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Abstract 

Lipopolysaccharide (LPS) is a surface component of Gram-negative bacteria and a component of 

LPS, lipid A, is recognized by the innate immune system through the Toll-like receptor 4/ MD-2 

complex.  Pseudomonas aeruginosa is an environmental Gram-negative bacteria that 

opportunistically infects the respiratory tracts of patients with cystic fibrosis (CF). P. aeruginosa 

can synthesize various structures of lipid A.  Lipid A from P. aeruginosa strains isolated from 

infants with CF has a specific structure that includes the removal of the 3-position 3-OH C10 

fatty acid. Here we demonstrate increased expression of the P. aeruginosa lipid A 3-O-deacylase 

(PagL), in isolates from CF infants compared to environmental isolates. PagL activity was 

increased in environmental isolates by growth in medium limited for magnesium and decreased 

by growth at low temperature.  P. aeruginosa PagL was shown to be an outer membrane protein 

by isopycnic density gradient centrifugation. Heterologous expression of P. aeruginosa pagL in 

Salmonella enterica Serovar Typhimurium and Escherichia coli resulted in removal of the 3-OH 

C14 fatty acid from lipid A, indicating that P. aeruginosa PagL recognizes either 3-OH C10 or 

3-OH C14. Finally, deacylated lipid A species were not observed in some clinical P. aeruginosa 

isolates from patients with severe pulmonary disease, suggesting that loss of PagL function can 

occur during long-term adaptation to the CF airway. 
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Introduction 1 

The interaction between the host airway environment and specific bacterial pathogens is 2 

critical to the development of airway disease in cystic fibrosis (CF), the most common lethal 3 

autosomal recessive genetic disease of Caucasians (30, 35).  Shortly after birth, the respiratory 4 

tracts of most patients with CF are infected with the opportunistic Gram-negative bacterium 5 

Pseudomonas aeruginosa (6, 11, 34). P. aeruginosa adapts to the environment of the CF airway 6 

with the accumulation of a variety of mutations that lead to mucoidy, the formation of biofilms, 7 

and alteration of lipopolysaccharide (LPS) (13, 16, 17, 45). These adaptations are associated with 8 

chronic airway inflammation that leads to severe and progressive pulmonary dysfunction, 9 

resulting in premature death. This inflammatory process results, at least in part, from stimulation 10 

of the innate immune system by CF-specific modifications of P. aeruginosa lipid A.  Lipid A is 11 

the bioactive component of LPS a pathogenic factor of Gram-negative bacteria that consists of 12 

three distinct regions: O-antigen, core, and lipid A (1, 17, 25). Both O-antigen and core consist 13 

of polysaccharide chains, whereas lipid A consists of fatty acid and phosphate groups bonded to 14 

a glucosamine disaccharide (37, 42).  15 

 Like lipid A of other Gram-negative bacteria, P. aeruginosa lipid A contains penta- 16 

and/or hexa-acylated structures that consist of a β- (1,6)-linked disaccharide of glucosamine with 17 

phosphate groups at the 1 and 4’ positions, amide-linked fatty acids at the 2 and 2’ positions, and 18 

ester-linked fatty acids at the 3 and 3’ positions (Figure 1A) (2, 17, 27).  The fatty acids attached 19 

to the P. aeruginosa glucosamine residues are shorter (C10 and C12 vs C12 and C14) than those 20 

in enterobacterial lipid A. P. aeruginosa further modifies its lipid A structure by the addition of 21 

secondary or “piggyback” fatty acids (C12 and 2-OH C12) to generate a hexa-acylated structure 22 

(a mass to charge ratio (m/z) = 1616, Figure 1C). This hexa-acylated lipid A structure can be 23 
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modified by the removal or deacylation of the fatty acid (3-OH C10) at the 3-position to generate 24 

a penta-acylated structure (m/z = 1447, Figure 1D). Finally, this second penta-acylated structure 25 

can be modified by the acyloxyacyl addition of C16 fatty acid at the 3’ position to generate a 26 

hexa-acylated form (m/z = 1685, Figure 1E) of lipid A (16). This palmitate containing hexa-27 

acylated structure was observed in lipid A isolated from all P. aeruginosa clinical isolates from 28 

individuals with CF after growth in magnesium replete medium, while it was absent from 29 

laboratory adapted strains (PAO-1, PAK, and PA14) (data not shown) grown under the same 30 

conditions. 31 

P. aeruginosa isolated from either the upper or lower airway of young children with CF 32 

synthesized a more highly acylated lipid A (hexa-acylated, m/z = 1685, Figure 1E), while P. 33 

aeruginosa isolated from non-CF patients with acute infections synthesized a penta-acylated 34 

form, (m/z = 1419, Figure 1B) (17). Lipid A structural modifications observed specifically in 35 

LPS from P. aeruginosa clinical isolates from patients with CF include the addition of 2-hydroxy 36 

laurate (2-OH C12), deacylation of the 3-position fatty acid, and addition of palmitate (C16) 37 

leading to mass spectrometric detection of ions with m/z = 1616 (Figure 1C), 1447 (Figure 1D), 38 

and 1685 (Figure 1E), respectively.  These changes in acylation are associated with resistance to 39 

host antimicrobial peptides and an alteration in the innate inflammatory response by way of Toll-40 

like receptor 4 signaling (16, 17, 25). The fact that these modifications were not observed in 41 

acute clinical isolates suggests that environmental organisms, the source for acute infections, did 42 

not express the enzymes required for these changes.  43 

Environmentally regulated LPS modification enzymes have been observed in a wide 44 

variety of pathogenic and non-pathogenic Gram-negative bacterial species. Interestingly, each 45 

bacterial species has unique regulatory and biosynthetic mechanisms that nevertheless result in 46 
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similar lipid A modifications (15, 37, 42). Lipid A modifications in P. aeruginosa are regulated 47 

by two-component regulatory systems, PhoP/PhoQ and PmrA/PmrB. The P. aeruginosa PhoP/Q 48 

regulatory system is required for addition of palmitate and aminoarabinose in response to 49 

magnesium-limiting growth conditions (17, 28, 29, 32). The addition of aminoarabinose can also 50 

be regulated by a second two-component regulatory system, PmrA/PmrB. Based on work with 51 

other organisms, it is predicted that three enzymes are necessary for the synthesis of CF-specific 52 

lipid A (16): PagP, an outer membrane palmitoyl transferase (3-5); LpxO, an oxygenase required 53 

for the synthesis of 2-OH fatty acids (20); and PagL, a lipase required for the deacylation of the 54 

3-O-position fatty acid (19, 38). 55 

In this paper, we examine the function and regulation of the P. aeruginosa PagL-56 

homolog encoded by PA4661and its role in the generation of CF-specific lipid A modifications.  57 

We demonstrate that P. aeruginosa PagL is required for the generation of a CF-specific penta-58 

acylated lipid A structure. In addition, we show that P. aeruginosa PagL enzymatic activity is 59 

regulated both by magnesium concentration and temperature, and its activity can be lost in 60 

individuals with severe CF pulmonary disease. 61 

 62 

Material and Methods 63 

Bacterial Strains and Growth Conditions. Bacterial strains used are shown in Table 1. 64 

Bacterial cells for LPS analysis were obtained after overnight growth with aeration in N-minimal 65 

medium (38 mM glycerol, 0.1% (wt/vol) casamino acids) supplemented with either 1 mM or 8 66 

µM MgCl2 (18) or in LB medium supplemented with 1 mM MgCl2.   67 

 68 



6 

Clinical P. aeruginosa isolates. P. aeruginosa strains were obtained from CF patients of 69 

Children’s Hospital and Regional Medical Center (CHRMC) and the University of Washington 70 

Medical Center (both in Seattle, Washington), who met the following criteria: clinical diagnosis 71 

of CF; CFTR genotype homozygous for the ∆F508 allele; age 7 years or older; and severe 72 

obstructive lung disease, defined by median percent forced expiratory volume in 1 second 73 

(FEV1) predicted during the 24-month period prior to culture. These strains had previously been 74 

isolated by quantitative sputum culture as part of clinical care study of CF lung severity, and 75 

were retrieved from storage at –80°C. The most abundant P. aeruginosa morphotype from each 76 

patient was analyzed. The CHRMC Institutional Review Board reviewed and approved the use 77 

of medical records and specimens for this study, and patients gave informed consent. 78 

 79 

Recombinant DNA Techniques. Plasmids used in these studies are shown in Table 1. The pagL 80 

coding region was amplified from genomic DNA prepared from the P. aeruginosa laboratory 81 

adapted isolate PAO-1 by polymerase chain reaction (PCR) with Pfu Turbo DNA polymerase 82 

(Stratagene, La Jolla, CA).  For expression in P. aeruginosa, the primers used for PCR were P. 83 

aeruginosa PagL2_attB2 (5’ – TGTACAAAAAAGCAGGCTTAATGCGCAGCTTGAATG) 84 

and P. aeruginosa PagL2_attB1 (5’ – 85 

TGTACAAGAAAGCTGGGTATCGCAGCCATGAAAAAG). PCR amplified pagL DNA was 86 

cloned into the Gateway compatible vector pDONR201 (Invitrogen, Carlsbad, CA) by site-87 

specific recombination. The resulting product was then introduced into Escherichia coli DH5α 88 

cells by heat shock, and the bacterial transformants were selected on plates containing 89 

kanamycin (50 µg/ml). The P. aeruginosa pagL gene was then introduced into the broad host 90 

range plasmid, pDEST JN105 (generated by the addition of Gateway specific sequences – 91 
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pDEST to JN105) under control of the arabinose PBAD promoter, and the resulting expression 92 

construct was named pPAPagL. For expression in enteric bacteria, primers used for the PCR 93 

were KK9 (5’- ATCATCCCATGGTAATGAAGAAACTACTTCCGCTG) and KK10 (5’- 94 

GAACTGCAGCTAGATCGGGATCTTGTAGAA). The amplified DNA fragment was cloned 95 

into Nco1/Pst1 sites of pBAD24 (24) under control of the arabinose PBAD promoter, and the 96 

resulting expression construct was named pBAD24-PAPagL.  The inserts of the expression 97 

constructs were verified by sequencing.  98 

 99 

Removal of Transposon insertion sequences in P. aeruginosa. Transposon insertion sequences 100 

from a reference strain library are flanked by loxP sites in the P. aeruginosa chromosome (26). 101 

To remove the transposon sequences, a donor strain (E. coli SM10-λpir containing the Cre 102 

recombinase gene – pCreI) was grown in 5 ml LB supplemented with 100 µg/ml ampicillin at 103 

37°C. The recipient P. aeruginosa strain 32751 was grown at 42°C in 5 ml LB without aeration. 104 

The next day the donor strain was sub-cultured 50:50 into 5 ml LB containing ampicillin (100 105 

µg/ml) and incubated for forty minutes at 37°C. Thirty microliter of recipient strain was added to 106 

900 microliter of sub-cultured donor strain. The cells were pelleted and resuspended in 50 107 

microliter LB growth medium.  The entire mixture was spotted onto pre-warmed LB agar plates 108 

and incubated for one hour at 37°C followed by streaking for single colonies from the spot onto 109 

LB agar with 10 µg/ml chloramphenicol. Colonies were apparent after 24 hrs at 37°C. 110 

Candidates were then tested on LB agar and LB agar supplemented with 60 µg/ml tetracycline to 111 

verify loss of transposon sequences. 112 

 113 
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Expression of P. aeruginosa PagL in E. coli and Salmonella enterica Serovar Typhimurium. 114 

For P. aeruginosa, the wild-type laboratory adapted isolate, PAO-1, and transposon mutant 115 

strain, 32751, were transformed with pPAPagL by electroporation and selected on plates 116 

containing gentamicin (100 µg/ml). The transformant was cultivated overnight at 37˚C in LB 117 

medium containing 100 µg/ml gentamicin. E. coli strain XL-1 Blue (Stratagene, La Jolla, CA) 118 

and Salmonella enterica Serovar Typhimurium strain CS015 (31) were transformed by 119 

electroporation with pBAD24-PAPagL or pBAD24.  The transformant was cultivated at 37ºC in 120 

LB medium containing 100 µg/ml ampicillin until A600 = ~ 0.5, and then expressions of 121 

recombinant pagL were induced by the addition of L-(+)-arabinose (2 mg/ml).  After cultivation 122 

for 4 hours in the presence of arabinose, cells were collected for lipid A analysis.  123 

 124 
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Separation of Inner and Outer Membranes. Washed membranes from a laboratory adapted 125 

wild type P. aeruginosa PAK were prepared as previously described (38) from cells grown in N-126 

minimal media (pH 7.4) containing 10 µM MgCl2.  Membranes were resuspended in 10 mM 127 

Hepes, pH 7.0, containing 0.05 mM EDTA at a protein concentration of ~ 5 mg/ml and applied 128 

to a sucrose gradient as described (23, 33).  The seven-step gradient was then subjected to 129 

ultracentrifugation in a Beckman SW40.1 rotor for 19 h at 3ºC for the separation of inner and 130 

outer membranes. Fractions were collected from the gradient and assayed for NADH oxidase 131 

activity (46) and level of protein using the bicinchonic acid assay (Pierce, Rockford, IL).  Two 132 

distinct protein peaks representing the inner and outer membrane fractions were present (data not 133 

shown).  Fractions containing < 2% of the total NADH oxidase activity were deemed outer 134 

membrane fractions.  Finally, each fraction was assayed for PagL 3-O-deacylase activity as 135 

described by Trent et al. (38) using the tetra-acylated lipid A precursor, lipid IVA.   136 

 137 
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LPS Purification and Lipid A Isolation. LPS was isolated using the rapid small-scale isolation 138 

method for mass spectrometry analysis as described (44). Briefly, 1.0 ml of Tri-Reagent 139 

(Molecular Research Center, Cincinnati, OH) was added to cell culture pellet (10 mls LB or 50 140 

mls N-minimal medium of an overnight culture), resuspended, and incubated at room 141 

temperature for fifteen minutes.  Two hundred microliter of chloroform was added, vortexed, and 142 

incubated at room temperature for fifteen minutes. Samples were centrifuged for ten minutes at 143 

12,000 rpm and the aqueous layer was removed. Five hundred microliters of water were added to 144 

the lower layer and vortexed well.  After 15 - 30 minutes, the sample was spun down and the 145 

aqueous layers were combined. The process was repeated two more times.  The combined 146 

aqueous layers were lyophilized overnight.  147 

Lipid A was isolated after hydrolysis in 1 % (wt/vol) SDS at pH 4.5 as described (7). 148 

Briefly, 500 microliters of 1% (wt/vol) SDS in 10 mM Na-acetate, pH 4.5 was added to a 149 

lyophilized sample. Samples were incubated at 100°C for one hour and lyophilized. The dried 150 

pellets were washed in 100 microliters of water and 1 ml of acidified ethanol (100 microliter 4N 151 

HCl in 20 ml 95% EtOH). Samples were centrifuged at 5,000 rpm for five minutes. The lipid A 152 

pellet was further washed (3X) in 1 ml of 95% EtOH. The entire series of washes was repeated 153 

twice.  Samples were resuspended in 500 microliters of water, frozen on dry ice, and lyophilized.   154 

 155 
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Fatty Acid Analysis. LPS fatty acids were derivatized to fatty acid methyl esters and analyzed 156 

by gas chromatography as described (12, 36). Briefly, LPS fatty acids were derivatized to fatty 157 

methyl esters with 2 M methanolic HCl at 90ºC for 18 h (Alltech, Lexington, KY) and identified 158 

and quantified by GC using an HP 5890 series II with a 7673 autoinjector. Pentadecanoic acid 159 

(10 µg, Sigma, St. Louis, MO) was added as an internal standard. 160 

 161 

Mass Spectrometry Procedures. Negative ion matrix assisted laser ionization desorption-time 162 

of flight (MALDI-TOF) mass spectrometry (MS) experiments were performed as described with 163 

the following modifications (17, 22).  Lyophilized lipid A was dissolved with 10 microliter 5-164 

chloro-2-mercaptobenzothiazole (CMBT) MALDI matrix in chloroform/methanol, 1:1 (v/v), and 165 

then applied (1 microliter) onto the sample plate. All MALDI-TOF experiments were performed 166 

using a Bruker Autoflex II MALDI-TOF mass spectrometer (Bruker Daltonics Inc., Billerica, 167 

MA). Each spectrum was an average of 300 shots.  ES Tuning Mix (Agilent, Palo Alto, CA) was 168 

used to calibrate the MALDI-TOF. 169 

 170 

Results 171 

Characterization of a P. aeruginosa transposon mutant strain that lacks deacylase activity. 172 

As shown by Trent et al., PagL was initially identified in Salmonella enterica Serovar 173 

Typhimurium, and later shown by Geurtsen et al. to exist in a variety of other Gram-negative 174 

bacteria, including P. aeruginosa (19, 38). To demonstrate that the predicted ORF functioned in 175 

such a capacity a strain with a transposon insertion in the P. aeruginosa pagL homolog, 32751 176 

was used. Lipid A was isolated after growth in N-minimal medium supplemented with 1 mM 177 

MgCl2, and analyzed for absence of the deacylated, penta-acylated ion species (m/z = 1447, 178 
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Figure 1D) using matrix assisted laser ionization desorption-time of flight (MALDI-TOF) mass 179 

spectrometry (MS). MALDI-TOF MS analysis of lipid A from mutant 32751, gave a 180 

predominant hexa-acylated ion species, m/z = 1616 (Figure 2B and 1C) that was consistent with 181 

the retention of the 3-OH C10 fatty acid residue at the 3-position.  In contrast, the laboratory 182 

adapted strain, PAO-1, gave a predominant penta-acylated ion species, m/z = 1447 (Figure 2A 183 

and 1D). Loss of deacylase enzymatic activity was confirmed by capillary gas chromatography 184 

using flame ionization detection (GC-FID) analysis of LPS isolated after growth in N-minimal 185 

medium supplemented with 1 mM MgCl2 (Figure 3A). Similar MS and GC results were 186 

observed for lipid A isolated from 32751 and strain 32751Tn, in which the transposon was 187 

removed (data not shown).  188 

The location of the transposon in mutant strain 32751 was shown by sequence analysis to 189 

be inserted after nucleotide 196 nt in the open reading frame PA4661 (www.pseudomonas.com). 190 

PA4661 is predicted to encode a hypothetical protein of 173 aa in length. Analysis of the amino 191 

acid sequence using the SignalP 3.0 program indicated the presence of a 23 amino acid type I 192 

signal peptide. Separation by isopycnic density gradient centrifugation revealed that PagL 193 

deacylase activity was localized to the outer membrane protein peak, with no deacylase activity 194 

found in fractions containing the inner membrane protein NADH oxidase (data not shown), 195 

indicating that P. aeruginosa PagL is an outer membrane protein. The specific enzymatic activity 196 

of the deacylase in the P. aeruginosa membranes was less active than the Salmonella enterica 197 

Serovar Typhimurium PagL enzyme activity (0.01-0.015 nmol/min/mg and 0.5 nmol/min/mg, 198 

respectively) (38).  Therefore PA4661 likely encodes a functional P. aeruginosa lipid A 199 

deacylase. 200 

 201 
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Expression of pagL in trans indicated that P. aeruginosa PA4661 is responsible for 202 

deacylase activity. To further demonstrate that PA4661 encoded the deacylase enzyme in P. 203 

aeruginosa, the pagL gene was amplified by polymerase chain reaction from genomic DNA 204 

prepared from the wild-type laboratory adapted isolate, PAO-1. Deacylase activity was 205 

recovered from the P. aeruginosa pagL mutant as qualitatively shown by MS (Figures 2B vs 2D 206 

- presence of m/z = 1447) and quantitatively by GC (Figure 3B – decreased levels of 3-OH C10 207 

fatty acid) analysis after transformation with pPAPagL.  The ion species at m/z = 1367 and 1536 208 

(Figure 2) correspond to the loss of a phosphate residue (m/z = 80), and are probably artifacts of 209 

the MS analysis. In addition, adjacent peaks to the penta- and hexa-acylated ion species that 210 

differ by 16 m/z units represent the addition of an additional hydroxyl group (OH) (m/z = 1463, 211 

1632). 212 

In addition, heterologous expression of P. aeruginosa pagL in the enteric bacteria, 213 

Salmonella enterica Serovar Typhimurium and E. coli, resulted in the loss of a 3-OH C14 from 214 

the 3-position of enteric lipid A, confirming the heterologous expression results of Geurtsen et 215 

al. in the E. coli strain, BL21 STAR (19) (data not shown). Based on these data, the P. 216 

aeruginosa PagL functions as a deacylase in Salmonella enterica Serovar Typhimurium and E. 217 

coli and indicates a lack of specificity for fatty acid length. 218 

 219 

P. aeruginosa deacylase activity in acute clinical and environmental isolates was activated 220 

by growth in medium limited for magnesium. Previously, we have demonstrated that P. 221 

aeruginosa laboratory adapted strains (PAO-1 and PAK) and isolates from patients with CF 222 

constitutively generate a penta-acylated lipid A structure (m/z = 1447, Figure 1D) as a result of 223 

3-O deacylation, i.e. the removal of the 3-OH C10 at the 3-position of lipid A (2, 27). 224 
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Interestingly, deacylated lipid A structures were not observed in P. aeruginosa isolates from 225 

patients with acute infections (blood, UTI, and eye) or from the environment (16, 17). This 226 

observation suggested that regulation of deacylase activity in CF clinical isolates and laboratory 227 

adapted strains was altered relative to acute infection isolates.  228 

We examined whether deacylase activity in P. aeruginosa isolates from acute clinical 229 

infection isolates (blood, UTI, and eye) was regulated by growth conditions.  Five acute infection 230 

isolates were analyzed for deacylated lipid A species after growth under magnesium limited 231 

conditions, a growth condition known to induce lipid A modifications (17, 21, 22). Lipid A was 232 

isolated from individual P. aeruginosa clinical isolates after growth in minimal medium 233 

supplemented with either low (8 µM) or high (1 mM) magnesium concentrations. MALDI-TOF 234 

MS analysis of the individual lipid A preparations isolated from all acute infection isolates were 235 

similar when grown under the same conditions. A representative P. aeruginosa blood isolate 236 

grown in high magnesium medium gave a dominant [M-H]- ion at m/z of 1419 (Figure 4A) 237 

representative of a penta-acylated lipid A structure that retained the 3-OH C10 fatty acid at the 3-238 

position (Figure 1B). In contrast, lipid A isolated from cells grown in low magnesium medium 239 

had a more complex MS spectra containing ion species that represent both penta- (m/z = 1447) 240 

and hexa-acylated species (m/z = 1616, 1685, 1815) (Figure 4B). The additional ion species at 241 

m/z = 1815 corresponded to the addition of an aminoarabinose residue (m/z = 131) to one of the 242 

terminal phosphates in the hexa-acylated species, m/z = 1685 (Figure 1E). Peaks adjacent to the 243 

penta- and hexa-acylated ion species that differ by 16 m/z units represent the addition of an 244 

additional hydroxyl group (OH) (m/z = 1463, 1632, 1701, 1831). These ion species represent 245 

lipid A structures constitutively produced in clinical isolates from patients with CF and 246 

demonstrate that acute infection isolates of P. aeruginosa have inducible enzyme systems as 247 
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compared to laboratory adapted or CF isolates. These results are in contrast to Geurtsen et al. 248 

that suggested that P. aeruginosa PagL enzymatic activity was not regulated by growth under 249 

different magnesium concentrations for the laboratory adapted P. aeruginosa strain, PAO-1 (19). 250 

However, their immunoblotting results were from laboratory adapted P. aeruginosa strains 251 

grown in LB, a rich magnesium-replete growth condition. Similar results were observed for lipid 252 

A isolated from 11 environmental isolates (data not shown).   Therefore, an alteration in PagL 253 

expression occurs in isolates from the CF airway and in laboratory adapted bacteria. 254 

 255 

Temperature regulation of deacylase activity in laboratory adapted isolates of P. 256 

aeruginosa. At low growth temperatures (< 21ºC), bacteria alter lipid A acylation patterns 257 

presumably to maintain and/or adjust membrane fluidity of the outer membrane as an adaptive 258 

response. Such adaptation includes induction of an acyltransferase activity that leads to an 259 

increase in the proportion of cis-unsaturated fatty acids, such as palmitoleate (C16:1), in the lipid 260 

A structure (8, 10, 40). To determine the effect of temperature on the regulation of P. aeruginosa 261 

deacylase activity, lipid A was isolated from two laboratory adapted wild-type P. aeruginosa 262 

strains, PAO-1 and PAK, grown over a wide range of temperatures (15ºC – 42ºC). This 263 

temperature range corresponds to temperatures encountered in diverse environments from the 264 

soil to mammals. Lipid A was isolated at various temperature points (15, 21, 30, 37, and 42ºC) 265 

after overnight growth in LB medium and the fatty acids were analyzed by GC-FID (Figure 5A). 266 

These experiments showed that when grown at low temperatures (15 or 21ºC), P. aeruginosa 267 

deacylase enzymatic activity was altered in both laboratory adapted isolates tested, as indicated 268 

by the increase in the levels of 3-OH C10 fatty acid attached to lipid A (3 and 3’-position) 269 

(Figure 5A).  270 
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Mass spectrometric analysis of lipid A isolated from PAO-1 and PAK grown over the 271 

same range of temperatures revealed a single major peak at m/z 1447 in each strain upon growth 272 

at 42ºC, consistent with the presence of a penta-acylated species with the 3-position 3-OH C10 273 

fatty acid having been deacylated (Figures 5C and 5E, Figure 1D). Interestingly, the small 274 

difference in levels of 3-OH C10 fatty acid observed between PAK and PAO-1 after growth at 275 

15ºC (34.6% vs 30.5%, respectively) was associated with slightly disparate lipid A profiles 276 

between these two strains (Figure 5A). The predominant peaks observed from lipid A isolated 277 

from PAK after growth at 15ºC are m/z 1616 and 1632 (Figure 5B), and are consistent with a 278 

hexa-acylated lipid A species with a 3-OH C10 fatty acid at the 3-position and one (m/z = 1616) 279 

or two (m/z = 1632) acyloxyacyl 2-OH C12 fatty acid residues (Figure 1C). In contrast, a second 280 

set of peaks (m/z = 1447 and 1463) was observed for lipid A isolated from PAO-1 after growth at 281 

15ºC (Figure 5D), consistent with the presence of a penta-acylated lipid A structure also 282 

observed after growth at elevated temperatures (Figure 1D). These results suggest that P. 283 

aeruginosa deacylase activity is reduced at lower temperatures and the level of inhibition is 284 

strain dependent. 285 

Interestingly, the level of 3-OH C10 in lipid A isolated from the transposon insertion 286 

mutant, 32751, was similar to levels observed for lipid A isolated from PAK after growth in low 287 

temperature conditions. These results further suggested that in PAK, deacylase activity was 288 

completely inhibited at low temperature indicating that part of the differences in environmental, 289 

as compared to CF and laboratory adapted isolates could involve selection pressure exerted by 290 

temperature differences encountered by these organisms. 291 

 292 
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Some P. aeruginosa clinical isolates from CF patients with severe pulmonary disease are 293 

deficient in lipid A deacylase activity. To explore the possibility that changes in lipid A 294 

structure might contribute to lung disease progression in CF patients chronically infected with P. 295 

aeruginosa, we performed an analysis of lipid A isolated from longitudinal clinical isolates of 296 

three patients: a child with mild CF lung disease, a child with severe lung disease, and an adult 297 

with mild CF lung disease, as defined by serial measurements of lung function. Lipid A was 298 

isolated from the individual P. aeruginosa clinical isolates after growth in minimal medium 299 

supplemented with high (1 mM) magnesium concentrations. MALDI-TOF MS analysis of the 300 

individual lipid A preparations isolated from three clinical isolates is shown. A P. aeruginosa 301 

isolate from the child with mild CF lung disease (CF565) revealed dominant ions that represent 302 

both penta- (m/z = 1447, Figure 1D) and hexa-acylated species (m/z = 1616, Figure 1C; 1685, 303 

Figure 1E) (Figure 6A). Adjacent peaks to the penta- and hexa-acylated ion species that differ by 304 

16 m/z units represent the addition of an additional hydroxyl group. Similar MS spectra were 305 

obtained for P. aeruginosa isolates from the adult with mild CF lung disease (data not shown).  306 

In contrast, lipid A from clinical isolates from the child with severe CF lung disease and 307 

from a second CF patient with severe lung disease (10128 and SE22) had ion species that 308 

represent both hexa- (m/z = 1616, Figure 1 C) and a novel hepta-acylated species (m/z = 1854, 309 

Figure 1F) (Figure 6B and C, respectively). The hepta-acylated structure was consistent with 310 

four fatty acids (two 3-OH-C10 and two 3-OH C12) attached to the glucosamine backbone with 311 

three secondary “piggyback” fatty acids (C12, 2-OH C12 and C16). These results are consistent 312 

with a loss of deacylase enzymatic activity in these P. aeruginosa isolates. Adjacent peaks to the 313 

hexa- and hepta-acylated ion species that differ by 16 m/z units represent the addition of an 314 

additional hydroxyl group. Consistent with this hypothesis, deacylated lipid A species (m/z = 315 
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1447, Figure 1D and 1685, Figure 1E) were recovered upon transformation of these isolates with 316 

pPAPagL as determined by MS and GC analysis (data not shown), indicating that deficiency of 317 

deacylated lipid A species in isolates from CF patients with severe lung disease is due to loss of 318 

deacylase enzymatic activity. 319 

This analysis suggested a potential association between severe obstructive CF lung 320 

disease and loss of P. aeruginosa lipid A deacylation. In order to evaluate this potential 321 

association, lipid A was purified from P. aeruginosa clinical isolates of twenty-one patients with 322 

severe obstructive lung disease and analyzed by MALDI-TOF MS. This analysis showed that 323 

lipid A purified from P. aeruginosa isolates from seven patients (33%) had hexa-acylated (m/z = 324 

1616, Figure 1C) or novel hepta-acylated structures (m/z = 1854, Figure 1F) but lacked the 325 

corresponding deacylated lipid A structures (m/z = 1447 or 1685, Figures 1D and 1E, 326 

respectively) observed in isolates from other CF patients with severe lung disease, patients with 327 

milder CF lung disease, acute infections, and environmental isolates (data not shown).  The 328 

presence of a full-length copy of the pagL gene was confirmed for all isolates used in these 329 

studies by colony PCR using pagL specific oligolucleotides (data not shown). These results 330 

suggest that sequential selection of lipid A structures, initially for expression of lipid A deacylase 331 

activity, followed by loss of activity can occur during progressing of CF lung disease. 332 

 333 

Discussion 334 

Adaptation of P. aeruginosa to life in the airways of individuals with CF results in the 335 

expression of specific lipid A structures not observed in P. aeruginosa isolates from acute 336 

infections (blood, UTI, and eye). The modifications that distinguish these isolates lipid A 337 

structures include the addition of palmitate and aminoarabinose and the deacylation of the 3-338 
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position fatty acid (3-OH C10) by PagL enzymatic activity. Our results show that the P. 339 

aeruginosa PagL enzymatic activity, though constitutively active in P. aeruginosa clinical 340 

isolates from patients with CF and laboratory adapted wild-type isolates, was regulated in 341 

clinical isolates from both acute infections and environmental isolates. Acute P. aeruginosa 342 

isolates produce a precursor penta-acylated lipid A (Figure 1B) structure not normally observed 343 

in isolates from patients with CF or laboratory adapted isolates (Figure 1C-E). Interestingly, 344 

acute P. aeruginosa isolates have the ability to produce CF-like lipid A modification since 345 

growth under magnesium-limited conditions, resulting in the generation of CF-specific lipid A 346 

(m/z = 1447 and 1685, Figure 1). These results indicate that the biosynthetic pathways necessary 347 

for the synthesis of CF-specific lipid A were intact and able to be regulated.  348 

 We further demonstrated that P. aeruginosa regulated PagL enzymatic activity in 349 

laboratory adapted isolates upon growth under low temperature, a condition that mimics 350 

environmental growth conditions. Interestingly, addition of an unsaturated C16:1 fatty acid 351 

residue, a cold-shock regulated response typical among enteric bacteria, was not observed in P. 352 

aeruginosa (8). Instead, GC and MS analysis of P. aeruginosa lipid A isolated after growth at 353 

low temperatures (15ºC) indicated that PagL enzymatic activity was completely inhibited in the 354 

laboratory adapted wild-type isolate, PAK, suggesting a role for deacylase regulation of 355 

membrane structure and fluidity in response to temperature.  The loss of this necessity on growth 356 

in nutrient broth at 37ºC or in the CF airway may promote PagL expression. 357 

 To determine the role of PagL in the generation of CF-specific lipid A structures, a P. 358 

aeruginosa transposon mutant, 35721(19), was analyzed by MS and GC (Figures 2 and 3). The 359 

insertion of the transposon in mutant strain 32751 mapped to open reading frame PA4661, which 360 

was predicted to encode a hypothetical protein of 173 aa in length. PA4661 is part of a group of 361 
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six genes (hemA, prfA, hemK, moeB, murI, and PA4661), of which the first five genes form a 362 

putative operon. Genes in the five gene operon include: hemA and hemK, required for heme 363 

biosynthesis (41); moeB, required for molybdopterin cofactor biosynthesis (43); prfA, encoding a 364 

homolog of the E. coli peptide chain release factor that directs the termination of translation in 365 

response to specific peptide chain termination codons (9); and murI, required for biosynthesis of 366 

D-glutamate and peptidoglycan (14). A 69 nt intragenic region is present between murI and 367 

PA4661, suggesting that PA4661 is not part of the previous operon. Recently, Geurtsen et al. 368 

identified conserved histidine and serine residues of the active site that suggests that P. 369 

aeruginosa PagL functions mechanistically as a serine hydrolase (19). 370 

Deacylase activity was recovered in the P. aeruginosa transposon mutant background 371 

upon transformation and expression with either the P. aeruginosa PA4661 (Figures 2 and 3) or 372 

Salmonella enterica Serovar Typhimurium pagL gene (data not shown). Interestingly, two 373 

additional transposon insertion mutants located in the conserved C-terminus of the protein 374 

retained deacylase activity, suggesting that this region of the proteins is not required for this 375 

activity. Heterologous expression of P. aeruginosa PA4661 in either a Salmonella enterica 376 

Serovar Typhimurium PhoP-null strain or E. coli (both of which lack deacylase activity) resulted 377 

in the presence of deacylated lipid A species by MS and GC analysis. Taken together, these 378 

results suggest a relaxed chain length specificity for the P. aeruginosa and Salmonella enterica 379 

Serovar Typhimurium pagL genes since they have the ability to remove either longer (3-OH 380 

C14) or shorter (3-OH C10) fatty acid residues from the 3-position of lipid A, respectively. 381 

Finally, in contrast to the recently published results from Geurtsen et al., secondary addition of a 382 

C16 fatty acid after heterologous expression of P. aeruginosa pagL in either E. coli or 383 

Salmonella enterica Serovar Typhimurium was not observed (19). Since different E. coli strain 384 
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backgrounds were used for the heterologous expression studies (XL-1 Blue vs BL21 Star), 385 

strain-specific differences, such as constitutive expression of the genes necessary for the addition 386 

of aminoarabinose or palmitate observed in E. coli BL21 Star (39), may play a role in secondary 387 

lipid A modifications such as the addition of palmitate. 388 

Lipid A isolated from P. aeruginosa clinical isolates from patients with CF (1-3 years of 389 

age) demonstrates constitutive expression of deacylase enzyme activity.  A penta-acylated lipid 390 

A structure that contains a 3-OH C10 fatty acid (Figure 1B) in the 3-position was not observed in 391 

CF isolates as compared to isolates from acute infections or environmental isolates. Using 392 

clinical isolates from patients with severe pulmonary disease (as defined by lung function 393 

values), we showed that lipid A isolated from one third of the patients’ clinical isolates lacked 394 

deacylase activity as compared to patients with mild pulmonary disease.  Severe patients’ 395 

isolates that lacked deacylase activity resulted in synthesis of hexa- or hepta-acylated structures 396 

that retained the 3-OH C10 fatty acid at the 3-position. The hepta-acylated lipid A structure (m/z 397 

= 1854, Figure 1F) was modified by an acyloxyacyl addition of C16:0 at the 3’ position fatty 398 

acid. Deacylated lipid A structures were recovered in these P. aeruginosa clinical isolates upon 399 

complementation with the P. aeruginosa pagL gene, indicating that these strains have lost 400 

deacylase activity. The characterization of these clinical isolates may result in the identification 401 

of novel mutations in the P. aeruginosa pagL gene that affect activity of the enzyme, or the 402 

identification of regulatory pathway alterations that result in the synthesis of CF-specific lipid A 403 

modifications. Therefore, deciphering the role of this late adaptation of P. aeruginosa to the CF 404 

airway may be important in understanding and preventing the progression of chronic CF lung 405 

disease. 406 

407 
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Table 1 - Bacterial strains and plasmids used in this study 
 

Strain or plasmid Genotype or description Source or reference 
Strains   
P. aeruginosa   

PAO-1 Wild-type laboratory adapted strain S. Lory, Harvard 
PAK Wild-type laboratory adapted strain S. Lory, Harvard 
32751 PA4661 (pagL) transposon mutant 196 nt (26) 
31479 soil, Salem, VA ATCC 
14886 soil ATCC 
21776 soil, Japan ATCC 
25324 glass crusher air plate ATCC 
31482 soil, Franklin, VA ATCC 
43495 air ATCC 
55734 root / cantaloupe ATCC 

700888 industrial water system ATCC 
700829 water  ATCC 
MSH3 Mount Saint Helen's, water M. Olson, UW 

MSH20 Mount Saint Helen's, water M. Olson, UW 
PA 99-95 Blood S. Lory, Harvard 
PA 99-96 Blood S. Lory, Harvard 
PA 98-12 Urinary tract infection (UTI) S. Lory, Harvard 
PA 98-81 Eye S. Lory, Harvard 

CF565 CF patient, infant J. Burns, UW 
MI3 CF patient, mild pulmonary disease J. Burns, UW 
MI6 CF patient, mild pulmonary disease J. Burns, UW 
MI8 CF patient, mild pulmonary disease J. Burns, UW 
MI11 CF patient, mild pulmonary disease J. Burns, UW 
SE1 CF patient, severe pulmonary disease J. Burns, UW 
SE4 CF patient, severe pulmonary disease J. Burns, UW 
SE9 CF patient, severe pulmonary disease J. Burns, UW 
SE22 CF patient, severe pulmonary disease J. Burns, UW 
AD2 CF patient, mild pulmonary disease J. Burns, UW 
AD9 CF patient, mild pulmonary disease J. Burns, UW 

AD11 CF patient, mild pulmonary disease J. Burns, UW 
10014 CF patient, severe pulmonary disease S. Moskowitz, UW 
10018 CF patient, severe pulmonary disease S. Moskowitz, UW 
10023 CF patient, severe pulmonary disease S. Moskowitz, UW 
10040 CF patient, severe pulmonary disease S. Moskowitz, UW 
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10053 CF patient, severe pulmonary disease S. Moskowitz, UW 
10060 CF patient, severe pulmonary disease S. Moskowitz, UW 
10064 CF patient, severe pulmonary disease S. Moskowitz, UW 
10070 CF patient, severe pulmonary disease S. Moskowitz, UW 
10077 CF patient, severe pulmonary disease S. Moskowitz, UW 
10084 CF patient, severe pulmonary disease S. Moskowitz, UW 
10092 CF patient, severe pulmonary disease S. Moskowitz, UW 
10094 CF patient, severe pulmonary disease S. Moskowitz, UW 
10112 CF patient, severe pulmonary disease S. Moskowitz, UW 
10118 CF patient, severe pulmonary disease S. Moskowitz, UW 
10121 CF patient, severe pulmonary disease S. Moskowitz, UW 
10128 CF patient, severe pulmonary disease S. Moskowitz, UW 
10131 CF patient, severe pulmonary disease S. Moskowitz, UW 
10137 CF patient, severe pulmonary disease S. Moskowitz, UW 
10316 CF patient, severe pulmonary disease S. Moskowitz, UW 
10324 CF patient, severe pulmonary disease S. Moskowitz, UW 
10332 CF patient, severe pulmonary disease S. Moskowitz, UW 

   
E. coli   

DH5α F ∆(lacZYA-algF)U169 thi-l hsdR17 gyrA96 recAI 
end AI supE44 relAI phoA Φ80 dlacZΔM15 

Invitrogen 

XL-1 Blue recA1, endA1, gyrA96, thi-1, hsdR17(rK-,mK+), 
supE44, relA1, l-, lac-, [F' proAB, lacIqZD M15, 

Tn10(Tetr)] 

Stratagene 

   
Salmonella enterica 
Serovar 
Typhimurium 

  

CS015 phoP102::Tn10d-Cam derivative of wild-type 14028 (31) 
   

Plasmids   
pDONR 201 Gateway cloning vector KanR Invitrogen 

pDEST JN105 Gateway destination vector GentR This study 
pPAPagL pDEST JN105 derivative harboring P. aeruginosa 

pagL 
This study 

pBAD24 AraC AmpR colE1, inducible araBAD promoter (24) 
PBAD24-PAPagL pBad24 derivative harboring P. aeruginosa pagL This study 

 
 
 
          Ernst et al. – Table 1 
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Figure legends 

Figure 1.  Proposed pathway for the biosynthesis of P. aeruginosa lipid A structures.  For all 

structures, the molecular weight of the singly charged lipid A species is indicated. *The location 

of the C12 and 2-OH C12 fatty acids may be reversed on the P. aeruginosa lipid A structures.  

 

Figure 2.  Identification of P. aeruginosa PAO-1 mutant strain that lacked deacylated lipid 

A species. (A and B) MALDI-TOF MS in the negative reflection ion mode, a transposon 

insertion mutant designated 32751 lacked deacylated lipid A species, as compared to the 

laboratory adapted PAO-1 strain. (C and D) MS of lipid A analysis of PAO-1 or 32751 strain 

containing pPAPagL (pDEST JN105 derivative harboring P. aeruginosa pagL-PA4661). 

Adjacent peaks that differ by 80 or 16 m/z units represent the loss of a phosphate group or the 

addition of an additional hydroxyl group, respectively. 

 

Figure 3.  Complementation of P. aeruginosa PA4661 in trans restoring deacylase activity 

to null mutant strain. (A) GC analysis of total fatty acid content of lipid A isolated from the 

laboratory adapted wild-type PAO-1 (white bars) or 32751 (black bars) strains is shown. (B) GC 

analysis of total fatty acid content of lipid A isolated from PAO-1 (white bars) or 32751 (black 

bars) strains after complementation with pPAPagL (pDEST JN105 derivative harboring P. 

aeruginosa pagL) is shown.  

 

Figure 4.  P. aeruginosa PagL enzymatic activity is induced in a clinical isolate by growth in 

medium-limited for magnesium. Lipid A was isolated from a blood isolate of P. aeruginosa 
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after growth in minimal medium supplemented with low (8 µM) or high (1 mM) magnesium 

concentrations and analyzed by MALDI-TOF MS in the negative reflection ion mode. (A) Lipid 

A isolated after growth in high magnesium medium resulted in the predominant ion species with 

a mass to charge ratio (m/z) of 1419, consistent with a penta-acylated lipid A structure. (B) Lipid 

A isolated after growth in low magnesium conditions gave a more complex spectra consistent 

with the presence of both penta- (m/ z= 1447) and hexa-acylated ion species (m/z = 1616, 1685). 

*The location of the C12 fatty acid may be “piggyback” either at the 2- or 2’- position fatty acid 

on the P. aeruginosa lipid A structure. Adjacent peaks that differ by 16 m/z units represent the 

addition of an additional hydroxyl group (OH). 

 

Figure 5.  Deacylase enzymatic activity in laboratory adapted P. aeruginosa strains is 

inhibited by growth at lower temperatures. (A) Lipid A was isolated from P. aeruginosa, 

PAO-1 and PAK growth after growth in LB over a wide range of temperatures (15º to 42ºC) and 

total fatty acids were analyzed by gas chromatography. Levels of 3-OH C10 fatty are shown. (B) 

MS analysis of PAK lipid A isolated after growth at 15ºC, (C) MS analysis of PAK lipid A 

isolated after growth at 42ºC, (D) MS analysis of PAO-1 lipid A isolated after growth at 15ºC, 

(E) MS analysis of PAO-1 lipid A isolated after growth at 42ºC. Adjacent peaks that differ by 16 

m/z units represent the addition of an additional hydroxyl group (OH). 

 

Figure 6.  Loss of deacylated P. aeruginosa lipid A species in some isolates from cystic 

fibrosis patients with severe pulmonary disease.  Lipid A was isolated from a clinical isolates 

of P. aeruginosa after growth in minimal medium supplemented high (1 mM) magnesium 

concentrations and analyzed by MALDI-TOF MS in the negative reflection ion mode. (A) MS 
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analysis of lipid A isolated from clinical isolate, CF565 after growth at 37ºC, (B) MS analysis 

lipid A isolated from clinical isolate, 10128 after growth at 37ºC, and (C) MS analysis lipid A 

isolated from clinical isolate, SE22 after growth at 37ºC. Adjacent peaks that differ by 16 m/z 

units represent the addition of an additional hydroxyl group (OH). 
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