomes made from zwitterionic PE and negatively charged PG indicated that as for 

LPS, PQS readily incorporates into PE as well as PG liposomes (Fig. 4.6B). These data 

indicate that PQS interacts with the primary lipid membrane components of the bacterial 
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outer membrane, and that the 3rd position hydroxyl and the alkyl side chain are important 

for the interaction with LPS. 
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Figure 4.6: PQS interaction with P. aeruginosa LPS and phospholipids. 

 
Fluorescence resonance energy transfer (FRET) spectroscopic signal ID/IA versus time 

for (A) LPS aggregates (B) PE liposomes alone and with addition of PQS and HHQ (C) 

LPS aggregates with the addition of PQS and HHQ derivatives. Labeled LPS or PE were 

added at t=0 s, and the quinolones were added after 50 s. The signal was then 

measured for an additional 250 s. Since FRET is used here as a probe dilution assay, 

intercalation of PQS and HHQ caused an increase of the distance between acceptor and 

donor; therefore leading to reduced energy transfer. As a control, methanol was added 

without quinolones. These data are representative of three separate measurements. 

Data similar to PE were obtained with phosphatidylglycerol (data not shown).
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4.3.4 THE PQS:LPS INTERACTION IS ENDOTHERMIC 

Our data thus far reveal specific LPS:PQS interactions that result in “ordering” of 

LPS, although the thermodynamic properties of this interaction are not known. To 

examine the thermodynamic properties of quinolones with LPS, Isothermal Titration 

Calorimetry (ITC) was utilized. For these experiments quinolones were incorporated into 

a lipid matrix (i.e. PE liposomes) due to their insolubility in aqueous media. The titration 

of PE into LPS led to a significant exothermic reaction (negative enthalpy changes), with 

little fluctuation in the applied concentration range (Fig. 4.7A). The addition of the 

PE:HHQ mixture caused a low enthalpic reaction, again with very little fluctuation (Fig. 

4.7B). In contrast, the PE:PQS mixture caused a strong endothermic reaction, which 

decreased considerably in the observed concentration range due to the saturation of the 

PQS:PE interaction with LPS (Fig. 4.7C). The endothermic nature (decrease in entropy) 

of this reaction correlates with the IR and DSC data demonstrating a decrease in lipid A 

acyl chain fluidity upon PQS addition. Not only do these data suggest that the PQS:LPS 

interaction is endothermic, but also that PQS possesses higher affinity for LPS than 

phospholipids since it exhibits significant interaction with LPS in the presence of 

phospholipids. 
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Figure 4.7: Thermodynamic interactions of LPS and PQS. 

Isothermal titration of (A) pure PE, (B) PE+HHQ, and (C) PE+PQS mixtures into 

P. aeruginosa LPS aggregates. Quinolones were added to PE to increase solubility. 3 µl 

of PE alone or PE:quinolone mixtures were titrated into the LPS-containing cell every 5 

minutes. Measurements were performed at 37°C with constant stirring. Values plotted 

for HHQ and PQS experiments (B and C) represent values after subtraction of PE alone 

measurements (A).  These data are representative of three separate measurements. 
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4.3.5 PQS-LPS AGGREGATES DISPLAY UNIQUE STRUCTURE 

Although it is clear that PQS interacts with LPS, the aggregate structure of PQS-

LPS is unknown. To examine the influence of PQS and HHQ on the aggregate structure 

of S. minnesota LPS, small-angle X-ray scattering (SAXS) using synchrotron radiation 

was used to examine the diffraction patterns of pure LPS and LPS in the presence of 

HHQ and PQS. Regarding Braggs law, a mutlilamellar stacking with a repeat distance 

(d) results in a scattering pattern that consists of maxima in the intensities for the 

scattering vector (s) at the position of 1/d (first order, periodicity), 2/d (second order), etc. 

For these studies, the first two peaks were examined. LPS alone showed a broad 

diffraction band between 0.1 to 0.35 s/nm, which corresponded to the form factor of a 

lipid bilayer (Fig. 4.8A). As can be seen for the LPS:HHQ mixture, this pattern did not 

change thereby ruling out a change of the LPS aggregate structure by HHQ (Fig. 4.8B). 

In the presence of PQS, however, sharp reflections were observed, e.g. at 40°C at 6.95 

nm resulting from a lamellar stacking with the first order (periodicity) and 3.46 nm with 

the second order reflection (Fig. 4.8C). Regarding the values of the periodicity, it should 

be emphasized that the action of PQS led to a dramatic reduction of the periodicity (6.95 

nm) as compared to pure LPS, for which values around 10 nm have been found (128). 

Similar results were obtained when the interaction of the quinolones with the isolated S. 

minnesota lipid A was examined. A change of the diffraction patterns leading to sharp 

reflections characteristic for a multilamellar stacking was also observed only for PQS 

(data not shown). 
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Figure 4.8: Multilamellar stacking of LPS in the presence of PQS. 

 
Small-angle X-ray scattering (SAXS) patterns of S. minnesota R60 LPS (A) alone, (B) in 

the presence of HHQ (5:1 ratio LPS:HHQ), (C) or in the presence of PQS (5:1 ratio 

LPS:PQS). Plotted is the logarithm of the scattering intensity versus scattering vector s = 

1/d (2 sin θ /λ). (d = spacing, θ = scattering angle, wavelength (λ) = 0.15 nm). These 

data are representative of duplicate measurements.  
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4.3.6 PQS INDUCES LIPOSOME-LIKE LPS STRUCTURES 

To visually examine the impact of PQS on LPS structure, we performed cryo-

transmission electron microscopy (cryo-TEM) (Fig. 4.9A) and freeze-frature electron 

microscopy (Fig. 4.9B-D). In pure form, S. minnesota LPS R60 adopts fibrillary 

structures of different lengths (Fig. 4.9A). These fibrilles are obviously not completely 

circular in cross-section showing a ribbon-like appearance with a smaller width of about 

8-9 nm and a larger width of about 11-12 nm. The smaller dimension of 8-9 nm 

corresponds to the bilayer thickness of LPS R60 and is in agreement with former data of 

SAXS diffraction (128). The addition of PQS caused clumping of LPS into predominantly 

small clod- or disc-like structures. In many cases, these structures resembled MVs with 

respect to size (~50 nm) and shape (Fig. 4.9B). Rarely bilayer fragments larger than 100 

nm in size were observed. For LPS in the presence of HHQ, there was a mixture of 

several structures, including large vesicles (ranging from 100 nm to larger than 1 µm), 

small disc-like micelles and bilayer fragments (Fig. 4.9C), but also large three-

dimensional layered aggregates (not shown here). The addition of the PQS derivative 

3OH-4Q, caused LPS aggregates to form loosely arranged perforated lamellae (Fig. 

4.9D). In most instances, linear lamellar fragments are present and not the circular 

structures formed by PQS. 
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Figure 4.9: Cryo-transmission and freeze-fracture electron micrographs of LPS 

from S. minnesota R60 in the absence and presence of HHQ, PQS, and 3OH-4Q. 

Samples were prepared as described in Materials and Methods. (A) LPS from S. 

minnesota R60 showing the 8-12 nm bilayer thickness (arrows) (scale bar = 100 nm). (B) 

When PQS was added to LPS, small liposome-like structures with diameters of 20-70 

nm were formed (arrows) (scale bar = 100 nm). (C) In contrast, the LPS:HHQ mixture 

formed large micelle structures (100 nm - 1 µm), and bilayer fragments (scale bar = 500 

nm). (D) S. minnesota R60 in the presence of 3OH-4Q formed linear lamellar fragments 

(scale bar = 100 nm).
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4.4 DISCUSSION 

 

This study provides a comprehensive examination of the interaction of P. 

aeruginosa quinolones with Gram-negative outer membrane lipids. From these studies, 

it is clear that the signaling molecule PQS interacts strongly with the lipid A component 

of LPS from S. minnesota R60 and P. aeruginosa. The interaction with both LPS 

molecules is not surprising given the structural similarities between S. minnesota R60 

and P. aeruginosa lipid A (Fig. 4.1A), and the observation that PQS stimulates MV 

formation in other Gram-negative bacteria (data not shown), including S. minnesota R60 

(Fig. 4.10). The observation that HHQ, which differs from PQS only by the absence of 

the 3rd position hydroxyl (Fig. 4.1B), exhibits significantly less interaction with LPS 

suggests a critical role of this hydroxyl in mediating interactions with lipid A. These 

results also provide insight into why HHQ does not stimulate MV formation in P. 

aeruginosa and demonstrates the structural specificity of P. aeruginosa quinolones. This 

latter point is intriguing since P. aeruginosa produces over 50 quinolone molecules with 

structural similarity to PQS (30); however only PQS naturally stimulates MV formation 

(93). 
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Figure 4.10: PQS, but not HHQ, stimulates MV formation in S. minnesota. 

 
S. minnesota R60 was grown with and without the exogenous addition of 50 µM PQS or 

50 µM HHQ. MV formation quantified as described in Material and Methods. Error bars 

represent the range of duplicate experiments. 
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The IR data presented are indicative of a dramatic interaction of LPS with PQS, 

leading to a change of vibrational bands of the quinolone as well as of LPS. In particular, 

the phase-transition changes leading to a significant broadening concomitant with a 

considerable decrease of phase transition enthalpy (Fig. 4.3). PQS readily incorporated 

into LPS aggregates as well as into phospholipid liposomes, which strongly suggests 

that the interaction is governed by hydrophobic forces (Fig. 4.6). However, there is also 

a non-hydrophobic interaction as shown by the change of the 4’-phosphate vibrational 

band upon PQS addition (Fig. 4.5). This additional interaction with LPS enhances the 

affinity of PQS for LPS as compared to phospholipids.  

 An intriguing aspect of P. aeruginosa quorum signaling is the utilization of MVs 

as trafficking vehicles for PQS. As previously hypothesized (90), our results provide 

strong evidence that PQS readily associates with LPS and is likely embedded within the 

LPS component of MVs as opposed to the phospholipid component or the aqueous 

interior. The freeze-fracture micrographs provide insight into why PQS, but not HHQ-

induced MVs, are competent for signal trafficking. Our results indicate that HHQ 

interacts with LPS, although not to the same degree as PQS. This observation can be 

seen with the freeze fracture data where HHQ formed large micelle-like structures. This 

was an interesting observation as the SAXS data showed no interaction between LPS 

and HHQ. It seems that HHQ may interact with LPS; however this interaction is very 

different from that of PQS and ultimately does not lead to MV formation.  It is easily 

surmized from these results that the extremely large micelle structures of the LPS:HHQ 

mixture are not suitable for transport (Fig. 4.9C), because they are larger than whole 

bacteria. It seems that rather, the small liposome-like structures observed for LPS-PQS 

would be much more suitable for a target-oriented transport (Fig. 4.9B). Why HHQ 

induces larger LPS micelles is unknown, but implicates the 3rd position hydroxyl of PQS 
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as an important component for inducing the curvature necessary for MV-sized LPS 

aggregates. In addition, LPS formed linear shaped structures in the presence of 3OH-4Q 

instead of the circular structures observed in the presence of PQS (Fig 4.9D); thus also 

implicating the PQS alkyl side chain as important for producing MV-like LPS aggregates. 

Of course one caveat to this experimental design is that the structures formed in these 

experiments are composed entirely of LPS, whereas naturally produced MVs are 

bilayered with an inner leaflet of phospholipid and an outer LPS leaflet. Regardless, 

these results indicate that through interaction with LPS, PQS induces the curvature 

necessary to form LPS liposomes with dimensions similar to natural MVs. These data 

are in accordance with the SAXS data indicating some lamellar stacking of LPS, thus 

producing a liposome-like structure (Fig. 4.8). 

Examination of LPS interactions with HHQ and PQS derivatives demonstrate that 

the alkyl chain and 3rd position hydroxyl mediate PQS interactions with LPS. Specifically, 

the alkyl chain interacts with the lipid A acyl chains while the 3rd position hydroxyl 

mediates interactions with the 4’-phosphate. The PQS alkyl chain/LPS acyl chain 

interactions are most assuredly hydrophobic interactions, as definitive changes in van 

der Waals interactions between lipid hydrocarbons are observed upon PQS addition 

(Fig. 4.3). FRET experiments also provide evidence that the PQS alkyl chain is critical 

for interaction with LPS, since 3OH-4Q showed reduced integration into LPS (Fig. 4.6). 

These data correlate well with the ability to stimulate MV production, as 3OH-4Q 

requires twice the concentration of PQS to stimulate MV production in P. aeruginosa 

(Fig. 4.11): however, interaction between the 3rd position hydroxyl of PQS and the 4’-

phosphate are not as clear. As previously discussed, the 4’-phosphate is buried in the 

hydrophobic moiety between neighboring LPS molecules, and the ATR data clearly 

show that it becomes more hydrated and mobile upon interaction with PQS (Fig. 4.5). 
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This likely indicates movement of the 4’-phosphate away from the hydrophobic pocket. 

The exact nature of the interaction that mediates this increased hydration and mobility is 

unknown, but a possibility is hydrogen bonding between the 3rd position hydroxyl of PQS 

and the 4’-phosphate. This possibility is supported by the observation that no interaction 

was observed between HHQ (lacking the 3rd position hydroxyl) and the 4’-phosphate 

(Fig. 4.5). PQS could also be affecting the 4’-phosphate through interaction with divalent 

cations (Mg2+ and Ca2+) in the LPS leaflet of the outer membrane. Divalent cations 

stabilize the Gram-negative outer membrane by forming salt bridges between negatively 

charged phosphates of neighboring LPS molecules. Based on recent observations that 

PQS has been shown to “entrap” iron (11, 32), it is plausible that PQS could sequester 

Mg2+ and Ca2+, thereby affecting the mobility of the 4’-phosphate of lipid A. 
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Figure 4.11: The PQS alkyl chain is important for MV formation. 

A P. aeruginosa pqsA-H- mutant was grown in MOPS-defined medium containing 10 

mM phenylalanine and 10 mM tyrosine. Cells were grown to stationary phase with no 

addition, or with 50 μM HHQ, 50 μM 3OH-4Q, 100 µM 3OH-4Q, or 50μM PQS added 

and incubated for 5 hours to induce MV formation. Error bars represent the standard 

deviation for triplicate experiments. 
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As with many bacteria, P. aeruginosa modifies its LPS based on environmental 

conditions. Indeed, P. aeruginosa clinical isolates from the lungs of cystic fibrosis 

patients add 4-amino-4-deoxy-L-arabinose to the 1- or 4’- phosphates (or both) of lipid A 

(37). How these modifications impact PQS interaction with LPS and MV production by P. 

aeruginosa is unknown, but results from this study would suggest that modification of the 

4’-phosphate may alter these processes. What is clear from these studies is that both 

the alkyl chain and 3rd position hydroxyl of PQS are critical for LPS interaction and MV 

formation.  

The observation that addition of PQS causes LPS to retain a more ordered (gel-

like) state provides clues to the mechanism of MV formation. The outer membrane of 

Gram-negative bacteria is stabilized by cross-links to the underlying peptidoglycan; 

however, these cross-links are not uniform, permitting regions of the outer membrane to 

bulge away from the bacterium. If the appropriate curvature is reached, this bulging 

leads to MV formation. P. aeruginosa LPS is highly anionic and extremely fluid 

compared to that of other Gram-negative bacteria (115, 116). Thus, I hypothesize that 

this high fluidity likely prevents development of the curvature necessary for MV 

formation. PQS solves this conundrum by decreasing the fluidity of P. aeruginosa LPS 

through production of PQS and its interactions with lipid A. P. aeruginosa is therefore 

unique in that it requires PQS for production of high levels of MVs. It is intriguing that 

PQS, a quorum signaling molecule important for global gene regulation, also mediates 

an important biological process such as MV formation through a signal-independent 

mechanism. Whether or not this self-packaging within the outer membrane is specific to 

PQS or is critical for other hydrophobic bacterial QS signals is unknown, but these 

studies provide novel mechanistic insights into an important and understudied biological 

phenomenon. 
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CHAPTER 5: CONCLUSIONS, FUTURE DIRECTIONS, AND 

PROPOSED MODEL FOR MEMBRANE VESICLE FORMATION 

 

5.1 OVERVIEW 

5.1.1 P. AERUGINOSA GROWTH AND PHYSIOLOGY IN VIVO 

Pseudomonas aeruginosa growth and physiology in vivo is poorly understood. 

The goal of the work described in Chapter 2 in this dissertation was to better understand 

P. aeruginosa gene expression in vivo. Previous studies using in vivo models have used 

libraries to positively and negatively identify genes that are important and required for P. 

aeruginosa growth and pathogenesis (81, 138). While these studies identified genes 

important for these processes, they did not provide a comprehensive analysis of P. 

aeruginosa gene expression while growing in the host. Our rat peritoneal model involves 

growing wild-type P. aeruginosa in a dialysis membrane chamber (DMC), which 

provided some host nutrients to P. aeruginosa. I used DNA microarrays to obtain a snap 

shot of P. aeruginosa gene expression growing in the rat peritoneum (92). This analysis 

showed that P. aeruginosa gene expression is very different from that of this species 

grown in minimal media in vitro, with 5% of the P. aeruginosa genome differentially 

regulated. Our data suggest that the peritoneum is an iron and oxygen limited 

environment. Genes involved in aromatic and branched-chain amino acid catabolism 

were also upregulated, signifying that amino acids are likely carbon sources utilized in 

vivo (92). 
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The majority of laboratory studies are performed in monoculture, whereas most 

natural environments are composed of a collection of different bacterial species. In its 

natural reservoir, P. aeruginosa encounters a multitude of microorganisms. This is also 

true within the cystic fibrosis (CF) lung and the peritoneum of patients undergoing 

continuous ambulatory peritoneal dialysis, where P. aeruginosa often interacts with the 

pathogenic Gram-positive bacterium Staphylococcus aureus (42, 56, 57, 74, 86). I used 

the DMC model to investigate P. aeruginosa/S. aureus interactions in vivo. Interestingly, 

in the presence of S. aureus, P. aeruginosa was no longer starved for iron. This led to 

the observation that P. aeruginosa lyses S. aureus and uses components of the cell 

lysate as a source of freely available iron. This lysis was shown to be dependent on 

antimicrobial quinolones (Fig. 1.2) produced by P. aeruginosa (92). 

 

5.1.2 QUINOLONE-MEDIATED MEMBRANE VESICLE FORMATION IN P. AERUGINOSA 

Most Gram-negative bacteria naturally produce outer membrane vesicles (MVs). 

Although MVs were discovered over 40 years ago, we are just beginning to understand 

their importance in biology. MVs are formed by the outer membrane protruding out away 

from the cell, eventually pinching off to form MVs. MVs are composed of outer 

membrane components including a bilayer of phospholipids and lipopolysaccharide 

(LPS). MVs have been shown to carry a variety of virulence factors including toxins, 

antibiotic resistance determinants, DNA, and antimicrobials (77, 90). While MVs play 

important roles in trafficking specific molecules, the mechanism of their formation is 

unknown. 

 It was unclear from the results of our in vivo studies (Chapter 2) how the small 

molecules important for lysis of S. aureus were able to remain in the DMC. These 
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quinolones should easily diffuse out of the DMC due to the membrane molecular weight 

exclusion of 8 kDa. In Chapter 3, I hypothesized that these quinolones were present in 

MVs, which sequestered them in the dialysis chamber. Not only were antimicrobial 

quinolones present in MVs, but a number of the other 55 quinolones produced by P. 

aeruginosa were also found to be associated within MVs, including 2-heptyl-3-hydroxy-4-

quinolone (Pseudomonas Quinolone Signal; PQS) (Fig. 1.2) (93). PQS is an important 

quorum sensing signal required for virulence in a number of models (60, 104, 108). Not 

only was PQS present, but it was also the only quinolone necessary and sufficient for 

MV formation (93). This observation was perplexing, as the direct precursor to PQS, 2-

heptyl-4-quinolone (HHQ) only differs from PQS by a single hydroxyl group on the third 

carbon of the quinolone ring (Fig. 1.2). I also examined whether the PQS molecule itself 

or a downstream effect regulated by PQS signaling was important for MV formation. 

Using a protein synthesis inhibitor and a mutant in the PQS transcriptional regulator 

pqsR, it was concluded that the PQS molecule itself and not signaling, was critical for 

MV formation (93).  

I proposed that PQS interacts with the hydrophobic region within the outer 

membrane, specifically lipid A. Due to the hydrophobic nature of PQS, I hypothesized 

that the alkyl chain on PQS is important for mediating insertion into the outer membrane. 

I tested the ability of PQS derivatives with decreasing alkyl chain lengths to induce MV 

formation in a PQS mutant. These results show a direct correlation of alkyl chain length 

with MV inducing ability, with longer chains increasing MV formation. These 

observations indicate that the length of the alkyl chain and the hydroxyl group present on 

PQS are critical for inducing MV formation in P. aeruginosa. 
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5.1.3 BIOPHYSICAL ANALYSES OF THE PSEUDOMONAS QUINOLONE SIGNAL AND 

BACTERIAL OUTER MEMBRANE LIPIDS 

In Chapter 3, it was demonstrated that PQS was required for MV formation in P. 

aeruginosa. Due to the hydrophobic nature of PQS, I hypothesized that PQS would 

readily interact with hydrophobic regions within the outer membrane. Because all Gram-

negative bacteria possess LPS in their outer membranes, I examined whether PQS 

induced MV formation in other Gram-negative bacteria. In Chapter 4, I show that PQS 

caused MV formation in other Gram-negative bacteria (data not shown) including S. 

minnesota (Fig. 4.10). This indicated that PQS may interact with a common entity 

between these organisms, and I hypothesized that this entity was LPS.  

To physically examine the interactions of PQS and LPS, we used a variety of 

biophysical techniques. For many of the experiments described in Chapter 4, P. 

aeruginosa LPS was not used due to its extremely fluid nature. Instead, the better 

characterized LPS from S. minnesota strain R60 was used. LPS from S. minnesota R60 

is similar in structure to P. aeruginosa LPS, but does not contain the O-antigen (Fig. 

4.1a). Using infrared (IR) spectroscopy and Differential Scanning Calorimetry (DSC), I 

showed that PQS influences the acyl chains of S. minnesota LPS by making them more 

ordered. The IR data also illustrated that PQS interacts with the 4’-phosphate present 

within the hydrophobic pockets of P. aeruginosa lipid A. We also demonstrated that PQS 

and LPS interactions were endothermic. In Chapter 3, it was shown that the length of the 

alkyl chain and the hydroxyl group were important for stimulating MV production in a 

PQS mutant. Using Fluorescence Resonance Energy Transfer (FRET), I demonstrated 

that the length of the PQS alkyl chain and presence of the hydroxyl group on the third 

carbon were critical for PQS incorporation into LPS. Finally the PQS influence on LPS 
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structure was examined. Using small angle X-ray scattering (SAXS), we showed that 

PQS caused LPS to form multilamellar stacks indicating a bilayer. Strikingly, PQS 

caused LPS to form clod-like structures that were in some cases the same size and 

shape as MVs. In all cases HHQ was used as a control, which had little interaction with 

LPS. Together these data further suggest that PQS interacts with outer membrane 

components to form MVs. 

 

 

5.2 FUTURE DIRECTIONS 

5.2.1 RAT PERITONEAL DIALYSIS MEMBRANE CHAMBER MODEL 

The field of Microbiology is now beginning to recognize that multispecies 

interactions are a vital component of pathogenesis. Very few studies have examined the 

importance of cocultures in pathogenesis, and few of these have been performed in vivo. 

Our in vivo dialysis membrane chamber model has several advantages. One key 

advantage is that in vivo-regulated genes can be elucidated without screening through 

thousands of recombinant strains. Wild-type cells can immediately be introduced without 

having to produce and screen libraries. This animal model is experimentally versatile 

and allows the examination of a variety of different conditions including competition 

experiments, global gene expression, biofilm formation, and protein expression. The 

molecular weight exclusion of the dialysis membrane used in these studies was 8 kDa 

(92), but could be increased to study specific host factors that might influence bacterial 

behavior. Lastly, the model could be used to study a number of bacterial species in 

coculture. 
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For studies with P. aeruginosa, it would be interesting to test the growth and 

viability of a number of mutants in vivo. Because our data suggests that P. aeruginosa 

utilizes amino acids as a carbon source in vivo, specifically branched-chain and aromatic 

amino acids (92), mutants with defects in the metabolic pathways of these amino acids 

would be interesting to study. These studies could reveal what amino acids are 

important for P. aeruginosa physiology in vivo. It would also be of importance to study 

iron acquisition in vivo using mutants in iron acquisition genes. It seems that heme is a 

potential iron source in vivo, as a heme acquisition protein was the most highly 

upregulated gene in our transcriptome analyses (induced over 2,000 fold) (92). 

 

5.2.2 OTHER CELL-CELL SIGNALING MOLECULES PRESENT IN MEMBRANE 

VESICLES? 

Although PQS is a very hydrophobic QS signal, other Gram-negatives produce 

hydrophobic cell-cell signaling molecules, and the mechanism of trafficking these 

molecules is unknown. Some Gram-negative species have been shown to produce a 

variety of acyl homoserine lactone molecules, some of which have acyl chains of 14-18 

carbons. Recently it was reported that Vibrio cholerae produces a unique hydrophobic 

quorum signal, (S)-3-hydroxytridecan-4-one (CAI-1) (53). These hydrophobic molecules 

would most likely utilize specialized processes for trafficking from cell to cell, and I 

hypothesize that other QS signals would also be packaged into MVs where they can 

travel from cell to cell in a hydrophobic environment. 
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5.2.3 PSEUDOMONAS QUINOLONE SIGNAL STUDIES WITH LPS MODIFICATIONS 

The bacterial outer membrane consists of an inner leaflet of phospholipids and 

an outer leaflet of lipopolysaccharide (LPS). LPS is composed of lipid A, core 

oligosaccharide, and the O-antigen. Lipid A is the hydrophobic region which anchors 

LPS to the cell, and is composed of lipids, and a disaccharide backbone flanked by 

phosphate groups. The lipid A backbone sits perpendicular to the acyl chains, and due 

to the asymmetrical structure of lipid A, this backbone has an angle that ranges from 45-

55˚ (123). This causes the 1-phosphate to be projected up into the hydrophilic 

environment, whereas the 4’-phosphate is buried in the hydrophobic moiety between 

LPS molecules. Due to the negatively charged phosphate groups, divalent cations such 

as Mg2+ and Ca2+ form salt bridges in vivo to stabilize the outer membrane (4). I 

demonstrated that PQS readily incorporates into LPS. This interaction was dependent 

on the hydroxyl group and alkyl chain length of PQS. PQS influenced the acyl chains of 

lipid A by making them more ordered. PQS also interacted with the hydrophobic 4’-

phosphate of lipid A by making it more hydrated and mobile, while having no significant 

interaction with the 1-phosphate. Because of the hydrophobic nature of PQS, this would 

suggest that PQS more readily interacts with the phosphate group present in the 

hydrophobic setting. This interaction was due to the presence of the alkyl chain on PQS. 

The PQS derivative 3-hydroxy-4-quinolone (3OH-4Q), which does not possess an alkyl 

chain, interacted with the 1-phosphate, but had no interaction with the 4'-phosphate 

(Chapter 4). To further explore the observation that the 4’-phosphate is important in 

PQS-lipid A interactions, a number of experiments could be performed with modified lipid 

A. It would be intriguing to determine the importance of the 4’-phosphate in PQS-LPS 

interactions.  
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All Gram-negative bacteria possess lipid A in their outer membrane to anchor 

LPS to the cell. The production of lipid A is mostly conserved between bacterial species; 

however, a number of Gram-negatives modify their lipid A structures after they have 

been produced (133). Various Gram-negative organisms including P. aeruginosa alter 

their lipid A depending on their external environment, and these modifications usually 

affect the phosphates and acyl chains of lipid A. In P. aeruginosa, the two-component 

system PhoP/PhoQ is used to sense low magnesium in the environment (87). Under low 

magnesium conditions, PhoQ autophosphorylates which promotes phosphotransfer to 

the transcriptional activator PhoP (87). PhoP/PhoQ induction activates PmrA and PmrB, 

which leads to changes in the outer membrane. PmrA and PmrB activate a number of 

genes that modify the structure of lipid A allowing the addition of 4-amino-4-deoxy-L-

arabinose to the 1- and/or 4’-phosphate (Fig. 5.1) (94, 95, 97). Under these same 

conditions, PagP adds a palmitate to the 3 position on lipid A (Fig. 5.1) (37). These 

modifications are thought to be important for resistance to antimicrobial peptides and 

polymixins. Other organisms modify their lipid A structure by removing the phosphate 

groups present on lipid A. Recent studies have shown that Helicobacter pylori utilizes a 

1-phophatase to cleave off the 1-phosphate so that a phosphoethanolamine can be 

added (132). Other bacterial species employ a 4’-phosphatase to dephosphorylate the 

4’-phosphate on their lipid A structure (133). 



 

 150

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Structure of P. aeruginosa lipid A. 

 
Black represents the lipid A structure under high magnesium conditions. Constituents in 

blue represent lipid A modifications controlled by PhoP/PhoQ and PmrA/PmrB, under 

low magnesium conditions. P. aeruginosa modifies its lipid A by the addition of 4-amino-

4-deoxy-L-arabinose to the 1- and/or 4’-phosphate and palmitate to the 3 position. 
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The biophysical observations using IR spectroscopy implicate the 4’-phosphate 

on P. aeruginosa LPS as important for PQS-LPS interaction. To better understand the 

role of the 4’-phosphate of LPS, it would be interesting to examine PQS interactions with 

lipid A in which the 4’-phosphate was masked by the addition of aminoarabinose or 

removed by a 4’-phosphatase. To mask the 4’-phosphate with aminoarabinose, P. 

aeruginosa could be grown under low magnesium conditions for LPS purification. The 

biophysical techniques described in chapter 4 could be used to determine if masking the 

4’-phosphate with aminoarabinose affects the LPS-PQS interaction. A MV preparation 

using P. aeruginosa cells growing under low magnesium conditions would also provide 

insight into how aminoarabinose affects MV formation. These same studies could be 

performed using a P. aeruginosa strain expressing a 4’-phosphatase. One would 

hypothesize that completely removing the 4’-phosphate from lipid A would significantly 

affect LPS-PQS interactions and potentially hamper MV production. 

It was demonstrated that a phoQ mutant strain in P. aeruginosa constitutively 

induced PhoP-activating genes including the genes involved in lipid A modifications (95). 

Another examination to test the hypothesis that aminoarabinose affects PQS-LPS 

interactions and thus MV formation, would be to quantify MV formation in a phoQ 

mutant. This mutant possesses lipid A modifications including the addition of 

aminoarabinose and palmitate. As shown in Figure 5.2 the phoQ mutant produced 

significantly less MVs than the wild-type. Although the LPS structure of this mutant 

needs to be confirmed, this experiment suggests that the 4’-phosphate is a critical 

component. 
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Figure 5.2: The modification of lipid A causes a decrease in MV formation in P. 

aeruginosa. 

An overnight culture of P. aeruginosa PA14 wild-type or a PA14 strain with a Tn5 

insertion in the gene encoding phoQ (111) were diluted to an OD600 nm  of 0.05 in Brain 

Heart Infusion Broth. Cells were grown at 37˚C shaking at 250 r.p.m. until they reached 

an OD600 nm of ~1.7, and MVs were quantitated as described previously (93). Error bars 

represent the range for duplicate experiments. 
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5.2.4 MEMBRANE VESICLE ATTACHMENT AND FUSION 

Another important aspect of MV biology is how they fuse to target cells. Elegant 

studies by Beveridge and colleagues reveal MVs from P. aeruginosa can interact with 

both the Gram-negative and Gram-positive bacterial surface (62). Included within P. 

aeruginosa MVs was a peptidoglycan hydrolase, which was able to degrade the 

underlying peptidoglycan layer of recipient cells (62). The authors hypothesized that 

charge-charge interactions would be important for MV attachment/fusion. Like the Gram-

negative outer membrane, the surfaces of Gram-positives are rich in Mg2+ and Ca2+. The 

authors thus hypothesize that salt bridging between the surface of the MV and the 

surface of the Gram-positive would allow MVs to attach to the surface and deliver their 

components (62). 

 Another study by Kadurugamuwa and Beveridge illustrated that MVs adhere to 

the surface of eukaryotic cells and were phagocytosed (63). These authors previously 

showed that the antibiotic gentamicin induced MV formation and was packaged into MVs 

(65). Gentamicin does not normally penetrate the cytoplasmic membrane of eukaryotes, 

but gentamicin loaded MVs were able to penetrate the host cell membrane and deliver 

gentamicin to intracellular Shigella flexneri. This method of delivery was able to reduce 

the number of growing bacteria within the eukaryotic cells (63). These reports illustrate 

that MVs could have clinical purposes that would allow the delivery of therapeutic 

agents. Although these authors showed that MVs were able to attach to bacterial and 

eukaryotic cells, the mechanism of MV fusion is unknown.  

MV fusion is also critical to examine in a P. aeruginosa population. Although it is 

known that PQS induces MV formation, it is unclear how MVs fuse to the P. aeruginosa 

surface to deliver PQS. Because of the high affinity for PQS to LPS (Chapter 4), it is 
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perplexing how PQS contained within a vesicle is able to bind its transcriptional regulator 

PqsR, as it is associated with the cytoplasmic membrane. It is plausible that a PQS 

receptor(s) and/or sensor protein(s) are present in the outer membrane and/or periplasm 

that could sense PQS. This could easily be investigated with a transposon mutagenesis 

screen in a PQS mutant possessing a PQS responsive reporter. PQS or PQS loaded 

MVs would be fed to the transposon mutant library, and mutants that did not turn on 

transcription of the reporter would be of great interest. 

 

 

5.3 PROPOSED MODEL FOR P. AERUGINOSA MEMBRANE VESICLE FORMATION 

To determine the mechanism of PQS-mediated MV formation in P. aeruginosa, it 

is imperative to understand how PQS interacts with outer membrane constituents. It has 

been proposed that efflux pumps play a major role in PQS production. Efflux pumps 

allow the direct movement of molecules from the cell cytoplasm to the extracellular 

milieu. A number of bacteria utilize efflux pumps to directly export antimicrobials out of 

the cell. I propose that efflux pump(s) allow PQS and other quinolones produced by P. 

aeruginosa to exit the cell, since most of these molecules are hydrophobic and are 

unlikely to freely diffuse out of the cell. This is supported by a study showing a mutant in 

the efflux pump MexGHI-OpmD accumulated toxic PQS precursors (1). Another 

investigation demonstrated that over-expression of another efflux pump MexEF-OprN, 

affected intracellular PQS levels (73). It is possible that these efflux pumps function to 

export PQS. Once effluxed, PQS could interact with LPS (due to its high affinity for lipid 

A) and induce MV formation.  
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 To better understand how PQS induces MV formation, we performed a variety of 

biophysical techniques to study the interactions of PQS and LPS. In studying these 

interactions, we discovered that P. aeruginosa LPS is very fluid, even at low 

temperatures (data not shown). Using biophysical techniques, I showed that PQS 

influenced the acyl chains of S. minnesota lipid A by making them more “ordered.” It can 

also be hypothesized that PQS would have the same effect on P. aeruginosa lipid A, due 

to the structural similarity between P. aeruginosa and S. minnesota lipid A (Fig. 4.1A). It 

was also demonstrated that PQS affected the 4’-phosphate of P. aeruginosa lipid A. 

Under high magnesium conditions, divalent cations form salt bridges between 

neighboring LPS molecules to stabilize the negative charges of the 1- and 4’-phosphates 

on lipid A (4). Although studies with modified lipid A are needed, it is probable that the 4’-

phosphate is important for LPS-PQS interaction. It was recently demonstrated that PQS 

is able to sequester Fe3+ (11, 32). This was shown to be dependent on the hydroxyl 

group present on the 3rd carbon of PQS, as HHQ did not have the same iron-binding 

capability (11, 32). Based on these studies, it is probable that PQS may bind other 

cations including Mg2+ and Ca2+.  

Based on our observations from Chapter 4, I propose a model of MV formation in 

P. aeruginosa (Fig. 5.3). This model includes the observation that peptidoglycan-

associated proteins would play an important role in MV formation. These proteins 

associate with the outer membrane and the underlying peptidoglycan layer, which allows 

the anchoring of the outer membrane to the bacterial cell. In areas where there are 

few/no peptidoglycan-associated proteins, the outer membrane would protrude out due 

to inefficient tethering to peptidoglycan. Because of the high fluidity of P. aeruginosa 

LPS, the curvature necessary for MV formation would not occur (Fig. 5.3A). However, 

when PQS is present , it would interact with LPS, causing LPS to become more ordered. 
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Due the “ordering” of the outer membrane, the necessary curvature for MV formation 

would occur in areas where there are few or no peptidoglycan associated proteins bound 

to peptidoglycan (Fig. 5.3B). 
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Figure 5.3: Proposed model of PQS-mediated MV formation in P. aeruginosa.  

 
In areas where there are few-no peptidoglycan associated proteins, the outer membrane 

will “bulge out” due to inefficient tethering to peptidoglycan. (A) When PQS is not present 

the curvature necessary for MV formation cannot be achieved because of the high 

fluidity of P. aeruginosa LPS. (B) When PQS is present, it inserts into the outer 

membrane decreasing the acyl chain fluidity of LPS, allowing the curvature necessary 

for MV formation. 

 

 

PQS

PQS

Lipoprotein (OprI, OprL)

OprF

PO4
-

LPS
O-antigen
Core
Lipid A 

B

PQS

PQS

Lipoprotein (OprI, OprL)

OprF

PO4
-

LPS
O-antigen
Core
Lipid A 

PQS

Lipoprotein (OprI, OprL)

OprF

PO4
-

LPS
O-antigen
Core
Lipid A 

Lipoprotein (OprI, OprL)

OprF

PO4
-

LPS
O-antigen
Core
Lipid A 

B



 

 159

Although these models are based on the assumptions that peptidoglycan-

associated proteins would have substantial impact on MV formation, their roles in MV 

production are currently unknown. P. aeruginosa produces three known peptidoglycan-

associated proteins: OprF, OprI, and OprL (49). The importance of these molecules in 

MV formation needs to be elucidated.  

 

 

5.4 FINAL DISCUSSION 

This dissertation has provided new awareness into P. aeruginosa growth in vivo 

and MV formation. These studies highlight the importance of studying bacterial 

interspecies interactions. They also showed that P. aeruginosa uses quinolones for cell-

cell signaling and for competition with other organisms. These quinolones are packaged 

into MVs which allow a protective and concentrated delivery to their targets. Using 

biophysical techniques we can better understand mechanistically how MV formation 

occurs. I demonstrate that a cell-cell signal interacts with the 4’-phosphate and 

decreases the acyl chain fluidity of lipid A. By understanding the mechanism for MV 

formation, we can begin to understand how Gram-negative bacteria use MVs as 

trafficking vehicles. The results generated in this dissertation give insight into MV 

formation in a Gram-negative opportunistic pathogen that uses MVs for cell-cell 

communication and as a means to kill other bacteria. 
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