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Abstract 

Anaerobic Lipid A Palmitoylation in Pseudomonas aeruginosa is Regulated by  
Nitric Oxide Production 

 
Lauren Hittle, Doctor of Philosophy, 2014 

Dissertation Directed by: Robert K. Ernst, PhD, Associate Professor, Department of 

Microbial Pathogenesis  

 

Pseudomonas aeruginosa (PA) is a free-living Gram-negative opportunistic 

pathogen associated with long-term airway infections of patients with cystic fibrosis 

(CF). One early adaptation to the CF lung is production of a pro-inflammatory lipid A 

containing palmitate. Increasing inflammation leads to an increase in tissue destruction 

and lung function, ultimately resulting in premature death of the patient.  

PagP, the biosynthetic enzyme responsible for this CF-specific modification of 

PA lipid A, had not yet been identified in PA. We identified PA1343 as a candidate gene 

with palmitoyltransferase activity. A deletion mutant was constructed and analyzed for 

changes in lipid A structure. The ΔPA1343 mutant strain did not synthesize any 

palmitoylated lipid A species. Activity studies confirmed pro-inflammatory properties of 

palmitoylated lipid A as well as showed protection against specific cationic antimicrobial 

peptides. 

Subsequent experiments focused on elucidating the mechanism by which PA 

PagP expression and activity through the two-component system, PhoP/Q were regulated. 

PA is known to replicate in the oxygen limited mucus plugs in patients’ lungs. Growth of 

PA under oxygen limitation resulted in the synthesis of palmitoylated lipid A species. 



Further, deletion of phoP, phoQ, and pagP all resulted in a loss of palmitoylation under 

anaerobic growth conditions.  

 Anaerobic respiration in PA requires the involvement of the enzymes of the 

denitrification pathway. To determine if components of these pathways were stressors of 

PhoP/Q, palmitoyltransferase activity was determined after growth in media containing 

nitrate and nitrite. PA specifically lacking the nitrite reductase, NirS, was unable to 

synthesize palmitoylated lipid A structures.  

The importance of the NirS component was believed to be due to enzyme activity and not 

merely structural interaction. Targeting of the active site of Nir, the heme d1 component 

confirmed the active enzyme was necessary. Growth of the nirS mutant, a NO deficient 

strain, was grown with the NO over-producing norC mutant. This restored the lipid A 

phenotype confirming the production of NO leads to anaerobic lipid A palmitoylation. 

 Collectively, this data indicates production of subinhibitory concentrations of NO 

within the CF lung contributes to disease progression by increasing signals leading to 

modification but not bacterial clearance.  
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Chapter 1. Introduction 

 
Pseudomonas aeruginosa (PA) was first isolated in 1882 from puss on patient 

bandages by Carle Gessard. The publication that followed, “On the blue and green 

coloration of bandages” explored the pigments released by PA during infection. The 

organism was named, Pseudomonas, or false unit, and aeruginosa, for the blue green 

color of these characteristic pigments. PA is a motile, Gram-negative rod approximately 

0.5 to 0.8um by 1.5 to 3um in size. This bacterium is classified as a Pseudomonadaceae 

within the class γ-proteobacteria. Other members of this class include important 

pathogens, such as Salmonella, Vibrio, Yersinia, and Klebsiella among others.  

Isolation of PA in nearly limitless environments is largely due to its ability to 

readily adapt to a multitude of unique environmental conditions. The large genome of 

6,246,404 bp (laboratory adapted strain, PAO-1 Lory) allows PA to grow and adapt 

readily to many unique environments due to its minimal nutritional requirements. Not 

only can PA survive in limited nutrient conditions, it is also able to utilize over seventy-

five organic compounds that can be utilized during growth. PA is able to tolerate toxic 

compounds, such as dyes, antiseptics, and a variety of antimicrobials through utilization 

of the wide repertoire of available genes and the ability to newly acquire genes thus 

making this opportunistic pathogen difficult to eradicate.  

As an opportunistic pathogen, the majority of infections caused by PA are seen in 

immunocompromised individuals. The immunodeficiencies can be simple, such as a 

break in the skin seen with burn wounds, or more complex, such as dampening the 

system with immunosuppressive therapies, as in cancer treatments. The most notorious 
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infection cause by PA is the long-term airway colonization and infections seen in patients 

with cystic fibrosis (CF).  

 

Part 1. Cystic fibrosis disease and chronic lung infection 
 

Cystic fibrosis (CF) is a genetic disorder, primarily of Caucasians, present in 

70,000 people worldwide (30,000 in the United States). The disease is caused by a 

genetic mutation encoding the cystic fibrosis transmembrane conductance regulator 

(CFTR). Individuals must inherit two defective copies for disease to present. Disease 

states can range from mild to severe depending on the nature of the CFTR mutation. Over 

1,800 mutations have been identified with ΔF508 being the most common (up to one 

third world wide). The mutation, ΔF508 is an internal mutation resulting in retention of 

the misfolded protein in the endoplasmic reticulum. Other mutations can cause a range of 

issues such as defective protein function, inability to shuttle chloride properly, and altered 

ability to utilize energy [2].  The carried rate for a single CFTR mutation in Caucasians is 

~ 1:5,400 individuals. 

 CFTR is classified as an ABC transporter ion channel found on the surface of 

cells that produce mucus, sweat, saliva, tears, and digestive enzymes [3]. ABC 

transporters are characterized as having a membrane spanning domain and a nucleotide 

binding domain which binds and hydrolyzes ATP resulting in channel opening and 

closing. CFTR controls the passage of chloride ions across the cell membrane. Inability 

of cells to properly regulate the passage of chloride across the membrane leads to 

retention of water inside the cells affecting the viscosity of the mucus in the lungs and 

pancreas.  In the pancreas, thickening of the mucus layer leads to issues with the release 
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of digestive enzymes and nutrient absorption resulting failure to grow and gain weight in 

affected individuals. 

In the airways of patients with CF, secreted mucins are not properly hydrated 

resulting in the depletion of liquid from the airway surface layer. The airway surface 

layer consists of the superficial mucus layer which overlays the periciliary fluid layer that 

contacts surface epithelial cells. Decreases in surface liquid leads to increased mucus 

accumulation. This thick and sticky mucus layer crushes the cilia that, in healthy 

individuals would move the mucus up and out of the lung along with pathogens and 

irritants. Without the normal clearance mechanisms, bacteria are able to invade the mucus 

and persist in a biofilm mode of growth.  Early colonizing pathogens, such as 

Staphylococcus aureus and Haemophilus influenza, which normally colonize the upper 

respiratory tract, are the most frequently isolated bacteria present in the airway of this 

patient population. Gradually, PA will out compete most other bacteria present to become 

the predominant lung pathogen. Stenotrophomonas maltophilia, Burkholderia cepacia, 

and Achromobacter xylosoxidans infections also increase over time, but the establishment 

of PA is considered to be the most detrimental for the patient (Figure 1).  

Patients with CF are routinely treated with inhaled and oral antibiotic therapies to control 

the early colonizing Gram-positive bacteria, Staphylococcus aureus, as well as 

subsequent Gram-negative pathogens (P. aeruginosa, Haemophilus influenza, 

Stenotrophomonas maltophilia, and Achromobacter xylosoxidans). Even though patients 

are treated regularly, these infections are rarely cleared and go through cycles of 

exacerbation with increased inflammation, decreased airway gas exchange, and larger 

bacterial loads ultimately leading to increased morbidity and mortality[4].  
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Figure 1. Bacterial pathogens present in the CF airway over patient lifetime. Iara Maria 
Sequeiros and Nabil Jarad (2013). Cystic Fibrosis Pulmonary Exacerbation – Natural 
History, Causative Factors and Management, Respiratory Disease and Infection - A New 
Insight, Dr. Mayank Vats (Ed.), ISBN: 978-953-51-0968-6, InTech, DOI: 
10.5772/54336. Available from: http://www.intechopen.com/books/respiratory-disease-
and-infection-a-new-insight/cystic-fibrosis-pulmonary-exacerbation-natural-history-
causative-factors-and-management 

Bacterial infections cause a majority of the damage seen in the patients’ airways, 

however a large portion of the lung damage seen is due to the activation of the host innate  

immune system, specifically neutrophil activation. Neutrophil activation and infiltration 

in response to bacterial burden leads to the release of toxic oxidants and enzymes, as well 

as increased plugging of the airways with dead cells and debris. Neutrophils drawn to 

established PA biofilms are unable to traverse the matrix and thus upon release of their 

toxic radicals, damage the host rather than pathogen. Additionally, after neutrophil death, 

PA is able to use the resulting cellular components (DNA and carbohydrates) to further 
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establish a biofilm [5]. Increased life expectancy in recent years is due to antibiotic as 

well as controlled immunosuppressive therapy.   

Nitric oxide (NO) production is an important means of controlling bacterial 

infections. Production of NO is catalyzed by nitric oxide synthase (NOS) in the host by 

the following reaction: 

L-arginine + 3/2 NADPH + H+ + 2 O2   citrulline + nitric oxide + 3/2 NADP+ 

There are three kinds of host NOS: neuronal NOS (nNOS), endothelial NOS (eNOS), and 

inducible NOS (iNOS). eNOS and nNOS are considered to be constitutively expressed, 

whereas iNOS is expressed upon infection or in response to damaging substances inhaled 

from the environment. When the host senses lipid A, cytokines such as IL-8, TNF-α, and 

IFN-γ are produced which causes upregulation of iNOS levels in epithelial cells, as well 

as neutrophils, macrophages, and monocytes. In healthy individuals, these cells produce 

sufficient levels of NO to kill invading pathogens through DNA damage and over 

activation of NO signaling. iNOS expression in CF epithelial cells is lost due to defects in 

the IFN-γ signaling pathway [6]. These defects result in a subinhibitory level of NO 

present in the lung. The nitrogen compounds produced by these cells are in turn 

beneficial by providing nitrate and nitrite that feed into bacterial respiration via the 

denitrification pathway as well as contributing to DNA mutations in the notorious 

mutator strains.  

 

Part 2. PA Virulence factors important in cystic fibrosis infections 
 

PA can rapidly mutate its genome to adapt to harsh growth conditions. Many of 

the strains isolated from the airways of CF patients are considered to be DNA mismatch 
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repair mutator strains, which allow for the emergence of persistence and antimicrobial 

resistance [7]. Interestingly, these mutator strains contain two sets of mutations: one set 

that appears to be patient specific, and one set common to all strains [8]. Patient strains 

arise from environmental isolates, which, over time, have acquired or lost genes due to 

specific host factors. These factors include host immune surveillance, metabolite 

availability, oxygen requirements, and effects of the individual cystic fibrosis CFTR 

mutation. More commonly, strains acquire loss-of-function mutations in initial 

colonization factors, such as motility, type III secretion, pili, and O-antigen. Mutations in 

the lasR transcriptional regulator are also prevalent, which can be advantageous by 

shifting metabolism and energy production toward utilization of substrates present in the 

CF lung and nitrate utilization in low oxygen conditions, respectively [8]. Finally, 

mutations in the mucA gene result in the activation of genes required of alginate 

production. Increased alginate production has been linked to a decrease in clearance by 

the host immune system, possibly by trapping and slowing of factors, such as 

complement and phagocyte migration. Additionally, mucoid colony types have increased 

resistance to antibiotics thought to be due to a decreased ability of antibiotics to penetrate 

to the bacterial surface.  

Increased alginate production, as well as the thick host mucus provides an 

optimum environment for PA biofilm formation. Biofilm formation aids in the initial 

colonization of the CF lung, but also contributes to persistence and antibiotic resistance. 

Biofilms are loosely characterized as bacterial communities encased in an extracellular 

matrix comprised of DNA, proteins, and polysaccharides. PA biofilms are found growing 

on rocks in aquatic areas, in pipes and showers, and on the roots of plants. A number of 
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infections can be attributed to the biofilm mode of growth on abiotic surfaces, such as 

contact lenses, indwelling medical devices (joint prosthetics and heart valves), and 

catheters, as well as biotic surfaces, such as dental plaque and microcolony formation 

within the CF lung. In the CF lung specifically, planktonic bacteria can establish a 

biofilm within matrix provided by the host. The heavy stagnant mucus present in the 

airways of patients with CF provides an ideal site for PA growth providing both nutrients 

and a means of antibiotic resistance and immune evasion.  

Investigation of the growth conditions in the biofilm like masses in lungs of CF 

patients showed that available oxygen will primarily be absorbed by the host cells leaving 

little available for colonizing bacteria [9]. Oxygen probes inserted into the mucus 

measured available oxygen concentrations to be 7uM [10], while levels of nitrate 

available for anaerobic respiration are found to be approximately 400mM within the 

mucus [10]. Under these conditions, pathogens located within the mucus masses are 

forced to convert from aerobic respiration to utilization of inorganic terminal electron 

acceptors. PA relies on the denitrification pathway for energy generation during 

anaerobic growth within the CF lung. 

Although the denitrification pathway is well understood in E. coli, much of the 

pathway in PA remains to be elucidated. The basic denitrification pathway consists of the 

reduction of nitrate to elemental nitrogen (Figure 2). This reduction of nitrate occurs via 

the dissimaltory reduction pathway. The denitrification (dissimilatory) pathway consists 

of one nitrate reductase (Nar), a nitrite reductase (Nir), a nitric oxide reductase  (Nor), 

and a nitrous oxide reductase (Nos).  
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Figure 2. Denitrification Pathway in Pseudomonas aeruginosa 

 

The Nar enzyme reduces nitrate available in the bacterial cytoplasm and shuttles 

electrons across the cytoplasmic membrane. The reduction of nitrate (NO3) generates the 

majority of the proton motive force required for energy production. Once nitrate has been 

reduced to nitrite (NO2) and delivered to the periplasm, it is reduced again to nitric oxide 

(NO) by the periplasmic reductase Nir. NO reduction to nitrous oxide (N2O) occurs 

cytoplasmic membrane by the Nor enzyme. The final step of this pathway is the 

conversion of N2O to nitrogen gas (N2) via the Nos enzyme.  

There are two main regulatory factors for denitrification, ANR (anaerobic 

regulation of arginine deaminase and nitrate reduction) and DNR (dissimaltory nitrate 

respiration regulator), which are part of the CRP (cAMP receptor protein)/FNR (fumarate  

and nitrate reductase regulator) family of regulators. ANR is activated when oxygen 

tension is low and in turn will activate DNR. ANR and DNR bind to sequences similar to 

Nar 

Nir 
 Nos 

 Nor 

Nitrite 

Nitrate 

Periplasm 

Nitrite 

Nitric 
oxide 

Nitric 
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Nitrous 
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the FNR binding motif (TTGAT----ATCAA) [11], although the exact binding site for 

each is still unknown. Once DNR senses NO, it activates expression of the denitrification 

genes required for Nar, Nir, Nor, and Nas pathways, as well as the NirQ regulator [12]. 

Production of NO by the Nir enzyme acts as a positive feed back mechanism continuing 

DNR activation. Also under the control of ANR are the genes expressing the two-

component system NarX/L. NarX/L works with ANR and DNR to activate expression of 

the nar operon.  

Ultimately, the denitrification pathways shuttle electrons across the inner 

membrane as nitrate is reduced to nitrogen gas. This process accumulates large quantities 

of NO in the periplasm where two component systems, such as PhoP/Q, are located. 

Since NO is a potent signaling molecule, it is possible that the production of NO could 

activate PhoP/Q leading to increased expression of pagP and downstream lipid A 

palmitoylation.  

Quorum sensing is a mechanism by which bacterial cells can communicate within 

a biofilm to coordinate gene expression regarding modes of growth and virulence.  

Quorum sensing molecules can provide another form of regulation of denitrification in 

PA. Small molecules called acylated homoserine lactones (AHL) activate production of 

elastase, rhamnolipids, pyocyanin, motility, and exoploysaccharide, as well as influence 

biofilm formation and motility. The two main quorum sensing systems present in PA are 

the lasR/I and rhlR/I, where lasR and rhlR are the transcriptional activator and lasI and 

rhlI produce the AHLs C12-HSL and C4-HSL, respectively. RhlR is particularly important 

for regulation of denitrification under anaerobic conditions where it regulates the 

expression of snr-1 (shared nitrate reduction). Snr-1 is a cytochrome c protein required 



	   10	  

for assimilatory nitrate reduction, as well as nitrate reduction in the denitrification 

pathway [13]. When RhlR is not present, Snr-1 is highly active resulting in rapid growth, 

which quickly leads to cell death under anaerobic conditions. Without a negative 

regulatory feedback mechanism for snr-1, the components of the denitrification pathway 

overproduce toxic levels of nitric oxide that the cell cannot discard.  

In addition to the two AHL signals, there is an additional quorum sensing signal, 

2-heptyl-3-hydroxy-4-quinolone or Pseudomonas quinolone signal (PQS), which has 

direct effects on denitrification through regulation of gene expression and alteration of 

enzyme activity. PQS promotes NO accumulation (produced by Nir) while suppressing 

N2O (inhibiting Nor activity) [14]. The proposed model for regulation postulates that 

PQS acts by chelating iron necessary for Nor activity, as well as increases the expression 

of PqsE and PqsR, which downregulate Nor at the genetic level. What is not entirely 

understood is how Nir expression is increased upon PQS expression. Nir also contains 

cytochromes requiring iron for activity, but seems to be spared from PQS iron chelation. 

The PQS system is active within the CF lung and may be another contributing factor to 

increased PA colonization. 

Additional virulence factors such as pigment, and lipid A modification also have 

roles specific to CF lung colonization. The siderophore, pyoverdine is a yellow-green 

fluorescence molecule produced by PA. Sixty different strain specific varieties have been 

identified to date [15]. Pyoverdine is produce in conjunction with pyochelin to chelate 

extracellular iron during iron-limited growth conditions and facilitate iron transfer into 

bacterial cells. In addition to providing a mechanism for iron acquisition, pyoverdin 

dispersed in the periplasm is able to chelate and export other metal ions and prevent toxic 
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accumulation within the cell [15]. Both of these functions are important for survival 

within the host. Pyocyanin is a redox-active phenazine that aides in growth during 

infection by providing a mechanism for killing other microbes in the surrounding 

environment, as well as producing toxic radicals to defend against host killing 

mechanisms. Pyocyanin also causes growth inhibition through decreasing the available 

oxygen for energy production, as well as increasing oxygen radical synthesis and 

worsening the effects of CFTR mutations by depleting cAMP and ATP [16].  

The ability of PA to adapt rapidly to the CF lung, through mutations and precise 

regulation of virulence factors leads to its ability to out compete many of the surrounding 

organisms and evade host eradication mechanisms. Virulence factors previously 

mentioned including production of alginate, pyocyanin, and quorum sensing molecules, 

are key elements of successful long term colonization strategy. In addition to these 

factors, PA rapidly modifies its lipid A (as short as three month in the CF lung) to 

produce a structure that is unique to the CF airway environment. Environmental and other 

clinical isolates (ear, eye, urinary tract, bronchiectasis) produce a penta and hexa- 

acylated lipid A (m/z 1446 and 1616 respectively) (Figure 3). The PA lipid A base 

structure  

consists of a diphosphoryl diglucosamine backbone with two ester linked 3OH-C10 fatty 

acids attached at the 3 and 3’ positions, and two amide linked 3OH-C12 fatty acids at the 

2 and 2’ positions. Modifications, such as the removal of the 3 position 3OH-C10 by the 

PagL deacylase enzyme, addition of a C12 or 2OH-C12 at the acyl-oxo-acyl 2 and 2’ 

positions by the HtrB acyltransferase enzymes, and the addition of a C16 acyl-oxo-acyl at 

the 3’ position by PagP, are observed under specific environmental growth conditions. In 
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contract, CF specific lipid A is hepta-acylated with one 3OH-C10 and an acyl-oxo-acyl 

C16 at the 3’ position, a 3OH-C12 with an acyl-oxo-acyl C12 at the 2’ position, and a 

3OH-C12 with an acyl-oxo-acyl 2OH-C12 at the 2 position. Bacterial isolates from a 

subset of patients with severe CF airway disease retain the 3OH-C10 at the 3 position 

resulting in a hepta-acylated lipid A.  

 

	  

Figure 3. PA lipid A structures. Lipid A molecules observed in environmental, lab, and 
clinical strains (m/z 1446 and 1616) and palmitoylated species observed in CF strains 
(m/z 1684)  

 

Addition of the C16 by the PagP enzyme is controlled by the two-component 

system, PhoP/Q [17]. Some of the inducing signals for this system include low 

magnesium, attachment to host cells, and changes in osmolarity. Specific signal(s) within 

the CF lung is not known.  

The focus of this work is to identify these inducing signals for modification of 

lipid A under conditions present in the CF lung. As PA enters the CF lung and establishes 
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an infection within mucus masses the amount of available oxygen will be consumed by 

host and pathogens. Once oxygen levels are depleted, PA will switch from aerobic  

respiration to utilization of the denitrification for energy production. One of the 

byproducts of denitrification is NO, a potent signaling molecule, which will accumulate 

in the periplasm. Since NO accumulates in the periplasm, where the PhoQ sensor domain 

is located, there is high potential for interaction.  

The overall aim of my project was to gain further understanding of the 

palmitoyltransferase enzyme PagP in PA and the two-component regulatory system, 

PhoP/Q, which regulates it in the context of CF infections. Since low oxygen availability 

is one of the defining characteristics of the mucus masses within the lung, we focused on 

this angle as the biological trigger for our system. Further understanding of this system 

delved into the specific changes PA undergoes during anaerobic growth, specifically the 

denitrification pathway, to understand if there is a link between this pathway and 

PagP/PhoP/Q. 
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Aims 

Specific Aim I: Characterize the palmitoyl transferase enzyme PagP in 

Pseudomonas aeruginosa.  

This aim is to identify the palmitoyltransferase enzyme in PA and evaluate the biological 

role for palmitoylated lipid A. 

 

Specific Aim II: Evaluate the necessity for PhoP, PhoQ, and PagP in 

palmitate addition under anaerobic conditions.  

The hypothesis of this aim is that the CF specific modification, palmitoylation of lipid A, 

under oxygen limitation requires PhoP, PhoQ and PagP since all have been reported as 

important for activation of palmitoylation in other systems. 

 

Specific Aim III: Evaluate the involvement of intermediate metabolites, 

nitrate, nitrite, and nitric oxide, produced by the denitrification pathway in 

down stream palmitate addition.  

The hypothesis of this aim is that nitrate, nitrite, and/or nitric oxide are produced both by 

the host and the bacteria within the CF infected lung. Localization of these nitrogen 

molecules near both inner and outer membranes put them in close proximity with 

membrane proteins such as PhoQ, lipid A, and phospholipids. These molecules have 

reactive properties making them ideal for modification of lipids and 

modification/activation of proteins thus; their interactions with membrane lipids and 

signaling molecules have the potential for activation of PhoP, PhoQ and PagP.  
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Chapter 2.  Regulation of lipopolysaccharide modifications and 

antimicrobial peptide resistance1 

 
LPS is the major component of the outer membrane of Gram-negative 

bacteria and consists of three distinct structural domains: lipid A, a non-repeating 

“core” oligosaccharide, and a distal repeated O antigen polysaccharide. Lipid A, or 

endotoxin, is the hydrophobic anchor of LPS in the outer leaflet of the outer 

membrane in Gram-negative bacteria, whereas the core and O antigen extend out 

from the surface of the membrane. In this chapter, we will discuss the structure of 

these three regions, in order, as they extend out from the outer membrane focusing 

on regulated alterations, modifications, and/or substitutions. 

Section 1: Lipid A biosynthesis 

Lipid A, or endotoxin consists of a diglucosamine backbone substituted 

with up to eight acyl chains.  These are either attached directly to the backbone 

sugars or acyl-oxy-acyl additions to these primary fatty acids.  The acyl chains 

located at the 2 and 2’ position are generally N-linked, whereas the acyl chains at 

position 3 and 3’ are generally O-linked. Biosynthesis of lipid A is conserved up 

to the stage of lipid IVA – which includes a diglucosamine backbone, two 

phosphate residues, and four fatty acids (Figure 4). After this structure is  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Erica N. Kintz*, Daniel A. Powell*, Lauren E. Hittle*, Joanna B. Goldberg, 
and Robert K. Ernst 
 
This work is published in Regulation of Bacterial Virulence, ASM Press 2012. 
It is reprinted here with minor modifications with permission from the publisher. 
* All authors contributed equally to this publication. 
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Figure 4. Schematic representation of modifications of terminal residues of lipid A. 
Diagram shows the possible modifications outside of the terminal residues of lipid A.  
Chemical groups are color coded by the enzyme responsible for their action, (+) indicate 
an addition to the base structure, (-) indicate a removal.  Under each enzyme is the 
regulatory system that controls each their action; éindicates a positive regulator; ê 
indicates a negative regulator. 

 

synthesized on the inner membrane of the bacteria, a wide variety of modifications 

including heterogeneity in the number of attached fatty acids, length of the fatty acids, 

and decorations to the terminal phosphate moieties occur at both the inner and outer 

membranes (Table 1). In most cases, synthesis of lipid A is essential to bacterial growth 

and survival.   

Modification of the base lipid IVA structure is species-specific and has profound 

implications for disease, particularly in humans. Lipid A modifications, both constitutive 

and regulated, have the potential to aid bacterial pathogens by evasion of the host innate 
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immune system recognition and host killing mechanisms. Recognition of lipid A by the 

host innate immune system is occurs via Toll Like Receptor 4 (TLR4).  Stimulation of 

TLR4 by lipid A leads to activation of inflammatory mediators, such as tumor necrosis 

factor alpha (TNF-α) and interleukin-1 beta (IL-1β).  While this inflammation can, at 

times, lead to bacterial clearance, it can also lead to septic shock and death. More 

complete reviews of the TLR4 signaling pathway and its recognition and downstream 

effects have been undertaken by a number of authors [18-21].  Modifications of lipid A 

not only alter inflammation and pathogenesis, but also can alter resistance profiles of the 

pathogen to host antimicrobial peptides (AMPs). A majority of host AMPs are positively 

charged (cationic) and target the surface of the bacterial cell through electrostatic 

interactions [22, 23]. Upon binding to the bacterial outer membrane, AMPs are thought to 

generate a pore and bind to components in the inner membrane that will eventually lead 

to cell death [24].  Bacteria are able to resist AMPs by changing the charge or fluidity of 

their membranes, specifically through lipid A modifications, to deter AMPs from 

traversing the membrane. 
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Table 1. Enzymes Responsible for Modification of lipid A 
^ Homologue is present in genome by function is not seen is structure as of yet 
*Enzyme presence is conferred by structure though no homologue is identified as of yet 
#Francisella adds galactosamine and mannose as opposed to aminoarabinose 
	  

Lipid A biosynthetic enzymes 

  While the early stages of synthesis of the lipid A molecule are conserved 

and play an important role in pathogenesis, modifications beyond the base lipid 

Enzyme Modification Active Site Distribution Regulation 
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IVA structure require a wide variety of biosynthetic enzymes, including 

acyltransferases, deacylases, phosphatases, glycosyltransferases, and hydroxylases 

(Table 1). Here we will discuss the enzymes involved in the pathways post-

synthesis of lipid IVA (for a complete review of lipid IVA biosynthesis, see the 

works of Raetz and colleagues [1, 25]). As this chapter will detail, these 

biosynthetic enzymes are either constitutively active or regulated by a variety of 

two-component regulatory systems, including PhoR/B, PmrA/B and/or PhoP/Q.  

Constitutively active lipid A biosynthetic enzymes 

Constitutive lipid A biosynthetic enzymes either change membrane 

permeability by the addition of fatty acids or lessen the negative charge of the 

membranes by the removal of phosphate groups.  These enzymes work by making 

modifications to lipid IVA independently of environmental signals. 

One of the first enzymes that acts upon lipid IVA is LpxL, also known as 

HtrB. LpxL is a constitutively active acyltransferase that adds a laurate, C12:0 

fatty acid, acyl-oxy-acyl at the 2’-position of lipid IVA, thus generating a penta-

acylated lipid A structure.  LpxL was first identified in a screen for mutants in 

Escherichia coli that failed to grow at temperatures over 33° C, leading to its 

original name htrB for high temperature regulation. However, additional analysis 

demonstrated that it was not temperature regulated at the transcription level, 

suggesting a role for proper acylation patterns in membrane function [26-30]. 

LpxL acts upon lipid IVA on the cytoplasmic side of the inner membrane prior to 

transport by MsbA, an essential ATP-binding cassette (ABC) protein responsible 

for the transport of lipid A from the inner to outer leaflet of the inner membrane. 



	   20	  

For a number of bacterial species including E. coli, Haemophilus, Bordetella, and 

Vibrio cholerae, LpxL activity requires phosphorylation of 3-deoxy-D-manno-oct-

2-ulsonic acid (Kdo), an eight carbon sugar that is required for the addition of core 

[31-33].  Alternatively, in Helicobacter pylori and Pseudomonas aeruginosa LpxL 

functions independently of phosphate on Kdo. Deletion of lpxL had little to no 

effect on AMP sensitivity in E. coli [34]. 

Following the addition of a laurate fatty acid by LpxL/HtrB, the lipid A 

molecule can undergo the addition of a second acyl-oxy-acyl fatty acid, myristate 

or C14:0 at the 3’ fatty acid of lipid A by LpxM, also known as MsbB. This 

addition generates a hexa-acylated molecule that is then transported by the LPS 

transporter MsbA [35]. Though constitutive in most bacterial backgrounds, msbB 

appears to be active at lower temperatures (~21°C) in Yersinia [36]. Recently, 

deletion of msbB in a variety of bacterial backgrounds has been used to generate 

avirulent strains for possible vaccine development [37-39]. LPS isolated from an 

lpxM mutant in E. coli acts as an agonist for human TLR4 by saturation binding to 

the TLR4 co-receptor Myeloid Differentiation Factor-2 (MD-2) and thus alters 

interactions with the host innate immune system [40] and increased sensitivity to 

AMPs [41, 42]. 

Subsequent to the addition of myristate by LpxM/MsbB, this fatty acid can 

be modified by the addition of a hydroxyl group (OH) at the second carbon to 

generate a 2-hydroxymyristate-modified lipid A. Hydroxylation of myristate 

requires a membrane-bound hydroxylase, LpxO that directly modifies lipid A 

containing two Kdo residues (Kdo2-lipid A) on the inner leaflet of the inner 
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membrane. LpxO enzymatic activity is present in a limited number of bacterial 

species; Salmonella, Klebsiella, Pseudomonas, Bordetella, and Legionella and is 

constitutively active in each [43-46]. Additionally, the activity of LpxO is 

dependent on molecular oxygen during growth, as growth under anaerobic or 

oxygen-limited conditions yields a lipid A structure lacking 2-OH hydroxylation.  

Loss of LpxO activity in Salmonella and V. cholerae leads to increased resistance 

to AMP, suggesting a potential decrease in hydrogen bonding between individual 

lipid A molecules that alters outer membrane permeability [31, 47-49]. 

Following transport of the lipid A molecule to the periplasmic face of the 

inner membrane, two constitutively active phosphatases - LpxE and LpxF remove 

the phosphate moieties present at the 1 and 4’ positions, respectively (Figure 4). 

Initially identified in Francisella novicida (Fn), phosphatase activity has been 

observed in Rhizobium, H. pylori, and Porphyromonas gingivalis [50-53].  When 

expressed in E. coli, LpxE from Francisella is dependent on MsbA while LpxF is 

independent.  In contrast, LpxF and LpxE enzyme activity in Francisella and H. 

pylori is MsbA independent indicating that both may function before lipid A is 

“flipped” to the periplasmic side of the membrane. Deletion of either phosphatase 

results in an increased sensitivity to positively charged AMPs and/or decreased 

virulence in animal models. In Helicobacter and Rhizobium, deletion of lpxE 

results in an increased sensitivity to the AMPs, polymyxin B and colistin [51, 52, 

54, 55], whereas deletion of lpxF in Rhizobium leads to increased sensitivity only 

to polymyxin B [54] most likely due to the increase in the overall negative charge 

of this bacterium’s cell surface. Finally, when the lpxF mutant of Fn is injected 
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into mice it is avirulent and elicits a protective immune response to lethal wild-

type (WT) challenge [56]. 

Regulated lipid A biosynthetic enzymes 

 In addition to the constitutively expressed lipid A biosynthetic enzymes, a 

wide variety of enzymes are regulated in response to specific environmental cues 

and growth conditions.  Regulated structural changes in lipid A are shown in 

Figure 4 and include the addition and removal of fatty acids, the addition of 

amino containing compounds such as aminoarabinose and phosphoethanolamine, 

and the addition or removal of phosphate groups. These structural modifications 

are regulated via a series of two-component regulatory systems, which are 

comprised of a sensor kinase, PhoB, PhoQ and PmrB, and it’s response regulator, 

PhoR, PhoP, and PmrA, respectively.  Each cognate pair controls the expression of 

a specific set of genes. The sensor kinase spans the inner membrane with the 

sensing domain in the periplasm, while the response regulator is found in the 

cytoplasm. Upon sensing of a specific environmental or host niche, the sensor 

protein phosphorylates a conserved residue on the cytoplasmic DNA-binding 

domain of the response regulator that subsequently interacts with target gene(s) 

promoters. A more detailed review of two-component regulatory systems can be 

found elsewhere [57-59].  

PhoR/B regulated lipid A biosynthesis enzymes 

PhoR/B is a recently identified two-component system found to play a role 

in lipid A modification. The PhoR/B system is activated under low phosphate 

growth conditions, which in turn, leads to activation of LpxT, a 
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phosphotransferase which specifically transfers an additional phosphate group to 

lipid A. LpxT, formerly YeiU, is an enzyme originally identified in E. coli [60] 

that gives rise to a subset of lipid A, (~30%) of the total, in the outer membrane 

that contained an substituted diphosphate at position 1 of lipid A. This second 

phosphate moiety, added in the periplasmic space is cleaved from the essential 

carrier lipid undecaprenyl phosphate (C55-P) by LpxT in an MsbA-dependent 

manner.  While lpxT was originally identified for its ability to remove phosphate 

from C55-P [61], purified protein analysis showed that it has the both the ability to 

cleave the phosphate as well as add the phosphate to the lipid A [62].  Preliminary 

work on the regulation of lpxT found that it is down-regulated in mutants of the 

phosphate-specific transport (Pst) system. The Pst system is a periplasmic protein-

dependent transporter that operates as a primary transport mechanism for 

phosphate under stress conditions [63].  Additional analysis of the promoter region 

of the lpxT operon showed that lpxT was regulated by an additional mediator 

under the control of PhoR/B [64], though not under conditions that induce PmrA 

(see discussion of PmrA/B below).  This suggests a possible post-transcriptional 

level of control of lpxT [65].  Further work showed that E. coli grown in 

phosphate-limited conditions produced lipid A with lower amounts of diphosphate 

at position 1 and showed an increased sensitivity to AMPs [64].  Finally, deletion 

of lpxT in E. coli resulted in an increase in sensitivity to the cationic AMP 

polymyxin B, although experiments elucidating roles for lpxT in overall 

pathogenesis have yet to be undertaken.   
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PhoP/Q regulated lipid A biosynthesis enzymes 

The second two-component system discussed is the PhoP/Q system. 

Originally described in Salmonella typhimurium [66, 67], PhoP/Q regulates a 

series of genes including those involved in Mg+2 transport (mgtABC) [68], 

modification of LPS (lpxR, pagL, pagP) [69, 70], and activation of a third two-

component regulatory system, PmrA/B (discussed below) [71]. A variety of 

conditions that activate the PhoQ sensor region have been described: low 

concentrations of divalent cations [72], low pH [73] anaerobic growth (Ernst, 

unpublished), and AMPs [74]. While primarily investigated in Salmonella, PhoQ 

homologues have been found in a variety of pathogens including: PA, Shigella 

flexneri, Yersinia pestis, Photorhabdus luminescens, and Erwinia chrysanthemi 

where PhoQ is also indicated to sense low pH and AMPs and play a role in 

pathogenesis [75-79]. Interestingly, the three major lipid A modifying enzymes 

regulated by PhoP/PhoQ (LpxR, PagL, PagP) are located in the outer membrane 

and modify previously transported lipid A. 

LpxR, originally characterized in Salmonella, is an outer membrane 12-

stranded β-barrel protein that catalyzes the removal of the 3’ acyl chains from lipid 

A [80-82].  Transcription of lpxR in Salmonella is regulated by the transcription 

factor slyA, under the control of the PhoP/Q system. Lipid A extracted from 

Salmonella is normally acylated at the 3’ position indicating that the enzyme is not 

active under normal cellular growth conditions.  LpxR activity was only 

demonstrated using Salmonella membrane preparations after incubation in high 

levels of Ca2+ [81].  However, deletion of lpxR in S. typhimurium led to decreased 
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replication in macrophages and increased inducible nitric oxide synthetase (iNOS) 

suggesting a role on overall pathogenesis of the organism [83].  Orthologues of 

lpxR are found in the genomes of E. coli 0157:H7, Yersinia enterocolitica, 

Yersinia pseudotuberculosis, V. cholerae, and H. pylori. Notably, only Y. 

enterocolitica, Y. pseudotuberculosis, and H. pylori synthesize lipid A species that 

are deacylated at the 3’ position [79, 84, 85].  Also of note, Ft and P. gingivalis 

synthesize 3’ deacylated lipid A species, though orthologues of lpxR from 

Salmonella are not present in the genomes of these organisms. In these species the 

deacylation likely occurs before the lipid A transports to the outer membrane 

indicating these deacylases are different from LpxR in Salmonella [53, 86]. 

A second deacylase, PagL is an eight-stranded β-barrel outer membrane 

enzyme that removes the acyl chain from the 3 position of lipid A [82, 87, 88].  

PagL is present among a wide variety of Gram-negative bacteria [88-92] with the 

crystal structure elucidated from PA [82] where the enzyme may play an important 

role in PA adaptation to the airways of patients with cystic fibrosis through its 

effect on IL-8 production [44].  In contrast, removal of the 3-position fatty acid 

leads to decreased proinflammatory responses via TLR4 recognition and increased 

sensitivity to polymyxin B in Salmonella [90, 91, 93]. Interestingly, PagL activity 

is inhibited by the addition of aminoarabinose to the terminal phosphate residue(s) 

to lipid A suggesting that aminoarabinose-containing outer membranes directly 

inactivate PagL enzymatic activity, or lipid A modified with aminoarabinose 

inhibits the physical interaction of LPS with PagL [94]. Recent reports have also 

shown that pagL from Bordetella bronchiseptica is constitutively active and 
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produces a lipid A structure that is both deacylated at the 3 position and contains 

aminoarabinose suggesting that PagL latency induced by aminoarabinose in 

Bordetella is species-dependent [92]. 

The third PhoP/Q regulated enzyme is PagP, an eight stranded β-barrel 

acyltransferase located in the outer membrane of Gram-negative bacteria, which 

transfers an acyl-oxy-acyl palmitate chain (C16:0 fatty acid) to lipid A [87, 95].  

PagP is present among a limited number of Gram-negative bacteria including the 

enteric organisms, as well as Pseudomonas, Bordetella, and Legionella [96-98] 

with the crystal and NMR structure elucidated from E. coli [95]. The pagP gene 

was originally identified in a Salmonella mutant constitutively active for 

PhoP/PhoQ expression and was shown to play an important role to inducible AMP 

resistance and increased acylation of lipid A [70].  Further, pagP transcription was 

subsequently confirmed to be regulated by PhoP/Q [91].   

Similar to the Salmonella PagP, addition of palmitate by PA PagP led to 

increased resistance to AMPs and polymyxin B under conditions that induce 

PhoP/Q along with decreased activation of TLR4 [44, 99-101]. PA PagP activity is 

induced in lab strains, environmental isolates, non-cystic fibrosis (CF) clinical 

isolates and clinical specimens isolated from the airways of patients with cystic 

fibrosis [44].  Palmitate additions have been observed in both Y. enterocolitica and 

Y. pseudotuberculosis, but not Y. pestis [79].  Palmitoylation in Yersinia species is 

strongly induced upon shifting growth temperature from that of the environment to 

that of a warm-blooded host (21º C to 37º C) [79, 102]. Addition of palmitate can 
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also be driven in Y. enterocolitica under Mg+2 limited conditions presumably via 

PhoP/PhoQ and results in increased resistance to AMPs [70].  

Divergent from Salmonella PagP, the Bordetella parapertussis PagP adds 

the palmitate group to the 3’ position of the lipid A, as opposed to the 2 position, 

e.g. on the opposite side of the lipid A structure. In contrast to Salmonella, the 

Bordetella pagP is not regulated by PhoP/Q, but rather by the BvgA/S two-

component virulence system [97] and the deletion of this gene had no effect on 

resistance to AMPs, but did result in increased killing by antibody-mediated 

complement lysis.  Finally, pagP was required in B. bronchiseptica for bacterial 

persistence in a mouse model of infection [96]. Interestingly, in Bordetella 

pertussis pagP is inactivated by an insertion of a transposable genetic element 

[97].   

PmrA/B regulated lipid A biosynthesis enzymes 

Activation of the PmrA/B system leads to activation of lipid A 

modifications including the addition of aminoarabinose and pEtN additions.  

These modifications to the terminal phosphates of lipid A mask the negative 

charge affecting the electrostatic interaction of the bacterial cell surface and 

certain cationic AMPs [103, 104]. The genes in Salmonella involved in the 

aminoarabinose addition are pmrE and the pmrHFIJKLM operon (also named arn 

or pbg operon).  All the genes of this cluster are required for lipid A modifications 

except for pmrM [105]. In Salmonella, PmrA/B regulates greater than 20 

confirmed, and possibly up to 100, genes [106-108]. Activation of PmrA/B can 

occur by both direct and indirect mechanisms.  In Salmonella, iron (Fe3+), 
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vanadate, aluminum (Al3+), and low pH are known as direct activators of PmrA/B 

[109, 110]. PmrA/B can be indirectly activated by the PhoP/Q system [68, 71].  

Activation of PhoP/Q leads to the production of PmrD that post-transcriptionally 

regulates PmrA.  PmrD binds to and stabilizes PmrA in its phosphorylated form 

[111, 112].  Conversely, PmrA represses expression of pmrD. The mechanism for 

addition of aminoarabinose to lipid A of Salmonella was first elucidated in 

mutants with constitutively active PhoP or PmrA [70, 113].  Activation of PhoP or 

PmrA, as well as high iron and low pH, led to an up-regulation of pmrK/arnT, 

resulting in the addition of aminoarabinose at the 1 position of lipid IVA; the 

addition at the 4’ position only happens with Kdo2 lipid IVA [114].  

     Phosphoethanolamine can be added to the outer heptose of core but also to the 

terminal phosphates of lipid A.  The original identification of this addition was in 

Neisseria where it is a constitutive addition [115-117].  The enzyme responsible 

for the addition, LptA, was identified by homology to the heptose 

phosphoethanolamine transferase, Lpt3 [118, 119].  Deletion of lptA leads to an 

increased susceptibility to complement-mediated killing and AMPs [120, 121].  

While the gene is named lptA in Neisseria for LPS phosphoethanolamine 

transferase for lipid A, in other species it is named eptA and care should be taken 

to avoid confusion with the LPS transfer protein LptA.  The resistance to AMPs is 

due to the pEtN reducing the overall negative charge and hydrophobicity of lipid 

A [107, 122, 123].  In Salmonella and E. coli, the PmrA/B system is required for 

pEtN addition [104]. However, addition of pEtN is constitutive in Helicobacter 

and Campylobacter [124]. Mutants of Helicobacter and Campylobacter that lack 
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pEtN show increased sensitivity to AMPs [51, 125].  In Campylobacter, the same 

gene that adds pEtN to lipid A also adds pEtN to the flagellar rod protein FlgG and 

encourages flagella assembly [125, 126].  This result highlights that the 

transferases involved lipid A modification may very well serve in other cellular 

roles.  

Section 2: Core biosynthesis 

 Core oligosaccharide comprises the interior of typical LPS and has been 

shown to contribute to the permeability barrier of the OM leading to variability in 

defenses against antibiotics and cationic AMPs. The charge conferred by 

modifications of core sugars is of vital importance to proper linkage between LPS 

molecules through interactions with divalent cations as well as proper stabilization 

and incorporation of outer membrane proteins (OMPs). Experimental models 

where LPS fails to incorporate substitutions allowing for this negative charge 

through its core have been shown to allow leakage of cytoplasmic proteins as well 

as decreased levels of OMPs.  Loss of core charge cannot be compensated for via 

modifications to the lipid A and/or O antigen. 

In addition to interactions between proteins and other LPS molecules, the 

core, typically attaches the lipid A component of LPS to the O antigen. In the 

instance where O antigen is present the LPS is referred to as smooth LPS (S-LPS). 

When O antigen is not present the LPS is described as rough (R-LPS), when the 

core is truncated even further, lacking the outer core portion it is referred to as 

deep rough LPS (Re-LPS). Instead of the archetypical LPS, some bacterial 

pathogens that inhabit mucosal surfaces express lipooligosaccharide (LOS), which 
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lack the repetitive O antigen side chain.  The LOS of the human pathogens 

Haemophilus and Neisseria have been well studied and found to be variable and, 

in some cases, mimic host structures.  The genetic and molecular mechanisms of 

the regulation of LOS structures will be discussed in Chapter 8:  “Phase variation 

in Neisseria gonorrhoeae, Neisseria meningitidis & Haemophilus influenzae”.  

Here we will explore the regulation of one particular modification, that of 

phosphorylcholine (ChoP) on Haemophilus and Neisseria LOS. 

There are two regions of core commonly discussed, inner and outer core. 

The actual composition of each of these components is highly variable among 

bacteria at the levels of genera, species and strains, especially in regards to outer 

core. Generally speaking, inner core is made up of one to three 3-deoxy-D-manno-

oct-2-ulopyranosonic acid (Kdo) groups attached to the lipid A moiety at the non-

reducing glucosamine at the 6’ position.  Branching from the KdoI residue is a 

string of heptose residues comprising the remainder of the inner core. The outer 

core is the most highly variable region of core. Outer core is made up of hexose 

residues such as D-glucose, D-mannose and D-galactose. In addition to the main 

core sugars, the structure can be further modified by the addition of phosphate, 

galacturonic acid, ethanolamine derivatives, Kdo, rhamnose (Rha), galactose, 

glucosamine, N-acetylglucosamine, heptose, and D-glycero-a-D-talo-oct-2-

ulopyranosonic acid (Ko) [127].  

Since core has been thoroughly studied with regard to pathways, enzymes 

involved, and their role in regulation, enteric organisms will be the focus of this 

section from here on systems primarily in E. coli K-12, R1, R2, R3, R4 and S. 
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typhimurium will be discussed unless stated otherwise. The R groups indicate 

variations in the outer core region and O antigen.  

Biosynthesis of inner core 

 Synthesis and attachment of Kdo to lipid A has been well characterized in E. 

coli and other enteric organisms, studies in other bacteria have been steadily 

evolving. Generally, five enzymes are necessary for the synthesis and addition of 

Kdo to lipid A. The first four steps in the pathway occur in the cytoplasm with the 

final enzyme attaching Kdo sugars to lipid A at the inner leaflet of the inner 

membrane. The first enzyme in this pathway, KdsD, mediates the conversion of 

D-ribulose 5-phosphate into D-arabinose 5-phosphate [128]. In the absence of 

KdsD there is a redundant enzyme, GutQ, which can act in its place [129]. The 

Kdo 8-phosphate synthase, KdsA, is the second enzyme acting in this pathway 

initiating the reaction of D-arabinose 5-phosphate with phosphoenolpyruvate to 

form Kdo 8-phosphate [130]. The phosphate is then cleaved by the phosphatase 

KdsC in the third step to produce Kdo and inorganic phosphate [131]. Like KdsD, 

KdsC has been found to be non-essential indicating there may be a redundant 

enzyme not yet elucidated. KdsB works in the fourth step to produce the activated 

sugar CMP-Kdo [132].  This pathway is summarized in Figure 5. Once the active 

sugar is produced, it can then be attached to the lipid A molecule by the integral 

inner membrane protein WaaA. The incorporation of one or more Kdo molecules 

into the final LPS/LOS has previously been described as dependent on the 

specificity of the WaaA enzyme itself leading to genera specific additions of Kdo. 

WaaA in Chlamydia trachomatis has a slightly different activity in that it is 
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trifunctional, adding three Kdo [133]: B. pertussis [134] and Haemophilus 

influenzae express a monofunctional WaaA [135]. However, new insights into the 

H. pylori Kdo pathway negate the idea that the number of Kdo moieties in the 

final molecule is solely dependent on WaaA. Previously, it was thought that H. 

pylori WaaA was monofunctional as the final LPS molecule contained only one 

Kdo in the inner core. Instead, enzyme activity was shown to be bifunctional with 

a Kdo hydrolase removing one Kdo moiety in the membrane [136]. Kdo 

hydrolases are now being discovered in other bacteria.  Two such enzymes have 

recently been described in Fn [137] with genes for these hydrolases having been 

identified in Ft, H. pylori, and Legionella pneumophila [138].  

A series of integral membrane proteins catalyzes the synthesis of the inner 

core after Kdo2-lipid IVA is established in the inner leaflet of the inner membrane. 

Sugars commonly incorporated are L-glycero-D-manno-heptopyranose (Hep). The  

heptosyltransferases WaaC, WaaF and WaaQ add these Hep sugars.  WaaC transfers a 

heptose residue from ADP-D-glycero-D-manno-heptose to Kdo2-lipid IVA [139]. The 

heptosyl II transferase, WaaF, catalyzes the reaction of ADP-D-glycero-D-manno-

heptose to HepI-Kdo2-lipid IVA [140]. As previously stated, there are also non-

stoichiometric substitutions such as phosphate and pEtN added to inner core, which are 

necessary for core assembly [127]. Addition of the final HepIII by the heptosyl III 

transferase is dependent on specific substitutions for proper enzyme activity. Two 

enzymes, WaaP and WaaY, mediate the phosphate/pEtN addition. WaaP makes the 

addition of phosphate or pEtN to HepI prior to the activities of both WaaY and WaaQ, 

disruption of WaaP leads to loss of phosphate addition at HepII (WaaY) and loss of the 



	   33	  

branch HepIII (WaaQ) [141].  Substitutions other than phosphate or pEtN are made to 

inner core. Salmonella and E. coli K-12 and R2 add a third Kdo (KdoIII) to KdoII via 

WaaZ [142], R2 adds Gal via WabA [143], K-12 utilizes WaaS [143] to add L-Rha. In 

Salmonella, the HepI residue is modified by the addition of a pEtN by the enzyme CptA 

[144].  

 

Figure 5. Pathway for the synthesis of Kdo. KdsD converts D-ribulose 5-phosphate to D-
arabinose 5-phosphate. D-arabinose 5-phosphate and phosphoenolpyruvate are combined 
by KdsA to form Kdo 8-phosphate. KdsC cleaves Kdo 8-phosphate to Kdo and Inorganic 
Phosphate. KdsB mediates the reaction of Kdo and CTP to form the activated sugar 
CMP-Kdo and PPi. This active sugar will be added to lipid IVA in the inner membrane. 

 

Biosynthesis of outer core 

Outer core synthesis is a more diverse process reflecting the degree of 

variability of outer core compared to inner core between genus and between 

species. The outer core pathways from E. coli K-12, R1, R2, R3, R4 and S. 

typhimurium will serve as models for this section. Outer core synthesis begins 

with the addition of a hexose sugar to the HepI sugar.  For all the above stated E. 
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coli strains and S. typhimurium this sugar is a glucose-α-1, 3-heptose (GlcI) added 

by WaaG [145].  Subsequently, the newly added sugar is modified by a α-1, 6-

galactose added by the enzyme WaaB [145, 146]. E. coli  R1, R3 and R4 do not 

have the waaB gene and therefore lack this substitution. The next addition for E. 

coli K-12, R1, R2 and R4 is the addition of α-1,3-glucose (GlcII) to GlcI by WaaO 

(formerly RfaI) [147]. E. coli R3 and S. typhimurium add α-1,2-galactose residue 

via WaaI [145]. This HexII sugar is modified after its addition in R1 by a β-1,3-

glucose (β-Glc) via WaaV [148], R3 adds α-1,3-N-acetylglucosamine (GlcNAc) 

[149], R4 adds β-1,4-galactose (β-Gal) via WaaX [148], while K-12, R2 and S. 

typhimurium remain unsubstituted at HexII.  Further additions to the straight chain 

by K-12 and R2 are a-1,2-linked glucose residue at the HexIII position by WaaR, 

and R3 and S. typhimurium by WaaJ [145, 149].  R1 and R4 make the subsequent 

straight chain additions at the HexIII of GalI via the enzyme WaaT [149].  

Terminal substitutions at the HexIII are made through the activity of WaaK adding 

GlcNAc in the case of Salmonella and R2, WaaU adding a HepIV for E. coli K-12 

[150], WaaW adding a Gal II for R1 and R4 [148], and WaaD adding Glc III for 

R3 [149]. Final core structures and the enzymes responsible for each addition for 

S. typhimurium and E. coli K-12 are shown in Figure 6. 
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Figure 6. Structures of LPS core. Structures of known inner and outer core for Salmonella 
enterica sv Typhimurium (A) and E. coli K-12 (B). All genes with known/proposed 
activities are indicated with gray arrows at the sites of activity. 
 
Regulation of core biosynthesis 

 Regulation of LPS core biosynthesis is not well understood although some 

of the regulatory mechanisms for biosynthesis of Kdo, inner and outer core are 

emerging. As previously stated, the most active area of study with regards to 

regulation focuses on the pathways described above in E. coli and Salmonella. 

Here, we will look at what has been elucidated in those pathways as a model for 

what may emerge as other bacterial regulatory systems come to light. 

Regulation of Kdo biosynthesis 

There are five major enzymes in the Kdo pathway. The genes for the first 

and third enzymes of the pathway, kdsD and kdsC, are found in the yrbG-lptB 
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locus [129].  This locus is comprised of six genes, yrbG, a putative cation 

exchanger, kdsD (D-arabinose 5-phosphate isomerase), kdsC (Kdo 8-phosphate 

phosphatase), and lptC, lptA and lptB encoding three of the proteins in the LPS 

transporter.  It is also important to note directly downstream of the locus is the 

rpoN operon, which may also be transcribed from promoters in the yrbG-lptB 

locus indicating regulation of the locus at some level by sigma factor N (σN), this 

is best characterized for its activity under nitrogen limitation. Within the locus 

there are three promoter regions regulating three operons yrbG, kdsC, and lptA 

(Figure 7A). Promoters in the first two operons will be described here with the 

third region described in later section. The yrbGp promoter can drive transcription 

of all six genes of the operon, yrbG-kdsD or yrbG alone. Sequence data suggests  

this promoter may be regulated by σD, the housekeeping sigma factor. The promoter 

region containing three promoters, kdsCp3, kdsCp2 and kdsCp1, for the kdsC operon is 

contained within the 3’ kdsD gene, which may drive transcription of kdsC-lptC as well as 

kdsC-lptB. Although exact regulation and environmental stimuli of these promoters is not 

known at this time, data suggest that that σN, sigma factor E (σE) the 

extracytoplasmic/extreme heat stress sigma factor and sigma factor S (σS) the 

starvation/stationary phase sigma factor are not involved [151].  The genes encoding the 

second and fourth enzymes in the pathway, kdsA and kdsB, are located within separate 

gene clusters. kdsA is the terminal gene in cluster of three genes that is driven primarily 

from a promoter located upstream of the ychQA-kdsA operon [152]. The promoter for 

kdsB drives the transcription of ycaR and kdsB. Both kdsA and kdsB are growth phase 

regulated at the level of transcription with mRNA levels dropping during entry to 
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stationary phase. Accordingly, the promoters of these genes show sequences for σD 

binding. Protein levels for KdsA are highest in late log phase where KdsB shows 

expression in early phases followed by a re-emergence in late stationary phase [152]. 

Data has yet to show what turns transcription of these genes off in stationary phase 

although weak binding of σS may play a role. Not much is known about the regulation of 

kdtA other than its possible transcription from one of two possible promoters from the 

waaQ operon, both containing possible binding sites for σD [153]. 

 

Figure 7. Genetic organization of LPS core and LPS transport genes. (A) E. coli K-12 
yrbG-lptB operon and known promoters. All promoters are indicated with interacting 
sigma factors. Genes for LPS transport defined in white, the yrbG gene, part of the cation 
antiporter family, is shown in grey, inner core genes shown in black. (B) E. coli K-12 
rfaD-waaL and waaQ-waaK operons with the waaA gene and indicated promoters. 
Promoters are labeled with interacting sigma factors, promoters in black indicate active 
promoters, grey promoters have not been proven active. Genes implicated in O antigen 
synthesis are displayed in white, outer core genes are shown in grey and inner core shown 
in black. 
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Regulation of inner core and outer core  

	  
The genes involved in synthesis of the heptose region of inner core and 

most of the genes for outer core synthesis of E. coli are found in one of two 

operons, hldD-waaL and waaQ-waaK (Figure 7B). The hldD operon contains the 

genes hldD, waaF, waaC and waaL driven from three promoters. The three 

promoters, P1, P2 and P3, are all located upstream of hldD and regulated under 

three different conditions. The proximal promoter, P1, contains the recognition 

sequence for sigma factor D (σD) directing transcription of these genes during 

normal growth phases. The second promoter, P2, shows some sequence homology 

to the consensus sequence for sigma factor N (σN) suggesting the importance of 

these enzymes during nitrogen-limited conditions. Lastly, the P3 promoter is 

regulated by the heat shock response for growth above 42°C reaching optimal 

expression at 50°C [154]. Expression studies show at least two of the three 

promoters, P1 and P3, are necessary for expression of the operon. Substitution of 

pEtN for HepI in Salmonella as well as the removal of phosphate from HepII is 

regulated by the two-component system PmrA/B described above.   

 Regulation of the waaQ operon is RfaH dependent which coincides with 

regulation of certain O antigen genes. The waaQ operon in E. coli contains a 

majority of the genes necessary for the remainder of inner and the outer core 

synthesis. The biosynthesis pathway of outer core for several E. coli and 

Salmonella were described above, the organization of the genes utilized in that 

pathway reflects the organization of the waaQ operon respectively. The waaQ 

operon of E. coli K-12 will be used here as an example.  Other bacteria outside of 
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the enteric organisms show a similar operon structure based on specific outer core 

sugar incorporation and enzymes necessary for their synthesis. RfaH is an 

antiterminator that interacts with RNA polymerase permitting read-through of 

termination sites for many genes involved in virulence and fertility. 

Antitermination by RfaH works through recognition of a 39 bp region upstream of 

the operon called the JUMPstart (just up-stream of many polysaccharide-

associated gene starts) sequence containing the ops (operon polarity suppressor) 

element on the non-template DNA strand downstream of the main promoter. This 

sequence recruits the RfaH protein while also causing RNA polymerase (RNAP) 

to pause at the same site [155]. Binding of the N terminal domain of RfaH causes 

the C terminal domain to undergo a conformational change that releases the N 

terminal domain to bind to the sigma site on RNAP [156]. Once bound to RNAP, 

RfaH can act by blocking termination sites within the operon and by blocking the 

rebinding of sigma factors that would lead to sigma-dependent pausing [157].   

 Within the waaQ locus lie two other possible promoters, rfaYp and rfaZp.  

These drive expression of waaYZ and waaZ, respectively. There is no strong 

evidence for the activity rfaZp, although weak activity from a fluorescent 

transcriptional reporter was indicated [158].  In contrast, rfaYp showed appreciable 

β-galactosidase activity from a waaYp-lacZ promoter fusion integrated into the 

chromosome when subjected to oxidant stress and certain antibiotics [159]. The 

two component systems, SoxR/S and MarA/B, were indicated as likely 

mechanisms of regulation of waaYp under these conditions since SoxR/S is 

induced under oxidative stress and MarA/B through antibiotic stress. This was 
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verified by observations that strains containing mutations in soxR and marA 

abolished waaYZ expression upon inducing conditions [159].   

 

Regulation of ChoP modification of LOS by phase variation 

ChoP is recognized as a common surface modification of many mucosal 

pathogens.  ChoP mimics platelet activating factor (PAF) and binds to C-reactive protein 

(CRP) and PAF receptors on host cells.  In addition to H. influenzae and Neisseria 

species, Streptococcus pneumoniae [160] and Pseudomonas aeruginosa also express this 

moiety on surface-associated molecules [161].  

The ChoP modification of H. influenzae LOS was first recognized by screening 

for mutants that were immunochemically distinct from the WT strain [162].  These 

studies identified a locus, lic1, that was found to vary by slip-strand mispairing of a 

repeat sequence 5’-CAAT-3’ within the coding region of the licA gene, encoding choline 

kinase.  By varying the number of repeats, a change in the reading frame results in a high 

frequency of spontaneous phase variation (10-2-10-3 per generation) in the expression of 

ChoP on LOS [162].  In the lic1 operon, the downstream gene, licB, encodes a choline 

transporter, while the licC gene encodes a protein with similarity to nucleotide 

pyrophosphorylases, and the product of the licD gene is involved in the transfer of ChoP 

to its final location on H. influenzae LOS [163]. Interestingly, genes homologous to licA–

D have been identified in S. pneumoniae [164], which expresses ChoP on its cell wall 

teichoic acid and lipoteichoic acid.   

The biological role of ChoP modification of H. influenzae has been defined based 

on analysis of strains that vary in ChoP expression.  ChoP-expressing strains are more 
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sensitive to the bactericidal action of normal human serum and this is correlated with the 

presence of anti-ChoP antibody in the serum [163].  The phase variable nature of the 

ChoP modification on LOS has been suggested to aid H. influenzae in evading CRP-

mediated clearance.  Further experiments revealed that strains that did not express ChoP 

were more prevalent in the blood during infection [163], while ChoP-expressing strains 

are better able to persist on the mucosal surface of the respiratory tract [161] and play a 

role at the early stages of infection.  Other studies have confirmed that ChoP increases 

host cell adherence and invasion [165, 166] and resistance to host-derived antimicrobials 

[167].  Additional studies have shown ChoP is expressed in biofilms and that this 

modification may be disadvantageous during the planktonic phase of growth [168].  

Only a few hints have emerged since these genes were originally recognized to 

define conditions responsible for regulating ChoP expression on H. influenzae.  Wong 

and Akerley noted that ChoP was more highly expressed under conditions of low aeration 

and this correlated with the expression of licA in H. influenza [169].  However increased 

expression of licA alone was not sufficient to increase ChoP modification.  The authors 

concluded that phase variation was not the only mechanism to regulate ChoP expression.  

They found that a mutation in a gene encoding the global regulator CsrA showed an 

increase in ChoP expression under aerobic conditions compared to the WT strain [169].  

In Escherichia coli CsrA is a pleotropic post-transcriptional regulator.  Thus, it was 

concluded that the regulation of other genes involved in LOS biosynthesis are likely 

responsible for the modulation of ChoP expression.  Such modulation could allow H. 

influenzae to adapt rapidly to changing environments to control the level of ChoP 

modification. 
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The location of ChoP on the LOS core region varies depending on the H. 

influenzae strain and is likely due to different specificity of the licD gene [167].  Other 

studies have linked the presence to two distinct ChoP modifications on H. influenzae 

LOS to two different copies of the lic1 operon [170].  In this case, ChoP can be added to 

a hexose or heptose linked to the LPS core.   However, how these different lic1 loci are 

regulated and therefore what modification is expressed under particular conditions is not 

currently known.  

Interestingly, the ChoP modification of the LOS of Neisseria is only found on 

commensal and not pathogenic species. These commensal strains have a gene 

homologous to the H. influenzae licA gene [171], as well as downstream genes 

homologous to licB, licC, and licD [172].  Again, with similarity to the H. influenzae 

system, the Neisseria licA gene has varying numbers of 5’-CAAT-’3’ repeats within the 

gene.  Therefore the expression of ChoP on LOS of commensal Neisseria is also phase 

variable.  The expression of ChoP on the LOS of these commensal Neisseria correlates 

with increased susceptibility to the bactericidal effects of human serum and the ability of 

the organism to adhere to and invade human epithelial cells.   Interestingly, and distinctly 

different, pathogenic Neisseria species, including N. meningitides and N. gonorrhoeae, 

do not contain the lic1 gene.  In fact, in these species, it is the pili are modified with ChoP 

rather than the LOS.  ChoP is added to the surface protein, pilin, by a post-translation 

mechanism [173].  It has been suggested that these modifications are also subject to 

phase variation due to a homopolymeric guanosine tract in the pptA gene, encoding a 

putative pilin phosphorylcholine transferase A [174, 175].  Similarly to that found with 
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the modification of LOS, the variable expression of ChoP on pilin likely influences the 

interaction of these pathogens with host cells at different stages of infection.   

Regulation of LOS by PhoP/Q in Yersinia pestis  

 Multiple systems are employed for the regulation of LOS including phase 

variation, two component systems, as well as feedback systems. Many of the regulatory 

mechanisms are well studied with an emphasis on organisms such as Neisseria. 

Modification of the LOS by Y. pestis is important for survival in both the mammalian and 

flea host. Flea and mammalian hosts require adaptation to two temperatures, 25° C and 

37° C respectively.  Therefore, it is not surprising that regulation of certain LOS 

modifications for adaptation within the host are temperature-dependent. Structural studies 

have identified a unique 37° C structure and four glycoforms at 25° C conferring, among 

other modifications, a decrease in galactose incorporation into the core as temperature 

increases [176].  This change in galactose incorporation has been shown to be regulated 

by the two-component regulatory system PhoP/Q, as mutants lacking phoP are unable to 

incorporate galactose thus expressing only the terminal Hep [177]. Although no direct 

link between temperature and PhoP/Q activation has been elucidated, other modes of 

activation such as Mg2+ deficiency and exposure to cationic AMPs have been shown to 

regulate this system. A feedback loop mechanism has recently been identified for down 

regulation of PhoP/Q, mediated by the integral membrane protein MgrB [178]. 

Transcriptional studies found up regulation of mgrB by PhoP and ΔmgrB strains show 

increased expression of PhoP-regulated genes even under repressing conditions [178].  
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Influence of core structural modifications on antibiotic resistance 

 Core structure is important to the overall stability and integrity of the 

Gram-negative outer membrane.  When minimal core structure is not incorporated 

release of cytoplasmic enzymes into the media, decreased fitness and loss of 

viability can result. Importance of core structure and its modification is evident 

when looking at survival within the host and resistance to antibiotics. In most 

cases AMP resistance can be equated with a loss or masking of the negative 

charge of the membrane and/or decrease in membrane fluidity, thus decreasing 

electrostatic interactions, hydrophobic interactions and ability of AMPs to insert 

into the membrane. Positively charged AMPs utilize these properties to integrate 

into the outer membrane making pores, which ultimately lead to bacterial lysis and 

death. By utilizing positively charged additions, such as aminoarabinose, 

phosphoethanolamine, and ethanolamine, bacteria can lower the affinity of AMPs 

for the cell surface resulting in increased resistance. Other modifications such as 

the additions added to Y. pestis by PhoP/Q, confer resistance to AMPs such as 

polymyxin B [177].  

 Since LPS comprises the majority of the outer membrane of Gram-

negative bacteria, it is important to understand how different LPS molecules will 

interact with and affect the OMPs and membrane integrity.  Some of these OMPs, 

such as porins, and changes in LPS affecting membrane permeability, are 

implicated in antibiotic resistance mechanisms. Changes in OMP incorporation, 

stability, and composition can all potentially lead to changes in susceptibility to 

antibiotics. There are different hypotheses on how variation in LPS core structure 
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can affect any of these properties; some believe LPS core is independent of 

membrane protein incorporation and biogenesis, while others feel core plays more 

of an active role.  Recently, it was shown that an E. coli S17-1 (lpir) mutant with a 

waaQ mutation had an identical OMP aggregate composition when compared to 

WT E. coli K-12; thereby asserting core does not play a role in biogenesis [179]. 

Analysis of a Neisseria meningitidis lpxA deletion strain lacking LPS expresses a 

majority of normal OMP, but lacks surface-exposed lipoproteins. The authors 

indicated that these properties are likely specific to capsule-producing N. 

meningitidis [180]. Others have shown appreciable changes to major OMPs with 

LPS core truncations. An E. coli deep rough mutant showed inability to produce a 

properly folded monomer of the OMP, PhoE, when compared to an isogenic rough 

strain; however there was no difference between the two strains in trimerization of 

the monomers in the outer membrane [181]. Follow up work from de Cock and 

colleagues utilized inner core mutants to isolate regions of inner core necessary for 

stable folding of the PhoE monomer and found that mutants with reductions in 

negative charge in the inner core reduced proper folding of PhoE [182].  Some 

modifications change antibiotic susceptibility by decreasing membrane 

permeability to lipophilic antibiotics as well as to AMPs. A study in Citrobacter 

rodentium examined affects of the two component system PmrA/B, which triggers 

the addition of pEtN on both the lipid A by PmrC and core moiety by CptA, on 

susceptibility to antibiotics and AMPs. Mutants with deletions in pmrA/B, pmrC, 

and cptA had increased susceptibility to antibiotics that diffuse across the 
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membrane, increased uptake of fluorescent dyes and leakage of periplasmic β-

lactamase, all of which indicate a decrease in membrane barrier function [183] 

Section 3: O-antigen Biosynthesis 

General structure of the O antigen  

The core oligosaccharide of LPS is often capped with an O antigen side chain 

that is composed of varying numbers of repeating sugar subunits and extends out 

from the surface of the cell.  It is the composition of the O antigen subunit that 

distinguishes different serotypes of bacterial species from each other. The 

presence of this side chain differentiates S-LPS molecules (which contain the O 

antigen side chain) from R-LPS molecules (where nothing is added to the core). 

Some of the LPS produced in a cell can remain uncapped and rough, and the 

percentage can differ widely among different bacteria. For example, E. coli and S. 

enterica cap ~90% of their LPS molecules, while PA only caps ~10% [184]. The 

mechanism that determines how often LPS molecules will receive an O antigen 

side chain remains undetermined.  

Gram-negative bacteria attach O antigen side chains of different lengths to the 

LPS expressed on the surface. This phenotype is evident as a laddered banding 

pattern when isolated LPS is run on SDS-PAGE and stained, where each 

increasing band represents a LPS molecule with one additional O antigen subunit 

linked together to form the side chain (Figure 8C).  Bacteria tend to have a 

preference for producing O antigen side chains of specific lengths, resulting in a 

grouped modal banding pattern; this preference in chain length can vary 

depending on the species, strain, and/or serotype of the organism. 
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The serotype-specific LPS O antigen is generally considered an immunodominant 

protective antigen.  E. coli and Salmonella strains with an S-LPS have been 

shown to interact with the terminal components of the complement cascade, yet 

insertion of the membrane attack complex (MAC) does not occur [185].  Also, 

these strains are more resistant to the action of normal human serum than strains 

with a rough LPS.  The importance of the O antigen portion of LPS has been 

shown to be critical for virulence and pathogenesis of many Gram-negative 

bacteria [186-188]. 
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Figure 8. Structure and visualization of LPS. (A) The typical Gram-negative membrane is 
comprised of the inner membrane, the periplasm and the outer membrane. The inner 
membrane is a phospholipid bilayer with integral and peripheral membrane proteins.  (B) 
Representation of LPS structure showing the O antigen in blue, core in purple and lipid A 
in yellow. Phosphates are shown as black circles. (C) LPS from S. typhimurium strain 
14028s and its isogenic Δwzzst mutant. The lower molecular weight bands demonstrate 
the banding pattern associated with increasing O antigen side chains. The loss of long 
chain lengths due to the absence of wzzst is evident in the deletion mutant strain. Since 
wzzfepE is still contained in the genome of both strains, the very long chain length is still 
detected at the top of the gel. LPS was detected using Salmonella O Antiserum Factor 4 
from Difco Laboratories. 



	   49	  

Loci containing O antigen genes  

Most Gram-negative bacteria contain within their genome an entire locus 

dedicated to the synthesis of the O antigen subunit and assembly of the side 

chain. The organization and sequence of these loci differ depending on serotype, 

and include distinct genes that encode enzymes responsible for synthesis of the 

sugars, glycosyltransferases responsible for linking them together, and other 

genes for assembly of the O antigen subunits (Figure 9). Across the different 

serotypes of a species, these loci are generally located in the same area of the 

genome despite the sequence of the loci themselves being unique.  In 

Enterobacteriaceae, such as E. coli and Salmonella, these gene clusters are 

located adjacent to the his locus [189], while in PA, they are located between 

himD and tyrB [190].  These O antigen loci generally have a much lower GC 

content than the rest of the genome, suggesting they have been horizontally 

transferred and inserted into hotspots on the chromosome.  In some cases, genes 

required for O antigen synthesis and modification may be outside this locus. In 

bacteria that use the ABC transporter system for the synthesis of O antigen (see 

below), the genes that encode this system reside elsewhere on the chromosome. 
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Figure 9. O antigen loci from different Gram-negative bacteria. Organization of loci was 
obtained from the Genome home of NCBI (http://www.ncbi.nlm.nih.gov/sites/genome). 
Strains are as follows: PA- PAO1; S. typhimurium- LT2; S. flexneri- 2a str 301. Locus tag 
numbers are provided underneath genes at the beginning and end of the operons. For 
reference some of the other O antigen associated genes are as follows: PA: waaL = 
PA4999, wzz2 = PA0938. S. typhimurium: rfc (wzy) = STM1332, fepE (2nd wzz gene) = 
STM0589. S. flexneri: waaL = SF3666. 

 

Biosynthesis of O antigen   

To date, three different mechanisms for assembling the O antigen side 

chain have been described (reviewed in [189]). The most common, referred to as 

the Wzy-dependent pathway, uses specialized enzymes to generate the O antigen 

side chain (Figure 10). The second most common, the ABC transporter-dependent 

pathway, uses glycosyltransferases to assemble the side chain and ABC 

transporters to move it to the periplasm (Figure 11). The final synthase-dependent 

pathway, encoded by plasmid borne genes, has only been thus far described for S. 

rpsA himD wzz1 wbpA 
wbpB 

wbpC 
wbpD 

wbpE 
wzy 

wzx 

hisH2 hisF2 

wbpG 
wbpH 

wbpI 
wbpJ 

wbpK 
wbpL 

PA3143 

wbpM tyrB 

galF 

galF 

gnd udg wzz hisI 

gnd udg wzz hisI rfbB 
rfbD 

rfbA 
rfbC 

rfbE 
rfbF 

rfbG 
rfc 

rfbI 
rfbJ 

SF2094 SF2092 
SF2093 

rfbP 
rfbX 

rfbB 
rfbD 

rfbA 
rfbC 

rfbI 
rfbF 

rfbG 
rfbH 

rfbJ rfbV 
rfbU 

rfbN 
rfbM 

rfbK 

2 kb 

P. aeruginosa  

S. typhimurium 

S. flexneri 

Outside O antigen locus O antigen sugar subunit assembly enzymes or transferases 
O antigen side chain assembly enzymes O antigen locus chain length regulator 
Unrelated to O antigen synthesis 
within locus 

Hypothetical proteins 

PA3162 PA3139 

STM2098 STM2079 

SF2105 SF2089 

Kintz et al. Figure 6 



	   51	  

enterica serovar borreze [191].This latter system uses one dual-activity enzyme 

both to form the side chain and to transport it into the periplasm.  All three 

pathways use enzymes located within the inner membrane, and end with the 

completed side chain on the periplasmic face of the inner membrane so it can 

interact with the WaaL O antigen ligase, linking it to lipid A + core. Another 

common feature of all three pathways is the use of a carrier lipid, C55-P, to begin 

assembly of the side chain.   

 

 

 

 

 

 

Figure 10. Wzy-dependent pathway for O antigen synthesis and transfer across the inner 
membrane. Diagram shows O synthesized on the C55-P and transferred via the Wzx, O 
antigen flippase.  The Wzy, O antigen polymerase, extends the chains, the length of 
which is controlled by the Wzz, O antigen regulator [1]. 
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Generation of the O antigen side chain occurs in the periplasm during 

Wzy-dependent assembly (Figure 10). First, glycosyltransferases assemble the 

subunit onto C55-P on the cytoplasmic surface of the inner membrane. The Wzx 

flippase transfers the C55-P linked O antigen subunits to the periplasmic face of the 

inner membrane. Here, the Wzy polymerase links together subunits to form the 

side chain, requiring a new C55-P-linked subunit for each addition. The modal 

distribution discussed above is determined by the Wzz chain length regulator 

 proteins (discussed in detail below).  A few bacteria (S. typhimurium, S. flexneri, PA) 

produce two preferred chain lengths, leading to a bimodal distribution of lengths when 

LPS is visualized on gels [192-194].  Once the desired length has been reached, the entire 

side chain is transferred “en bloc” to the lipid A + core by the WaaL ligase and the 

Figure 11. ABC-transporter dependent pathway for transfer across the inner membrane. 
Diagram shows the of transfer the C55-P -linked O antigen across the inner membrane by 
the ABC-transporter, Wzm and Wzt.  [1]. 
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completed LPS molecule can then be moved to the outer membrane (discussed below).  

Mutants that have abolished the activity of their Wzz protein produce a random 

distribution of side chains, where shorter length side chains are produced by the Wzy 

polymerase acting without a regulating influence. 

The ABC transporter-dependent pathway for O side chain synthesis is 

typically associated with much simpler O antigen repeats than are found with the 

Wzy-dependent pathway.  PA uses this system to make a second O antigen, 

referred to as A-band or common antigen [190].  Instead of adding each O antigen 

subunit to an individual C55-P molecule, as occurs in the Wzy-dependent pathway, 

in the ABC transport system, a “priming” sugar is added to C55-P. O antigen side 

chain synthesis then occurs within the cytoplasm, anchored to the membrane by 

the C55-P lipid. Glycosyltransferases add sugars to the growing side chain and thus 

a dedicated Wzy polymerase is not required. Once the appropriate length is 

reached, the entire side chain is shuttled across the inner membrane via ABC-

transporters, involving the membrane spanning protein Wzm, and the ATP-

binding protein Wzt.  Wzz proteins are not associated with this pathway of 

assembly, and how these strains exhibit O antigen modality remains under 

investigation. It is thought that it might be associated with size restrictions present 

by the opening of the transporter [195]. Alternatively, it may be determined by the 

ratio of glycosyltransferases versus the ABC transporter.  Bronner et al. 

demonstrated that overexpression of the ABC transporter led to a decrease in chain 

length, possibly because the increased amount of transport protein gave the 

glycosyltransferases a shorter time to act before the chain was moved to the 
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periplasm. Since the ABC transporter genes are located at the beginning of the O 

antigen operon, transcriptional polarity could influence protein levels and thus act 

as a mechanism to control chain length [196].  

In the synthase-dependent pathway, a priming sugar is also used to initiate 

the formation of the side chain. WbbF then adds sugars to increase the length of 

the side chain and also acts as the transporter that moves it to the periplasm. The 

side chains produced by this pathway appear largely unregulated in length; the 

modal distribution typically seen in other Gram-negative bacteria is not evident. 

There is a noticeable absence of side chains containing only one or two subunits, 

which are common for side chains produced by the other pathways. This finding 

suggests that the side chain has to reach a specific length before WbbF can move it 

across the membrane [191].  

Regulation of O antigen biosynthesis genes 

The O antigen side chain, given its position on the surface, is one of the 

first components of the bacteria to interact with the environment. Since the side 

chains form a barrier that can protect the bacteria from complement and AMPs, it 

would seem evolutionarily advantageous that bacteria would regulate the amount 

of O antigen on their surface to protect themselves as they encounter changing 

conditions. Several environmental conditions have been described that affect the 

expression of O antigen on the surface of the bacteria. These range from 

osmolarity, oxygen tension, to Mg2+ concentrations. One of the more extreme 

examples of growth conditions affecting chain length has been described for 

growth at different temperatures. For example, both Aeromonas hydrophilia and Y. 
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enterocolitica express more O antigen at lower temperatures (20-25°C) compared 

to 37° C. For Y. enterocolitica, not only is more overall O antigen present at lower 

temperatures, an increase in the modality conferred by Wzz is more apparent. At 

37° C, the banding pattern resembles the random distribution of chain lengths of 

wzz mutant strains.  

Conditions that create membrane stress also lead to changes in O antigen 

chain length. In Y. entercolitica, Wzz overexpression led to decreased 

transcription of the O antigen locus.  The altered dynamics of the inner membrane 

were shown to activate the CpxA/R extracytoplasmic stress response; the authors 

hypothesized that induction of this system eventually feed back to lead to the 

decrease in expression of the O antigen genes [197]. Similarly, extracytoplasmic 

stress in E. coli was also demonstrated to lead to changes in O antigen. Deletion of 

tolA or pal was associated with an upregulation of the sE extracytoplasmic stress 

response, and a decrease in the amount of the regulated O antigen chain length 

was evident [198]. A similar phenotype could be elicited by the addition of indole 

to the bacterial cultures, which is known to affect membrane stability; in this case 

that there was no decrease in transcription of the O antigen locus to explain the 

phenotype [198]. However, the authors did not investigate expression levels or 

protein degradation of the Wzz chain length regulator.  However decreased 

amounts of the preferred chain length indicate there may be a reduced amount of 

Wzz available during membrane stress conditions.  How all these changes in 

conditions are recognized and how the bacteria subsequently adjust the expression 

of O antigen assembly genes has not been completely characterized. 
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Regulation of the O antigen locus 

Regardless of which pathway is used to make O antigen, Gram-negative 

bacteria contain a locus dedicated to the synthesis of the O antigen subunit and 

assembly of the side chain. Despite the importance of this molecule as a major 

component of the bacterial surface, very little work has been done to investigate 

the transcriptional control and expression of O antigen associated genes. With a 

few exceptions, most of the work on O antigen gene regulation has been 

performed in enteric bacteria. 

One of the most common forms of regulation seen for O antigen loci 

across many species is post-transcriptional control of expression through RfaH. 

The JUMPstart sequence, containing the ops, has been identified in both Wzy-

dependent and ABC transporter-dependent O antigen loci [199, 200].  Given the 

large size of the O antigen operons, it is believed RfaH acts as a transcriptional 

antiterminator to promote transcription of genes at the 3’ end of the operon. 

Mutants made in rfaH have altered O antigen chain lengths compared to WT 

strains, and ß-galactosidase activity was reduced when promoter-lacZ fusions 

using the upstream sequence to O antigen loci were expressed in rfaH mutant 

strains [201, 202]. Similarly, it has been demonstrated that transcription of distal 

genes is abolished compared to genes closer to the promoter in rfaH mutants. In 

some cases, O antigen locus promoter-lacZ fusions have not identified a change in 

expression under different conditions [203]. It is believed in these cases that the O 

antigen locus promoter may be constitutive and proper expression of assembly 

enzymes is dependent on regulation of transcript length via RfaH.  The residual 
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expression of LPS in a Salmonella rfaH mutant and its modest attenuation has 

supported the premise that this strain might be a viable vaccine candidate [204].   

The amount of O antigen present on the surface increases as bacteria enter 

late exponential and stationary phase, indicating growth phase may play a role in 

the regulation of the O antigen locus [202, 205]. rfaH-lacZ fusions in S. typhi 

demonstrated that expression also increased as bacteria grew, providing an 

explanation for the differences in O antigen amount [201]. Analysis of the rfaH 

promoter revealed a σN-binding site, and mutation of rpoN abolished the increase 

in rfaH expression seen during stationary phase [201]. Since σS is associated with 

expression of stationary phase genes, its role rfaH regulation was also investigated 

[206]. Mutation of rpoS also reduced the expression of rfaH during stationary 

phase. However, when a double rpoS rpoN mutant was complemented with each 

individual gene, only expression of rpoN could rescue rfaH expression, leading 

the authors to conclude that RpoS does not directly interact with the rfaH 

promoter. Given the constitutive expression of σN, the authors hypothesize that σS 

regulates an as yet unidentified stationary phase factor that acts with σN to increase 

expression of rfaH, leading to the increased amounts of O antigen seen during 

stationary phase. 

Regulation via RfaH does not completely explain expression of the O 

antigen locus nor the determination of O antigen chain length under different 

conditions. rfaH-lacZ fusions do not exhibit changes in expression when cultures 

are grown under different temperatures or different osmolarity conditions [203], 

indicating other unidentified factors may be regulating the transcription of the 
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locus. Furthermore, JUMPstart sequences have not been identified upstream of the 

O antigen loci in a few Gram-negative species including: Y. enterocolitica and PA, 

also suggesting they may use another mechanism to ensure full transcription of the 

entire locus.  

Regulation of wzz chain length regulators 

The Wzy-dependent pathway of O antigen assembly relies on the Wzz 

chain length regulators to determine the modal chain length characteristic to each 

species. In a majority of the O antigen loci whose sequences have been 

determined, the wzz gene is located near the locus, but has been found to have its 

own promoter separate from the one used for the rest of the operon. This provides 

another level of regulation for O antigen chain length. That is, the wzz genes can 

be expressed differently from the rest of the O antigen assembly genes.  

Transcriptional regulation of the wzz gene associated with the O antigen 

locus has best been characterized in different Salmonella enterica serovars [207].  

Delgado et al. investigated the role of the PmrA/B and RcsC/YojN/RcsB on wzz 

expression in S. typhimurium. These authors chose PmrA/B to investigate since 

this two-component system is involved in the regulation of other LPS modification 

genes [68, 72, 106-110]. They also examined RscC/YojN/RcsB because these 

genes control capsular polysaccharide production, which is mechanistically similar 

to O antigen synthesis. The authors demonstrated that PmrA and RcsB bind the 

wzz promoter and can independently drive expression of wzz.  Expression of wzz 

increased under conditions that led to the activation of these two component 

systems, such as growth in low Mg2+ conditions or in the presence of Fe3+ [68-71].  
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More recently, the effect of dam methylation of wzz expression in S. 

enteritidis was investigated. The dam mutant exhibited an altered O antigen-

banding pattern compared to WT resulting in an increased number of lower 

molecular weight bands [208]. wzz promoter-lacZ fusions demonstrated decreased 

expression of wzz in the dam mutant; this was confirmed when Western blotting 

also found lower levels of Wzz protein in the mutant. It was not determined if this 

effect was due to direct regulation of the wzz promoter via the Dam 

methyltransferase. There are a few GATC sequences upstream of, and within, the 

wzz coding sequence, but the authors noted a three-fold higher distribution of the 

GATC sequence within rcsB compared to surrounding sequence. This suggests the 

effect seen on wzz may be due to dam regulation of the wzz transcription factors.  

Temperature regulation of the wzz gene has been associated with the 

changes in O antigen expression seen at different growth temperatures. For 

example, Aeromonas hydrophilia has decreased O antigen at 37° C compared to 

20° C. Transcript levels of the O antigen locus are fairly equivalent between the 

two temperatures, so a decrease in the levels of the rest of the O antigen assembly 

enzymes does not explain the difference seen [209]. However, Wzz levels were 

reduced when the bacteria were grown at 37° C. Less Wzz protein would lead to 

fewer of the regulated chain length being produced, leading to more lower 

molecular weight chain lengths at that temperature.  

Gram-negative species that produce two different preferred chain lengths, 

such as some strains of E. coli, S. typhimurium, and S. flexneri, also contain a 

second wzz gene that is not associated with the O antigen locus. In E. coli and S. 
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typhimurium, it is found within a locus dedicated to iron transport, while S. 

flexneri stably maintains this gene on a plasmid. When investigating expression of 

the different O antigen chain lengths in S. typhimurium, it was noted that the 

amount of very long chain length increased when the bacteria were grown in 

serum compared to standard media [210]. However, a wzzfepE promoter-lacZ fusion 

demonstrated that expression of this gene was not up-regulated in low iron 

conditions, as might be expected given its location in the genome, thereby 

suggesting some other condition present during growth in serum is responsible for 

the increased expression. More recently, PmrA, which regulates the O antigen 

locus associated wzz in S. typhimurium, was found to also bind the promoter 

region of wzzfepE in the same strain [211].  RcsB/C was not found to play a role in 

wzzfepE expression.  

The expression of both wzzB (associated with the O antigen locus) and 

wzzpHS-2 (encoded on the virulence plasmid pHS-2) has been investigated in S. 

flexneri using promoter-lacZ fusions [205]. Both of the genes exhibited an 

increase in expression as cultures reached stationary phase, similar to that seen for 

genes in the O antigen locus. However, this increased expression was not 

dependent on RfaH since expression of these genes increased during stationary 

phase even in a S. flexneri rfaH mutant. This illustrates how the wzz genes are 

expressed in a different manner than the rest of the O antigen locus despite being 

key proteins that are important for achieving proper O antigen chain length. 
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Regulation of O antigen modification genes 

It has been demonstrated in both S. enterica and S. flexneri that 

bacteriophage infection can lead to a conversion from one O antigen serotype to 

another. This is due to phage-encoded glycosyltransferases that modify the sugars 

of the O antigen subunit and is believed to prevent competing bacteriophages, 

which typically bind O antigen for invasion, from infecting the same cell. The 

temperate bacteriophages involved in serotype switching encode three genes 

[212].  The first of these genes two in the phage operon are the highly conserved 

glucosyltransferase genes gtrA and gtrB. The third gene is unique to each phage, 

and its encoded is responsible for the specific linkage of the glucosyl residue to 

glucosyltransferase the O antigen subunit that produces the seroconversion of that 

phage.  

Similar modifications that convert one O antigen serotype to another have 

also been seen in PA.  The phage D3 has been shown to carry genes responsible 

for changes in the acetylation pattern and linkages between sugars within the O 

antigen [213].  This phage encodes an O-acetylase, an alternative wzy gene, and a 

wzy-inhibitor [214].  However other than observations that the GC content of 

these phages genes was distinct from the rest of the PA genome [215], how the 

genes controlling this type of modification are regulated has not been determined.  

The expression of the O antigen modification operon after insertion into 

the bacterial genome has been characterized for the P22 phage in S. typhimurium 

[216]. In this system, serotype conversion exhibited a heritable but reversible 

expression pattern similar to phase variation. Examination of the upstream region 
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indicated there were three OxyR binding sites and several GATC sequences that 

might be subjected to methylation via the Dam methyltransferase. Since OxyR 

acts as a dimer, it was determined that if OxyR bound the first two sites because 

the third was precluded due to methylation of the site, then OxyR acted as a 

positive regulator for expression of the gtr operon. However, if the first binding 

site was methylated, leaving open the last two binding sites for OxyR, it then 

behaved as a negative regulator and inhibited transcription of the locus. The 

epigenetic regulation imposed by the methylation of the DNA would lead to the 

heritability of the phenotype, but would also explain how during DNA replication, 

when the sites were not bound by transcription factors, it could occasionally 

switch and lead to the phase variability observed.  

Regulation of O antigen chain length by Wzz proteins 

The Wzz proteins, which are members of the polysaccharide co-

polymerase family of proteins [217], are responsible for determining the number 

of O antigen subunits that are linked together to form the side chain.  In strains 

producing two different preferred chain lengths, two different Wzz proteins are 

used to regulate each chain length. While the sequence similarity among Wzz 

proteins from different species is relatively low, they all contain two 

transmembrane domains at the amino- and carboxy-terminal ends of the protein 

that anchors them in the inner membrane.  The middle portion is exposed in the 

periplasm and structural analyses indicate it is largely alpha-helical [218, 219]. 

Because O antigen side chain synthesis occurs in the periplasm, this allows for the 

Wzz protein to interact with either the Wzy polymerase or the growing chain of O 
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antigen subunits to determine the number of subunits linked together before 

ligation to lipid A + core.   

The effect of O antigen chain length on interaction with host cells has been 

investigated [220, 221].  An E. coli strain mutated in the wzz gene (called rol, for 

regulator of O antigen length) was more sensitive to the action of normal human 

serum compared to the WT strain, but less sensitive than a rough strain completely 

lacking O antigen [222].  In Salmonella, strains that lack the long chain length are 

more sensitive to the action of normal human serum and are less virulent in a 

mouse model of infection compared either to WT strains or those lacking the very 

long O chain length [193].  PA wzz mutants showed similar differential effects in 

in vitro and in vivo virulence models [223, 224].   

Despite the importance of achieving proper O antigen side chain lengths 

for the survival of the bacteria, how the Wzz proteins regulate this activity is not 

well understood.  Mutational analyses have determined that single amino acid 

changes over the entire length of this protein could lead to shifts in preferred chain 

length or completely abolish the ability of Wzz to regulate any chain length [225, 

226].  Since these studies were unable to define a specific active site associated 

with regulating O antigen chain length, it is now assumed that Wzz does not 

possess any inherent enzymatic activity for regulating chain length, but instead 

acts as a structural scaffold for the other O antigen assembling components.  

Cross-linking studies indicate Wzz proteins form homo-oligomers [219, 

227, 228].  This ability to homo-oligomerize is tied to length-regulating activity 

because wzz mutants that no longer oligomerize also fail to regulate chain length 
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[225].  Wzz oligomers with sizes consistent of octamers have been observed via 

Western blot [192].  The crystal structures to the periplasmic region of three Wzz 

proteins have been solved, and all three have been crystallized as oligomers 

containing five, eight, or nine Wzz monomers [219]. These crystal structures 

suggested a general shape for Wzz oligomers, with the monomers coming together 

to form an open barrel bell-shaped structure that extends about 100 Å into the 

periplasmic space. Since the number of monomers forming the oligomer differed, 

there was a larger difference in the diameter of both the inner cavity (9-50 Å) and 

the outer portion of the oligomer closest to the membrane (73-95 Å). These 

authors noted the presence of many charged amino acids covering the outer 

surface of the barrel, which they suggested may be important for interacting with 

the growing O antigen side chain [219].  

Several theories have been proposed to explain Wzz activity. According to 

the “molecular timer” model, Wzz exists in two conformational states with one 

favoring further polymerization of the side chain by Wzy, while the other 

terminates this process to allow for ligation to lipid A + core [229]. Upon 

incubation with O antigen, Wzz is found in a more alpha helical conformation 

providing some support for this theory [218]. The “molecular chaperone” theory 

proposes that Wzz organizes Wzy and WaaL in a complex with the ratio of each 

protein affecting ligation kinetics, thus determining chain length [230].  The recent 

in vitro study by Woodward et al. demonstrated Wzz maintained chain length 

regulating activity in the presence of only Wzy, indicating that WaaL is not a 

necessary component of the complex for Wzz’s activity [231]. Both the 
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“molecular timer” and “molecular chaperone” theories were introduced before 

evidence existed that Wzz itself homo-oligomerizes, although this information 

does not discount either model. More recently, Tocilj et al. proposed that the Wzz 

oligomer serves as a scaffold around which Wzy organizes, similar to the 

“molecular chaperone” theory. In this model, each Wzy protein completes the 

addition of one O antigen subunit before passing it off to a neighboring Wzy rather 

than one Wzy protein completing the entire side chain as was previously assumed 

[219]. Since there is a rough correlation between the number of Wzz proteins 

associated together in an oligomer and the length of the O antigen side chain 

produced, this “processive” model would better explain how an increase in Wzy 

protein levels leads to an increase in chain length [217]. An increased amount of 

Wzy assembled around a larger oligomer would allow for more rounds of 

polymerization to produce longer side chains. Which theory is most correct has 

been difficult to determine since direct protein-protein interactions between Wzz 

and Wzy have yet to be detected.  

More recent mutagenesis studies have indicated an important role for the 

conformation of the barrel when determining chain length. When a five amino 

acid linker sequence was inserted into the region constituting the base of the 

protein, the chain length produced by that mutated Wzz increased in length [232]. 

The insertion was predicted to face the inner cavity formed by the monomer and 

may have been large enough to increase the diameter of the barrel. It is an 

intriguing possibility that O antigen chain length may be physically measured in 

some way using the barrel, so that increases in barrel size would lead to increases 
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in chain length. Similarly, several studies have found that changing amino acids 

along the monomer-monomer interface can affect chain length, possibly by 

affecting the conformation of the barrel or the stability of the oligomer complex, 

again indicating that the barrel of the Wzz oligomer may play a larger role in 

Wzz’s chain length regulating activity than was suggested by any of the previous 

theories of activity [232, 233]. However, a direct correlation between mutated 

versions of Wzz producing different chain lengths or ones actually having altered 

conformations of the barrel have not been investigated.  

The amount of Wzz protein available can also have an effect on the 

amount of the preferred chain length produced. Overexpression of Wzz in Y. 

enterocolitica was demonstrated to produce its preferred chain length even when 

transcription of the rest of the O antigen locus was decreased [197]. The authors 

hypothesized that despite the reduced amount of O antigen assembly machinery 

available, the excess Wzz protein expressed from the complementation vector 

allowed the assembly complex to operate more efficiently, thus producing a 

regulated O antigen chain length even under conditions where expression is 

typically repressed. Alternatively, overexpression of Wzy often leads to the 

production of an increased amount of shorter chain lengths, possibly because it 

exceeds the levels that can interact with the Wzz oligomers [234].  These results 

demonstrate the importance of the ratio of the proteins in the hypothetical 

assembly complex when determining chain length.  

In species producing two different chain lengths, there appears to be a 

competition between the two Wzz proteins for the O antigen assembly machinery, 
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leading to another level of regulation. Different levels of the proteins can 

determine which chain length is produced in a greater amount. It has been 

demonstrated that overexpression of wzz associated with the O antigen locus can 

abolish the production of the chain length associated with the second Wzz protein, 

despite the fact that it still being expressed [189]. By determining which gene is 

up-regulated under different conditions it should be possible to explain why one 

chain length is expressed in a higher amount compared to the other as bacteria 

encounter different environments.  

Section 4: LPS transport 

After the synthesis of lipid A and the addition of the core oligosaccharide, 

this moiety is flipped from the inner surface of the inner membrane to the 

periplasmic surface of the inner membrane by the ABC transporter MsbA.  The 

LPS can then be modified by the WaaL O antigen ligase (or can remain rough, as 

is the case for E. coli K12) and transported to the cell surface.  The components 

responsible for this transport of LPS have only recently been identified.  Most of 

the genes that encode these LPS transport (Lpt) factors have been recognized by 

studies of conditional lethal mutants in E. coli (reviewed in [235]).  

The Lpt system contains seven components.  LptB appears to be a 

cytoplasmic protein, LptF and LptG are in the inner membrane, LptC appears to 

be periplasmic and anchored to the inner membrane, LptA is periplasmic, LptE 

(previously known as RlpB) appears to be periplasmic and anchored to the outer 

membrane, and LptD (previously known as Imp) is an outer membrane protein.  

There are currently two competing mechanisms proposed for how these proteins 
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work together mainly based on studies in E. coli [236]. One relies on LptA acting 

as a chaperone to usher the LPS through the periplasm in a similar manner to how 

LolA transports outer membrane lipoproteins while another proposes a trans-

envelope complex of LptA that forms a bridge between the inner and outer 

membrane that assists the transport of the LPS (Figure 12).  The current evidence 

based on genetic and biophysical interaction studies of the Lpt proteins supports 

the trans-envelope model [236-240]. 

Interestingly, while these would appear to be processes that might be 

conserved in all Gram-negative bacteria, distinctions have already been noted to 

exist between E. coli and N. meningitidis.  Some of the Lpt proteins are found in 

different compartments in N. meningitidis when compared to E. coli, and while 

mutations in the lpt genes affected LPS transport in N. meningitidis, these genes 

were non-essential for survival of this organism [241]. This latter observation 

would appear to be similar to the results with the lpxA mutant, which does not 

make LPS, but is non-essential in N. meningitidis [242].  Whether this is due to the 

fact that Neisseria generally makes LOS rather than LPS or other currently 

unrecognized differences in the outer membrane is not known.   
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Figure 12. Diagram of the two proposed LptA transport mechanisms. In both models, 
MsbA transports the lipid A-core across the inner membrane.  The completed Und-linked 
O antigen is transferred to the lipid A-core via the WaaL, O antigen ligase (not shown).  
The left model shows that LptA docks with LptC and picks up the lipid A-core-O antigen 
and transports it across the periplasmic space where it docks with the LptDE complex 
before being translocated across the outer membrane.  The right model, LptA 
oligomerizes to form a scaffold that allows the LPS to be transported across the 
periplasmic space [236]. 
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Regulation of LPS transport 

The regulation of the lpt genes is complex [151].  Those that have been 

studied in the most detail are lptA, lptB, and lptC.  These genes are arranged in an 

operon that starts with a non-essential gene, yrbG, encoding a putative cation 

exchange factor, the Kdo genes, kdsD and kdsC, followed by lptC, lptA, and lptB 

(Figure 12).  Downstream of this operon is another operon that starts with the 

rpoN gene, encoding the alternate sigma factor, σN.  Also, as mentioned, the rpoN 

operon may also be transcribed and thus regulated with these upstream genes.  

This has lead Mortorana et al. to suggest that there may be regulatory coupling 

between LPS biogenesis and σN [151].  Studies have shown that promoters for 

yrbG, kpsC, and lptA were dependent on the housekeeping σD and that there are 

multiple transcriptional start sites [129].  Further studies have shown that lptA is 

also regulated by the extracytoplasmic σE [243].  This regulation seems to be 

distinct from other σE-regulated genes that suggest an added layer of regulation in 

the control of lptA.  Early studies showed that lptD (previously named - imp) is 

also part of the σE regulon [244]. 

Concluding paragraph  

LPS is an integral component of the outer surface of the outer membrane 

of Gram-negative bacteria and represents the intersection of the bacteria and the 

environment.  The conservation of LPS structure among different species 

increasingly varies as it extends out from the outer membrane.  Lipid A is 

generally well conserved, while its O antigen structure is distinct for each serotype 

of a species.  Therefore, it is not surprising that our understanding of the 
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biosynthetic pathway and regulation of LPS follows a similar pattern:  the pathway 

for the synthesis of lipid A and the environmental conditions and genes impacting 

this structure are well defined.  The pathway for the synthesis of the LPS core is 

also well conserved, while the regulation is not as well understood.  Finally, the 

assembly of the O antigen on the C55-P and attachment to the lipid A-core is 

relatively conserved across species, but the biosynthetic pathway and regulation of 

these functions remains elusive.  Further studies into the regulation of LPS should 

help provide a link between signals in the environment and the resulting outer 

membrane composition that are likely to have the most impact on host-pathogen 

interactions.    
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Chapter 3. Characterization of the palmitoyl transferase enzyme, PagP 

Thaipisuttikul I*, Hittle LE*, Chandra R, Zangari D, Dixon CL, Garrett CA, Rasko DA, Dasgupta 

N, Moskowitz SM, Malmström L, Goodlett DR, Miller SI, Bishop RE, and Ernst RK (2014) A divergent 

Pseudomonas aeruginosa palmitoyltransferase essential for cystic fibrosis-specific lipid A. Mol Micro. 1: 

158-174.  *Authors contributed equally. 

	  
 

Abstract 
	  
Strains of Pseudomonas aeruginosa (PA) isolated from the airways of cystic fibrosis 

patients constitutively add palmitate to lipid A, the membrane anchor of 

lipopolysaccharide. The PhoP/Q regulated enzyme PagP is responsible for the transfer of 

palmitate from outer membrane phospholipids to lipid A. This enzyme had previously 

been identified in many pathogenic Gram-negative bacteria, but in PA had remained 

elusive, despite abundant evidence that its lipid A contains palmitate. Using a combined 

genetic and biochemical approach, we identified PA1343 as the PA gene encoding PagP. 

Although PA1343 lacks obvious primary structural similarity with known PagP enzymes, 

the β-barrel tertiary structure with an interior hydrocarbon ruler appears to be conserved. 

PA PagP transfers palmitate to the 3’ position of lipid A, in contrast to the 2 position seen 

with the enterobacterial PagPs. Palmitoylated PA lipid A alters host innate immune 

responses, including increased resistance to some antimicrobial peptides and an elevated 

pro-inflammatory response, consistent with the synthesis of a hexa-acylated structure 

preferentially recognized by the TLR4/MD2 complex. Palmitoylation commonly confers 

resistance to cationic antimicrobial peptides, however, increased cytokine production 
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resulting in inflammation is not seen with other palmitoylated lipid A, indicating a unique 

role for this modification in PA pathogenesis. 

Introduction 
	  
 Gram-negative bacteria have double membranes; an inner membrane composed of 

a phospholipid bilayer partitioning the cytoplasm from the periplasm, and a complex 

outer membrane with an inner leaflet composed of phospholipids and an outer leaflet 

dominated by lipopolysaccharide (LPS). This structuring of membranes allows the 

bacteria to rely on the outer membrane to defend against environmental stressors and host 

derived factors through alterations in the composition of porin/proteins, lipids, and LPS 

[25, 245, 246].  

 LPS can be divided into three major constituents: O-antigen projecting from the cell 

surface, a conserved core oligosaccharide, and lipid A that anchors LPS to the bacterial 

outer membrane. O-antigen is a repeating sugar unit of variable length and among the 

first bacterial cellular components to come into contact with the host upon infection; as 

such, it is critical for evading host defenses, including phagocytosis and activated 

complement [247]. The core oligosaccharide is composed of non-repeating sugar 

moieties linking O-antigen to lipid A. Core modifications contribute to the release of 

bacterial toxins [248], as well as porin incorporation within the membrane [249]. The 

hydrophobic portion of LPS, lipid A, plays a distinct role in innate immune system 

signaling and modulation [250-252] as well as influencing outer membrane fluidity and 

permeability [25].   

 Lipid A remains a focus for study due in large part to its endotoxic properties 

leading to endotoxemia, localized tissue destruction, and septic shock. While the general 
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structure of lipid A is conserved between Gram-negative bacteria, variations in the acyl 

chain number (4 to 7) and carbon length (10 to 18) are observed between species [245, 

253]; such variation contributes to the diversity in virulence seen within bacterial 

populations [246, 254]. The ability to control lipid A variation in response to 

environmental cues further enhances pathogenesis.  

 Many Gram-negative bacteria modify their lipid A through palmitoylation 

(addition of a saturated C16 fatty acid), which has the effect of altering host responses. 

Palmitoylation results in increased resistance to cationic antimicrobial peptides (CAMPs) 

[124, 255, 256] and alterations in the ability to stimulate innate immunity through toll-

like receptor (TLR) 4 mediated responses [93, 257, 258].  

The enzyme, PagP, was first shown to be responsible for palmitoylation of lipid A 

in enteric bacteria. The pagP gene was identified in Salmonella [70] and its homologue in 

E. coli was later purified from the outer membrane and shown to be a phospholipid::lipid 

A palmitoyltransferase enzyme [259, 260]. Homologues of PagP are found in Bordetellae 

[261], Yersinia [262], and Legionella [98, 263] and have been implicated in the 

pathogenesis of successful infection. Unlike most lipid A biosynthetic enzymes that 

require access to cytosolic substrates, PagP is located in the outer membrane where it 

transfers palmitate from the sn-1 position of a phospholipid to the 2 position of lipid A 

[259].  

 Cystic fibrosis (CF) is the most common lethal autosomal recessive disease of 

Caucasians. In this disorder, chronic lung infections with Pseudomonas aeruginosa (PA) 

are strongly associated with disease progression and premature mortality [264, 265]. Our 

previous studies have demonstrated that one of the earliest known PA adaptations to the 
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CF lung is the synthesis of a characteristic lipid A structure distinct from lipid A isolated 

from acute infection (blood, ear, eye and urinary tract), bronchiectasis (non-CF lung 

infections), or environmental isolates [266]. The CF specific lipid A structure differs 

from other lipid A species in the constitutive addition of palmitate [17, 266-269].   

 The constitutive expression of palmitoylated lipid A by PA isolated from CF 

patients with chronic lung infections indicates that this modification is critical to 

adaptation and survival within the CF lung [270]. In this disorder, chronic lung infections 

with PA are strongly associated with disease progression and premature mortality [264, 

265]. Although the enzyme responsible for this CF specific modification has remained 

elusive, its characterization will be essential in understanding PA early adaptation to the 

CF airway. Here, we report the identification of PA1343 (www.pseudomonas.com) as the 

gene encoding the palmitoyltransferase enzyme, PagP. We hypothesize that PagP 

dependent palmitoylation of lipid A mediates important adaptations of PA to host 

microenvironments, including increased resistance to antimicrobial peptides and 

alterations of host innate immune responses. 

Results 
	  

Screening for the PA lipid A palmitoyltransferase gene, pagP 
 

To identify candidate genes with palmitoyltransferase activity, we utilized a 

variety of in silico analysis strategies including fold and function assignment system 

(FFAS) profiling, multiple sequence alignments, and transmembrane prediction. Initially, 

we used FFAS03 [271] to identify genes of interest. For further analysis, profiles were 

created for all PA genes encoding ORFs shorter than 300 amino acids, as PagP in other 

bacteria were approximately 160-180 amino acids in length. A profile for the 1THQ 
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structure of E. coli PagP crystallized from LDAO was searched against each PA protein 

(e.g. using BLOSUM substitution matrixes), FFAS profiles were then constructed from 

1THQ and this profile was searched against the PA profiles, generating 23 potential hits. 

Based on this information, we further identified the putative transmembrane spanning 

regions of these proteins. Utilizing the multiple sequence alignments algorithm (DAS-

http://www.sbc.su.se/~miklos/DAS/), a unique pagP profile having the S. Typhimurium, 

and E. coli subspecies enzymes as representative examples, produced a pattern with two 

increases in DAS profile score at either end of the sequence and three smaller increases in 

the middle (Figure 13). Curves are obtained by pairwise comparison of the proteins in 

the test set in "each against the rest" fashion. Two cutoffs are indicated on the plots, a 

strict one at 2.2 DAS score, and a loose one at 1.7. The horizontal solid line (strict cutoff) 

and dashed line (loose cutoff) indicates the number of matching segments and the actual 

location of the transmembrane segment respectively. Using this information, twenty-three 

transposon mutants from the University of Washington two-allele transposon mutant 

library, (www.genome.washington.edu/UWGC/pseudomonas/index.cfm) were obtained 

and screened for loss of palmitoyltransferase activity. 
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Figure 13. PagP enzyme transmembrane prediction of P. aeruginosa, E. coli, and S. 
Typhimurium, by using server DAS (http://www.sbc.su.se/~miklos/DAS/). The 
horizontal scale depicts the relative amino acid number, and vertical scale represents 
DAS profile score. The horizontal solid line (strict cutoff) and dashed line (loose cutoff) 
indicates the number of matching segments and actual location of the transmembrane 
segment respectively.	  
 

Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) lipid A 

analysis reveals loss of palmitoyltransferase activity in strains with mutations in 

PA1343  

Individual transposon insertion mutants were grown under PhoPQ-activating 

conditions shown (low magnesium - 8 µM) and screened by MALDI-TOF mass 

spectrometry (MS) for lipid A lacking palmitate, as compared to the wild-type (WT) 

strain, PAO-1. A single mutant that contained a transposon insertion in the gene PA1343 

lacked the characteristic ion peak seen upon PagP induction by magnesium limitation.  

 PA lipid A is a β-(1’,6)-linked glucosamine disaccharide substituted with 

phosphate groups at the 1 and 4’ positions (Figure 14).  Primary fatty acyl chains include 

amide-linked R-3-hydroxylaurate at the 2 and 2’ positions and ester-linked R-3-



	   78	  

hydroxydecanoate at the 3 and 3’ positions. Secondary fatty acyl chains include the 

acyloxyacyl additions of laurate to the 2’ position (m/z 1418), and of S-2-hydroxylaurate 

to the 2 position (m/z 1616). Deacylation of the R-3-hydroxydecanoate at the 3 position 

is also seen in the majority of PA strains (m/z 1446). PA isolated from individuals with 

CF pulmonary disease synthesize lipid A palmitoylated at the 3’ position, resulting in a 

hexa-acylated structure (m/z 1684)[269].  

 

Figure 14. Pseudomonas lipid A palmitoylation by PagP. Predominant lipid A species 
isolated from WT under non-inducing conditions. PA PagP transfers palmitate from the 
sn-1 position of a phospholipid to position 3’ of lipid A	  
 

To confirm PA1343 was the PagP enzyme in PA, a clean deletion of the PA1343 

was constructed using standard allelic exchange techniques  (Invitrogen Gateway 

Technology) and confirmed by sequencing. WT (PAO-1), ∆pagP and ∆pagP+PA1343 

driven off the pUCP19 plasmid were grown in inducing (low magnesium) and non-

inducing conditions (high magnesium – 1mM) followed by lipid A isolation and analysis 

by MALDI-TOF MS. All strains were able to synthesize the lipid A species 

corresponding to the major peak m/z 1446 (penta-acylated) and the minor species at m/z 
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1616 (non-palmitoylated hexa-acylated). Each of these peaks shows a neighboring peak 

with a m/z difference of +16, indicating an additional hydroxylation of the laurate at the 

2’ position. Upon magnesium-limited growth of WT, palmitoylation observed at the 3’ 

hydroxydecanoate of the penta-acylated lipid A results in additional peaks m/z 1684 (one 

hydroxylaurate) and m/z 1700 (two hydroxylaurates) (Figure 15A and 15B). The ∆pagP 

mutant strain did not show any palmitoylated lipid A species under either inducing or 

non-inducing conditions (Figure 15C and 15D). Overexpression of pagP in the 

∆pagP+PA1343 strain resulted in palmitoylated species under both inducing and non-

inducing conditions.  Additional species m/z 1854 and m/z 1870 under magnesium 

limited conditions indicate the retention of the 3-hydroxydecanoate at the 3 position 

(Figure 15E and 15F) resulting in the synthesis of a hepta-acylated lipid A species. 

Electrospray ionization (ESI) tandem MS was performed to confirm the addition of 

palmitate at the 3’ position. A summary of all structures and corresponding peaks can be 

found in Table 2.  
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Figure 15. PA1343 is required for palmitoylation. (A and B) Lipid A was isolated from 
WT under inducing and non-inducing conditions. Inducing conditions resulted in hexa-
acylated lipid A containing palmitate m/z 1684. (C and D) ΔpagP did not produce 
palmitoylated lipid A under non-inducing or inducing conditions. (E and F) PagP activity 
was restored in the ΔpagP+PA1343 strain when grown under both inducing and non-
inducing conditions. Peaks present at m/z 1684 and m/z 1854 correspond to the 
palmitoylated hexa and hepta-acyl lipid A, respectively. 
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Table 2. Observed masses and proposed compositions for lipid A, by negative-ion 
MALDI-MS with an m/z scan 1100 to 2200. Only assignable peaks with unambiguous 
exact masses and charge states are listed. 
 

Gas chromatography (GC) analysis of lipid A confirms PA1343 is necessary for 

addition of palmitate   

GC analysis of lipid A was performed to confirm that PA1343 is required for the 

addition of palmitate in PA. WT, ∆pagP, and ∆pagP+PA1343 strains were grown in 

inducing conditions and analyzed by GC with flame ionization detection. Total fatty 

acids were isolated and quantified against a C15 internal standard. Evaluation of the total 

fatty acid composition of WT lipid A showed an incorporation of 8% palmitate. No 

incorporation of palmitate was seen in the ∆pagP strain, as was indicated by MS results. 

Palmitoyltransferase activity was restored after complementation of the gene in trans 

with palmitate making up 11% of the total fatty acids of lipid A (Figure 16).  Taken 

together the data strongly indicates PA1343 acts as PagP in PA.  

 

SUPPLEMENTAL TABLE 1
Experimenal m/z C-3' C-2' C-3 C-2 Phosphate configuration

1168 C10(3-OH) C12(3-OH):C12 H C12(3-OH) Monophosphate
1184 C10(3-OH) C12(3-OH) H C12(3-OH):C12(2-OH) Monophosphate
1196 H C12(3-OH):C12 H C12(3-OH):C12(2-OH) Monophosphate
1212 H C12(3-OH):C12(2-OH) H C12(3-OH):C12(2-OH) Monophosphate
1248 C10(3-OH) C12(3-OH):C12 H C12(3-OH) Diphosphate
1264 C10(3-OH) C12(3-OH) H C12(3-OH):C12(2-OH) Diphosphate
1276 H C12(3-OH):C12 H C12(3-OH):C12(2-OH) Diphosphate
1366 C10(3-OH) C12(3-OH):C12 H C12(3-OH):C12(2-OH) Monophosphate
1382 C10(3-OH) C12(3-OH):C12(2-OH) H C12(3-OH):C12(2-OH) Monophosphate
1446 C10(3-OH) C12(3-OH):C12 H C12(3-OH):C12(2-OH) Diphosphate
1462 C10(3-OH) C12(3-OH):C12(2-OH) H C12(3-OH):C12(2-OH) Diphosphate
1536 C10(3-OH) C12(3-OH):C12 C10(3-OH) C12(3-OH):C12(2-OH) Monophosphate
1552 C10(3-OH) C12(3-OH):C12(2-OH) C10(3-OH) C12(3-OH):C12(2-OH) Monophosphate
1604 C10(3-OH)C16 C12(3-OH):C12 H C12(3-OH):C12(2-OH) Monophosphate
1616 C10(3-OH) C12(3-OH):C12 C10(3-OH) C12(3-OH):C12(2-OH) Diphosphate
1632 C10(3-OH) C12(3-OH):C12(2-OH) C10(3-OH) C12(3-OH):C12(2-OH) Diphosphate
1684 C10(3-OH)C16 C12(3-OH):C12 H C12(3-OH):C12(2-OH) Diphosphate
1700 C10(3-OH)C16 C12(3-OH):C12(2-OH) H C12(3-OH):C12(2-OH) Diphosphate
1854 C10(3-OH)C16 C12(3-OH):C12 C10(3-OH) C12(3-OH):C12(2-OH) Diphosphate
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Figure 16. GC analysis of total fatty acid content. Lipid A isolated from WT (grey), 
ΔpagP (black bars) and ΔpagP+PA1343 (dotted bars). Complete loss of C16 is seen in 
ΔpagP. C16 incorporation was restored in the complemented strain. Results represent 
three biological replicates. 

 

Sequence analysis of the PA pagP gene and protein indicates PA PagP is unique 

among PagP enzymes 

After successful identification of the PA pagP gene, a phylogenetic tree was 

constructed to determine the evolutionary relatedness between PA pagP and pagP genes 

and homologues in other Gram-negative pathogens. These results demonstrate that the 

pagP sequences from E. coli, Yersinia, Salmonella, and Bordetella subspecies, grouped 

together indicating these pagP genes derived from a common ancestor (Figure 17A blue 

box). In contrast, pagP genes identified in the Pseudomonads clustered loosely together 

with a separate and distinct cluster containing the PA pagP genes (Figure 17A red box). 
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This separation indicates PA pagP has dramatically diverged to the point of no longer 

being comparable to the known PagP sequences.   

A previous structural alignment of PagP enzymes in E. coli, S. Typhimurium, 

Erwinia chrysanthemi, Yersinia pestis, Photorhabdus luminescens, Legionella 

pneumophila, and B. pertussis resulted in strong sequence alignment between all species 

[272]. Alignment of PA PagP with Salmonella and E. coli PagP enzymes showed little 

indication that these proteins were similar at the protein level (Figure 17B). The E. coli 

PagP protein aligned with the translated PA PagP sequence shows an identity of 24% 

(BLAST). PA PagP aligned with S. Typhimurium PagP showed 21% identity, while E. 

coli compared to Salmonella resulted in 75% identity (Figure 17B).  

Figure 17. PagP amino acid comparison. Tree diagram of the palmitoyltransferase 
enzymes of gram-negative bacteria and Pseudomonas species generated by using 
Geneious. (A) Clustering patterns show PA PagP (red box) is distinct and separate from 
other non-aeruginosa Pseudomonas PagP (green box), as well as other known PagP 
enzymes (blue box). (B) Alignment of PagP from three different pathogenic Gram-
negative bacterial genera PA, E. coli and Salmonella typhimurium using ClustalW 
(www.geneious.com). Absolutely conserved residues are marked with black background. 
Residues indicated in grey denote weakly conserved residues, white indicates non-
conserved residues. PA PagP domains are predicted based on the E. coli PagP sequence 
of the mature protein. Residues from 1-18AA represents the signal sequence, the 
predicted α-helix extends from 19AA to 37AA. The putative catalytic residues (H-42 and 
45/D-84 and 86/S- 85 and 87) are indicated in blue dashed boxes. His35 in the red box 
indicates the catalytically necessary residue. Extracellular loops are indicated by dashed 
lines, solid green arrows indicate β-sheet. 
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P. aeruginosa PagP purification and detergent dependence of its enzymatic activity 
 

Experimental evidence provides support for the presence in PA PagP of a 

hydrocarbon ruler to incorporate only a C16 fatty acid into PA lipid A because the 

enzyme must exclude acyl chains longer and shorter than palmitate, which are abundantly 

present in the cellular phospholipid pool. Despite the low overall sequence similarity, a 

procedure for purification and folding of E. coli PagP [273] served to produce purified 

and enzymatically active PA PagP (Figure 18A).  A strikingly similar profile of 

detergents that either support or inhibit enzymatic activity of both PA PagP and E. coli 

PagP was observed (Figure 18B). Since detergents that effectively mimic the structures 

of fatty acyl chains are E. coli PagP competitive inhibitors, only detergents with bulky 

substituents that sterically preclude their binding within the hydrocarbon ruler are able to 

support the lipid A palmitoyltransferase reaction [274, 275]. As shown in Fig. 5B, 

phospholipase activity for both PA PagP and E. coli PagP depends on Triton X-100, 

DDM, or Cyfos-7 in decreasing order of specific activity.  In each case, Triton X-100 

participates as a substrate in the palmitoyltransferase reaction.  Although DDM is the 

preferred detergent for E. coli PagP because it readily supports activity without 

participating as a substrate [276], trace amounts of DDM appear to be acylated by PA 

PagP.  Both enzymes appear to slowly utilize Cyfos-7 as a supporting detergent without it 

participating as a substrate. LDAO, octylglucoside, and SDS/MPD are all detergent 

systems that support PagP folding, but without supporting activity due to competitive 

detergent inhibition.  The overall similarity in the detergent-activity relationships strongly 

supports common structure-function relationships between PA PagP and E. coli PagP. 
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Figure. 18. Detergent dependence and sensitivity of PA and E. coli PagP.   
(A) SDS-PAGE assessment of PA PagP purification by selective precipitation.  
40 mg of protein from cell lysate pellet and refolded PA PagP samples were 
resolved with similar volumes of wash material and stained with Coomassie Blue 
dye.  (B) Thin layer chromatogram showing phospholipase activity in the 
absence of lipid A acceptors.  Phospholipase activity is associated with 
production of free palmitate (C16) and Lyso-PC from DPPC in the presence of 
dodecylmaltoside (DDM), Triton X-100, and Cyfos-7. LDAO 
(lauryldimethylamine-N-oxide); SDS/MPD (mixture of SDS and 2,4-methyl-2-
pentanediol) 
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Regiospecificity of lipid A palmitoylation by P. aeruginosa PagP 
 

To compare the phospholipid::lipid A palmitoyltransferase activity of PA PagP 

and E. coli PagP, we monitored palmitoylation of lipid IVA and E. coli Kdo2-lipid A 

(Figure. 19).  Whereas E. coli PagP could palmitoylate both substrates, PA PagP could 

only palmitoylate lipid IVA, consistent with the available regiospecificities for 

palmitoylation at the 3’ position in PA PagP and for the 2 position in E. coli PagP; both 

these positions are free in lipid IVA while only the latter is free in Kdo2-lipid A. In order 

to determine the location of the palmitate added to lipid IVA, the in vitro lipid IVB and 

lipid IVB’ products (Figure 19B) generated by E. coli PagP and PA PagP, respectively, 

were analyzed using liquid chromatography ESI quadrupole TOF (LC-ESI-Q-TOF) MS. 

The expected product was readily detected in both the negative ([M-H]-, m/z 1642.076) 

and positive mode ([M+H+]+, m/z 1644.091), and eluted at ~50.5 minutes. Collision 

induced dissociation MS (MS/MS) was performed on the [M+H+]+ ion to determine the 

location of the added palmitate. MS/MS analysis of the [M+H+]+ generated from E. coli 

PagP yielded an oxonium product ion (referred to as the B+
1 ion) [277-280] with a m/z of 

694.420 consistent with the palmitate being added to an acyl chain of the distal 

glucosamine (Figure 19C). The ion at m/z 596.443 corresponds to the B+
1 ion having lost 

the 1-phosphate. In contrast MS/MS analysis of the [M+H+]+ generated from the PA 

PagP yielded a B+
1 ion with a m/z of 932.647 consistent with the palmitate being added 

to an acyl chain of the proximal glucosamine (Figure 19C). The ion at m/z 834.668 

corresponds to the B+
1 ion having additionally lost the 1-phosphate. In addition, product-

ions corresponding to the loss of the palmitate from B+
1 (with or without the 1-phosphate) 

at m/z 676.411 and 578.434 respectively are readily detected in the in vitro product 
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generated using the PA PagP. Taken together, these results verify that the purified E. coli 

and PA PagP enzymes palmitoylate lipid IVA on the proximal and distal glucosamine 

units, respectively. 

 

Figure 19. Regiospecificity of phospholipid::lipid A palmitoyltransferase activity.   
(A) Thin layer chromatogram as described in Fig. 6, but showing palmitoylation of 100 
mM lipid IVA and Kdo2-lipid A to produce lipid IVB, lipid IVB’, and C16-Kdo2-lipid A. 
(B) Structure of lipid IVB and lipid IVB’  (C) MS/MS performed on the [M+H+]+ lipid IVB 
and lipid IVB’ ions.  PA and E. coli PagP reveal distinctly different B+

1 ions (exact masses 
932.6586 and 694.4290 daltons), characteristic of palmitoylation on the distal and 
proximal lipid A glucosamine units, respectively.   
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His35 is necessary for P. aeruginosa PagP palmitoyltransferase activity  
 

Once the PagP activity and regiospecificity of PA PagP had been established, we 

focused on identifying the amino acid residues critical for activity. His33, Asp76 and 

Ser77 are highly conserved among characterized PagP enzymes (E. coli and Salmonella) 

and are thought to make up the enzymatic catalytic site [281]. These residues are 
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seemingly duplicated at residues His42 and His45, Asp84 and Asp86, and Ser85 and 

Ser87 in PA PagP. An additional histidine, His35, was also found in PA PagP and may 

also be important for enzyme function. In order to pinpoint which of the indicated amino 

acids were critical for activity, each of the sites were mutated to uncharged and 

hydrophobic amino acids. Mutations were made by introduction of the suicide plasmid 

pEXGWD resulting in the following amino acid substitutions: H35F, H35N, H42F, 

H42N, H45F, H45L, H45N, D84A, D84N, S85A, S85G, D86A, D86N, S87A, S87G and 

DSDS-AGNA (D84A, S85G, D86N, S87A). All mutants were grown under inducing 

conditions and LPS was prepared for MALDI-TOF analysis [282, 283]. Alterations of 

His45, Asp84, Asp86, Ser85 or Ser87 alone did not alter protein function as evaluated by 

the presence of a peak at m/z 1684. Function was retained even after replacement of all 

four aspartic acid and serine residues. In contrast, mutation of the His35 rendered PA 

PagP non-functional (Table 3). Based on this analysis, we demonstrated that catalytic 

activity of PA PagP is dependent on His35 without the additional residues implicated in 

E. coli PagP function, suggesting that the distinctly different regiospecificities of these 

two enzymes might affect distinctive arrangements of catalytic residues. 
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Table 3. Mutations of the proposed catalytic residues. 
 

P. aeruginosa PagP structural model and hydrocarbon ruler 
 

In order to visualize the PA PagP protein structure, its sequence was uploaded to 

the I-TASSER online protein structure and function predictions tool. This system uses 

threading, where the sequence and predicted secondary structure of the protein are 

matched with solved structures in the Protein Data Bank (PDB) library to identify the 

best templates. The I-TASSER program then splits the sequence into fragments based on 

the template alignments, which are then reassembled to full-length models. Finally, 

hydrogen bonding networks are optimized and steric overlaps are removed [284]. 

Interestingly, five of the top ten template structures used by I-TASSER from the PDB 

Mutation Presence of C16 (m/z 1684) 

WT + 

ΔpagP - 

H35F - 

H35N - 

H42F + 

H42N + 

H45F + 

H45L + 

H45N + 

D84A + 

D84N + 

S85A + 

S85G + 

D86A + 

D86N + 

S87A + 

S87G + 

DSDS-AGNA + 
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were of PagP, and the top template was PagP crystallized in SDS/MPD [273]. We then 

used the Autodock/Autodock Vina [285] [286] PyMOL plugins, to run a docking 

simulation with palmitate [285]. The results of the simulation in Figure 20A and B show 

the mesh representation of PA PagP with palmitate docked in the interior hydrophobic 

pocket reminiscent of the E. coli hydrocarbon ruler.  Hydrophobic residues on the 

exterior of the protein are located where they would be embedded in the membrane, 

while the hydrophilic portions are at the expected solvent-exposed membrane interface 

regions. The terminal six methylene units of the palmitate chain maintain van der Waals 

contacts with the E. coli hydrocarbon ruler [275] and a similar interaction is apparent in 

PA PagP (Figure 20A and B). To validate the presence of a hydrocarbon ruler in PA 

PagP, we prepared [32P]-lipid IVA from strain BKT09 [287] for use as an acceptor with 

non-radioactive phosphatidylcholines of defined acyl chain composition as donors 

(Figure 20C).  The results demonstrate that PA PagP clearly shares E. coli PagP’s unique 

ability to discriminate acyl chains that differ from palmitate by only a single methylene 

unit (Khan et al., 2010a, and 2010b). Based on the PA PagP homology model, His35, like 

His33 in E. coli PagP, maps to the cell surface region adjacent to the hydrocarbon ruler 
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Figure 20.  Homology model and hydrocarbon ruler of PA PagP.   
Mesh representations of PA PagP viewed parallel (A) and above (B) the 
membrane plane with bound palmitate colored in cyan.  Panel (C) shows the 
specific activity for the conversion by PA PagP of [32P]-lipid IVA to lipid IVB’ 
using symmetrical phosphatidylcholine donors of saturated acyl chain 
compositions varying from C14 to C18 in methylene unit increments. 
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P. aeruginosa PagP confers resistance to C18G, but does not influence resistance to 

polymyxins 

After identification and functional analysis of PA PagP was established, we 

focused on identifying its role within the context of the host innate immune system. 

Increased lipid A acylation by palmitoylation has been reported to promote resistance to 

CAMPs, possibly via increase in the outer membrane permeability barrier and altered 

lipid packing leading to repulsion of hydrophobic portions on CAMPs [288]. Killing 

assays were performed using C18G, a synthetic α-helical CAMP derived from human 

platelet factor IV, to determine the role PA PagP may play in resistance to CAMPs.  WT, 

∆pagP, and ∆pagP+PA1343 strains were grown under magnesium limited conditions to 

promote palmitoylation and strains were challenged with serial dilutions of C18G 

followed by plating to assess survival. Colonies were enumerated and compared to non-

treated samples for survival counts.  C18G resistance in these backgrounds (WT, ∆pagP, 

∆pagP+PA1343) was dependent of PagP enzymatic activity, because the concentration of 

peptide at which 50% of bacteria were killed was approximately six times greater for WT 

and complemented strain (1.8 and 2.0 µg/ml, respectively) than for the ∆pagP null 

mutant (0.31 µg/ml) (Figure 21). 

In contrast, we did not detect an effect of pagP deletion when constitutively 

polymyxin-resistant pmrB12 and DphoQ strains [17, 267] were grown under magnesium-

replete conditions and tested by conventional colistin agar dilution and alternative 

polymyxin B sulfate plate assays (Table 4). The lack of effect on the pmrB12 strain 

phenotype is not surprising, given the demonstrated inhibitory effect of this system on 
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lipid A palmitoylation [289]. However, the DphoQ strain is known to add palmitate to its 

lipid A constitutively [17], thus the lack of pagP deletion effect in this strain background 

indicates that lipid A palmitoylation does not influence PhoPQ-dependent polymyxin 

resistance in PA. 

 

 
Table 4. Deletion of pagP does not affect the polymyxin resistance of relevant 
PA mutants. 
 

 

Figure 21.  Palmitoylated lipid A imparts resistance to C18G. WT, ∆pagP and 
∆pagP+PA1343 were incubated with increasing amounts of the CAMP C18G 
and plated to assess susceptibility. Expression of PA1343 imparted a significant 
survival advantage against C18G.  
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Palmitoylation of P. aeruginosa lipid A increases IL-8 production 

Previous studies have reported changes in cytokine levels resulting from TLR4 

stimulation with palmitoylated lipid A in addition to the effects seen on CAMP 

resistance. Palmitoylation in other Gram-negative pathogens have been described as 

imparting antagonistic effects when used to stimulate TLR4 [290-292]. We have 

previously shown that CF-specific lipid A containing palmitate was associated with 

increased inflammatory responses [266] indicating that this modification is likely 

involved in progression of airway disease. Activation of TLR4 by LPS up-regulates the 

expression of pro-inflammatory cytokines via the NFkB pathway. The pro-inflammatory 

cytokine IL-8 was used as a readout for TLR4 activity. Immune response effects of PA 

PagP activity were tested by isolating LPS from PAO1, ∆pagP, and the ∆pagP+PA1343 

after growth in PagP inducing conditions followed by stimulation of Vitamin D3 

differentiated human-derived monocytic THP-1 cells for 16 hours. Supernatants were 

harvested and tested by ELISA for TLR activation by IL-8 expression using E. coli LPS 

as a positive control. Overall, IL-8 expression by cells stimulated with ∆pagP LPS was 

significantly lower than WT and ∆pagP+PA1343 expressing a functional PagP (Figure 

22). The complemented strain induced significantly higher levels of IL-8 than WT and 

∆pagP when LPS was added at a concentration of 10 ng/ml (p=0.01). Both WT and 

∆pagP+PA1343 induced significantly higher levels of IL-8 at 100 ng/ml (p=0.001) and 

1ug/ml (p=0.0001) than the deletion strain.  
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Figure 22. Immune response to palmitoylated lipid A. THP-1 alveolar 
macrophages were stimulated with LPS prepared from E. coli, WT, ∆pagP, and 
∆pagP+PA1343 grown under magnesium-limiting conditions for 16 hrs. After 
incubation supernatants were harvested and used for ELISA measuring IL-8 
production. WT and ∆pagP+PA1343 were able to stimulate significantly higher 
levels of IL-8 than the ΔpagP mutant. All experiments were performed in three 
biological replicates. 
 

 

Discussion 

Gram-negative bacteria modify their LPS in response to external stimuli. Within 

the host, bacteria must defend against fluctuations in pH, temperature, ion limitation, as 

well as protect against assault by immune cells and toxic reactive products. Addition of 

palmitate to lipid A by PagP is seen frequently in Gram-negative pathogens in response 

to host factors. This additional fatty acyl chain aids in resistance to CAMPs, inhibits TLR 

signaling, and contributes to the overall remodeling and stabilization of the membrane. 

Lipid A isolated from PA infecting the CF lung shows constitutive addition of palmitate 

making identification and characterization of the PagP enzyme in PA of particular 
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interest. Understanding the role palmitoylated lipid A plays in this unique infection might 

help explain long term PA survival and target this modification as a potential treatment to 

block disease progression. 

 Upon in silico identification of candidate pagP genes, individual transposon 

mutants representing them were screened for loss of palmitoyltransferase activity by 

MALDI-TOF MS after induction by magnesium limitation. One mutant, PA1343, 

showed loss of PagP activity. Deletion of this gene resulted in the inability to produce the 

palmitolylated hexa-acylated lipid A species (m/z 1684) upon growth in inducing 

conditions. Further analysis of fatty acids isolated from the ∆pagP mutant lipid A showed 

no incorporation of palmitate, whereas WT and in trans complemented strains were able 

to produce hexa-acylated lipid A containing palmitate. 

 Although PA PagP imparts a similar function to that of previously identified PagP 

enzymes, phylogenetic tree analysis, as well as amino acid sequence alignment showed 

little similarity to known PagP proteins. This analysis at first indicated PA PagP might 

not have evolved from the common PagP ancestor and was potentially a distinctly 

different enzyme, albeit one similar both in size and in being targeted for secretion by an 

N-terminal signal peptide. However, most lipid A acylation enzymes possess active sites 

that are exposed to the cytosol in order to utilize thioester substrates, yet PagP uses a 

phospholipid as the palmitoyl donor and is uniquely capable of functioning within the 

outer membrane.  If PA palmitoylates its lipid A using a phospholipid donor, then it 

could possess a true homolog of E. coli PagP among the pool of small β-barrel proteins in 

the PA outer membrane.  This, in fact, appears to be the case, and our finding that 
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purified PA PagP recapitulates the enzymology of E. coli PagP is certainly consistent 

with an orthologous relationship. 

What sets E. coli PagP apart from all known outer membrane β-barrel structures is 

its interior hydrophobic pocket lined by a detergent molecule, which demarcates the 

hydrocarbon ruler for measuring the selected sn-1 palmitoyl group within the 

phospholipid donor [275]. The evidence that PA PagP and E. coli PagP are true homologs 

comes from the observations that the PA PagP homology model recreates a similar 

interior hydrophobic pocket for binding the terminal 6 methylene units of hydrocarbon 

chains as does E. coli PagP, and that the predicted existence of a hydrocarbon ruler in PA 

PagP could be confirmed by the observed enzymatic exclusion of acyl chains longer or 

shorter than palmitate.  To our knowledge, PagP from E. coli and PA are the only integral 

membrane enzymes of lipid metabolism known to possess a hydrocarbon ruler capable of 

distinguishing acyl chains with methylene unit precision.  Additionally, PA PagP can be 

purified as an active enzyme using a procedure that was developed for purification of 

active E. coli PagP, the purified PA PagP enzyme displays inhibition by the same 

detergents that bind within the E. coli PagP hydrocarbon ruler, and both enzyme activities 

depend on the same narrow spectrum of detergents that do not bind within the 

hydrocarbon ruler.  Structural details of a PagP:phospholipid:lipid A ternary complex 

remain to be elucidated, but this structure will likely reveal an ordering of residues in the 

dynamic cell surface loops and evince the details of the PagP catalytic mechanism.  Our 

finding that the organization of catalytic His residues in the cell surface loops is not 

perfectly conserved likely reflects the distinctly different regiospecificities for 

palmitoylation of lipid A at the 2 and 3’ positions, respectively, in E. coli and PA PagP.  
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Perhaps these differences, combined with known functional differences between the outer 

membrane barriers for enterobacteria and the pseudomonads, will eventually explain how 

these two distinct families of PagP homologs have diverged beyond the level of detection 

at the amino acid sequence level. Nevertheless, the common elements of surface catalytic 

His residues flanking a conserved β-barrel interior hydrophobic pocket seem to be 

rudimentary for enzymatic palmitoylation of lipid A in bacterial outer membranes.  

Resistance to CAMPs is an important evasion mechanism for pathogens. Many 

infections resistant to antibiotics are treated with polymyxins as a last resort. In addition, 

immune cells, such as neutrophils, release CAMPs to aid in bacterial clearance. Palmitate 

addition leads to resistance to these CAMPs in E. coli and Salmonella. Susceptibility 

experiments carried out here using PA expressing palmitoylated lipid A showed 

protection was limited to the α-helical peptide C18G, while resistance to polymyxins, 

typically mediated by lipid A phosphate modification, did not change. This limited 

resistance pattern indicates protection against these peptides is not the primary function 

of palmitoylation, leading our focus to other means of immune modulation.  

PA lipid A isolated from patients with CF has been shown previously to produce a 

pro-inflammatory response. Here we were able to show modification of lipid A by PA 

PagP contributes to this pro-inflammatory property. Multiple factors influence agonistic 

properties of lipid A including terminal phosphorylation, chain length and position, 

unsaturation and overall acylation quantity of the lipid A molecule. These factors play a 

key role in optimal binding of MD2-TLR4-LPS leading to dimerization and downstream 

immune signaling. TLR4 antagonists, while able to bind to the complex, are not capable 

of inducing dimerization events. Strong agonists typically have fatty acid chains of 12 
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and 14 carbons in length, PA lipid A is comprised of fatty acids of 10 and 12 carbon 

chains contributing to a suboptimal fit within the MD2 binding pocket. Addition of the 

longer palmitoyl chain to PA lipid A may alter binding by seating the molecule higher in 

the pocket exposing regions of lipid A necessary for MD2/TLR4 dimerization. 

Additionally, the change from a penta-acylated to hexa-acylated lipid A is ideal for 

shifting of the glucosamine backbone necessary for phosphate interaction with the 

positively charged residues on TLR4 [293]. 

Modifications to lipid A resulting in a proinflammatory molecule may be 

advantageous within the CF lung where an influx of immune cells can provide nutrients 

and growth factors but are not able to clear infection. Inflammation increases the 

trafficking of cells, such as neutrophils to sites of infection leading to bacterial clearance. 

Within the CF lung, responding immune cells have a decreased ability to penetrate into 

the host mucus layer and clear bacteria. Additionally, PA evades neutrophils through 

release of secreted factors leading to cell death. Increasing inflammation and thus 

increasing cellular trafficking leads to lysis of trapped neutrophils and release of cellular 

contents containing nutrients into the mucus layer depositing elements necessary for 

growth and survival within this unique environment.  

The ability of PA to adapt to and persist within the CF lung depends on tight 

control of lipid A modifications in response to environmental conditions. The detailed 

understanding of the PA PagP enzyme that has been gained through these studies will 

support the development of novel strategies for combating a pathogen with emerging 

resistance to many treatment options. Modulation of this enzyme may help control levels 
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of inflammation that already contribute to disease progression as well as disrupting a 

mechanism for metabolite acquisition critical to survival within the CF lung environment.  

Methods 

Bacterial strains and growth conditions:  

PA and other bacterial strains used during these studies are listed in Table 5. PA PAO1 

strain was used for mutagenesis and subsequently served as the WT control. Bacterial 

cells for LPS or lipid A analysis were obtained after overnight growth with aeration in N-

minimal medium (5 mM KCl, 7.5 mM (NH4)2SO4, 0.5 mM K2SO4, 1 mM KH2PO4, 0.1 

M Tris HCl, 0.1% w/v Casamino acids, 38 mM Glycerol) supplemented with either 1 

mM (high or repressing) or 8 µM (low or inducing) MgCl2, or in LB medium 

supplemented with 1 mM MgCl2. 

Recombinant DNA techniques:  

Restriction enzyme digestions, ligations, transformations, and DNA electrophoresis were 

performed as described by manufacturer’s instructions. The oligonucleotide primers used 

for DNA sequencing and PCR gene amplification were manufactured by Invitrogen and 

are listed in Table 6. Purification of genomic DNA and plasmids, PCR products, and 

restriction fragments were performed with the Qiagen kits, according to the 

manufacturer’s instructions. DNA sequencing was performed at the University of 

Maryland core facility. Plasmids used in these studies are shown in Table 5. We cloned 

PA1343 on pUCP19-USER vector using USER™ Friendly Cloning Kit (New England 

BioLab Cat. #E5500S). The resulting plasmids were electroporated into Pseudomonas. 

The transformants were then selected by 200 µg ml-1 carbenicillin for Pseudomonas. The 

recombinant PA1343 was expressed by induction with isopropyl β-D-1-
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thiogalactopyranoside (IPTG). For the clean knockout of PA1343, a deleted fragment of 

PA1343 was amplified from genomic DNA by PCR with Pfu Turbo DNA polymerase 

(Invitrogen). The PCR fragment was then cloned in counter-selectable plasmid 

pEXGWD using Gateway Cloning system (Invitrogen). Briefly, the PCR fragment was 

first cloned on the Gateway-compatible vector pDONR201 using BP Clonase II 

(Invitrogen Cat. #11789-020). The resulting product was then introduced into E. coli 

DH5α cells by heat shock, and the bacterial transformants were selected on plates 

containing kanamycin (50 µg ml-1). The PCR fragment was subsequently introduced into 

the broad-host-range plasmid pEXGW-D using LR Clonase II (Invitrogen Cat. #11791-

020). The plasmid was then introduced into PAO1 or PAK strain derivatives by 10-

minute electroporation protocol [294]. The resulting merodiploids were formed via the 

integration of suicide plasmid by a single crossover event. The merodiploid state was 

then resolved via sucrose selection in the presence of gentamicin, resulting in deletion of 

the WT gene. For the generation of point mutations in PA1343, a full-length PA1343 

including 1 kb flanking sequence on both sides was amplified and cloned on pEXGW-D 

as described above. The plasmid then underwent site-directed mutagenesis by using 

QuikChange® XL Site-Directed Mutagenesis Kit (Stratagene Cat. #200516). The 

mutated plasmids were then transformed into PAO1 and counter selected as described 

above. The final genomic point mutations were confirmed by sequencing. 

Lipid A extraction:  

For MS analysis, lipid A was extracted using Caroff method [283] Briefly, bacteria were 

suspended in isobutyric acid and ammonium hydroxide (1M) solution ratio 5:3 

(vol./vol.). The samples were incubated at 100°C for 1 hour and centrifuged. The 
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supernatant was collected in new tubes and diluted with equal volume water and 

lyophilized. The dry pellets were then washed with 100% methanol and finally extracted 

in chloroform-methanol mixtures.  

MALDI TOF MS analysis:  

Lipid A structures were assessed by negative-ion MALDI-TOF MS. Lyophilized lipid A 

was extracted in chloroform/methanol and then 1 µl was mixed with 1µl of Norharmane 

MALDI matrix. All MALDI-TOF experiments were performed using a Bruker Autoflex 

Speed MALDI-TOF mass spectrometer (Bruker Daltonics Inc., Billerica, MA). Each 

spectrum was an average of 300 shots. ES tuning mix (Aligent, Palo Alto, CA) was used 

for calibration. 

LPS Extraction for GC:  

The rapid extraction of LPS was performed as described before [35]. Briefly, 10 mg 

bacterial cell pellet was suspended in 500 µl of toxin free water and the equal amount of 

90% phenol and incubated at 70°C for 1 hour with constant shaking. The mixture was 

cooled on ice for 5 minutes and centrifuged at 9,391 x g for 10 minutes. The supernatant 

was collected in a new glass tube. The collected fraction was washed with diethyl ether 

two times by centrifugation at 845 x g for 5 minutes. Finally, the lower phase containing 

LPS was collected and then lyophilized. For the GC, fatty acids were converted into 

methyl esters by methanolysis (2M HCl in methanol; Alltech, Lexington, KY) of dried 

LPS at 90°C for 18 hours. The mixture was extracted twice with hexane before subjecting 

to GC using an HP 5890 series II with a 7673 autoinjector. Fatty acid methyl esters 

(Matreya bacterial acid methyl esters, CP mix no.1114) and pentadecanoic acid (Sigma, 
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St. Louis, MO) were used as standard of a known fatty acid mixture and internal 

concentration control, respectively.  

Phylogenetic tree analysis:  

Phylogenetic tree analysis was done using the Geneious tree builder. The Cost Matrix 

Blosum62 was used with a Gap open penalty of 10 and a Gap extension penalty of 1.  

The global alignment was performed with free end gaps. Jukes-Cantor was used as the 

genetic distance model with the UPGMA tree build method and no outgroups. 

PA PagP Structure and Palmitate Docking Simulation:  

The PA1343 sequence was uploaded to the I-TASSER [295] [296] database which 

predicts secondary structure and models a 3D structure of the protein. The results of the 

simulation were visualized in PyMOL (PyMOL, Schrödinger, LLC). Docking 

simulations were performed using the Autodock/Autodock Vina [285] [286] plugins for 

PyMOL. 

PA PagP enzymology:  

Plasmid pET21a-PA1343 was constructed by cloning the 402 bp fragment carrying 

PA1343 without signal sequence from plasmid pUCP19-PA1343 into the IPTG-inducible 

T7-promoter expression vector pET21a(+), which was opened by XhoI-NdeI digestion. 

PCR gene amplification was performed with 5 U of Taq polymerase in a volume of 50 µl 

of the supplied buffer with 150 ng of pUCP19-PA1343 as template, 0.2 µM of the 

appropriate primers (Forward: 5’-TATACATATGGCCGACGGCGACTT-3’ and 

Reverse: 5’-TATACTCGAGTCAGAGACGCAGGCCGA-3’) and 10 µM dNTPs. After 

initial denaturation for 1 min at 94°C, 33 cycles of 30 s at 94°C, 1 min at 53°C and 1.5 

min at 72°C were performed, followed by 5 min at 72°C. The XhoI-NdeI-digested PCR 
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product that was amplified from pUCP19-PA1343 was cloned into pET21a+ digested 

with the same enzymes to create plasmid pET21a-PA1343. All cloned PCR products 

were subjected to double strand DNA sequencing at the McMaster University MOBIX 

Lab DNA Sequencing and Oligo Synthesis Facility to confirm the absence of any 

spurious mutations.   

E. coli BL21(DE3) cells were transformed with pET21a-PA1343 and plated on LB agar 

plates with 100 µg/ml ampicillin. The plates were incubated at 37°C for 16-20 hours and 

then stored at 4°C. A colony was selected from the plate and added to an overnight 

culture (10 ml LB with 0.1 mg/ml ampicillin). The cultures were incubated for 16-20 

hours, and then added to a new 1 L culture (LB with 0.1 mg/ml ampicillin). Cultures 

were grown at 37°C with shaking at 200 rpm and induced with 1 mM IPTG at an OD600 

of 0.4 to 0.6. The cultures continued to grow for another 4 hours at 37°C. The cells were 

centrifuged at 7,500 g for 10 minutes, the LB was poured off, and pellet was stored at -

80°C.  The cell pellet was then resuspended in 40 mL  50 mM Tris-HCl (pH 8) and 5 mM 

EDTA. The cells were then lysed in a Thermo French Press Cell Disrupter and 

centrifuged at 34,000 g for 20 min at 4°C. The supernatant was poured off and the pellet 

was resuspended in 24 mL 2% Triton X-100 and 50 mM Tris-HCl (pH 8) and then 

centrifuged at 34,000 g for 20 min at 4°C. The pellet was resuspended in 32 mL 50 mM 

Tris-HCl (pH 8) and centrifuged at 7,600 g for 20 min at 4°C. The final pellet was 

resuspended in 20 mL 6M guanidine-HCl with 50 mM Tris-HCl (pH 8) and centrifuged 

at 7,600 g for 10 min at 4°C. The supernatant was collected and stored at 4°C. Samples 

were collected at each stage of the isolation and concentrations were determined using 

the BCA method [297].  Samples in 6M Guanidine-HCl and 10 mM Tris-HCl (pH 8) 
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were dialyzed against 4 L water with stirring for 4 hrs, then the water changed and stirred 

overnight. The precipitated samples were centrifuged at 7,600 g for 15 minutes and the 

water was poured off. The pellets were dissolved in 20 ml of 1% SDS, 1M MPD (Sigma), 

and 10 mM Tris-HCl (pH 8) (Cuesta-Seijo et al., 2010). The solutions were heated in a 

boiling water bath for 2 minutes, removed from the water bath and allowed to return to 

room temp on the bench overnight. The samples were centrifuged at 7,600 g for 20 

minutes to remove any remaining precipitate. The liquid samples were collected and 

stored at 4°C. The concentrations were determined by measuring the absorbance using a 

molar extinction coefficient (ε) of 17210 cm-1 M-1.   

 

The palmitoyltransferase in vitro assays are adapted from assays described by [273]. 

Phosphatidylcholines and Kdo2-lipid A were obtained from Avanti Polar Lipids, lipid 

IVA was obtained from Peptides International, Inc. (Louisville, KY), and dipalmitoyl-1-

14C -DPPC was obtained from Perkin Elmer.  Briefly, the reactions were carried out in a 

final volume of 25 µl, with enough 14C-DPPC to obtain a final concentration of 20 µM. 

14C-DPPC was dried by leaving the microcentrifuge tubes open to the air for 30 minutes. 

Lipid A was dried down under a stream of N2(g) and dissolved in 22.5 µl reaction buffer 

(0.25% DDM, 100 mM Tris-HCl (pH 8), and 10 mM EDTA.  The activity buffer with 

lipid A was added to the microcentrifuge tubes and equilibrated for 30 minutes. Reactions 

were started by addition of 2.5 µl of PA PagP (25 ng total). As a control, phospholipase 

A2 (PLA2) was added to the first lane, but substituting CaCl2 for EDTA in the reaction 

buffer.  Reactions were run at 30°C for 1 hour, at which point they were stopped by 

adding 12.5 µl of the reaction to 22.5 µl of 1:1 CHCl3/MeOH. The bottom layer was then 
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spotted (5 µl) on a silica gel 60 TLC plate. The TLC plates were developed for 2.5 hours 

in CHCl3:MeOH:H2O (65:25:4 v/v) solvent system in a sealed glass tank. The plates were 

then exposed overnight to a PhosphorImager screen and developed the next day with a 

Molecular Dynamics Typhoon 9200 PhosphorImager.  Non-radioactive dried lipid films 

were resuspended in CHCl3:CH3OH, (2:1 v/v) and analyzed by normal phase LC-ESI-Q-

TOF and MS/MS as described previously [298].   

[32P]-lipid IVA was prepared from E. coli BKT09 (provided by Pei Zhou, Duke 

University) (Supplementary Table S2) by mild acid hydrolysis as described [299] 

followed by extraction from TLC plates. The dried 32P-labeled lipids were dissolved in 

100uL of CHCl3/MeOH (4:1 v/v) and spotted onto a TLC plate and developed in the 

solvent system CHCl3/pyridine/88% formic acid/H2O (50:50:16:5 v/v). After drying, the 

plate was exposed to an x-ray film to locate the relevant lipid IVA species. The desired 

compound was scraped off the plate and the silica chips were extracted with 5mL of a 

single phase Bligh/Dyer mixture of CHCl3:MeOH:H2O (1:2:0.8, v/v) at room temperature 

for 1 hour. The suspension was centrifuged and the supernatant was passed through a 

glass Pasteur pipette fitted with a small glass wool plug. The flow-through was collected 

and converted into a two-phase Bligh/Dyer mixture by adding 1.3 mL CHCl3 and 1.3 mL 

MeOH, mixed thoroughly and partitioned by centrifugation. The lower phase containing 

[1,4’ 32P]-lipid IVA was collected and dried under a stream of nitrogen.  Assays were 

performed with [32P]-lipid IVA at ~100 cpm/mL, cold lipid IVA at 100 mM, and 

phosphatidylcholines at 1mM in 0.25% DDM, 100 mM Tris-HCl (pH 8), and 10 mM 

EDTA as described above. 
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Cytokine stimulation assay:  

96-well plate (Corning Costar, Acton, MA) was seeded with 200 µl of 8x104 cells/ml of 

human monocytic THP-1 cells in Gibco RPMI 1640 (Invitrogen) supplemented with 10% 

Gibco heat-inactivated fetal bovine serum (Invitrogen), 100 units/ml 

penicillin/streptomycin and 50nM vitamin D3 (Sigma, St. Louis, MO). The cells were 

incubated at 37°C in the humid air with 5% CO2 for 72 hours for cells differentiation. For 

stimulation, purified LPS was resuspended in sterile water and followed by sonication. 

The LPS was diluted as needed in RPMI medium supplemented with 2% human serum 

and then added to the cell suspension. After 16-hour incubation, the supernatant was 

harvested for IL-8 level measurement using Human CXCL8/IL-8 DuoSet ELISA kit 

(R&D systems, Minneapolis, MN Cat#DY208) according to the manufacturer’s 

instruction. The highly purified LPS were extracted for this assay by the phenol-water 

method of Westphal and Jann was used [300]. 

Susceptibility assays:  

A CAMP killing assay was used to test mutant strains of PAO1 for resistance to C18G, 

an α-helical CAMP derived from the COOH-terminus of the human platelet factor IV. 

Briefly, the overnight culture in N-minimal broth supplemented with 8µM MgCl2 was 

diluted 1:40 and grown to an OD600 of 0.07. Then the culture was further diluted 1:50, 

and 100µl was inoculated into a microtiter plate. The bacterial cultures were challenged 

with serial dilutions of C18G. After 2 hours, the culture was diluted and plated on LB 

plate for counting the CFU and calculating survival percentage. All experiments were 

done in triplicate. 
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Conventional colistin agar dilution and alternative polymyxin B sulfate plate assays, used 

to test mutant strains of PAK for resistance to the polymyxins, were performed as 

described [17, 301]. 

	  

Table 5: Bacterial strains and plasmids used in this study. 
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Table 6: List of the primers used for the PCR and mutagenesis. 

SUPPLEMENTAL TABLE 3
Primer name Sequence

For cloning PA1343
PA1343_USER_fp GGAGACAUGTCACGTCTTGCCTTCCTTC
PA1343_USER_rp GGGAAAGUGGGAGTCTCCTGTCGAGTGA

pUCP19-PA1343_fp TATACATATGGCCGACGGCGACTT
pUCP19-PA1343_rp TATACTCGAGTCAGAGACGCAGGCCGA

For deleting PA1343
PA1343-1 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCGGAGATGATGTTCATGCC
PA1343-2 CCCGTTCCTGGCCTCAGAGACGCAGGGATCCGAGATAGCGCATGGGGACTCCAGGC
PA1343-3 GCCTGGAGTCCCCATGCGCTATCTCGGATCCCTGCGTCTCTGAGGCCAGGAACGGG
PA1343-4 GGGGACCACTTTGTACAAGAAAGCTGGGTGGTATCCTCTGAATGACGG

For point-mutagenesis
H35F_fp AGCGTCTACACCCGGTTTTTCAACCCGGACCCT
H35F_rv AGGGTCCGGGTTGAAAAACCGGGTGTAGACGCT
H35N_fp AGCGTCTACACCCGGAATTTCAACCCGGACCCT
H35N_rv AGGGTCCGGGTTGAAATTCCGGGTGTAGACGCT
H42F_fp AACCCGGACCCTGAATTCAACAATCACCAGGAC
H42F_rv GTCCTGGTGATTGTTGAATTCAGGGTCCGGGTT
H42N_fp AACCCGGACCCTGAAAACAACAATCACCAGGAC
H42N_rv GTCCTGGTGATTGTTGTTTTCAGGGTCCGGGTT
H45F_fp CCTGAACACAACAATTTCCAGGACCTGCTCGGC
H45F_rv GCCGAGCAGGTCCTGGAAATTGTTGTGTTCAGG
H45L_fp CCTGAACACAACAATCTCCAGGACCTGCTCGGC
H45L_rv GCCGAGCAGGTCCTGGAGATTGTTGTGTTCAGG
H45N_fp CCTGAACACAACAATAACCAGGACCTGCTCGGC
H45N_rv GCCGAGCAGGTCCTGGTTATTGTTGTGTTCAGG
D84A_fp CCTGGGCAAGCGTTTCGCCAGTGACAGCTACCCGG
D84A_rv CCGGGTAGCTGTCACTGGCGAAACGCTTGCCCAGG
D84N_fp CCTGGGCAAGCGTTTCAACAGTGACAGCTACCCGG
D84N_rv CCGGGTAGCTGTCACTGTTGAAACGCTTGCCCAGG
S85A_fp GGGCAAGCGTTTCGACGCTGACAGCTACCCGGTCT
S85A_rv AGACCGGGTAGCTGTCAGCGTCGAAACGCTTGCCC
S85G_fp GGGCAAGCGTTTCGACGGTGACAGCTACCCGGTCT
S85G_rv AGACCGGGTAGCTGTCACCGTCGAAACGCTTGCCC
D86A_fp CAAGCGTTTCGACAGTGCCAGCTACCCGGTCTACC
D86A_rv GGTAGACCGGGTAGCTGGCACTGTCGAAACGCTTG
D86N_fp CAAGCGTTTCGACAGTAACAGCTACCCGGTCTACC
D86N_rv GGTAGACCGGGTAGCTGTTACTGTCGAAACGCTTG
S87A_fp CGTTTCGACAGTGACGCCTACCCGGTCTACCTG
S87A_rv CAGGTAGACCGGGTAGGCGTCACTGTCGAAACG
S87G_fp CGTTTCGACAGTGACGGCTACCCGGTCTACCTG
S87G_rv CAGGTAGACCGGGTAGCCGTCACTGTCGAAACG

D84A-S85G_fp CCTGGGCAAGCGTTTCGCCGGTGACAGCTACCCGGTC
D84A-S85G_rv GACCGGGTAGCTGTCACCGGCGAAACGCTTGCCCAGG
D86N-S87A_fp CAAGCGTTTCGACAGTAACGCCTACCCGGTCTACCTG
D86N-S87A_rv CAGGTAGACCGGGTAGGCGTTACTGTCGAAACGCTTG

D84A-S85G-D86N-S87A_fp CCTGGGCAAGCGTTTCGCCGGTAACGCCTACCCGGTCTACCTG
D84A-S85G-D86N-S87A_rv CAGGTAGACCGGGTAGGCGTTACCGGCGAAACGCTTGCCCAGG

For sequencing
PA1343 seq-1 GAGCTCGTCAGCGACGAC
PA1343 seq-2 GGTTTTCTGACGGTTCGTTC
PA1343 seq-3 GTGGAACCGCTGACGATT
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Chapter 4. Anaerobic regulation of palmitoylation of Pseudomonas 

aeruginosa lipid A by the palmitoyl transferase enzyme, PagP 

Introduction 

Pseudomonas aeruginosa (PA) is a metabolically versatile Gram-negative 

organism that can be found free-living in a multitude of niches such as water and soil, 

hospital equipment, and household plumbing. A key to its versatility may lie in its 

unusually large genome (6.2 MB), which maintains a large proportion of genes involved 

in metabolic pathways [302]. This allows PA to utilize a wide variety of nutrient sources 

in diverse environments. While not known to cause significant medical problems in 

healthy individuals, PA has long been known to be an important opportunistic airway 

pathogen in patients with cystic fibrosis (CF). CF is an autosomal recessive disorder that 

is the most common lethal genetic disease of Caucasians, affecting about 1 in 3,200 

persons [303, 304].  CF is caused by mutation of the gene encoding the cystic fibrosis 

transmembrane conductance regulator (CFTR) [264, 304, 305], which encodes a cAMP-

activated ATP-gated channel that transports negatively charged chloride ions into and out 

of cells. Ion transport controls the movement of water in tissues, which is necessary for 

the production of thin, freely flowing mucus that normally aids in flushing pathogen(s) 

out of the airways [306]. Altered flow of chloride results in retention of pathogens that 

would normally be cleared by the mucociliary elevator. Patients with CF develop chronic 

airway infections with several bacterial species, early colonizers are Staphylococcus 

aureus and Haemophilus influenza, but by the teenage years PA is the predominant 

species [303].  
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Upon infection of the CF airway, PA undergoes multiple adaptive modifications 

to survive in this unique microenvironment. One of the earliest known CF-specific 

adaptations is the alteration of the lipid A component of lipopolysaccharide (LPS), which 

is located in the outer membrane of Gram-negative bacteria. LPS is composed of three 

regions: O antigen, core and lipid A (also known as endotoxin). O antigen and core are 

made up of polysaccharide chains, while lipid A is composed of fatty acids and 

phosphate groups attached to a central glucosamine dimer. PA lipid A consists of penta- 

and/or hexa-acylated structures that are composed of a β-(1,6)-linked disaccharide of 

glucosamine with phosphate groups at the 1 and 4’ positions, amide-linked fatty acids (3-

OH C12) at the 2 and 2’ positions, and ester-linked fatty acids  (3-OH C10) at the 3 and 

3’ positions [307]. In addition, PA further modifies its lipid A structure by the addition of 

secondary fatty acids (C12 and 2-OH C12) to generate a hexa-acylated structure with the 

mass (m/z) of 1616 (Figure 23).  This hexa-acylated structure can be further modified via 

deacylation of the fatty acid located at the 3 position (3-OH C10) to generate a penta-

acylated structure of lipid A (m/z=1447) (Figure 23). Finally, this second penta-acylated 

structure can be modified by the acyl-oxy-acyl addition of a C16 fatty acid at the 3’ 

position to generate a second hexa-acylated form of lipid A (m/z=1685) (Figure 23).  

 To generate the CF-specific lipid A structures described in Figure 21, three 

additional enzymes are required: PagP, an outer membrane palmitoyltransferase; PagL, a 

lipase required for the deacylation of the 3-O-position fatty acid [308-310]; and LpxO, a 

dioxygenase that catalyzes the hydroxylation of lipid A and is required for the synthesis 

of 2-OH fatty acids [311]. Finally, PA can also modify the terminal phosphate residues 

by the addition of aminoarabinose (a positively charged amino sugar of arabinose) or 
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ethanolamine. Regulation of PA lipid A modification requires the two-component 

regulatory systems; PhoP/Q and PmrA/B for the addition of palmitate and 

aminoarabinose, respectively [312].  

Our previous studies have shown that lipid A extracted from PA isolated from the 

airways of patients with CF is different from lipid A isolated from environmental isolates, 

acute (eye, blood, UTI), or chronic (bronchiectasis) human infections. Additionally, 

every PA clinical isolate from patients with CF tested to date (N>100) has shown the 

presence of a hexa-acylated lipid A species modified by the addition of palmitate [269]. 

Palmitoylation of PA lipid A alters its recognition by the host innate immune system, 

specifically the toll-like receptor (TLR) 4 complex. Interestingly, this modification is 

constitutively expressed in PA isolates from CF patients.  In contrast, environmental 

isolates and human isolates from a variety of biological sites do not show the presence of 

palmitate except when the relevant enzymes are induced by growth in low divalent cation 

growth conditions. These results suggest that PA adapts rapidly to the CF airway 

environment by constitutively expressing specific surface modifications that impart a 

survival advantage. 

 In the airways of patients with CF, a significant hypoxic gradient has been shown 

by direct measurement of the oxygen level in the lumen of the lung [10]. As the 

mucociliary flow is halted, a thickened stagnate mucus is produced with low oxygen 

potential due to consumption by epithelial cells [10] and bacteria residing within the 

airway lumen [313]. 

Although classified as an aerobic organism, PA is able to grow anaerobically 

when the culture media is supplemented with arginine, pyruvate, and nitrogen oxide 
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molecules (nitrate, nitrite, and nitrous oxide) for fermentation of arginine, pyruvate, and 

denitrification, respectively.  Interestingly, sputum of CF patients has been found to be 

rich in nitrate (NO3) and nitrite (NO2), which can be used as terminal electron acceptors 

[9]. Under these conditions in CF airways, PA may enter a unique physiologic state, such 

as a biofilm form of growth or undergo robust adaptation that may make it more virulent 

or resistant to commonly used antimicrobials. 

Here we examined the lipid A profiles from PA grown in anaerobic growth 

conditions to determine if hypoxic growth conditions, which mimic the airway 

environment in patients with CF, play a role in the synthesis of CF-specific lipid A 

modifications. We report that under these growth conditions, laboratory-adapted, 

environmental, and acute clinical isolates of PA can be induced to add palmitate to lipid 

A, similar to that constitutively synthesized in CF clinical isolates. Finally, we 

demonstrate that the addition of palmitate is regulated by the PhoP/Q two-component 

regulatory system.  PhoP/Q regulates lipid A modifications, in many organisms in 

response to limitation of divalent cation, antimicrobial peptides, and low pH, however 

this is the first report of this regulatory system responding specifically to oxygen 

limitation. 

Results 

P. aeruginosa  synthesizes palmitoylated lipid A species under hypoxic growth 

conditions 

PA alters the structure of the lipid A component of LPS in response to various 

environmental conditions. Lipid A was isolated from a variety of strain backgrounds after 

growth under aerobic, microaerophilic, and anaerobic conditions and analyzed using 
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matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 

spectrometry in the negative ion mode. All cultures (two isolates per group for a total of 6 

individual isolates) were grown in LB supplemented with 1 mM MgCl2 and 1% KNO3. 

All the strains chosen for this analysis did not add palmitate to lipid A under PhoP 

repressing conditions (magnesium-replete conditions). KNO3 was provided as an 

alternative electron accepter and was essential for anaerobic growth. Under aerobic 

conditions, the primary lipid A peaks observed were penta-acylated (m/z 1447) and hexa-

acylated (m/z 1616), as shown in Figure 24. Data shown in Figure 24 is for the 

laboratory-adapted strain, PAK but is representative for all strains used (Table 7). For all 

isolates grown under oxygen-replete conditions, deacylation of the ester-linked fatty acid 

located at the 3 position (3-OH C10) by the PagL enzyme results in the appearance of the 

penta-acylated species, m/z 1447 (conversion of m/z 1616 to m/z 1447) [314]. When 

grown under microaerophilic or anaerobic conditions, the primary lipid A peaks observed 

are m/z 1430 and m/z 1668 (Figure 24), representing penta-acylated and the hexa-

acylated lipid A containing palmitate, respectively (Figure 24). Mass differences in the 

lipid A structures (m/z 1430 and 1668), as compared to the aerobically grown cultures is 

due to the lack of hydroxyl group (difference of m/z 16) that is normally present at the 2 

position of the acyl-oxy-acyl laurate fatty acid (C12). The absence of the 2-hydroxylation 

is due to the oxygen-dependent reaction catalyzed by the LpxO enzyme, a Fe2+/α-

ketoglutarate-dependent dioxygenase [315]. Additionally, the palmitoylated hexa-

acylated lipid A observed after hypoxic growth conditions is similar to the lipid A 

constitutively observed in clinical CF isolates of PA. 
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Figure 23. Aerobic and Anaerobic PA Lipid A species 
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Figure 24. MS analysis of PA lipid A. PAK lipid A grown in aerobic (top) and anaerobic 
(bottom) conditions, palmitoylation seen only in anaerobic conditions (m/z 1668). 
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Table 7. All strains used in this study 
 

Anaerobic addition of palmitate to P. aeruginosa lipid A is regulated via PhoP/Q.  

Lipid A modifications in several bacterial species are regulated by the two-

component regulatory system PhoP/Q, which is composed of the phosphorylated 

transcriptional activator protein, PhoP and the sensor kinase, PhoQ ().  To determine if 

the changes in the PA lipid A structure observed after anaerobic growth were regulated 

by this system; a phoP/Q knockout was used to test for the ability to add palmitate. Lipid 

A isolated from a phoP/Q-null mutant after anaerobic growth was analyzed by MALDI-

TOF MS in the negative ion mode. The major lipid A peak observed was the penta-

acylated species, m/z 1431. The palmitoylated hexa-acylated lipid A (m/z 1669) was not 

present in this mutant lipid A. Complementation of PA phoP/Q in trans restored the 

Strain 
PAK Laboratory 
PAO-1  Laboratory 
Cantaloupe root  isolate Environmental 
Bronchiectasis isolate Clinical non-CF 
CF71 CF isolate 
CF53 CF isolate 
CF1188 CF isolate 
PAO-1 DphoP/phoQ Lacks two component system 

PhoP/Q 
PAO-1 DphoP/phoQ +phoP/Q  
in trans 

pUCP- USER + phoP/phoQ 

PAK D0011 
PAK D3242 

htrB1 mutant 
htrB2 mutant 

PAK D1343 pagP mutant 
PAK D1343 + pagP in trans pUCP- USER + pagP 

PAO-1 DpmrA/pmrB Lacks two component system 
PmrA/B 
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synthesis of the palmitoylated lipid A structure (Table 8). Finally, the peak at m/z 1510 is 

suggestive of a penta-acylated lipid A species modified by a third phosphate group 

(difference of m/z 79), which has been shown previously to be present in PA [316]. 

These results demonstrate that PhoP/Q is required for the addition of palmitate to PA 

lipid A grown under anaerobic conditions.  

 

 

Table 8. Presence (+) or Absence (-) of Palmitoylated Lipid A by MS 
 

Analysis of lipid A fatty acid content to confirm the presence of anaerobically-

regulated addition of palmitate by gas chromatography.  

	  
To confirm the MALDI-TOF MS results that demonstrated the anaerobically-

regulated addition of palmitate, total fatty acid profiles of lipid A isolated from PAK 

grown under aerobic, anaerobic (24H), and anaerobic (48H) conditions were determined 

using capillary gas chromatography-flame ionization detection (GC-FID. C16 levels were 

Strain Aerobic C16 
Incorporation 

Microaerobic 
C16 

Incorporation 

Anaerobic 
C16 

Incorporation 

PAK - + + 

PAK ΔphoP - - - 

PAK ΔphoQ - - - 

PAK ΔphoP/Q - - - 

PAK ΔpagP - - - 

PAK ΔphoP + 
phoP 

+ + + 

PAK ΔphoQ 
+ phoQ 

+ + + 

PAK ΔphoP/Q 
+ phoP/Q 

+ + + 

PAK ΔpagP + 
pagP 

+ + + 
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1% of the total fatty acids when grown aerobically, 3% after 24 hours anaerobic growth, 

and 5% after 48 hours anaerobic growth (Figure 25). 

PAK, PAK phoP/Q-null mutant, PAK pagP-null mutant, complemented PAK 

phoP/Q-null mutant, and complemented PAK pagP-null mutant grown under aerobic and 

anaerobic conditions were also subjected to GC analysis to confirm involvement in 

palmitate addition. The level of palmitate for all aerobically grown strains tested was 

approximately 2% of the total fatty acids recovered after conversion to fatty acid methyl 

esters. Aerobic and anaerobic levels of C16 for PAK were 1.1% and 3.2% respectively. 

The PAK pagP-null mutant contained 0.2% C16 incorporation under aerobic conditions 

and 0.7% under anaerobic conditions while the complemented strain showed much higher 

levels at 8.3% and 10.5% respectively. The PAK phoP/Q-null mutant incorporated 0.6% 

C16 under aerobic conditions and 1.7% under anaerobic conditions. The complemented 

strain showed 1% C16 incorporation under aerobic conditions and 4.1% under anaerobic 

conditions. A summary can be seen in Table 9. All increases in C16 were significant 

with the exception of the PAK pagP-null mutant. Since the PAK phoP/Q-null mutant did 

show a significant increase in anaerobic palmitoylation there is an indication that PagP 

can show some activity without PhoP/Q induction. 
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Figure 25. GC analysis of total fatty acid content of lipid A isolated from aerobe 
(black), anaerobe 24 hours(grey) and anaerobe 48 hours (white). Results 
represent three biological replicates. 
 
	  

	  
	  
Table 9. GC analysis. WT and complimented strains show a significant increase in % 
C16 incorporation into lipid A under anaerobic conditions. ΔpagP and ΔphoP/Q showed 
no significant increase in inducing conditions. 
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Strain Aerobic 
(% C16) 

Anaerobic 
(% C16) 

P value 
(t-test) 

PAK 1.1 ±0.1 3.2 ± 0.3 0.0003 

PAK ΔpagP 0.2±0.3 0.7 ± 0.1 0.052 NS 

PAK ΔpagP 
+pagP  

8.3 ±0.1 10.5 ± 0.5 0.0017 

PAK ΔphoP/Q 0.6 ±0.05 1.7 ± 0.3 0.0033 

PAK ΔphoP/Q 
+phoP/Q  

1.0 ±0.3 4.1 ± 0.1 0.0002 
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qPCR analysis to confirm expression of phoP, phoQ and pagP 

To verify expression of phoP, phoQ, and pagP under anaerobic growth 

conditions, RNA expression of these genes during mid-log growth was quantified by 

qPCR analysis. qPCR was performed using a genomic DNA standard curve to calculate 

total copy number of each gene. A 2.7 fold increase of anaerobic/aerobic transcription 

was seen for phoP and an increase of 2.6 was seen for both phoQ and pagP (Figure 26). 

These results are consistent with protein activity seen by both MALDI and GC analysis. 

 

 

 

 

 

 

 

	  
Figure 26. qPCR. phoP, phoQ and pagP are up-regulated under anaerobic conditions 
	  

Discussion 

Clinical (CF and non-CF) and environmental isolates of PA display a marked 

heterogeneity of lipid A structure(s) regarding the acylation state of the molecule. The 

laboratory-adapted strains, PAO1 and PAK predominantly produced a penta-acylated 

lipid A structure (m/z = 1447, Figure 23) after growth in rich medium under aerobic 

conditions. Growth under magnesium limitation results in activation of two-component 

regulatory system, PhoP/Q, and results in synthesis of a hexa-acylated lipid A structure 
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(m/z = 1685, Figure 23) due to the addition of palmitate acyl-oxy-acyl at the 3’ fatty acid 

on the penta-acylated structure (m/z = 1447). Our previous studies have shown that the 

CF isolates constitutively synthesize palmitoylated hexa-acylated lipid A (m/z 1685) and 

this structure is not lost after repeated passage under non-inducing growth conditions. 

The evidence of constitutive palmitoylation in PA airway isolates from patients with CF 

suggests that this microenvironment may provide a unique selective pressure resulting in 

specific genomic mutations and/or activation of regulatory pathways that promote the 

synthesis of lipid A species. This adaptation presumably occurs rapidly, as isolates from 

patients as young as 3 months of age demonstrated CF specific lipid A modification 

[269]. 

The specific environmental trigger selecting for the constitutive synthesis of 

palmitoylated lipid A in the CF airway is not known.  Recently, it has been suggested that 

the CF mucus layer and mucus plugs present in the luminal space is a hypoxic growth 

environment (i.e. oxygen-limitation), as determined by direct in vivo measurement of pO2 

levels [10]. pO2 levels dropped significantly when measured in the mucopurulent masses 

obstructing the CF airways, as compared to the bronchial lumen suggesting that PA is 

exposed to hypoxic conditions during growth in the CF airway. 

Here, we demonstrate that PA could be induced to produce a CF-specific lipid A 

modification in a laboratory setting under microaerophilic or anaerobic growth 

conditions. These results suggests that a low oxygen environment may be a signal to 

induce palmitoylation of lipid A and is consistent with a functional role in adaptation of 

PA to the hypoxic environment of mucous plugs within the CF airways. Our findings also 

suggested that lipid A palmitoylation during PA anaerobic growth is under the control of 
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PhoP/Q. The sensor kinase, PhoQ has been extensively studied in S. Typhimurium [288, 

317]. It has been reported that S. Typhimurium PhoQ is able to sense a variety of 

environmental conditions. The sensor is repressed in the presence of high concentration 

of divalent cations (Mg2+, Ca2+, Mn2+) [318], while activated in the presence of host 

cationic antimicrobial peptides (CAMP) [74], low pH [319], or magnesium limited 

growth conditions. However, PA PhoQ has been shown to only be activated by low 

divalent cation concentrations and pH but not CAMP [74, 320] The comparison of PA 

and S. Typhimurium PhoQ amino acid sequence and NMR spectroscopy revealed that PA 

PhoQ binds divalent metals by a ligand-binding pocket while that of S. Typhimurium 

binds cation via an acidic patch, which is also involved in CAMP sensing [320]. S. 

Typhimurium expressing PA PhoQ was attenuated in mouse models suggesting the 

diverse sensory roles of PhoQ in the life style of animal-associated S. Typhimurium and 

saprophytic PA. 

Previous studies investigating the role of PhoP/PhoQ involvement during 

anaerobic growth have been limited. phoP/Q were not found to be essential for anaerobic 

growth on nitrate [321] and results from DNA microarrays have shown that expression of 

phoP/Q is down-regulated in PA after growth under anaerobic conditions with nitrate 

[322]. However, the relative protein abundance of PhoP was not found to change during 

anaerobic growth [323]. The other two-component regulatory system that is active during 

anaerobic growth of PA is NarX/L. NarX/L primarily responds to the presence of nitrate 

and not O2 [324]. In Rhizobium meliloti, FixL/J can directly sense O2 via the heme moiety 

in its sensory domain, when oxygen dissociates from this domain autophosphorylation is 

enhanced leading to increased expression of nitrogen fixation genes [325], but PhoQ 
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lacks such a redox sensory moiety. Currently, the role of PhoP/Q regulation during 

anaerobic growth and whether PhoQ directly or indirectly senses this environment is not 

known and is a subject for further research.   

Methods 

Bacterial strains and growth conditions 

Bacterial strains used in these studies include the laboratory-adapted strains - 

PAO1 and PAK; environmental isolates – ATCC 31479 (soil) and ATCC 55734 

(cantaloupe root); and clinical isolates UTI isolate (BE22) obtained from Dr. Stephen 

Lory (Harvard University, Boston, MA) and bronchiectasis isolate (BE28) obtained from 

Dr. Jane Burn (University of Washington, Seattle, WA) [269]. To determine the role of 

the PhoP/Q regulatory system in the addition of palmitate, the entire phoP/Q genes 

(PA1179-1180) except for the first three amino acids of phoP and the last three amino 

acids of phoQ were deleted using methods previously described that resulted in a clean 

unmarked deletion mutant [310]. This mutant was designated, phoP/Q knockout mutant.  

For all lipid A isolation experiments, PA was grown aerobically to early 

logarithmic growth phase (to repress the addition of palmitate) in 125 ml flasks with 

Luria Broth (LB) supplemented with 1% KNO3 and 1 mM MgCl2. Microaerophilic 

growth in 15 ml screw-cap test tubes filled to the rim with LB supplemented with 1% 

KNO3 and 1 mM MgCl2 and sealed tightly after inoculation. Anaerobic growth was 

achieved by supplementing 50 ml of LB with 1% KNO3 and 1mM MgCl2 in 100 ml 

Wheaton serum bottles (Fisher Scientific, Pittsburgh, PA) with rubber stoppers. Oxygen 

was removed by bubbling with nitrogen gas for 1 hour followed by autoclaving to 
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sterilize. Bacteria were inoculated from overnight cultures (1:100) and harvested after 

overnight growth by centrifugation.  

Complementation 

A DNA fragment containing the phoP and phoQ genes coupled with the oprH-

phoPQ operon promoter was constructed and amplified by Splicing By Overlapping 

Extension (SOE) PCR and then cloned into USER-pUCP19 plasmid using New England 

Biolab USER cloning kit. USER-pUCP19, a gift from Aaron Hinz of University of 

Washington, Seattle WA is a hybrid plasmid (New England Biolab USER plasmid (NEB, 

Ipswich, MA) and pUCP19) which allows the plasmid to propagate in PA. The construct 

was then electroporated into the phoP/Q-null mutant strain. 

LPS purification 

LPS was isolated using a rapid small-scale isolation method [326]. In brief, 1.0 ml 

of Tri-reagent (Molecular Research Center, Cincinnati, OH) was added to cell culture 

pellets (10 ml LB), resuspended, and incubated at room temperature for 15 minutes. Two 

hundred µl of chloroform was added, vortexed, and incubated for an additional 15 

minutes.  Samples were centrifuged for 10 min at 13,523 x g and the aqueous layer 

removed. Five hundred µl of water was added to the lower organic layer and vortexed. 

After 15 to 30 minutes, samples were centrifuged again and the aqueous layers combined. 

This process was repeated two more times. The combined aqueous layers were frozen 

and lyophilized overnight.  

 In order to hydrolyze the lipid A from the LPS, 500 µl of 1% (wt/vol) sodium 

dodecyl sulfate in 10 mM Na-acetate at pH 4.5 was added to lyophilized sample. Samples 

were incubated at 100°C for 1 hour, frozen, and lyophilized. The samples were then 
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washed with 100 µl water and 1 ml of acidified ethanol (100 µl 4N HCl in 20 ml 95% 

ethanol). Samples were centrifuged at 2,348 x g for 5 minutes and ethanol removed. The 

pellet was further washed (three times) in 1 ml of 95% ethanol and the entire series of 

washes repeated twice. Samples were resuspended in 500 µl of water, frozen and 

lyophilized.  

Mass spectrometry procedures 

 Negative-ion matrix-assisted laser desorption ionization-time of flight (MALDI-

TOF) mass spectrometry (MS) experiments were performed as previously described with 

the following modifications [44, 327]. Lyophilized lipid A was dissolved in 10 µl 5-

chloro-2-mercaptobenzothiazole (CMBT) MALDI matrix in chloroform/methanol 1:1 

(vol/vol), and then 1 µl applied onto the sample plate. All MALDI-TOF experiments 

were performed using a Bruker Autoflex II MALDI-TOF mass spectrometer (Bruker 

Daltonics Inc., Billerica, MA). Each spectrum was an average of 300 shots. ES tuning 

mix (Aligent, Palo Alto, CA) was used to calibrate the MALDI-TOF MS.  

Fatty acid analysis 

 LPS fatty acids were derivatized to fatty acid methyl esters and analyzed by gas 

chromatography (GC) as described previously [328]. Briefly, 10 mg of lyophilized 

bacterial cell pellet was incubated at 70°C for 1 hour in 500 µl 90% phenol and 500 µl 

water. The samples were then placed in an ice bath for 5 minutes and centrifuged at 9,391 

x g for 10 minutes. The aqueous layer was removed and 500 µl water added to the lower 

layer and incubated again. The same process was repeated twice. Two ml of ethyl ether 

was added to the combined aqueous layers and vortexed and centrifuged at 2,095 x g for 
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5 minutes. The same process was repeated twice. The lower organic layer was extracted, 

frozen and lyophilized. LPS fatty acids were derivatized in fatty methyl esters with 2 M 

methanolic HCl at 90°C for 18 hours (Alltech, Lexington, KY). Individual fatty acids 

were identified and quantified by GC using an HP 5890 series II with a 7673 autoinjector. 

Pentadecanoic acid (10 µg; Sigma, St Louis, MO) was added as an internal standard. 

RNA  
	  
RNA was extracted from mid-log samples at using the Ambion RiboPure-Bacteria Kit 

(AM1925). RT-PCR was performed using the SuperScript III First-Strand Synthesis 

System for RT-PCR Cat. No:18080-051. Analysis was performed by calculating copy 

number of each gene based on a genomic DNA standard. 
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Chapter 5. Involvement of intermediate metabolites produced by the 

denitrification pathway leading to downstream palmitate addition of 

lipid A 

 

Introduction 
 

Addition of palmitate to Pseudomonas aeruginosa (PA) lipid A is a constitutive 

modification found in strains isolated from patients with cystic fibrosis (CF). This 

modification is regulated by the two component system, PhoP/Q. Once activated, PhoP/Q 

up-regulates the expression of the palmitoyltransferase, PagP. This enzyme removes a 

palmitate chain from a phospholipid in the outer membrane and attaches it to the 3’ 

position decanoate on PA lipid A. This molecule is highly immunostimulatory and 

protective the bacterium against host innate killing mechanism, specifically CAMPs.   

In the CF airway, reduced oxygen potential, as low as 2.5 mmHg, is present in the 

luminal mucus masses. Normal luminal oxygen pressure is180 mmHg [329]. Previously, 

we have shown that lipid A palmitoylation can be induced under anaerobic growth 

conditions and in the absence of PhoP, PhoQ, or PagP, this modification is not observed. 

Anaerobic growth causes a switch from aerobic respiration to denitrification for energy 

production. One byproduct of this pathway is the production of the molecule nitrous 

oxide (N2O). 

NO is known as a potent cell-signaling molecule. Recent examination of 

prokaryotic signaling pathways has begun to elucidate the role NO plays in bacterial cell 

function and fitness [330-332]. Activation and regulation of cellular processes by NO 

utilization in PA include, regulation of the denitrification, quorum sensing [333], 
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motility, as well as production of exopolysaccharide [334]. Associations between the 

PhoP/Q system and nitrogen metabolism have also been found. Hancock et al have 

recently shown that deletion of the PA phoQ sensor kinase led to a significant decrease in 

expression of the nitrogen associated genes, fhp, nirO and norC [335].  PhoP/Q regulated 

lipid A modification genes, lpxO and pagP in Salmonella enterica were down regulated 

after exposure to exogenous NO [336]. In addition to NO affecting bacterial gene 

expression, there are now direct links between Nir activity and virulence factor 

expression. Deletion of nirS, which is required for NO production in the periplasm, 

resulted in decreased expression of type III secretion and biofilm dispersal.  

Under reduced oxygen tension, PA utilizes nitrogen reduction via the 

denitrification pathway to generate energy [337, 338].  The denitrification pathway 

utilizes a series of reductase enzymes to reduce nitrate to nitrogen gas. Reduction of 

nitrate to nitrite is carried out by the Nar enzyme with subsequent reduction of nitrogen 

products carried out via Nir (nitrite to nitric oxide), Nor (nitric oxide to nitrous oxide), 

and Nos (nitrous oxide to nitrogen gas) [339-341] (Figure 2). Nitrate available for 

reduction in the lung is provided mainly by the host immune system via host cell nitric 

oxide synthases (NOS). Three kinds if NOS are present in the human host: endothelial 

NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS). iNOS expression is 

induced by IL-8 produced when host cells sense molecules, such as lipid A through 

TLR4. Once released, NO is degraded quickly through reaction with cellular components 

or by producing byproducts, such as nitrate and nitrite. These byproducts subsequently 

become the primary source for components of the bacterial nitrogen metabolism 

pathways within the CF airway [342].  
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The basic denitrification pathway consists of the reduction of nitrate to elemental 

nitrogen, via the dissimaltory reduction pathway. The denitrification (dissimilatory) 

pathway consists of one nitrate reductase, Nar, a nitrite reductase, Nir, a nitric oxide 

reductase, Nor, and a nitrous oxide reductase, Nos. Nar is located in the cytoplasm and is 

encoded by the narK1K2GHJI gene cluster. narK1 and narK2 encode nitrate/nitrite 

transporters, but only narK2 has been shown to be necessary for denitrification. narG,H, 

and I are structural components of Nar and narJ is necessary for enzyme assembly. Once 

nitrate has been converted to nitrite (NO2) and delivered to the periplasm it is reduced to 

nitric oxide (NO) by the periplasmic reductase Nir.  

Nir is encoded on the nirSMCFDLGHJEN gene cluster. Two identical subunits 

made up of a covalently bound heme c and a non-covalently bound heme d1 make up the 

enzyme, Nir is the only enzyme utilizing heme d1. The structural components of Nir 

encoded by nirS, nirM and nirC, mediate transfer of electrons to nitrite reductase, and 

encoded by nirFDLGHJE are heme d1 biosynthesis enzymes. Recent reports have 

implicated nirS in virulence factor regulation, possibly through production of NO, a 

molecule well known for its signaling properties. The Nir protein is a homodimer made 

up of monomers containing one heme c and one heme d1 at its center (Figure 27). Heme 

d1 is only found in the Nir enzyme. nirE is characterized as a uroporphyrin-III c-

methyltransferase. nirF is implicated in double bond formation for conversion of 

precorrin-2 to heme d1, nirL is a probable transcriptional regulator, and nirJ is involved in 

heme d1 synthesis after conversion of uroporphyrin-III c to precorrin-2 (Figure 28).  
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Figure 27. Structure of Nir. Structure Volume 5, 1157-1171 
 

	  

 
Figure 28. Heme d1 Synthesis. Conversion of Uroporphyrinogen III to Heme d1 by nirE, 
nirL, nirJ, and nirF FEBS Letters Volume 584, Issue 11 2010 2461-2466 
 

NO reduction occurs across the cytoplasmic membrane by the Nor enzyme. This 

enzyme is encoded by only three genes, norBCD, the catalytic heme b3 component, the 

cytochrome c electron transfer component, and the component necessary for enzyme 

production respectively. An additional NO reducing enzyme, fhp, acts as a NO 

nirE% nirL%
nirJ%
nirF%
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detoxification enzyme active under aerobic conditions to fight accumulation of host NO. 

In the same manner, Nor can be utilized to detoxify NO produced by sources other than 

the denitrification pathway. The final step of this pathway is the conversion of nitrous 

oxide to nitrogen gas via the Nos enzyme. Encoded by the nosRZDFYL operon, Nos is a 

copper containing enzyme where nosZ encodes the structural component, nosDFY are 

processing components, nosL is a disulfide isomerase. The function of nosR is unknown. 

Finally, a nitrate assimilatory pathway also utilizes nitrate reduction enzymes. The 

nitrate assimilatory pathway reduces nitrate to ammonia where ammonia is used as a 

nitrogen source. There are two assimilatory nitrate reductase enzymes, Nap and Nas 

[343]. Nap is encoded in the napEFDABC gene cluster and is thought to be responsible 

for redox balancing under oxygen replete conditions. Nas is a cytoplasmic enzyme 

encoded by nasC and is used exclusively in nitrate assimilation. Nitrite assimilation is 

carried out by the product of nirBD; converting nitrite to ammonia. Focusing on a subset 

of these genes will identify what events, if any, are critical to lipid A palmitoylation 

under anaerobic growth conditions.  

Results 
 

Assessment of the influence of nitrate, nitrite, and nitric oxide on lipid A in the 

presence of decreasing oxygen concentrations 

	  
To determine if nitrogen compounds nitrate and nitrite have any effects on PA 

lipid A palmitoylation, bacterial cultures were grown under aerobic, microaerophilic, and 

anaerobic conditions in LB supplemented with 1 mM MgCl2/KNO3 (1% or 3%) or KNO2 

(1% or 3%). Different concentrations of nitrate and nitrite were chosen to evaluate if 
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palmitoylation could be nonspecifically up-regulated under aerobic conditions. Lipid A 

was isolated and analyzed by MALDI-TOF MS after growth under aerobic, 

microaerophilic, and anaerobic conditions. Palmitoylation was not observed under 

aerobic conditions, but was observed for microaerophilic and anaerobic grown samples. 

Samples grown in elevated nitrate concentrations (3%) were identical to the results seen 

with the lower nitrate concentration (1%). PA strains grown in 1% and 3% nitrite did add 

palmitate to lipid A under microaerophilic and anaerobic conditions. Interestingly, 

aerobic addition of C16 was seen in bacterial lipid A isolated from bacteria grown in 3% 

nitrite. No palmitate addition was observed in samples grown without nitrate or nitrite 

added to the media. 

 

 

Table 10. Influence of Nitrogen Added to Media on Palmitoylation. Nitrate (1% or 3%), 
nitrite (1% or 3%), and nitric oxide (100uM) were added to cultures grown under aerobic, 
microaerophilic, and anaerobic conditions.  
 

Effects of endogenous production of nitrate, nitrite, and nitric oxide on anaerobic 
lipid A  
	  

As the concentration of nitrite is important in anaerobic palmitoylation, we 

utilized the Griess assay to measure the conversion of nitrate to nitrite. To determine if 

this conversion was dependent on the phase of growth, production of nitrite was assays 

Aerobic C16 Microaerobic C16 Anaerobic C16 
No nitrogen - - - 
1% KNO3 - + + 
3% KNO3 - + + 
1% KNO2 - + + 
3% KNO2 + + + 
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over a 24 hour time period. Growth medium supplemented with 100 mM KNO3, based on 

concentrations used in previous literature. Nitrite levels were measured throughout all 

phases of bacterial growth. Initially, nitrite levels increased over the first seven hours of 

growth (lag to mid-logarithmic phase) followed by an 18 fold increase in nitrite levels 

between seven and eleven hours (mid-logarithmic to early stationary phase). Finally, by 

eighteen hours nitrite levels decreased to undetectable levels. Measurable nitrite was not 

observed at twenty to twenty-four hours. No detectable nitrite was present in aerobically 

grown cultures (mid-logarithmic phase) or medium alone. 

To determine if the level of nitrite altered the structure of PA LPS, lipid A was 

isolated at each time point that nitrite levels were assayed and subject to analysis by 

MALDI-MS in the negative ion mode. Lipid A containing palmitate were only observed 

after depletion of nitrite from the media at >sixteen hours of growth (Figure 29). 

The time course was repeated with a lower concentration of KNO3 (10 µM) to 

address the potential that stressing the bacteria with high concentrations of nitrogen 

molecules could effect lipid A modifications, as were seen above for PA grown 

aerobically in 3% nitrate. As the starting concentration of nitrite was reduced, the 

conversion of nitrate and nitrite occurred more rapidly. Levels of nitrite rose steadily over 

the first seven hours of growth followed by a complete loss of detectable nitrite at eight 

hours. Analysis of lipid A taken at each time point similarly showed palmitoylation 

correlating with depletion of nitrite from the media at eight hours. 

As we have previously shown, palmitoylation of PA lipid A requires phoP, phoQ, 

and pagP expression. To determine if the presence of any of the products of the 

denitrification pathway were required for gene expression, RNA was isolated and 
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expression levels were determined by qPCR. phoP, phoQ, and pagP expression was 

increased by approximately 2 fold over aerobically grown bacteria at four hours and six 

hours, though no changes in expression levels were observed at longer time points 

(twelve hours and twenty-four hours).  

	  

	  

	  

	  

Figure 29. Nitrate Reduction Time Course (100mM). Nitrite production, lipid A 
modification and RNA production of phoP, phoQ, and pagP surveyed over 24 hours 
under anaerobic conditions in LB/1mM Mgcl2/100mM KNO3 
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Figure 30.  Nitrate Reduction Time Course (10mM). Nitrite production and lipid A 
modification production surveyed over 24 hours under anaerobic conditions in LB/1mM 
MgCl2/10mM KNO3 
 

Replenishing nitrate to the growth medium results in decrease lipid A 

palmitoylation 

	  
 Depletion of nitrate and nitrite in the media correlated with the appearance of 

palmitoylated lipid A species (sixteen hours for the 100mM cultures and eight hours for 

the 10 mM cultures). In order to determine if this phenotype was due to decreased nitrite 

or increased NO concentrations; we added fresh KNO3 (10 mM) to mid-log phase cells 

grown in LB supplemented with 1 mM MgCl2 and 10 mM KNO3. A Griess assay was 

carried out prior to addition of fresh KNO3 to confirm the loss of nitrite in the media. 

Samples were taken at time 0 and every hour after. Lipid A was isolated and subjected to 

MALDI-MS analysis in the negative ion mode. Following addition of nitrite, no 

alteration in lipid A palmitoylation was observed, however between one and three hours 
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of additional growth, lipid A palmitoylation was abrogated suggesting a role for nitrite in 

inhibiting this modification. Subsequently, by four hours of growth, lipid A 

palmitoylation was observed. The emergence of the modified lipid A correlated with the 

reduction of nitrate to downstream denitrification products indicating the importance of 

this reduction in lipid A palmitoylation. 

	  
	  

Hours after KNO
3 
addition Palmitolyated lipid A 

1 - 

2 - 

3 - 

4 + 

5 + 

6 + 

7 + 

8 + 

9 + 
	  
 
Table 11. Appearance of palmitoylation after supplementation of KNO3 

 

Transposon mutant screening todetermine important components of the 

denitrification pathway for palmitoylation 

	  
As the reduction of nitrogen products (nitrite to NO) was observed to be linked to 

lipid A palmitoylation, we sought to identify the requirement of specific components of 

the denitrification pathway. Mutants were obtained with transposon insertions in genes 

encoding the assimilatory nitrate reductase (nasA/C, nasA), the quinol oxidase (napA and 
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napF), dissimaltory nitrate reductase (narG, narK2), the two-component regulatory 

system narX/narL, the assimilatory nitrite reductase (nirB), the dissimaltory nitrate 

reductase (nirS), the regulatory factor (nirQ), the nitric oxide reductase (norC), and the 

aerobic nitrate detoxification gene (fhp).  Lipid A was extracted from each mutant after 

anaerobic growth and evaluated for the presence of palmitate.  

Mutants in napA, napF, nasA/C, nasA, narG, nirB, and fhp produced lipid A 

characteristic of anaerobic growth, indicated by lipid A species m/z 1430, and were able 

to modify this lipid A species with palmitate, indicated by m/z 1668. narK2, narL, norC, 

and dnr all grew under anaerobic conditions though not under microaerophilic conditions. 

Each mutant produced the lipid A species m/z 1430, and lipid A with palmitate, indicated 

by m/z 1668. The narX, and nirQ mutants were unable to grow past the initial inocula 

and displayed the aerobic lipid A species, m/z 1446 and m/z 1616. Only the nirS mutant 

produced anaerobic lipid A profiles that lacked the palmitate modification. 

Complementation of the nirS-null mutant with nirS in trans restored the addition of 

palmitate (Table 12, Table 13). 
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Table 12. Mutants evaluated for PagP activity under microaerophilic conditions. m/z 
1430 indicates anaerobic lipid A and m/z 1668 indicates palmitoylated lipid A 

Strain m/z 1430 m/z 1668 
WT + + 

napA + + 
napF + + 

nasA/C + + 
narL - - 
narX - - 
narG + + 
narK2 - - 
nirB + + 
nirS + - 
nirQ - - 
norC - - 
fhp + + 
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Table 13. Mutants evaluated for PagP activity under microaerophilic conditions. m/z 
1430 indicates anaerobic lipid A and m/z 1668 indicates palmitoylated lipid A 

 

Importance of the active site Nir hemeD1 in palmitate addition 
	  
 Nir catalyzes the reduction of nitrite to nitric oxide. The enzyme contains two iron 

based heme c components and two heme d1 components. Reduction takes place at the 

reduced heme d1 site within the enzyme. Since it was not clear if the active site or 

structural component of NirS were necessary for function, we obtained additional 

mutants in heme d1 synthesis to rule out structural involvement of the enzyme. Genes 

involved in the synthesis and insertion of heme d1 were targeted for analysis. These genes 

included a uroporphyrin-III c-methyltransferase (nirE), a probable transcriptional 

regulator of heme d1 associated gene (nirL), the heme d1 synthesis (nirJ), and the enzyme 

required for the formation of the double bond in heme d1 synthesis (nirF). Lipid A was 

isolated and subjected to MALDI-MS analysis in the negative ion mode. All mutants 

grew under anaerobic growth condition, however only nirE synthesized palmitoylated 

lipid A species. 

 

Strain m/z 1430 m/z 1668 
narK2 + + 
narX - - 
narL + + 
nirQ - - 
nirS + - 
norC + + 
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Table 14. Transposon mutants were screened for their ability to add palmitate under 
anaerobic conditions. m/z 1430 indicates anaerobic lipid A and m/z 1668 indicates 
palmitoylated lipid A. 
 

Confirmation of NirS expression in a nirF deficient strain 
	  
In order to confirm that the active site heme d1 was necessary for palmitoylation of lipid 

A, cytoplasmic proteins from anaerobically grown cultures were extracted and separated 

by SDS-PAGE gel electrophoresis to confirm the presence of the NirS structural 

component in the nirF mutant. Both the WT and nirF mutant strain exhibited bands at the 

expected size of 62.7 kDa indicating that the structural component, NirS was present in 

the heme d1 deficient strain. However, the nirS mutant strain lacked the high molecular 

weight band (cytochrome d1 heme domain), as well as the low molecular weight band 

(cytochrome c, mono- and diheme variant) indicating the loss of the Nir structural 

enzyme. Bands were subject to MALDI-TOF MS analysis to confirm protein identity.  

 

Strain m/z 1430 m/z 1668 
nirE + + 
nirL + - 
nirJ + - 
nirF + - 
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Figure 31. Cytoplasmic proteins isolated from anaerobically grown PA strains. Lane 1- 
benchmark protein ladder, 3 and 4 PAO-1, 5 and 6 PAK, 7 and 8 nirS mutant, 9 and 10 
nirF mutant  
 

Endogenous production of NO by a norC mutant restores palmitate addition in nirS 

mutant 

 
 Loss of the active site of the Nir enzyme resulted in a loss of anaerobic lipid A 

palmitoylation. This can be attributed to the loss of NO production and PhoP/Q signaling. 

To evaluate if the conversion of nitrite to NO or if NO itself was the inducing signal for 

palmitoylation, the nirS-null mutant was grown with the NO accumulating norC mutant. 

norC accumulates NO since enzymatic activity for the conversion of NO to nitrous oxide 

is not active. As we wanted to test complementation with only NO, the strains were 

separated by dialysis tubing in co-culture. A 1L beaker was filled with LB supplemented 

with 1 mM MgCl2 and 10 mM KNO3. A Slide-A-Lyzer dialysis cartridge with a 10 kDa 

molecular weight cut off was filled with the same media and floated in the beaker. Media 

was left for 24 hours in the COY anaerobe chamber to drive off residual oxygen. An 

overnight aerobe culture (50ml norC mutant) was added to the beaker. The media in the 

Ladder&&&&&&&&&&PAO*1&&&&&&&&&&PAK&&&&&&&&&&&::nirS&&&&&&&::nirF&
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Slide-A-Lyzer was removed and 3ml of an overnight nirS mutant was injected. The set 

up was incubated at 37ºC overnight.  Lipid A was extracted from both strains and 

analyzed by MALDI-TOF MS. The nirS grown alone under anaerobic conditions lacked 

the peak at m/z 1668. The nirS and norC mutant grown in co-culture and the norC mutant 

grown alone, all produced palmitoylated lipid A under anaerobic conditions (m/z 1668).    

Methods 

Growth conditions 
	  

Strains used in these studies include laboratory-adapted WT strain PAK, and 

transposon mutants in the laboratory-adapted strain PAO-1, obtained from the Manoil 

lab. For all lipid A isolation experiments, PA was grown aerobically to early logarithmic 

growth phase (to repress the addition of palmitate) in 125 ml flasks with Luria Broth 

(LB) supplemented with 1% KNO3 and 1 mM MgCl2. Microaerophilic growth in 15 ml 

screw-cap test tubes filled to the rim with LB supplemented with 1% KNO3 and 1 mM 

MgCl2 and sealed tightly after inoculation. Anaerobic growth was achieved by 

supplementing 50 ml of LB with 1% KNO3 and 1 mM MgCl2 in 100 ml Wheaton serum 

bottles (Fisher Scientific, Pittsburgh, PA) with rubber stoppers. Oxygen was removed by 

bubbling with nitrogen gas for 1 hour followed by autoclaving to sterilize. Bacteria were 

inoculated from overnight cultures (1:100) and harvested after overnight growth by 

centrifugation.  

norC/nirS mutant co-culture experiments were performed as follows: A 1L beaker 

containing 500 ml LB supplemented with 1mM MgCl2, 10mM KNO3 and  Slide-a-lyzer 

10K MWC (Thermo Scientific) with 3 ml of the same media was placed in a COY 

anaerobe chamber for 24 hours to drive off residual oxygen. The following day, the 
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beaker was inoculated with 50ml overnight cultures of the norC mutant grown in LB 

supplemented with 1 mM MgCl2, 10 mM KNO3, and 35 µg/ml tetracycline. The Slide-a-

lyzer was inoculated with 2 ml of the nirS mutant in the same media. All inoculated 

media was brought up to a final concentration of 35 µg/ml tetracycline. Cultures were 

harvested after overnight growth by centrifugation and subject to lipid A isolation. 

Strains were also verified for transposon insertion by PCR analysis. 

Lipid A extraction  
	  
For MS analysis, lipid A was extracted using Caroff method [283] Briefly, bacteria were 

suspended in isobutyric acid and ammonium hydroxide (1M) solution ratio 5:3 (vol/vol). 

The samples were incubated at 100°C for 1 hour and centrifuged. The supernatant was 

collected in new tubes and diluted with equal volume water and lyophilized. The dry 

pellets were then washed with 100% methanol and finally extracted in chloroform-

methanol mixtures.  

MALDI TOF MS analysis 
	  

Lipid A structures were assessed by negative-ion MALDI-TOF MS. Lyophilized 

lipid A was extracted in chloroform/methanol and then 1 µl was mixed with 1 µl of 

Norharmane (25 mg/ml chloroform:methanol 2:1) or DHB (40 mg/ml 

chloroform:methanol 2:1)  MALDI matrix. All MALDI-TOF experiments were 

performed using a Bruker Autoflex Speed MALDI-TOF mass spectrometer (Bruker 

Daltonics Inc., Billerica, MA). Each spectrum was an average of 500 shots. ES tuning 

mix (Aligent, Palo Alto, CA) was used for calibration. 

Griess assay 
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Griess reagent (Sigma-Aldrich) was prepared as per manufacturers instructions. 

Reagent was mixed with 250 ml nitrate free water and mixed by inversion for 5 minutes. 

500 µl of O/N culture was inoculated into 50 ml LB supplemented with 1 mM 

magnesium and 10 mM KNO3. One ml of culture was removed every hour for 18 hours. 

Samples were spun down at 16000 x g for 1 minute. Five hundred µl of the supernatant 

was mixed with 500 µl of modified Griess reagent and incubated at room temperature for 

15 minutes. Readings at OD540 were taken to measure the amount of nitrite in the sample.   

 

RNA 

RNA was extracted from mid-log samples at using the Ambion RiboPure-Bacteria Kit 

(AM1925). RT-PCR was performed using the SuperScript III First-Strand Synthesis 

System for RT-PCR Cat. No:18080-051. Analysis was performed by calculating copy 

number of each gene based on a genomic DNA standard. 

 

Protein extraction 
	  
Strains were inoculated in anaerobe jars containing LB supplemented with 1 mM MgCl2, 

10 mM KNO3. Samples were spun down at 8000 x g for 5 minutes after growth to mid-

log phase. Five hundred µl of P buffer (100 mM Tris, 0.5 M sucrose, 1 mM EDTA) were 

added to cell pellets and incubated for 30 minutes on ice. Following the incubation, cells 

were spun down at 13,000 x g for 10 minutes at 4ºC. Supernatants were run on a Novex 

Tris-Glycine Gel. 15 µl sample was mixed with 10 µl protein loading dye. Samples were 

incubated at 100° for 5 minutes and cooled to room temperature. Gels were stained in 
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Bio-Rad Biosafe Coomassie stain for 1 hour then destained in deionized water until 

background was clear.   

Conclusions 
 

This collective work demonstrates the importance of the surrounding environment 

on the induction of the CF specific lipid A modification, palmitoylation. This constitutive 

modification has been observed in all CF isolates analyzed to date. Based on the CF lung 

environment and the biological processes utilized by PA in this environment, we 

proposed that anaerobic growth leading to the production of the denitrification pathway 

intermediate, NO, is the biologically relevant signal activating the two-component system 

PhoP/Q leading to downstream PagP activity.  

In order to test our hypothesis, we utilized deletion mutants in phoP, phoQ, and 

pagP to show the necessity for each component in this system. Mutants in denitrification 

pathway genes were also utilized to pinpoint which specific components of the pathway 

were vital for lipid A palmitoylation. Once the pathway had been evaluated and NirS was 

identified as the necessary component of the pathway mutants in heme d1 synthesis were 

tested to evaluate if the Nir structural enzyme was necessary or if only the structural 

component was sufficient. Finally, complementation of the nirS mutant with NO 

produced by the NO over producer, norC mutant was performed to confirm that NO 

produced by Nir is the inducing signal for lipid A palmitoylation via PhoP/Q and PagP. 

PagP is the palmitoyl transferase enzyme located in the outer membrane of PA. 

Activation of PagP results in the removal of the palmitate chain from the sn-1 position of 

a phospholipid located on the inner leaflet of the outer membrane and its subsequent 

attachment to the 3’ position C10 of lipid A. We identified the PagP enzyme based on 
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amino acid sequence similarity to E. coli PagP. Analysis of the amino acid sequence 

showed that not only is the PA PagP dissimilar to other known Gram-negative PagP 

enzymes, it is also divergent from other PagP enzymes found in Pseudomonas sp.  

Functional analysis showed that the addition of this fatty acid to lipid A increases 

both IL-8 released through host innate immune recognition and resistance to cationic 

antimicrobial peptides (CAMP), such as C18G. One possible explanation for increasing 

lipid A acylation is to protect PA from endogenous and exogenously produced nitric 

oxides. Producing a pro-inflammatory molecule during long term lung infections of 

patients with CF may be advantageous since IL-8 induces iNOS expression and 

subsequent release of nitrogen products, which feed into the denitrification pathway. 

Once the PagP enzyme had been identified, we sought to characterize possible 

inducing signals relevant to CF lung infections. pagP gene expression is controlled by the 

two-component system, PhoP/PhoQ, where PhoQ senses an external signal and activates 

the response regulator, PhoP. Activation of PhoP/PhoQ is typically seen when 

magnesium is depleted from the growth media or after attachment to host cells. Since 

sufficient magnesium is present in the lung and PA does not attached to the host 

epithelial cells, rather they colonize the thick mucus creating microcolonies in alveoli, 

this was not likely to be a inducing signal in CF. We then focused on anaerobic growth as 

a possible signal since many reports have shown mucus masses, containing pathogens 

within the CF lung, are at low oxygen tension (microaerophilic to anaerobic).  

After growth under aerobic conditions, the laboratory adapted strains, PAK was 

unable to produce palmitoylated lipid A. When the same strains were grown under 

microaerophilic and anaerobic conditions with nitrate added as a terminal electron 
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acceptor, palmitoylated lipid A was observed at levels equivalent to that observed in PA 

strains isolated from the airway of CF patients.  pagP, phoP, and phoQ mutants were 

unable to add palmitate to lipid A during anaerobic growth indicating that each of these 

components are necessary for anaerobic palmitoylation. Complementation of all mutant 

strains restored lipid A palmitoylation. 

 Anaerobic growth requires the denitrification pathway for energy production. 

One of the byproducts of this process is the potent signaling molecule NO. Here we 

showed a link between NO production and PhoP/Q dependent activation of PagP 

resulting in lipid A palmitoylation. Although the lipid A modifications were present when 

nitrate was added to the growth medium, lipid A palmitoylation was just as robust when 

nitrite alone is added.  

Additionally, it was shown that the conversion of nitrate to nitrite to NO, or nitrite 

to NO was the induction signal necessary for palmitoylation, not nitrate alone. This 

further substantiated the role for nitrite reduction in lipid A palmitoylation. 

To determine which part of denitrification or nitrogen utilization pathway were 

involved in anaerobic palmitoylation, components of the Nar, Nir, and Nos were targeted. 

Transposon mutants (kindly provided by Dr. Colin Manoil, University of Washington, 

Seattle WA) were chosen based on specific processes. The napA (periplasmic nitrate 

reductase) and napF (ferredoxin protein) mutants were chosen to evaluate nitrate 

reduction in the assimilatory pathway. nasA/C was chosen to evaluate the role of nitrate 

transport. narX and narL regulate expression of the Nar operon. narG is the structural 

component of the denitrification pathway nitrate reductase, Nar. narK2 is a nitrite 

extrusion protein. nirB converts nitrite to ammonia during nitrate assimilation. nirS is the 
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structural component of the nitrite reductase Nir. nirQ is a regulatory protein involved in 

fine tuning of Nir and Nor. norC is a nitric oxide reductase subunit of Nor. fhp is 

involved in protecting the cell from NO under aerobic conditions. Lipid A was analyzed 

for each of these mutants after grown under aerobic, microaerophilic, and anaerobic 

conditions. Interestingly, only nirS, was required for palmitoylation under low oxygen 

growth. napA, napF, nasA/C, narG, nirB, and fhp were all able to grow under 

microaerobic conditions and palmitoylate PA lipid A.  narK2, narL, and norC were only 

able to grow under anaerobic conditions, and palmitoylate PA lipid A. narX and nirQ 

were unable to grow in either microaerophilic or anaerobic conditions. These results 

further substantiated the conversion of nitrite to NO as the important signal for PhoP/Q 

dependent activation and activity of PagP.  

The importance of nirS could lie in the structure integrity of the enzyme or 

catalytic pocket itself. One of the unique features of Nir is that it is the sole protein within 

the cell that utilizes heme d1. We were able to take advantage of this by utilizing mutants 

in heme d1 synthesis. nirE, nirL, nirJ, and nirF are all involved in the synthesis of heme 

d1 (Figure 28).  
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Figure 32. Factors involved in the denitrification pathway. Components in red had no 

effect on palmitoylation, blue were inconclusive, and green had a direct effect on 

palmitoylation 

 

nirE is involved in the conversion of uroporphyrinogen III to precorrin-2. Loss of 

nirE did not affect anaerobic lipid A modification. Although nirE is required for 

conversion there remains a possibility that cobA can complement the mutant, although it 

is not shown to be highly active during denitrification [344].  The proposed regulatory 

protein, NirL, has a yet undefined function in heme d1 synthesis, while nirJ and nirF are 

involved in the conversion of precorrin-2 to heme d1. The function of NirF has been 

proposed to be the catalysis of the dehydrogenation of the propionate side chains of the 

heme d1 precursor [344]. The definitive function of NirJ has yet to be defined.  

 The final conversion of precorrin-2 to heme d1 appears to be the most critical 

component leading to lipid A modification as nirL, nirF, and nirJ mutants were unable to 
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add palmitate under anaerobic conditions. To confirm that loss of NirF only altered heme 

d1 while leaving the structural component in tact, the nirF mutant was subject to both 

RNA and protein extraction to confirm that nirS transcripts and protein were still present 

and loss of nirF did not result in loss of nirS. nirS RNA and protein production within the 

cell were not altered in the nirF mutant and confirmed that only heme d1 was absent. This 

data further supports the idea that a functional Nir and its products are the inducing factor 

for palmitoylation. 

Nitric oxide donors, such as NONOates are commonly used in experiments to test 

the effects of NO, however, effects of the byproducts of the reaction releasing NO are not 

known. Bacterially produced NO was tested to determine if NO complementation of the 

nirS mutant could restore lipid A modification. We utilized the norC mutant, which can 

convert nitrite to NO, but not to nitrous oxide resulting in the accumulation of NO. norC 

mutant produced NO restored the ability of the mutant to modify lipid A. Results from 

this experiment not only showed that endogenous NO can activate lipid A palmitoylation, 

but also exogenous sources can contribute to activation.   

Addition of palmitate to lipid A may be important for protecting the cell from NO 

traversing the cell membrane. Fatty acid acylation of lipid A increases the overall 

hydrophobicity of the membrane causing an increase in attraction between lipids. These 

changes should lead to an overall decrease in permeability of the membrane. Another 

possibility is that NO sensing leads to an upregulation of pro-inflammatory lipid A 

modifications. Increasing IL-8 signaling would not only draw immune cells to the site of 

infection, but also upregulate iNOS and NO release.  A substantial amount of data 

recognizes that the level of NO in the CF lung is well below that of healthy individuals. 



	   155	  

These levels are not sufficient to clear bacterial infections, however it is sufficient to be 

converted to nitrate and feed into the denitrification pathway. Host immune cell iNOS 

produces the majority of the nitrate feeding into the denitrification pathway in the mucus 

masses. My thesis supports the idea that these modifications start to develop only after a 

majority of nitrate and nitrite are depleted from the environment. If PA facilitates the 

release of increased levels of nitrate into the environment, augmentation of a pro-

inflammatory molecule in this unique environment would be obviously beneficial. Future 

work would focus on the effects of this molecule on immune cells and how the loss of 

PagP activity effects bacterial survival in the host.  
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