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Abstract 

The ability of Gram-negative bacteria to modulate outer membrane (OM) 

composition in response to stressful environments is essential for their survival 

and replication within host tissues. The OM enzyme PagP catalyzes the transfer of 

palmitate from a glycerophospholipid to lipid A. Lipid A is the endotoxic portion 

of LPS responsible for transmembrane signalling to initiate the immune response. 

Palmitoylation of lipid A can either attenuate or stimulate the immune response 

depending on where the palmitate chain is attached to a specific lipid A molecule. 

Here we report that the Escherichia coli PagP homolog is a multifunctional 

enzyme, which displays two distinct active sites exposed on either side of the 

bacterial OM. E. coli PagP converts phosphatidylglycerol (PG) to palmitoyl-PG 

(PPG) using the same cell surface active site involved in the palmitoylation of 

lipid A. PPG is then serially degraded to bis(monoacylglycero)phosphate (BMP) 

and either lyso-PG or lyso-BMP by a novel lipase active site located in PagP on 

the periplasmic side of the OM. The periplasmic lipase active site can be 

inactivated with the Y87F amino acid substitution. BMP is a novel 

glycerophosphoglycerol (GPG) that has not previously been reported in bacterial 

lipid metabolism. Not all PagP homologs have this ability to remodel GPGs. We 

have identified a divergent lipid A palmitoyltransferase in Pseudomonas 

aeruginosa that does not palmitoylate PG. The P. aeruginosa homolog also has 

different lipid A regiospecificity, adding palmitate on the opposite glucosamine at 
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the 3’-position compared to the 2-position of the proximal sugar observed for the 

E. coli homolog. We have determined that P. aeruginosa PagP is representative of

a distinct clade of PagP evolved to fulfill different functions. Although this minor 

clade is inclusive of homologs that lack obvious sequence similarity with the 

major clade enterobacterial PagP, we have identified conserved catalytic and 

structural elements within the minor clade that contribute to our growing 

understanding of homologous PagP structure/function relationships. A 

comparative analysis of all available sequences of minor clade PagP homologs has 

revealed invariant His, Ser, and Tyr residues that are necessary for catalysis.  

Additionally, a 4-amino acid conserved signature indel or CSI is unique to 

bacteria clustered phylogenetically within the γ-subclass of Proteobacteria. 
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Chapter 1 

Introduction  

1.1 Structural Overview of the Gram-negative Cell Envelope 

The cell envelope of Gram-negative bacteria is a complex, multilayered 

protective barrier to environmental assaults, the immune system and antibiotics. 

It consists of two concentric lipid membranes – an inner membrane (IM) and an 

outer membrane (OM) that delimit an aqueous cellular compartment called the 

periplasmic space (Silhavy et al., 2010) (Figure 1.1).  

1.1.1 Inner Membrane 

Like the plasma membrane of eukaryotic cells the bacterial IM is a 

phospholipid bilayer permeable to lipophilic compounds. An electrochemical 

proton gradient is maintained across the IM that drives endergonic processes 

essential to survival. 

1.1.2 Periplasmic Space 

The periplasm is an aqueous, protein dense matrix between the two 

bilayer membranes of the Gram-negative cell envelope. The space is occupied 

by a large variety of macromolecules that are important to the vitality of the 

changing variety of macromolecules that are important to the vitality of 
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Figure 1.1. A schematic representation of E. coli K-12 cell envelope. Adapted from 
Raetz et al., 2007. The cell envelope in Gram-negative bacteria is characterized by the presence of 
two lipid bilayers: the outer membrane (OM) and the inner membrane (IM) that are separated by 
the periplasmic space, which includes a thin layer of peptidoglycan. The OM is an asymmetric 
lipid bilayer containing mainly lipopolysaccharide (LPS) molecules in the outer leaflet. The inner 
leaflet of the OM and the symmetrical bilayer of the IM contain glycerophospholipids. *Strains of 
E. coli K-12 do not make O-antigen, unless a mutation in the O-antigen operon is corrected.
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the Gram-negative cell (Silhavy et al., 2010). Suspended in the periplasm is a 

thin layer of peptidoglycan that determines cell shape and provides structural 

stability to the IM against high osmotic pressure. The OM in Escherichia coli is 

stapled to the underlying peptidoglycan by a lipoprotein called Braun’s 

lipoprotein (Braun, 1975). 

1.1.3 Outer Membrane 

The OM is the first point of contact with the environment that surrounds 

the bacterial cell. It is a distinguishing feature of Gram-negative bacteria; Gram-

positive bacteria lack this structure. Importantly, the OM is an unusual 

phospholipid bilayer characterized by a distinct asymmetry of lipids between the 

inner and outer leaflets. The inner leaflet of the OM mainly consists of glycerol-

based phospholipids, whereas the outer leaflet is dominated by 

lipopolysaccharides (LPS) (Raetz et al., 2007). Similar to most membranes, the 

hydrophobic nature of the OM prevents the passage of large polar molecules. 

The low fluidity of the LPS hydrocarbon domain and strong lateral electrostatic 

interactions between neighboring LPS phosphate groups and divalent cations 

also prevents small hydrophobic molecules from entering the cell (Nikaido, 

2003).    

Ph.D. Thesis - C. L. Dixon; McMaster University - Biochemistry and Biomedical Sciences
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1.2 The Outer Membrane Permeability Barrier 

E. coli and other enteric bacteria that inhabit the mammalian gut, must

have a cellular envelope that effectively excludes detergents like bile salts. This 

isn’t necessarily the case for other Gram-negative bacteria. The effectiveness of 

the Gram-negative cell envelope as a perimeter defense, at least in the case of 

enteric bacteria, depends in large part on the unusually low permeability of the 

OM to hydrophobic solutes. LPS plays a crucial role in barrier function of the 

OM. Although LPS is present in most Gram-negative bacteria, it is absent from 

the OM of some bacteria such as Borrelia burgdorferi - the causative agent of 

Lyme disease (Takayama et al., 1987). 

1.2.1 LPS Structure 

LPS is typically composed of the hydrophobic membrane-anchoring 

lipid A moiety, interconnecting core-oligosaccharides and O-antigen repeats 

(Nikaido, 2003)(Figure 1.2). E. coli K-12 lipid A is a β-1’,6-linked disaccharide 

of glucosamine acylated at the 2, 3, 2’, and 3’ positions with R-3-

hydroxymyristate and phosphorylated at the 1 and 4’ positions. The fatty acids 

linked to the distal sugar residue are further acylated on their hydroxyl groups, 

producing acyloxyacyl structures (Raetz and Dowhan, 1990). The hydrophobic 

nature of lipid A allows it to anchor LPS in the OM. Due to its toxic effects in 

the setting of Gram-negative infections, lipid A is also known as endotoxin. 

Lipid A is connected to the core domain of LPS by two 3-deoxy-D-manno- 
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oct-2-ulosonic acid (Kdo) sugars through a labile ketosidic linkage that is 

susceptible to mild acid hydrolysis. Kdo2-lipid A usually represents the minimal 

substructure required for growth of Gram-negative bacteria. This is extended by 

a few heptose residues, some of which are phosphorylated. The outermost part 

of the core consists mostly of hexoses. Although E. coli K-12 cannot synthesize 

the O-antigen chain because of an insertion mutation (Stevenson et al., 1994) 

and thus produces a phenotypically rough strain, most wild-type strains of 

Enterobacteriaceae synthesize this outermost structure of LPS, which often 

consists of repeating oligosaccharide units; more than 180 unique O-antigenic 

polysaccharide structures have been reported in E. coli alone (Orskov et al., 

1977; Stenutz et al., 2006). 

The characteristic phosphate groups and acidic sugars in the LPS 

molecule confer a net negative charge on the bacterial cell surface that is 

strongly stabilized by divalent cations, mainly Mg2+ (Coughlin et al., 1983). 

This dependence on Mg2+ renders the bacterial cell susceptible to cationic 

antimicrobial peptides (CAMP) (Epand and Epand, 2011). CAMPs are 

amphipathic molecules with a net positive charge. Their electrostatic interaction 

with the negatively charged LPS serves to increase the permeability of the OM 

by displacing some of the Mg2+ and destabilizing the strong lateral interactions 

between LPS. The reduced dielectric constant in the vicinity of the membrane 

interface strips water molecules away from the peptide bonds and induces 

secondary structure formation in CAMPs. The resulting amphipathic distribution 
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of polar and hydrophobic residues in CAMPs facilitates their translocation 

through the hydrocarbon milieu by a non-porin pathway, termed the self-

promoted uptake pathway (Hancock et al., 1995). CAMPs interact with and 

effectively permeabilize the IM by puncturing holes in the phospholipid bilayer 

(Bechinger and Lohner, 2006). The resulting openings in the bilayer lead to 

depolarization of the IM, effectively killing the cell. Alternatively, some 

CAMPs inhibit specific intracellular target to exert their effects on the bacterial 

cell. 

1.2.2 The Raetz Pathway 

Kdo2-lipid A biosynthesis enzymes are conserved in virtually all Gram-

negative bacteria. The biosynthesis of Kdo2-lipid A is best characterized in E. 

coli (Raetz et al., 2007) (Figure 1.3). There are nine enzymes involved in this 

constitutive pathway and all have a requirement for cytosolic substrates. LpxA, 

LpxC, and LpxD are soluble proteins, whereas LpxB and LpxH are peripheral 

membrane proteins and LpxK, KdtA, LpxL, and LpxM are integral IM proteins 

(Raetz et al., 2007). 

The process begins with the fatty acylation of UDP-N-acetylglucosamine 

(UDP-GlcNAc). LpxA, a cytosolic acyltransferase, transfers R-3-

hydroxymyristate from acyl carrier protein (ACP) to the 3-OH of UDP-GlcNAc 

(Raetz and Roderick, 1995). E. coli LpxA possesses a selective hydrocarbon 

ruler, incorporating the R-3-hydroxymyristate chain two orders of magnitude 
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faster than C12 or C16 hydroxyacyl chains (Wyckoff et al., 1998). Unlike the 

thermodynamically unfavorable acylation of UDP-GlcNAc (Anderson et al., 

1993), the subsequent deacetylation by the Zn2+ dependent LpxC is non-

reversible and is the first committed step in lipid A biogenesis (Sorensen et al., 

1996). Following deacetylation, a second N-linked R-3-hydroxymyristate 

derived from ACP is incorporated by LpxD to generate UDP-2,3-

diacylglucosamine (Kelly et al., 1993). The pyrophosphate linkage of UDP-2,3-

diacylglucosamine is cleaved by LpxH - a highly selective pyrophosphatase that 

catalyzes an attack of the α-phosphorus of the UDP moiety to form lipid X (2,3-

diacylGlcN-1-phosphate) and UMP (Babinski et al., 2002).  Next, a 

disaccharide synthase, LpxB, transfers the 2,3-diacylglucosamine portion of 

another UDP-2,3-diacylglucosamine molecule to position 6 of lipid X 

generating the β-1’,6 linkage characteristic of all lipid A molecules (Crowell et 

al., 1986). 

The last four steps of the pathway are catalyzed by the integral IM 

proteins. LpxK, the 4’-kinase, employs ATP to phosphorylate the 4’ end of the 

disaccharide-1-phosphate generated by LpxB to form lipid IVA (Garrett et al., 

1997). Lipid IVA is a clinically relevant precursor molecule that is an antagonist 

of inflammation through the toll-like receptor 4 (TLR4) myeloid differentiation 

factor 2 (MD-2) pathway in human cells, but agonistic in mouse cells 

(Golenbock et al., 1991). Next, two Kdo sugars are incorporated by KdtA 

(Clementz and Raetz, 1991) from CMP-Kdo, a labile nucleotide sugar. This 
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enables the final steps of the pathway as LpxL and LpxM require the Kdo2-lipid 

IVA disaccharide as a substrate for their activity. LpxL and -M transfer lauroyl 

and myristoyl residues from ACP to the distal glucosamine unit of Kdo2-lipid 

IVA, respectively, resulting in the formation of acyloxyacyl structures (Clementz 

and Raetz, 1991). 

1.2.3 Assembly and Transport of LPS to the OM 

Core oligosaccharides and O-antigens are also synthesized in the 

cytoplasm upon lipid anchors tethered to the inner leaflet on the IM. While the 

composition and structure of the OM facilitates its unique barrier function, this 

barrier also introduces challenges for the transport of bacterial components that 

are produced inside the cell. LPS is delivered by the transenvelope LPS 

transport (Lpt) complex (Figure 1.4). There are seven essential Lpt proteins and 

recent structural studies (Dong et al., 2014; Dong et al., 2017; Luo et al., 2017; 

Qiao et al., 2014) have provided a possible model of how these enzymes work 

together to directly facilitate translocation of LPS. Lipid A and the covalently 

linked polysaccharide core are mainly assembled by biosynthetic enzymes in the 

cytoplasm or at the cytoplasmic face of the IM, and flipped to the periplasmic 

side by the ATP binding cassette (ABC) transporter MsbA (Doerrler et al., 

2004; Ho et al., 2018; Mi et al., 2017; Zhou et al., 1998). Here, O-antigen is 

ligated to the lipid A-core polysaccharide complex by O-antigen ligase WaaL 

(Whitfield, 2006), following its independent synthesis in the cytoplasm and 
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transport to the periplasmic space. The subsequent extraction of LPS from the 

IM, translocation across the periplasmic compartment and assembly at the OM 

is accomplished with the aid of the Lpt proteins. The ABC transporter complex, 

LptB2FG, extracts LPS from the IM and ushers it across the aqueous periplasmic 

compartment along a protein filament made up of LptC and LptA (Whitfield and 

Trent, 2014). Finally, a complex between the OM barrel protein LptD and the 

OM lipoprotein LptE receives LPS from LptA and inserts it into the outer leaflet 

of the OM (Okuda et al., 2016). 

1.2.4 Regulation of Lipid A Modifications 

Unlike lipid A biosynthesis enzymes, most lipid A modification enzymes 

are located either on the periplasmic surface of the IM or in the OM, and vary 

from organism to organism. Lipid A is subject to several covalent modifications 

during its transit from the outer surface of the IM to the OM. Accordingly, lipid 

A modification enzymes are excellent reporters for the translocation of nascent 

LPS from its initial site of biosynthesis on the cytoplasmic surface of the IM to 

the outer surface of the OM (Raetz et al., 2007; Sherman et al., 2018). Although 

not required for growth, these modification enzymes modulate virulence of 

some Gram-negative pathogens. 

In many instances, the lipid A modification systems are induced or 

repressed by environmental stimuli, such as Mg2+ concentrations, or the 

presence of CAMPs (Bader et al., 2005; Groisman, 2001). The two component 
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PhoP/PhoQ signal transduction pathway found in most Gram-negative bacteria 

responds to external stimuli encountered during infection. PhoQ is a membrane-

bound sensory kinase that is maintained in a repressed state in the presence of 

high concentrations of divalent cations (Garcia Vescovi et al., 1996; Groisman, 

2001). Divalent cations, like Mg2+, associate with residues located in the sensory 

domain of PhoQ. CAMPs compete with Mg2+ for these binding sites and trigger 

a signaling cascade that results in the phosphorylation of the response regulator, 

PhoP.  PhoP controls the expression of many genes that are involved in Mg2+ 

transport and in lipid A modification.  

Lipid A modifications can be classified into two major classes: 

modulation of lipid A electrostatic charge and modification of acylation 

patterns. Figure 1.5 outlines some of these modifications in E. coli and 

Salmonella enterica. In order to minimize the electrostatic interaction of 

CAMPs with the negatively charged LPS, bacteria can reduce the negative 

charge of the OM by adding phosphoethanolamine (pEtN) and/or L-4-

aminoarabinose (L-Ara4-N) to lipid A. Mg2+ is an environmental trigger for the 

cation sensing PhoP/PhoQ two-component system. Under PhoP/PhoQ control 

EptA (Anandan et al., 2017) adds pEtN to the phosphate at position 1, and ArnT 

(Petrou et al., 2016) adds L-Ara4-N to the phosphate at the 4’ position. The 

cellular pool of phosphatidylethanolamine (PE) serves as the substrate source 

for the EptA modification. When L-Ara4-N is not available, EptA may add a 

second pEtN to the 4’position. This modulation of negative charges on the  
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bacterial surface is associated with resistance to polymyxin B in E. coli and S. 

enterica (Tran et al., 2005) 

Other PhoP/PhoQ regulated proteins include PagP. PagP, a transacylase, 

incorporates a palmitate at the 2-position of lipid A under low Mg2+ conditions 

(Bishop, 2005). LpxO, PagL and LpxR are not under PhoP/PhoQ control. PagL, 

a deacylase, removes the acyl chain at the 3-position of lipid A (Trent et al., 

2001). LpxO catalyzes the formation of the S-2-hydroxymyristate moiety, which 

results in an increase in hydrogen bonding between adjacent lipid A moieties 

and decreases the penetration of organic molecules that could harm the 

bacterium (Gibbons et al., 2000; Gibbons et al., 2008). Like PagL, LpxR is an 

OM deacylase; it catalyzes the cleavage of the 3’-acyloxyacyl linkage of lipid A 

(Reynolds et al., 2006). To date, only lipid A modification by acylation is 

known to influence leukocyte CAMP production by modulating the 

inflammatory response triggered through the TLR4-MD-2 signal transduction 

pathway (Hajjar et al., 2002). 

Another two component system, PmrA/PmrB, functions as a regulator 

downstream of the PhoP/PhoQ system. PmrA/PmrB can be activated 

independently by Fe3+ or in low pH - PmrD can connect PhoP/PhoQ to 

PmrA/PmrB in Salmonella, but not in E. coli . The modification of lipid A with 

pEtN and L-Ara4-N is primarily controlled by the PmrA/PmrB regulatory 

system (Gunn et al., 1998; Lee et al., 2004), and PhoPQ when it is engaged by 
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PmrD (Fu et al., 2007). The Evg system works upstream of PhoP/PhoQ in E. 

coli (Eguchi et al., 2004). 

1.3 The OM Stress Response 

In their coevolution with the immune system, Gram-negative bacteria 

have acquired several strategies to arm themselves with a coordinated response 

to the environment inside the host organism. These include signaling networks, 

like PhoP/PhoQ that regulate lipid A modification enzymes. They are also 

armed with a number of envelope stress response systems that sense defects or 

damage and restore homeostasis. Examples include the Cpx two-component 

system that responds to misfolded periplasmic and IM proteins (Vogt et al., 

2014), and the σE response that mediates the bacterial response to OM stress 

caused by unassembled OM proteins (Barchinger and Ades, 2013) and 

intermediates of LPS transport and assembly (Lima et al., 2013). 

The presence of unfolded OM proteins in the periplasm is the most 

thoroughly characterized signal for σE activation. Following stress, OM proteins 

accumulate in the periplasm and their C-terminal residues bind to the 

periplasmic domain of the IM serine protease DegS (Ades et al., 1999). These 

residues are typically inaccessible in a properly folded OM protein and DegS 

remains inactive. DegS activation triggers two consecutive proteolytic cleavage 

steps of the IM protein RseA, releasing σE  to activate gene expression and 

RseB. However, the periplasmic protein RseB negatively regulates σE activation 
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by binding RseA and preventing cleavage of DegS, so a signal that inhibits 

RseB is also required. Recent in vitro studies indicate that the acyl chains of 

lipid A bind RseB and are the signal that displaces it from RseA (Lima et al., 

2013). In vivo, mutations that either reduce lipid A acylation or truncate the LPS 

core polysaccharides induce the σE response (Lima et al., 2013). Accordingly, 

the activation of σE is two pronged, involving both sensing the OM proteins to 

activate DegS, and periplasmic LPS to displace RseB from RseA.   

1.4 Biosynthesis and Function of Phospholipids 

Like lipid A, phospholipids are synthesized at the cytoplasmic face of the 

IM. At present, it remains unclear how phospholipids reach the OM. There are 

four known phospholipid transport systems in E. coli; the PbgA system is 

specialized in the export of CL (Dalebroux et al., 2015), while MlaD appears to 

be adapted for the uptake of PE and PG (Ekiert et al., 2017). Two additional 

MlaD homologues PqiAB and YebT share some overlapping phenotypes with 

MlaD, but they are distinctly different and remain to be fully characterized 

functionally (Isom et al., 2017) 

The biosynthesis and functions of phospholipids is best characterized in E. 

coli (Raetz and Dowhan, 1990; Sohlenkamp and Geiger, 2016). E. coli 

membranes are composed of three major phospholipids; its predominant lipids are 

the zwitterionic phosphatidylethanolamine (PE), and the acidic 

phosphatidylglycerol(PG) and cardiolipin (CL) (Figure 1.6). The relative  
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abundances of each of these phospholipid species are similar in the IM and OM 

(PE, ~75%; PG, ~20%; CL, ~5%) (Cronan, 2003; Raetz and Dowhan, 1990) 

Although these phospholipids have different chemical properties due to 

their head groups, they are synthesized from the same precursor molecule - 

phosphatidic acid (PA) (Figure 1.7). PA is synthesized in two distinct  

acyltransferase reactions from sn-glycerol-3-phosphate (G3P). Both reactions 

use thioesters of acyl-ACP as the acyl donors. CdsA is the IM protein  

responsible for the conversion of PA to the central metabolite cytidine 

diphosphate diacylglycerol (CDP-DAG). This is the last step before 

commitment to either the zwitterionic or anionic phospholipid biosynthesis 

pathway.  

In the zwitterionic pathway, phosphatidylserine synthase (Pss) condenses 

serine with CDP-DAG, producing the anionic lipid PS. PS is then 

decarboxylated by phosphatidylserine decarboxylase (Psd) forming the 

zwitterionic lipid PE. Phosphatidylglycerol-phosphate synthase (PgsA) catalyzes 

the condensation of G3P with CDP-DAG leading to the formation of 

phosphatidylglycerol-phosphate (Miyazaki et al., 1985), which is the first step in 

the synthesis of the anionic membrane lipids PG and CL. PGP is 

dephosphorylated in E. coli by any one of three phosphatases -  PgpA, PgpB or 

PgpC, to form PG (Lu et al., 2011). The CL synthases ClsA and Club can 

synthesize CL by condensation of two PG molecules, but only the ClsA gene  
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appears to be expressed significantly in cells(Guo and Tropp, 2000). A third CL 

synthase ClsC, can synthesize CL by condensation of PG with PE (Tan et al., 

2012). 

Based on their collective physical properties, phospholipids are believed 

to help maintain the permeability barrier of membranes as well as provide a 

supporting matrix for membrane proteins. PG has the greatest tendency to 

spontaneously form bilayers because of its requisite cylindrical shape (head 

group and hydrophobic domain of similar diameter), whereas the cone-shaped 

PE has a strong tendency to induce negative membrane curvature because lateral 

pressure becomes greater in the hydrophobic region compared to the membrane 

interface (Bishop, 2014). A striking feature of CL is the small cross section of 

its head group relative to the cross section of its four acyl chains. In the presence 

of divalent cations, CL and PA are conical and function along with PE in 

inducing negative membrane curvature (Bishop, 2014; Bogdanov et al., 2014; 

Dowhan, 1997). 

The chemical diversity of phospholipids implies that phospholipids have 

functions other than maintenance of membrane physical state. The regulated 

increase in lipids like PA (Sutterlin et al., 2014) has recently been demonstrated 

to help provide resistance to certain antibiotics. PA is not the only phospholipid 

that accumulates in the OM under conditions that shore up the permeability 

barrier against antibiotics. It has recently been reported that CL and palmitoyl-

phosphatidylglycerol (PPG) accumulate in the Salmonella OM under conditions 
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of PhoP/PhoQ activation, which are known to increase cell resistance to CAMPs 

(Dalebroux et al., 2014). 

1.4.1 Phosphatidic acid 

Phosphatidic acid is a minor membrane constituent, comprising only 

about 0.2% of the total phospholipid in E. coli. This is consistent with its role as 

an intermediate of phospholipid biosynthesis since it is rapidly converted to 

CDP-DAG. PA can accumulate to 5% or more (Ganong et al., 1980), mostly at 

the expense of PG and CL, in cdsA mutants, the essential gene encoding the 

enzyme responsible for the conversion of PA to CDP-DAG. OM permeability 

defects associated with lptD mutants can be suppressed by partial loss of 

function mutations in cdsA (Sutterlin et al., 2014). The increased levels of PA in 

E. coli, even in wild-type cells, serves to defend the bacteria against vancomycin

(Sutterlin et al., 2014) and erythromycin (Ganong and Raetz, 1982). 

1.4.2 Cardiolipin 

CL is an acidic tetra-acylated phospholipid. Its dimeric structure and 

chirally distinct phosphates (Garrett et al., 2007) make it unique amongst the 

phospholipids found in bacterial and mitochondrial membranes. Despite the 

growing number of studies on CL, its physiological role in bacteria remains 

unclear. The redundancy of biosynthetic enzymes in E. coli suggests that it plays 

an important role in cell physiology. However, elucidating the precise role of 
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CL is complicated by findings that E. coli is able to survive the simultaneous 

disruption of all three CL synthase genes (Tan et al., 2012), suggesting that 

cardiolipin in non-essential. These mutants have no obvious phenotype except 

that cells grow at a slower rate and to a lower density than the corresponding 

wild-type cells. CL accumulates during the stationary phase in E. coli (Cronan, 

1968; Hiraoka et al., 1993). PhoP/PhoQ activation dramatically increases the 

amount of CL in the Salmonella OM and resistance to CAMPs (Dalebroux et 

al., 2014); increased trafficking of CL to the OM is necessary for survival of the 

organism within host tissues (Dalebroux et al., 2015). Still it remains unclear 

how CL mediates barrier function. 

1.4.3 Palmitoyl-phosphatidylglycerol 

In addition to the major phospholipids, low level (~0.1% total) lipids are 

formed when an additional acyl chain is added to the headgroup of PG or lyso 

PG to form acyl-PG (Kobayashi et al., 1980) and 

bis(monoacylglycero)phosphate (BMP), respectively. Two enzymes that affect 

headgroup-acylated phospholipids levels in E. coli are the IM transacylase, lyso-

phospholipase L2 (PldB) (Hsu et al., 1991)and the OM lipid A modification 

enzyme, PagP (Dalebroux et al., 2014). Although acyl-PG is present in both 

bilayers, the OM appears to be enriched with a palmitoylated-PG (PPG) species, 

while the IM carried C14:0, C14:1, 16:0 or 16:1 at the sn-3′ position (Dalebroux 

et al., 2014).  
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Synthesis of OM PPG molecules is regulated by the PhoPQ system. In 

contrast, IM acyl-PG species showed minimal specific variation in PhoP-null 

mutants relative to wild-type and PhoPQ-activated bacteria (Dalebroux et al., 

2014). The number of PPG molecules is estimated to be similar to that of 

palmitoylated lipid A molecules. Like CL, the functional significance of the 

regulated increase of PPG is unknown.  

1.4.3.1 Bis(monoacylglycero)phosphate 

BMP is a structural isomer of PG (Garrett, 2017) and a minor component 

of animal tissues (Hullin-Matsuda et al., 2009). There is good evidence that 

BMP is synthesized from phosphatidylglycerol in the endosomal system 

(Chevallier et al., 2008; Hullin-Matsuda et al., 2007). The unique 

stereochemical configuration of BMP found in the late endosomes of eukaryotic 

cells (Brotherus et al., 1974) is believed to depend on an enzyme that inverts the 

configuration of the PG substrate, but this enzyme remains to be identified 

(Thornburg et al., 1991). BMPs unique stereochemistry also makes it resistant to 

most phospholipases. There is one unconfirmed reports of BMP in some 

alkalophilic strains of Bacillus species (Nishihara et al., 1982). If confirmed, this 

would be the first exception to the rule that BMP is strictly of mammalian origin 

and not present in prokaryotes, yeasts and higher plants. 

Ph.D. Thesis - C. L. Dixon; McMaster University - Biochemistry and Biomedical Sciences

24



      Ser77
      His33

      Arg114

  N     C

Figure 1.8. Structural organization of E. coli PagP  (pdb: 3GP6). Ribbon diagram of E. coli 
PagP (cyan) with a molecule of SDS bound in the hydrocarbon ruler. The coordinates for the L1 
loop are provided by Chris Neale and Régis Pomes at the University of Toronto. The aromatic 
belt residues are depicted as black sticks. E. coli PagP catalysis depends on invariant His, Ser, 
and Arg residues on the extracellular face, labelled in black. The N and C termini of the 
enzyme are labelled in red.
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1.5 PagP 

PagP functions to modify the structure of lipid A with a palmitate chain 

(Bishop et al., 2000). Of the many enzymes involved in lipid A modification, 

PagP is the only known enzyme that is located in the OM. The pagP gene was 

first identified in a Salmonella mutant that exhibited a deficiency in lipid A 

palmitoylation and a hypersensitivity to CAMPs(Guo et al., 1998). The structure 

of the E. coli homologue has been solved by both solution nuclear magnetic 

resonance (NMR) spectroscopy (Hwang et al., 2004; Hwang et al., 2002) 

 and X-ray crystallography (Ahn et al., 2004; Cuesta-Seijo et al., 2010) to reveal 

an eight stranded antiparallel β-barrel preceded by a short amphipathic α-helix at 

the N-terminus (Figure 1.8). PagP sits with its barrel axis tilted by roughly 25° 

with respect to the membrane normal and its active site residues are exposed on 

the cell’s exterior surface. The tilted position of PagP is inferred from the 

alignments of aromatic residues with the membrane interface (Ahn et al., 2004; 

Schulz, 2002). An interior hydrophobic pocket in the outer leaflet-exposed half 

of the molecule functions as a hydrocarbon ruler that allows the enzyme to 

distinguish palmitate from other acyl chains found in phospholipids. 

1.5.1 Enzymology in the OM 

PagP remains dormant in the OM when its phospholipid donor is 

restricted to the inner leaflet. However, when OM lipid asymmetry is perturbed, 
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such as might occur in the presence of CAMPs or when divalent cations are 

limiting, the resulting translocation of substrate lipids to the outer leaflet serves 

to trigger PagP activity (Jia et al., 2004). In addition to directly activating PagP 

in the OM, the presence of CAMPs and divalent cation limitation also activate 

the PhoP/PhoQ virulence signal transduction system in the IM, which is known 

to activate the transcription of the pagP gene (Bader et al., 2005; Bishop, 2005; 

Guo et al., 1998). 

PagP catalyzes the transfer of a palmitate chain from a phospholipid to 

lipid A (Figure 1.9) (Bishop et al., 2000). The palmitoylation of lipid A by PagP 

increases the hydrophobicity of lipid A so as to provide resistance to certain 

CAMPs (Guo et al., 1998). Additionally, lipid A palmitoylation can either 

attenuate or accentuate the inflammatory response (Hajjar et al., 2002) triggered 

through the TLR4/MD2 signal transduction pathway (Kawasaki et al., 2004; 

Park et al., 2009), depending on where the palmitate chain is attached to a 

particular lipid A molecule.  

PagP has both rapid palmitoyltransferase and slow phospholipase 

activity in vitro. However, studies on the OM phospholipase OMPLA indicates 

it is unlikely that PagP functions as a phospholipase in vivo (Hardaway and 

Buller, 1979). Palmitoylation of non-physiological miscible and acylated 

alcohols is observed in vitro. PagP also incorporates a palmitate into the 

headgroup of phosphatidylglycerol (Figure 1.10) both in vivo and in vitro  
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(Dalebroux et al., 2014). Palmitoylated lipid A and palmitoylated PG (PPG) 

were observed in a 1:1 ratio in the Salmonella OM. Therefore, the susceptibility 

of pagP mutants to CAMPs, previously attributed solely to palmitoylation of 

lipid A, might also involve palmitoylation of PG. 

A striking enzymological feature of PagP is its ability to distinguish a 

16-carbon saturated palmitate chain from a cellular phospholipid pool filled with

14-, 16- and 18-carbon acyl chains (Bishop, 2005). In the phospholipid pool, 16- 

and 18-carbon acyl chains are predominant at the sn-2 position,  

whereas 14- and 16-carbon acyl chains are most prevalent at the sn-1 position. A 

fundamental question is how does PagP selects a palmitate chain when other 

acyl chains are abundantly present? The β-barrel of PagP is outfitted with an 

interior hydrophobic pocket known as the hydrocarbon ruler (Ahn et al., 2004; 

Bishop, 2005; Khan and Bishop, 2009). The phospholipid donor must migrate 

into the external leaflet before diffusing laterally through the β-barrel wall at a 

site known as the crenel, (Cuesta-Seijo et al., 2010; Khan and Bishop, 2009)it is 

here that regiospecificity for the sn-1 acyl chain is enforced, with the result that 

18-carbon acyl chains esterified to the sn-2 position are barred from

interrogation by the hydrocarbon ruler. Y147 gates the crenel; the Y147F 

mutation unlatches the crenel resulting in a loss of regiospecificity and the 

incorporation of stearate into lipid A (Khan, unpublished data). Substitutions of 

the G88 residue lining the floor of the hydrocarbon ruler shortens the selected 

acyl-chain and can convert the enzyme into a myristoyltransferase that functions 
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both in vitro and in vivo (Khan et al., 2010a; Khan et al., 2007). Since 14-carbon 

acyl chains at the sn-1 position are effectively excluded by the hydrocarbon 

ruler, only 16-carbon acyl chains at the sn-1 position are incorporated into lipid 

A. Lipid A binds opposite the crenel at another lateral opening in the β-barrel

wall known as the embrasure (Khan and Bishop, 2009). 

In principle the binding of the phospholipid and lipid A substrates can 

occur either by a sequential (ternary complex) or a non-sequential (acyl-

enzyme) mechanism. The kinetics of E. coli PagP in a detergent micellar assay 

system confirms the former: both substrates must bind to the enzyme to form a 

ternary complex prior to catalysis (Bishop, unpublished). 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 reveal the details of PagP’s catalytic mechanism. In the interim, given 

what we now know about the essential catalytic roles and arrangement of the 

invariant His33, Ser77 and Arg114 (Bishop, unpublished) in E. coli PagP, PagP 

likely functions through a mechanism similar to that proposed by Liang Tong 

for the carnitine acyltransferases (Jogl et al., 2004; Jogl and Tong, 2003). In this 

provisional mechanism, the Arg114 electrostatically stabilizes the polar head 

group of the phospholipid, leaving His33 and Ser77 to take part in the 

transesterification reaction depicted in Figure 1.11. His33 acts as a general base 

and is the key catalyst, while Ser77 functions to stabilize the electric charge on 

the tetrahedral intermediate. 
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Figure 1.11. Proposed catalytic mechanism of E. coli PagP. His33 acts as a general base to 
abstract a proton from the lipid A 2-OH moiety, activating it for nucleophilic attack on the sn-1 
carbonyl carbon of the glycerophospholipid palmitate chain. A hydrogen bonding interaction with 
the γ-OH of Ser77 then stabilizes the oxyanion on the resulting tetrahedral intermediate. His33 
acts as a general acid to finally protonate the sn-1 OH leaving group to secure the transfer of the 
palmitate chain from the phospholipid to lipid A.
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     Asp61

     C   N

 A     B

Figure 1.12. Structural organization of PagP’s putative periplasmic active site. (A) Ribbon 
diagram of PagP from E. coli. Catalytically significant residues on the periplasmic face are 
labelled in black, while the N and C termini of the enzyme are labelled in red. (B) Superposition 
of PagP’s putative periplasmic triad on chymotrypsin’s charge relay system.  
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1.5.2 Role in signal transduction 

In addition to lipid A and PG palmitoylation, activation of PagP in E. 

coli can also trigger truncation of the R3 core oligosaccharides in the cytoplasm. 

In previous studies of an E. coli O157:H7 mutant with an OM permeability 

defect we determined that PagP can exert control on cytoplasmic enzymes of 

LPS core oligosaccharide biosynthesis that leads to a failure in O-antigen 

attachment (Smith et al., 2008). In this instance, PagP utilizes both it N-terminal 

amphipathic helix and a putative periplasmic catalytic triad composed of Asp61, 

His67 and Tyr87 (Figure 1.12). It is particularly interesting that the arrangement 

of these residues in PagP is nearly superimposable on Chymotrypsin’s catalytic 

triad. 

Chymotrypsin is a serine protease with a catalytic triad composed of an 

Asp, a His and a Ser, with serine’s hydroxyl group serving as the nucleophile in 

the enzymes active site (Stroud et al., 1972). The Ser-His-Asp motif is one of 

the most thoroughly characterized catalytic motifs amongst hydrolytic enzymes. 

Although PagP’s putative catalytic triad lacks a serine residue, there is no 

known biochemical reason that its tyrosine residue could not function in the 

hydrolysis of amide or ester bonds (Brady et al., 1990). 

The biological significance of the R3 truncation is not currently known. 

However, given the physical separation between the OM and the cytoplasm, 

PagP most likely functions as a sensory transducer that is activated by a breach 

in the OM permeability barrier. Efforts to discover the downstream signaling 
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components that respond to the activated state of PagP have so far been 

unsuccessful. 

1.5.3 PagP in Gram-negative bacteria 

PagP has been identified in a narrow group of Gram-negative bacteria, 

most of which have a pathogenic or intracellular lifestyle (Bishop, 2005).  

Homologues of PagP can be classified into a major and minor clade. The major 

clade homologues are distributed between the β and γ subclasses of 

proteobacteria and includes well known enterobacterial PagP homologs from 

Salmonella and E. coli. Figure 1.13 shows a maximum-likelihood tree based on 

PagP protein sequences. The tree was rooted using sequences of PagP homologs 

from Bordetella. Legionella PagP seems to be the link between the divergent 

Bordetella homolog and PagP from the more derived γ-proteobacteria. A gene 

duplication event is thought to have occurred in some members of the γ-

proteobacteria leading to horizontal transfer of plasmids and transposable 

elements in plant endophytes like Klebsiella. The minor clade is characterized 

by a lack of obvious primary structural similarity with major clade PagP 

homologs, and has a more diverse distribution that includes the β, γ and δ 

subclass within the phylum proteobacteria, as well as Halanaerobium of the 

phylum firmicutes (Figure 1.14). Horizontal gene transfer is a pervasive 

mechanism of diversification that explains seemingly random distributions. 

Horizontal gene transfer in bacteria occurs through phage transduction,  
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Figure 1.13. Phylogenetic analysis of major clade PagP homologous. Courtesy of Sanchia 
Miller and Radhey Gupta. Maximum-likelihood phylogenetic tree showing the distribution of 
PagP homologues from the major clade. The tree was generated by MEGA 6.0 
(Tamura et al., 2013) from 65 amino acid sequences aligned with ClustalW. The Neighbour-
Joining method was applied to a matrix of pairwise distances and trees were bootstrapped 100 
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transformation, or conjugation, the latter is particularly important for the spread 

of antibiotic resistance. However, an alternative perspective would be that a 

common ancestor of the β-proteobacteria gave rise to both the major and minor 

clade through vertical descent. To date, only one minor clade homolog, 

Pseudomonas aeruginosa PagP (PaPagP), has been characterized (Thaipisuttikul 

et al., 2014). 

1.5.3.1 P. aeruginosa PagP 

The PhoP-dependent gene, pa1343 (McPhee et al., 2006), has recently 

been identified as the gene encoding the P. aeruginosa lipid A 

palmitoyltransferase enzyme (Thaipisuttikul et al., 2014). Despite a lack of 

obvious primary sequence similarity with known PagP enzymes, the β-barrel 

tertiary structure with an interior hydrocarbon ruler appears to be conserved; 

there is no evidence to suggest that PaPagP has an amphipathic α-helix at its N-

terminus. PaPagP recapitulates much of the enzymology of the well known E. 

coli homolog, including the ability to enzymatically exclude acyl chains shorter 

or longer than palmitate. However, PaPagP adds palmitate on the opposite 

glucosamine compared to that of E. coli (Thaipisuttikul et al., 2014). Regulated 

acylation at the 3’position is important for Pseudomonas pathogenesis (Ernst et 

al., 2007; Ernst et al., 1999). P. aeruginosa, produces a distinctly pro-

inflammatory lipid A that is important for morbidity and mortality in P. 

aeruginosa infections (Ernst et al., 1999). Pseudomonas lipid A is a β-(1,6)-  
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Figure 1.14 A bootstrapped maximum-likelihood tree based upon PaPagP. Courtesy of Sanchia 
Miller and Radhey Gupta.  An unrooted tree showing distribution of PagP homologues based on 
P. aeruginosa PagP homolog. The tree was generated by MEGA 6.0 (Tamura et al., 2013) from 35
amino acid sequences aligned with ClustalW. Includes Rhodoferax and Comamonas of the
β-subclass, Pseudomonas and Halomonas of γ-subclass, Geobacter of the δ-subclass of
proteobacteria, as well as Halanearobium of the phylum Firmicutes. Bootstrap percentages are
indicated at the branching points.
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linked disaccharide of glucosamine substituted with phosphate groups at the 1 

and 4’ positions. Primary fatty acyl chains include amide-linked R-3- 

hydroxylaurate at the 2 and 2’ positions and ester-linked R-3-hydroxydecanoate 

at the 3 and 3’ positions. Secondary fatty acyl chains include the acyloxyacyl 

additions of laurate to the 2’ position, and of S-2-hydroxylaurate to the 2 

position. Deacylation of the R-3-hydroxydecanoate at the 3 position is also seen 

in the majority of Pseudomonas strains. Pseudomonas isolated from individuals 

with CF synthesize lipid A palmitoylated at the 3’ position, resulting in a hexa-

acylated structure (m/z 1684) (Ernst et al., 2007). Pseudomonas 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-MD- 2 complex (Thaipisuttikul et al., 2014). 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 has been described as 

imparting antagonistic effects when used to stimulate TLR4 (Loppnow et al., 

1986; Tanamoto and Azumi, 2000). However, increased cytokine production 

resulting in inflammation is not seen with other palmitoylated lipid A, indicating 

a unique role for this modification in Pseudomonas pathogenesis.  
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1.6 Thesis Statement 

The commencement of my PhD coincided with the discovery of novel 

PagP homologs. During my 6 years of study, I explored the hypothesis that PagP 

is a multifunctional enzyme. The thesis of my PhD is that E. coli PagP is a 

multifunctional enzyme with two distinct active sites located on opposite sides 

of the membrane; this enzyme palmitoylates lipid A at position 2 and expands 

glycerophosphoglycerol phospholipids, whereas PagP homologs from P. 

aeruginosa and H. elongata exclusively palmitoylate lipid A at position 3’. I 

was able to reveal these structure function relationships by comparing the 

activity of mutant enzymes, both purified in vitro and expressed in the bacterial 

outer membrane. The work included in this thesis can be summarized into three 

discoveries: 

1) E. coli PagP makes a novel phospholipid bis(monoacylglycero)phosphate,

which is derived from palmitoyl-phosphatidlyglycerol using a periplasmic

active site (Chapter 2).

2) P. aeruginosa PagP is specific for the 3’ position of lipid A and does not

palmitoylate PG (Chapter 3).

3) E. coli PagP and P. aeruginosa PagP represent major and minor clades

respectively, and display evidence of a shared common ancestor (Chapter 4)
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Chapter 2 

Identification of Novel Glycerophosphoglycerol Phospholipids in 

Escherichia coli 
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2.1 Author’s Preface 

Outer membrane (OM) lipid asymmetry is maintained by the Mla 

pathway, a six-component system that is widespread in Gram-negative bacteria. 

This chapter reports the discovery of novel glycerophosphoglycerol (GPG) 

phospholipids and is focused on understanding the role of PagP in OM lipid 

homeostasis. We report that E. coli PagP remodels phosphatidylglycerol (PG) to 

palmitoyl-PG, bis(monoacylglycero)phosphate (BMP) and either lyso-PG or 

lyso-BMP, both in vitro and in vivo. I first visualized these GPG derivatives in 

an E. coli cardiolipin deficient strain using autoradiography. The structural 

identification of these lipids was facilitated using normal phase liquid 

chromatography coupled with electrospray ionization mass spectrometry 

performed by Dr. Teresa Garrett. Emily DeHaas (an undergraduate student 

under my supervision) and I prepared mutant variants of the cell surface and 

periplasmic active sites, and conducted in vitro enzyme assays to elucidate the 

molecular details of enzymatic synthesis. Russell Bishop and I analyzed the 

data, prepared the figures and wrote the chapter.  
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2.2 Abstract 

The ability of Gram-negative bacteria to carefully modulate outer 

membrane (OM) lipid composition in response to environmental stress is 

essential for their survival and replication within host tissue. Here, lipids of 

Escherichia coli have been analyzed by thin layer chromatography (TLC) and 

also using normal phase liquid chromatography coupled with electrospray 

ionization quadrupole time-of-flight mass spectrometry to reveal a distinctive 

family of glycerophosphoglycerol (GPG) phospholipids of which 

phosphatidylglycerol (PG) is the cardinal member. The bacterial OM enzyme 

PagP plays a crucial role in remodeling the OM by transferring a palmitate chain 

from a phospholipid to the proximal glucosamine unit of lipid A and the polar 

head group of PG. Using ethylenediaminetetraacetic acid to trigger PagP activity 

in a subset of pagP mutants, we found that PagP palmitoylates PG at its cell 

surface active site. PPG molecules accumulate in the outer leaflet of the OM, 

and are presumably flipped to the inner leaflet where PagP possesses a 

periplasmic active site that functions as a lipase converting PPG to 

bis(monoacylglycero)phosphate (BMP) and either lyso-PG or lyso-BMP.  
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2.3 Introduction 

The cell envelope of Escherichia coli and other Gram-negative bacteria 

consist of an inner membrane (IM) and an outer membrane (OM) (Raetz and 

Whitfield, 2002). The OM has unique permeability properties because of its 

asymmetric bilayer architecture, which includes an inner glycerol-based 

phospholipid monolayer and an outer monolayer of lipopolysaccharides (LPS). 

The outermost LPS barrier prevents entry of harmful agents such as detergents 

and antibiotics because LPS phosphate groups are electrostatically bridged by 

divalent cations (Nikaido, 2003). LPS is subject to various covalent 

modifications during its translocation between the IM and OM. These 

modifications directly influence OM permeability and promote resistance to 

antibiotics (Nikaido, 2003). Recent evidence suggests the involvement of 

neighboring phospholipids in establishing a barrier crucial to antibiotic 

resistance and intracellular survival in the host (Dalebroux et al., 2015; 

Dalebroux et al., 2014; Sutterlin et al., 2014), but this has yet to be elucidated in 

full molecular detail.  

Acyl-phosphatidylglycerol (acyl-PG) is a minor anionic phospholipid 

that has been reported in animals (Poorthuis and Hostetler, 1975), a lipid-

containing bacteriophage (Tsukagoshi et al., 1976) and several bacterial species 

(Makula et al., 1978; Olsen and Ballou, 1971; Yague et al., 1997). In bacteria, 

there are two known sources of acyl-PG; the IM lyso-phospholipase L2 (PldB) 

and the OM palmitoyltransferase (PagP) catalyze the synthesis of acyl-PG by 
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two distinct biochemical pathways. PldB catalyses the transfer of an acyl group 

from lyso-phospholipid to PG for formation of acyl-PG (Hsu et al., 1991; 

Karasawa et al., 1985). The second enzyme, PagP, incorporates a palmitate 

chain at the sn-3’ position of the PG head group using a phospholipid as the 

palmitoyl donor (Dalebroux et al., 2014). PagP is bifunctional and also catalyzes 

the transfer of palmitate from the sn-1 position of a phospholipid to lipid A 

(Bishop et al., 2000). The two populations of acyl-PG can be readily 

distinguished because the IM acyl-PG headgroup pool includes a mixture of 

different acyl chain types, but acyl-PG in the OM is exclusively palmitoylated 

(Dalebroux et al., 2014). 

We analyzed lipids of E. coli by applying high-resolution mass 

spectrometry (MS) coupled to front-end chromatographic separation (Garrett et 

al., 2007). In E. coli the main phospholipids are phosphatidylethanolamine (PE 

~75%), phosphatidylglycerol (~20%) and cardiolipin (CL~5%) (Cronan, 2003; 

Raetz and Dowhan, 1990). We report that PagP can expand the PG pool into a 

novel group of glycerophosphoglycerol (GPG) phospholipids. GPG 

phospholipids are characterized by the presence of a second glycerol unit as part 

of the head group (Figure 2.1). We know that PagP converts PG to palmitoyl-PG 

(PPG) (Dalebroux et al., 2014), but here we provide molecular details for how 

this is accomplished. While PPG is reported to accumulate in the bacterial OM, 

we demonstrate that PPG is not the end product in the E. coli OM. Instead, PPG  
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Figure 2.1. Glycerophosphoglycerols are characterized by the presence of a second glycerol unit as part of the head group. 
Chemical structure of phosphatidylglycerol (PG), palmitoyl-PG (PPG), bis(monacylglycero)phosphate (BMP), lyso-PG (LPG) and 
lyso-BMP (LBMP) are representative of one of many possible structures in E. coli. The glycerophosphoglycerol group is shown in 
blue. The palmitate chain is esterified to the sn-1 or sn-3’ position, cis-vaccenic acid is esterified at sn-2. 
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is serially degraded to bis(monoacylglycero)phosphate (BMP) and either lyso-

PG (LPG) or lyso-BMP (LBMP) by PagP. This finding is extremely important 

because BMP and the final monoacylated GPG products represent novel lipid 

metabolic pathways not previously reported in bacteria. In fact, an enantiomer of 

BMP is only known to occur in late stage endosomes of eukaryotic cells (Hullin-

Matsuda et al., 2007). These novel bacterial GPG derivatives could represent a 

distinct signaling lipid reflecting different roles of phospholipids in the 

adaptation to the environment. 

2.4 Materials and Methods 

2.4.1 Reagents 

Tryptone and yeast extract were purchased from Difco. Liquid Luria-

Bertani (LB) media was the normal media for growth in all experiments and was 

made with 10 g of tryptone, 5 g of yeast extract, 10 g of NaCl per L and adjusted 

to pH 7.0 with 6 N NaOH. Solid LB medium consisted of the liquid broth with 

20 g of agar per L. Reagent grade chloroform and methanol were purchased 

from EMD Millipore. L-(+)-arabinose, isopropyl β-D-thiogalactopyranoside 

(IPTG), sodium dodecyl sulphate (SDS), 2-methyl-2, 4-pentanediol (MPD), 

phosphate buffered saline (PBS), acetic acid, 88% formic acid, pyridine and 

sodium acetate were purchased from Sigma Glass-backed Silica Gel 60 TLC 

plates were from Merck. L-α-dipalmitoyl-phosphatidylcholine (DPPC), E. coli 

L-α-phosphatidylglycerol (PG) and L-α-phosphatidylethanolamine (PE) were
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obtained from Avanti Polar Lipids, Inc. 32Pi 1 mCi (37 MBq) and sn-1,2-di-

(16:0-114C)-phosphatidylcholine (14C-DPPC) (370 kBq) were purchased from 

Perkin Elmer Inc. Taq DNA Polymerase and the Quikchange XL site-directed 

mutagenesis kit were from Agilent Technologies. 

2.4.2 Bacterial strains and growth conditions. 

Escherichia coli W3110 is designated as the wild-type (WT) with 

respect to its phospholipid composition. All strains and plasmids with 

corresponding genotypes are listed in Table 2.1. E. coli strain BKT12 was 

kindly provided by William Dowhan. Plasmids were provided by Lori Burrows 

(pBADGr), Joaquin Ortega (pSim6) and Pep Charusanti (pIJ773). Cells were 

generally cultured in LB at 37°C, shaking at 200 r.p.m, to an OD600= 0.4 to 0.6 

after a 1:100 dilution of an overnight starter culture, unless otherwise stated. 

Cultures were adjusted, when indicated, to a final concentration of 25 mM 

ethylenediaminetetraacetic acid (EDTA). Following treatment of cells with or 

without EDTA, cells were harvested by centrifugation at room temperature and 

washed once with phosphate buffered saline. The pBADGr-derived (Asikyan et 

al., 2008) plasmids were grown with 0.1% L-(+)-arabinose unless indicated 

otherwise. When necessary, LB was supplemented with antibiotics at the 

following concentrations: 100 µg/mL ampicillin (amp), 25 µg/mL kanamycin 

(kan), 15 µg/mL gentamicin (gen), 100 µg/mL apramycin (apr).  
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Table 2.1. E. coli strains used in this study. 

Strains /Plasmids Description Source 

E. coli strains

MC1061 F-, λ-, araD139, Δ(ara-leu)7697, Δ (lac)X74, 
galU, galK, hsdR2 (rK-mK+), mcrB1, rpsL 

Casadaban and 
Cohen, 1980 

WJ0124 MC1061 ΔpagP::ampr Jia et al., 2004 

W3110 F- λ- rph-1 INV(rrnD-rrnE) Smith et al., 
2008 

DIXC03 W3110 ΔclsA, ΔclsB, ΔclsC::kanR, ΔpagP::aprR Tan et al., 2012 

Plasmids 

pET21a(+) 

pBADGr 

pIJ773 

pSim6 

pETCrcAΔS 
pETCrcAΔS.S77A 

pETCrcAΔS.Y87F 

pPagP 
pS77A 

pY87F 

pH67S 

T7 lac promoter and terminator 
MCS, C-terminal His-tag AmpR

pMLBAD backbone with dhfr replaced with 
aacC1; arabinose inducible; GmR

pBluescript KS(+) containing the apramycin 
resistance gene and oriT of Plasmid RP4, flanked 
by FRT sites (AmpR )(ApraR) 

PL-gam-bet-exo genes under control of C1857 
repressor, AmpR (Ts) 

pET21a(+) with E. coli pagP gene 
Derivative of pETCrcAΔS with S77A point 
mutation 
Derivative of pETCrcAΔS with Y87F point 
mutation 
pBadGr with E. coli pagP gene 
Derivative of pPagP with S77A point mutation 
Derivative of pPagP with Y87F point mutation 
Derivative of pPagP with H67S point mutation 

Novagen 

Lefebre and 
Valvano, 2002; 
Asikayan et al., 
2008 
Gust et al., 2003 

Don Court 

This study 
This study 

This study 

This study 
This study 

This study 

This study 
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2.4.3 Cloning, expression and purification of PagP 

To purify PagP in a denatured state, we expressed it without its native 

signal peptide. The cloning of the E. coli pagP gene with a deleted leader 

sequence was described previously (Hwang et al., 2002). The protein was 

expressed using IPTG induction in E. coli C41(DE3) (Lucigen) transformed 

with the plasmid pETCrcAΔS - which does not include a poly-histidine tag, or 

its mutant derivatives that were constructed using the QuikChange protocol. 

Cells were harvested, resuspended in 10mM Tris-HCl (pH 8.0) and ruptured 

using a Thermo French Press Cell Disrupter. Insoluble protein was collected by 

centrifugation and the pellet was washed twice with 2% Triton X-100. The 

washed inclusion bodies were directly solubilized in 1% SDS, 1M MPD, 10mM 

Tris-HCl (pH 8.0). The suspension was heated to 100C and the protein was 

refolded by slow cooling as previously reported (Cuesta-Seijo et al., 2010).  

Refolding was quantitative as judged by an SDS-PAGE assay (Michaux 

et al., 2008). In order to increase the resolution of the folded and unfolded PagP 

bands on SDS-PAGE, we used 18% (w/v) polyacrylamide gels that were 

polymerized with high amounts of initiator. For every 10 ml of 0.375 M Tris-

HCl (pH 8.8), 18% acrylamide 0.1% SDS resolving gel solution, we added 0.25 

ml of 10% (w/v) ammonium persulfate and 0.025 ml of N, N, N′, N′ - 

tetramethylethylenediamine. In this system, folded PagP migrates more slowly 

than unfolded PagP. Circular dichroism confirmed that the refolded protein was 
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predominantly β sheet and exhibited a characteristic exciton couplet at 232 nm 

(Khan et al., 2007) indicating the correct formation of the hydrocarbon ruler.  

2.4.4 In vitro palmitoyltransferase reaction 

The protocol for palmitoyltransferase in vitro reactions was adapted from 

assays described by (Cuesta-Seijo et al., 2010). PagP was assayed in a volume 

of 25 µL with sn-1,2-di-(16:0-114C)-PtdCho to achieve a final concentration 20 

µM (4,000 cpm/µL). DPPC, PG or Kdo2-lipid A were added to a final 

concentration of 100µM. The lipids were dried under N2 (g) and dissolved in 

22.5 µL of reaction buffer containing 0.1 M Tris·HCl (pH 8.0), 10 mM EDTA, 

and 0.25% n-dodecyl β-D-maltoside (DDM). Reactions were started by addition 

of 2.5 µL of PagP(1µg/mL). The PLA2 control (4 mU/µL) was incubated with 

10 mM CaCl2 in place of EDTA. Reactions were incubated at 30 °C for 4 h and 

terminated by adding 12.5 µL to 22.5 µL of chloroform, methanol (1:1 v/v); 5 

µL of the lower organic phase provided 10,000 cpm for spotting onto a TLC 

plate. The TLC plates were developed for 150 minutes in solvent C (chloroform, 

methanol, water 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.  

For palmitoyltransferase reactions with unlabeled lipids, PagP was 

assayed in a volume of 1mL and the reactants were scaled forty times. The 
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reaction was terminated by converting to a two phase Bligh-Dyer mixture. 

800µL of the lower phase was collected and dried under nitrogen. 

2.4.5 Determination of phospholipid concentration 

PPG was isolated from the palmitoyltransferase reaction was quantified 

by measuring the amount of inorganic phosphate released after digestion. The 

dried lipid extract was re-dissolved in 200 µl of chloroform and methanol (4:1, 

v/v) and 20 µl aliquots were added to three acid washed Pyrex test tubes. A 1 

mM standard phosphate solution was prepared from reagent grade KH2PO4. 

From this solution a standard series was prepared using volumes of 0, 25, 50, 

75, 100, 150, 200 and 400 µl. A 10 % w/v solution of magnesium nitrate was 

prepared by dissolving 10 g of Mg(NO3)2・6H2O in 100 ml of 95 % ethanol. 

30µl of magnesium nitrate solution was added to the samples and standards and 

was taken to dryness by shaking each tube in flame. The tubes were cooled at 

room temperature before adding 300 µl of 0.5 N HCl to hydrolyze any 

pyrophosphate that might have been formed. Pyrophosphate breaks down about 

5%, so that this method is not very satisfactory for determining inorganic 

phosphate if labile phosphate esters are present in large excess. The tubes were 

capped with marble and boiled in a hot water bath for 15 minutes. The samples 

were allowed to cool and then incubated with 700 µl of a mixture of one part 10 

% Ascorbic acid and six parts 0.42 % ammonium molybdate in 1N H2SO4 for 10 

minutes at 60°C. The absorbance at 820nm of each standard was measured in 
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triplicate used to generate a calibration curve. The absorbance of the standards 

was also measured and the calibration curve was used to determine the unknown 

concentration of PPG. The concentration of PPG was reported as an average of 

the triplicate. 

2.4.6 Construction of a quadruple mutant lacking cls and pagP 

genes 

Genetic material was amplified by polymerase chain reaction (PCR) with 

Taq DNA Polymerase following the manufacturer’s protocols. Primers were 

synthesized by Integrated DNA Technology. Colony PCR was used to screen 

for appropriate colonies, and then the PCR products were sequenced at the 

Farncombe Sequencing Facility at McMaster University. Plasmid 

transformations were accomplished using electroporation. All genomic gene 

deletions and plasmid constructs were verified by PCR and DNA sequencing. 

BKT12 mutant with multiple chromosomal deletions of cls genes were 

derived from the Keio single deletion collection (Baba et al., 2006; Tan et al., 

2012). To generate the quadruple mutant DIXC03 (ΔpagP, ΔclsA, ΔclsB, 

ΔclsC), a pagP knockout was made in the BKT12 background using the pIJ773 

plasmid (Gust et al., 2003) as the template to amplify the apramycin resistance  
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Table 2.2. List of Primers used for PCR and Mutagenesis 

Primer name Sequence 

For deleting pagP 

pagPFwd AGCTTTGCTATGCTAGTAGTAGATTTTTGATAAATGTTTTATGGT
CACAAATGAGCAAAAGGGGATGATAAGTTTATC 

pagPRev CCGCTCGCCAGTCGATTGGCTGATGGATGCGCTTTCAGTTTTGA
GACAAATGAAGTTTTAGTAACTTCTTTAA 

For verifying knockout 

apr_IntF CAGGCAGAGCAGATCATCTCTGT 

apr_IntR CAGAGATGATCTGCTCTGCCTG 

pagP_IntF CTAACGCAGATGAGTGGATGAC 

pagP_IntR CGGTGAATCCCAGACCTAAATG 

For point mutations 

S77AFwd TTCCCATTTGTTCCACGCGTCCTTAAATGCCATGG 

S77ARev CCATTGGCATTTAAGGACGCGTGGAACAAATGGGAA 

Y87FFwd GGAACCGATTGCCGGATTCGGATGGGAAAGT 

Y87FRev ACTTTCCCATCCGAATCCGGCAATCGGTTC 

H67AFwd GGCCATGGCATACAGACCACTCCAATTACCTTTTTCATCC 

H67ARev GGATGAAAAAGGTAATTGGAGTGGTCTGTATGCCATGGCC 

H67SFwd GGCCATGGCATACAGACCACTCCAATTACCTTTTTCATCC 

H67SRev GGATGAAAAAGGTAATTGGAGTGGTCTGTATGCCATGGCC 

For sequencing point mutations 

pBADFwd ATGCCATAGCATTTTTATCC (For pBADGr plasmids with E. coli 
araBAD promoter) 

pBADRev GATTTAATCTGTATCAGG (For pBADGr plasmids with E. coli araBAD 
promoter) 

T7 TAATACGACTCACTATAGGG (For pET21 plasmids with T7 promoter) 

T7term GCTAGTTATTGCTCAGCGG (FOR pET21 plasmids with T7 terminator 
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gene (aac(3)IV ) and the temperature sensitive pSim6 previously described 

(Datta et al., 2008). Plasmid pSim6 contains the same λ-Red system that is used 

to construct knockouts in E. coli and is used to facilitate homologous 

recombination between the knockout cassette and the target locus in the 

chromosome. 

To construct the knockouts, pSim6 was first introduced into BKT12 

using electroporation. Single colonies were generally inoculated from plates into 

5 ml of LB media and grown at 37 °C overnight to stationary phase. A 1% 

inoculum was then subcultured into fresh medium and allowed to resume 

growth at 37 °C. When the culture reached an optical density at 600 nm (OD600) 

of 0.4 to 0.6, the cells were centrifuged at 2400 g for 20 minutes and washed 

twice with ice-cold 10% glycerol.  Cells were resuspended in the residual 

glycerol solution after the final wash. A 50 µl aliquot of the dense suspension 

was then mixed with 100 to 200 ng of plasmid DNA and electroporated at 2500 

mV. SOC medium was added immediately after electroporation. The sample 

was then incubated for 1 h at 37 °C on a rotary platform shaker at 200 r.p.m and 

then spread onto LB plates containing ampicillin. 

The knockout cassette consisted of three distinct regions: the aac(3)IV 

gene that confers apramycin resistance, FRT sites that flanked aac(3)IV, and 50 

bp regions at each end that were homologous to the chromosomal region to be 

deleted.  We constructed this cassette by ordering PCR primers that contained 

the 50 bp homologous regions on the 5’ end of each primer and consensus sites 
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used to amplify aac(3)IV and the flanking FRT sites from plasmid pIJ773 on the 

3’ ends. The design of primers followed that used by Hirotada Mori for 

construction of the Keio deletion library i.e. the reverse primer retains 21 bp at 

the end of the gene to minimize polar effects on downstream genes. PCR 

amplification using pIJ773 as the template was then used to make the cassette. 

The cassette was electroporated into recombination-competent BKT12 bearing 

pSim6 - 200 to 500 ng of the knockout cassette was used for electroporation, 

and after transformation, cells were plated on LB agar plates containing 

apramycin and incubated overnight at 37 °C.  PCR was used to screen for 

recombinants with the correct insertion of the knockout cassette.   

2.4.7 Extraction of lipids from 32P- radiolabelled cells. 

Total lipids were extracted from cells using the Bligh and Dyer method 

(Bligh and Dyer, 1959). An overnight culture grown at 37 °C was diluted 100-

fold into 5 ml of LB broth containing appropriate antibiotics and 5 µCi/ml 32Pi 

and was allowed to grow at 37 °C for 3 h, unless indicated otherwise. The 32P-

labeled cells were grown to OD600 of ~0.4 and harvested. The final cell pellet 

from the growth of E. coli was resuspended in 0.8 mL of PBS and transfered to 

a glass culture tube. Methanol and chloroform were added to the cell suspension 

to generate a single phase Bligh-Dyer mixture (methanol/chloroform/PBS; 

2:1:0.8 v/v/v). After a 1 h incubation at room temperature, the mixture was 

centrifuged. The lipid A is covalently attached to the LPS in the insoluble pellet. 
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The supernatant containing phospholipids was transfered to a clean tube and 

phase separation was induced using a two phase Bligh-Dyer mixture 

(methanol/chloroform/PBS; 2:2:1.8 v/v/v) by the addition of 1 mL chloroform 

and 1 mL PBS. The mixture was centrifuged to resolve the phases, and the 

lower phase was transfered to a clean glass tube and dried under a stream of 

nitrogen. The dried lipid samples were stored at -20°C. Non-radioactive dried 

lipid films were also extracted for analysis by normal phase normal-phase liquid 

chromatography electrospray ionization mass spectrometry (LC-ESI-Q-TOF) 

and Collision-induced dissociation mass spectrometry (MS/MS) as described 

previously (Bulat and Garrett, 2011).   

The dried lipids were re-dissolved in chloroform and methanol (4:1, v/v). 

The 32P-labeled lipids were spotted onto a TLC plate (20,000 cpm/lane), which 

was developed in the solvent A (chloroform, methanol, acetic acid 65:25:5, v/v) 

or solvent B (chloroform, pyridine, 88% formic acid, water 50:50:16:5, v/v) as 

specified. After drying, the plates were exposed to a PhosphorImager Screen 

overnight and developed the next day with a Molecular Dynamics Typhoon 

9200 PhosphorImager. 

2.4.8 Lipid A mild acid hydrolysis 

Analysis of lipid A released by mild acid hydrolysis from 32P-labeled 

cells was adapted from (Zhou et al., 1998). Typically, 5 ml of LB broth cultures 

were labeled with 5 µCi/ml 32Pi. The 32P-labeled cells were harvested by 
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centrifugation and washed once with 5 ml of PBS. The pellet was resuspended 

in 0.8 ml of PBS and converted into a single-phase Bligh/Dyer mixture by 

adding 2 ml of methanol and 1 ml of chloroform. After 10 min of incubation at 

room temperature, the insoluble material was collected by centrifugation in a 

clinical centrifuge. The pellet was washed once with 5 ml of a fresh single-phase 

Bligh/Dyer mixture. This pellet was then dispersed in 1.8 ml of 12.5 mM 

sodium acetate, pH 4.5, containing 1% SDS, with sonic irradiation in a bath 

apparatus. The mixture was incubated at 100 °C for 30 min to cleave the 

ketosidic linkage between Kdo and the distal glucosamine sugar of lipid A. 

After cooling, the boiled mixture was converted to a two-phase Bligh/Dyer 

mixture by adding 2 ml of chloroform and 2 ml of methanol. Phases were 

separated and the lower phase material was collected and washed once with 4 ml 

of the upper phase derived from a fresh neutral two-phase Bligh/Dyer mixture. 

The lower phase lipid A sample was collected and dried under a stream of 

nitrogen gas. The lipid A sample was dissolved in 100µl of chloroform/methanol 

(4:1, v/v), and a 5000 cpm portion of the sample was applied to the origin of a 

Silica Gel 60 TLC plate. TLC was conducted in a developing tank in the solvent 

system C. The plate was dried and visualized with a PhosphorImager. 

2.4.9 MS of Lipids 

The products of the in vitro reactions were re-suspended in 100µl of 

chloroform, methanol (2:1, v/v) and analyzed using LC-ESI-Q-TOF mass 
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spectrometry as described previously (Garrett et al., 2007). The HPLC effluent 

(0.4 ml/min) from normal-phase chromatography on a Zorbax Rx-SIL column 

was analyzed using an Agilent 6520 quadrupole time-of-flight mass 

spectrometer in the negative-ion mode. Mass spectra were obtained scanning 

from 100 to 2000 at 1 spectra per second with the following instrument 

parameters: fragmentor voltage -175 V, drying gas temperature -325 °C, drying 

gas flow -11 l/min, nebulizer pressure -45 psig, capillary voltage -4000V. Data 

were collected in profile mode with the instrument set to 3200 mass range under 

high resolution conditions at 2 GHz data acquisition rate. The instrument was 

calibrated using Agilent ESI- L low concentration tuning mix and under normal 

operating conditions the resolution of the instrument was ~15,000. The mass 

accuracy of the instrument was between 1 and 5 ppm; therefore, measured 

masses are given to three decimal places. Data acquisition and analysis was 

performed using Agilent MassHunter Workstation Acquisition Software and 

Agilent MassHunter Workstation Qualitative Analysis Software (Agilent 

Technologies, Santa Clara, CA), respectively. Exact masses of lipid species 

were obtained using PerkinElmer ChemBioDraw Ultra, version 16.0.1.4.  

2.5 Results 

2.5.1 Purified PagP remodels PPG to BMP in vitro. 

Wild-type PagP, and the Y87F and S77A mutants were expressed into 

inclusion bodies (Hwang et al., 2002), purified (Khan et al., 2007) and refolded 
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(Cuesta-Seijo et al., 2010) as previously described. PagP and its mutants were 

refolded as judged by a gel shift assay (Michaux et al., 2008) and the presence 

of a positive exciton band in the circular dichroism (CD) spectra at 232 nm 

(Khan et al., 2007) (Figure 2.2). It has previously been demonstrated that 

purified Salmonella PagP can palmitoylate the sn-3’-OH moiety of PG in vitro 

(Dalebroux et al., 2014). We were able to reproduce this for E. coli PagP using 

assay conditions similar to those described by Dalebroux et al. (2014).  

Figure 2.3 shows the autoradiograph of in vitro assays when purified 

PagP and its mutants were incubated with the labeled palmitate donor 

dipalmitoyl-1-14C-DPPC, and an unlabeled acceptor. 14C-DPPC is digested with 

phospholipase A2 (PLA2) as a positive control for PagP’s phospholipase activity. 

In the absence of an acceptor, PagP is known to exhibit slow phospholipase 

activity that results in an accumulation of palmitic acid. When lipid A is present, 

some of the palmitic acid is transferred to it, producing C16-lipid A. When PG 

is the acceptor, a number of distinct products are apparent in this assay. In order 

to determine the identity of the products, reactions with unlabeled lipid 

substrates were extracted and analyzed using LC-ESI-Q-TOF MS in the 

negative mode. When PG is the acceptor, the [M-H]- ions of acyl-PG species are 

enriched (Figure 2.4A). The most abundant ion m/z 985.754 corresponds by 

exact mass to 50:1 (total number of carbons in the acyl chains: to total number 

of unsaturations) PPG, with palmitate esterified to the sn-1 and sn-3’ positions, 
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Figure 2.2 Refolding and spectroscopic analysis of PagP and active site mutants. 
A) Wildtype PagP and the S77A and Y87F mutants were refolded in SDS-MPD and
evaluated by SDS-PAGE. B) PagP, S77A and Y87F were further analyzed by circular
dichroism (CD) spectroscopy C) and the thermal unfolding profiles were obtained by
following the loss of the peak ellipticity at 232nm.
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labelled PG. Additional species observed include palmitoyl-PG (PPG), 
bis(monacylglycero)phosphate (BMP), and lyso-PG. Solvent system: chloroform, 
methanol, water (CHCl3:CH3OH:dH20 (65:25:4 v/v) B) Quantification of 
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and cis-vaccenic acid esterified to the sn-2 position. Upon collision induced 

dissociation (MS/MS), the [M-H]- ions of m/z 985.754 give a product ion 

spectra containing predominant [M-H-255.231]- ions arising from the loss of 

palmitate from the sn-1 and sn-3’ positions (Figure 2.5A). If palmitate is 

removed from the sn-3’ position in the glycerol headgroup or the sn-1 in the 

glycerol backbone of PPG (m/z 985.754) negative product ions of m/z 747.525 

are formed (Figure 2.4B). These negative ions correspond to PG and its 

stereoisomer bis(monoacylglycero)phosphate (BMP). PG and BMP are 

indistinguishable by mass when they have the same number of carbons and 

saturations. However, each lipid metabolite can be confirmed using MS/MS 

and/or comparison to retention time and MS behavior of synthetic standards. 

The product ions resulting from the loss of the phosphoglycerol headgroup of 

PG or the acylphosphoglycerol of BMP are distinct (Figure 2.5B). When the 

catalytically inactive S77A mutant was assayed the results are comparable to the 

no enzyme standard. Unexpected, the Y87F mutant produced the same products 

as the wild-type enzyme, but with less BMP (Figure 2.3B). There are two 

probable pathways for BMP formation: PagP hydrolyses one of the acyl chains 

esterified in the glycerol backbone of PPG or PagP adds an acyl chain to the 

glycerol headgroup of LPG. We investigated the former by incubating purified 

PagP with 14C-PPG and its diether analog (Figure 2.6 A and B). When PagP was 

incubated with 14C-PPG, we observed the formation of BMP and palmitic acid 

(Figure 2.6 C and D). As suspected, PPG can be used as a palmitate donor 
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for lipid A palmitoylation. BMP did not accumulate when PagP was incubated 

with the sn-1, sn-2 diether analog of PPG. However, palmitic acid is produced 

from the hydrolysis of palmitate esterified at position sn-3’ of the head group 

glycerol moiety (Figure 2.6 C & E). The results of this in vitro assay suggest 

that PagP reduces PPG to BMP by catalyzing the specific hydrolysis of one of 

the acyl chains esterified at the sn-1 or sn-2 position of PPG (Figure 2.6).  

2.5.2 PagP-mediated metabolism of BMP to monoacylated 

phosphoglycerolphosphates 

 The negative ions at m/z 483. 277 and 509.29 were also enriched (Figure 

2.4C). The m/z 509.29 ion corresponds by exact mass and MS/MS to LPG 

(18:1) with cis-vaccenic acid esterified in the glycerol backbone. This is 

consistent with PagP utilizing PG as a donor for the palmitoyltransferase 

reaction by transferring palmitate esterified at the sn-1 position. The m/z 

483.277 ion also corresponds to LPG (16:0) with palmitic acid in the glycerol 

backbone. Another likely explanation for the occurrence of this negative ion is 

the hydrolysis of one of the acyl chains esterified to BMP to produce LBMP 

(reverse LPG).  
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2.5.3 PPG accumulates in the membranes of EDTA-treated 

Escherichia coli.  

The treatment of E. coli cultures with millimolar amounts of EDTA 

rapidly induces palmitoylation of lipid A by specifically activating the OM 

enzyme PagP (Jia et al., 2004). A pagP mutant E. coli WJ0124 (MC1061 

ΔpagP) and its isogenic parent MC1061, carrying a pagP expression plasmid, 

were labelled with 32P orthophosphate, cultured and induced with arabinose to 

over-express PagP under control of the pBAD promoter. Cells were briefly 

treated with EDTA to activate PagP. Equal counts of phospholipids extracted by 

single phase Bligh-Dyer, were resolved on silica gel 60 TLC plates using 

solvent system A and exposed to a PhosphoImager. The spot corresponding to 

PG is significantly diminished when cells over-expressing PagP are treated with 

EDTA compared with the lipid extracts from cells carrying the empty plasmid. 

This is consistent with PG being consumed to produce PPG when PagP is 

activated. Also expected was the accumulation of lysophospholipids as a 

byproduct of phospholipids being utilized as acyl donors for the 

palmitoyltransferase activity of PagP. A leading spot corresponding to PPG, 

with an Rf value higher than the major phospholipids PE, PG and CL also 

accumulates when PagP is over-expressed (Figure 2.7A).  
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2.5.4 PPG is produced in the same active site that also 

palmitoylates lipid A  

In the course of investigating the palmitoylation of PG, we also observed 

a notable increase in intensity of the spot corresponding to CL. To investigate 

this further we prepared a pagP knockout in a CL deficient strain called 

DIXC03. Again, cells were labeled with 32P and treated with 25mM of EDTA to 

promote accumulation of PPG in vivo. When PagP was over-expressed in 

DIXC03, we observed the accumulation of an unknown lipid with an Rf value 

nearly identical to CL (Figure 2.8A, lane 3), in addition to the leading spot 

corresponding to the acyl-PG. Dalebroux et al. (2014)previously reported that 

moderate PhoQ activity prompted modest yet reproducible increases in CL by 

TLC, prompting us to consider the possibility that PagP could also function as a 

cardiolipin synthase (cls). However, lipids extracted from cells and analyzed 

with one-dimensional TLC and ESI-MS showed no detectable CL. The 

unknown lipid was identified as BMP based on its combination of retention time 

and m/z ratio. 

We also generated two active site mutations to determine if PagP 

converts PG to PPG using the same cell surface active site involved in 

palmitoylation of lipid A. Mutations of S77 and Y87 were each cloned into the 

arabinose inducible pBADGr vector and transformed into DIXC03. The cell 

surface active site was inactivated with a S77A amino acid substitution; this 

mutant no longer produces hepta-acylated lipid A (Figure 2.8B).  
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Figure 2.8. BMP accumulates in E. coli cells induced to overexpress PagP. 
Glycerophospholipids isolated from the cardiolipin deficient and pagP 
mutant strain DIXC03 (ΔpagP, ΔclsA,ΔclsB, ΔclsC) and its isogenic parent W3110. 
Thin layer chromatogram showing A) phospholipid composition profiles for E. coli 
DIXC03 over-expressing PagP and two of its active site mutants ( S77A and Y87F).The 
S77A mutation in the cell surface active site does not accumulate PPG. In the Y87F 
mutant, residual PPG is evident, but BMP and LPG are absent. The H67A/S mutants 
have glycerophospholipid profiles similar to wild type enzyme. B) Lipid A 
prolifes for E. coli DIXC03 over expressing PagP and its active site mutants. 
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Table 2.3. Glycerophosphoglycerol species identified in WJ0124/pPagP 

GPG molecular 
species 

Molecular Formula 
[M-H+]- 

Exact Mass 
[M-H+]- 

Observed Mass 
[M-H+]- 

PG 

28:1 C34H64O10P- 663.4243 663.432 

28:0 C34H66O10P- 665.4399 665.445 

30:1 C36H68O10P- 691.4556 691.459 

30:0 C36H70O10P- 693.4712 693.475 

31:1 C37H70O10P- 705.4712 705.472 

32:2 C38H70O10P- 717.4712 717.475 

32:1 C38H72O10P- 719.4869 719.491 

33:2 C39H72O10P- 731.4869 731.491 

33:1 C39H74O10P- 733.5025 733.506 

34:2 C40H74O10P- 745.5025 745.506 

34:1 C40H76O10P- 747.5182 747.519 

35:2 C41H76O10P- 759.5182 759.51 

35:1 C41H78O10P- 761.5338 761.530 

36:2 C42H78O10P- 773.5338 773.538 

37:2 C43H80O10P- 787.5495 787.524 

Acyl PG 

42:0 C48H92O11P- 875.6383 875.645 

44:2 C50H92O11P- 899.6383 899 

44:1 C50H94O11P- 901.6539 901.653 

46:2 C52H96O11P- 927.6696 927.673 

46:1 C52H98O11P- 929.6852 929.684 

48:2 C54H100O11P- 955.7009 955.698 

48:1 C54H102O11P- 957.7165 957.718 

48:0 C54H104O11P- 959.7322 959.7 

49:2 C55H102O11P- 969.7165 969.721 

Table 2.3 continues on next page 
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49:1 C55H104O11P- 971.7322 971.731 

50:3 C56H102O11P- 981.7265 981.724 

50:2 C56H104O11P- 983.7322 983.737 

50:1 C56H106O11P- 985.7478 985.750 

51:2 C57H106O11P- 997.7478 997.750 

51:1 C57H108O11P- 999.7635 999.751 

52:3 C58H106O11P- 1009.7478 1009.744 

52:2 C58H108O11P- 1011.7635 1011.772 

BMP 

30:1 C36H68O10P- 691.4556 691.469 

30:0 C36H70O10P- 693.4712 693.459 

32:2 C38H70O10P- 717.4712 717.471 

32:1 C38H72O10P- 719.4869 719.492 

32:0 C38H74O10P- 721.5025 721.506 

33:2 C39H72O10P- 731.4869 731.494 

33:1 C39H74O10P- 733.5125 733.512 

34:2 C40H74O10P- 745.5025 745.508 

34:1 C40H76O10P- 747.5182 747.519 

36:2 C42H78O10P- 773.5338 773.542 

LPG 

16:1 C22H42O9P- 481.2572 481.2593 

16:0 C22H44O9P- 483.2728 483.2746 

17cp C23H42O9P- 495.2728 495.2733 

18:1 C24H46O9P- 509.2885 509.2910 

19cp C25H48O9P- 523.3041 523.2996 

	
*GPG species are denoted by the total number of carbons in the acyl chains:total 
number of unsaturations in the acyl chains. Abbreviations: cp, cyclopropane.  
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When compared to cells over-expressing wild-type PagP, the intensity of 

the leading spot corresponding to acyl-PG, was reduced to background levels in 

the S77A mutant (Figure 2.8A, lane 4). This suggests that PagP utilizes the same 

cell surface active site to palmitoylate lipid A and PG. The second mutation, a 

Y87F substitution, inactivates the putative periplasmic triad . Cells over-

expressing the Y87F mutant continued to produce PPG and hepta-acylated lipid 

A. BMP was notably absent in both of these mutant constructs.

Negative-ion electrospray ionization mass spectrometry (ESI-MS) was 

performed on the phospholipid isolates from the cells treated with EDTA 

(Figure 2.9 and 2.10). The [M-H]- ions of each GPG phospholipid are reported 

in Table 2.3. The predominant [M-H]- ions in the 875-1015 a.m.u. range at m/z 

875.639, 901.660, 926.726, 940.739, 957.720, 971.734, 985.750 and 1011.766 

correspond by exact mass to the m/z expected for acyl-PG. The product ion 

spectrum of the ion at m/z 985.750 from the cellular phospholipid extract was 

identical to that seen for lipids produced in the in vitro assay (Figure 2.5A). 

2.5.5 Identifying a substrate for the PagP periplasmic 

hydrolase motif. 

In order to identity BMP, standard high performance liquid 

chromatography (HPLC) was used to separate the lipid extracts from DIXC03 

cells over-expressing PagP prior to infusion into the MS (Figure 2.10) as 
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Figure 2.9. PPG accumulates in cell expressing PagP and the Y87F mutant, but 
not S77A. Negative-ion electrospray ionization mass spectrometry (ESI-MS) from 
m/z 830 to 1030 of the phospholipid analytes eluting at 8 minutes. The major [M-H]- ions 
correspond to acyl-PG molecular species as shown in Table 2.3. Phospholipids were 
isolated from E. coli WJ0124 transformed with pBADGr carrying PagP, the S77A or 
Y87F. The lipid extracts were separated by HPLC and analyzed by ESI-MS. 
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Figure 2.10. BMP accumulates in cells expressing PagP, but not the S77A or Y87F 
mutants. Negative-ion electrospray ionization mass spectrometry (ESI-MS) from 
m/z 650 to 800 of the phospholipid analytes eluting at 18 minutes. The major [M-H]- ions 
correspond to BMP molecular species as shown in Table 2.3. Phospholipids were 
isolated from E. coli WJ0124 transformed with pBADGr carrying PagP, the S77A or 
Y87F. The lipid extracts were separated by HPLC and analyzed by ESI-MS.   
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described previously (Garrett et al., 2007). BMP elutes at 18 minutes, two minutes 

earlier than PG (Figure 2.11). The absence of accumulated BMP in cells over-

expressing the active site mutants is revealing. The implication is that PPG instead 

of accumulating indefinitely in E. coli, is being converted to BMP by PagP. More 

specifically, PagP may function as a lipase and Y87 is somehow necessary for the 

conversion of PPG to BMP. The stereochemical configuration of the BMP formed 

in the experiments described above is not known. BMP formed from PPG is 

expected to retain the original 3-sn-glycerophospho-1’-sn-glycerol configuration 

(Figure 2.12).  

We also investigated the role of H67 of the putative periplasmic triad by 

preparing serine and alanine substitution (Figure 2.8). The lipid profiles of both 

these mutants were unremarkably similar to wild-type PagP, suggesting that that 

H67 was not important for hydrolysis of PPG to produce BMP.  

2.6 Discussion 

High-resolution MS coupled to front-end chromatographic 

separation was used to identify PagP-catalyzed expansion of 

glycerophosphoglycerol phospholipids in E. coli OMs. It has previously been 

shown that PagP catalyzes the palmitoylation of PG to produce PPG (Dalebroux 

et al., 2014). Here we report, for the first time, that PagP displays limited 

phospholipase activity for GPG phospholipids. PagP serially hydrolyzes PPG to 

BMP and LBMP as part of a novel lipid metabolic pathway. Moreover, we  

Ph.D. Thesis - C. L. Dixon; McMaster University - Biochemistry and Biomedical Sciences

77



Figure 2.3 BMP and PG elute at different times by HPLC. LC chromatogram 
showing retention times for BMP and PG. The peaks at 18’ and 20’ correspond to 
BMP and PG, respectively. The peak at 14’ is a reference peak and not relevant. 
Phospholipids were isolated from E. coli WJ0124 transformed with pBADGr carrying 
PagP, the S77A or Y87F. The lipid extracts were separated by HPLC prior to 
Negative-ion electrospray ionization mass spectrometry (ESI-MS) analysis (Figure 2.10) 
.  
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Figure 2.12. Proposed mechanism for expansion of  glycerophosphoglycerols in E. coli. The first step (right to left), PagP removes 
the palmitate from position sn-1 of PG and transfers it to the sn-3’ position of the head group glycerol moiety of another PG molecule to 
produce palmitoyl-PG (PPG) at the cell surface active site. The cell surface active site can be inactivated with a S77A amino acid 
substitution. In the second step, PagP function as a lipase and removes the palmitate at the sn-1 position of PPG to produce BMP. This is 
believed to occur in the inner leaflet of the outer mebrane as Y87 is necessary for the conversion of PPG to BMP. The third step may lead 
to the formation of the stereospecific LBMP, which is the enantiomer of the LPG produced when a phospholipase A2 (PLA2) removes the 
fatty acid from position sn-1 of PG. The production of the stereospecific LBMP has yet to be adequately described but must involve 
removial of cis-vaccinate from position sn-2 of BMP. 
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identify PagP as a multifunctional enzyme with distinctly different active sites 

displayed on opposite sides of the outer membrane. 

 The over-expression of PagP in E. coli membranes promotes the 

accumulation of PPG; this occurs at the expense of PG. PG is found in almost 

all bacterial genera, representing 20-25% of the phospholipids in most Gram-

negative bacteria (Cronan, 2003). It is estimated that ~31% of the total OM PG 

is palmitoylated at sn-3′ during PhoP/PhoQ activation (Dalebroux et al., 2014). 

We induced PagP expression in a PhoP/PhoQ-independent manner by cloning 

pagP into a plasmid vector under control of the arabinose inducible pBAD 

promoter. We observed an accumulation of acyl-PG and a depletion of PG. The 

severity of the depletion is likely the result of over-expressing PagP.  

 Importantly, there are two populations of acyl-PG. The IM 

acyltransferase PldB, synthesizes a triacylated product with a mixture of 

different acyl chain types at sn-3’ (Hsu et al., 1991) whereas the PagP product is 

exclusively palmitoylated (Dalebroux et al., 2014). PagP is normally a latent 

enzyme, but it can be directly activated in the OM by lipid redistribution 

associated with the addition of millimolar EDTA to the cell culture (Jia et al., 

2004). Unlike PagP, PldB does not appear to be activated by EDTA as the 

intensity of the leading spot in the pagP mutant background did not vary with 

the addition of the chelator. The synthesis of acyl-PG by PldB thus appears to be 

independent of EDTA treatment. As such, despite co-migrating, the two 
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populations can be readily distinguished by the very specific method used to 

activate PagP. On this basis, we did not separate the inner and outer membranes.  

 The presence of BMP in the lipid extracts was not immediately apparent 

to us because BMP is a structural isomer of PG - both molecules have the exact 

same molecular formula. Even with high resolution MS, it is not possible to 

distinguish between diacylglyerophosphate molecules such as PG and BMP 

isoforms when the acyl chains total the same number of carbons and 

unsaturations (Garrett, 2017). The presence of BMP was also obscured by CL. 

BMP co-migrates with CL during TLC due to similar physical properties. The 

presence of BMP is immediately apparent by TLC in cardiolipin-deficient cells.  

 Gram-negative bacteria possess a highly conserved OM phospholipase A 

(OMPLA) that hydrolyzes ectopic phospholipids within the outer leaflet of the 

OM to maintain bilayer asymmetry (Malinverni and Silhavy, 2009). It has been 

argued that due to the broad specificity of OMPLA, it is unlikely that PagP 

functions as a phospholipase in vivo (Hardaway and Buller, 1979), although 

PagP exhibits slow phospholipase activity in the absence of a lipid A acceptor 

and various alcohols can substitute as acyl acceptors for lipid A in vitro (Khan 

and Bishop, 2009). Our data strongly suggests that PagP functions as a 

phospholipase and hydrolyzes PPG to BMP in the OM. TLC and MS indicate 

that palmitoylation of PG occurs on the cell surface and requires the same active 

site residue involved in the transesterification of lipid A. Cells that do not 

produce PPG do not accumulate BMP. We were unable to identify BMP in the 
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eluent during normal phase chromatography and the product ions generated 

from MS/MS of the ion at m/z 747.52 are consistent with PG. Our data further 

indicates that lipolysis of PPG occurs on the opposite facing periplasmic active 

site. The Y87F substitution prevents the release of BMP, despite the 

accumulation of PPG.  

 The periplasmic motif of PagP’s crystal structure resembles the catalytic 

triad of the proteolytic enzyme chymotrypsin; the main difference is that the 

nucleophilic S195 in chymotrypsin is replaced by Y87 (Figure 2.5B), but 

geometric differences in the orientation of the imidazole and the carboxylate 

functional groups are also apparent. The putative periplasmic active site residues 

are organized like a catalytic triad and might enhance the nucleophilic character 

of Y87. No catalytic triad has ever been described to replace the nucleophilic 

serine with a tyrosine in a proteolytic enzyme; however we suspect in PagP that 

this novel catalytic triad functions instead as a lipase. If the motif that we have 

identified functions as a triad, we should be able to disrupt the charge relay by 

removing the imidazole of histidine, which acts as a general base. To test this 

hypothesis, we prepared a serine and alanine substitution of H67. Neither of 

these mutations affected the accumulation of BMP. While we have identified a 

substrate for the periplasmic motif, and it does appear to function as a hydrolase, 

it does not function as a triad. 

 BMP is highly enriched in eukaryotic lysosomes and endosomes. 

Eukaryotic BMP exhibits an unusual sn1:sn1’ structure different from the 
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sn3:sn1’ configuration of its precursor, PG (Hullin-Matsuda et al., 2009). The 

stereochemical configuration of the BMP formed in the experiments described 

above is not known. BMP formed from PPG might retain the original 3-sn-

glycerophospho-1’-sn-glycerol configuration or it could give rise to a mixture of 

sn3:sn1’, sn3:sn3’ or sn1:sn1’. There is precedent for inversion of the glycerol 

stereochemistry by the biosynthetic enzymes involved in BMP formation 

(Thornburg et al., 1991).  

 While we were able to control the expansion of PPG into BMP, the 

results with the S77A mutant indicate that purified E. coli PagP palmitoylates 

PG to form PPG using the same active site involved in palmitoylation of lipid A. 

Naturally we are intrigued by the observation that certain residues critical for 

catalysis in vivo, are dispensable for activity in vitro. The reduced level of BMP 

in the Y87F mutant is consistent with the complete loss of BMP seen when this 

mutant was expressed in cells. To account for the residual BMP produced by 

Y87F in vitro, we propose that the cell surface active site can metabolize PPG to 

PG or BMP in the detergent micellar environment, but not in the restrictive 

lamellar phospholipid bilayer. If PPG is rapidly flipped to the inner leaflet of the 

OM after it first emerges in the external leaflet, then it would be able to avoid 

processing to BMP at the cell surface active site, thus expelling the dependence 

of Y87F in vivo. Our detergent-based assays do in fact suggest that the cell 

surface active can metabolize PPG to PG by transferring palmitate from the sn-

3’-OH moiety of PPG to lipid A (Figure 2.9C). This may be important for 
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clearance of accumulated PPG and maintaining cellular lipid homeostasis. We 

also can’t rule out the possibility that Y87 may be critical for flipase activity; 

without the restrictions imposed by the lamellar OM, Y87 is perhaps made 

redundant in the micellar environment.  

 PagP plays a crucial role in remodeling the OM by transferring a 

palmitate chain from a phospholipid to lipid A and PG during PhoPQ-regulated 

OM barrier remodeling (Bishop et al., 2000; Dalebroux et al., 2014). PagP is 

also activated by OM damage, which suggest the enzyme can function as a part 

of an acute OM stress response system. BMP and LBMP may be important 

intermediates of the lipolysis of PPG and could function as second messengers 

for lipid mediated signal transduction. In order to fully understand the functional 

significance of BMP, including the mechanism of biosynthesis in the cell, it is 

important to first determine the exact structure, including the stereochemistry.  
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Chapter 3 

 

A divergent Pseudomonas aeruginosa palmitoyltransferase 

essential for cystic fibrosis-specific lipid A 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Adapted from Molecular Microbiology, Vol. 91, Iyarit Thaipisuttikul, Lauren E. 
Hittle, Ramesh Chandra, Daniel Zangari, Charneal L. Dixon, Teresa A. Garrett, 
David A. Rasko, Nandini Dasgupta, Samuel M. Moskowitz, Lars Malmström, 
David R. Goodlett, Samuel I. Miller, Russell E. Bishop and Robert K. Ernst, A 
divergent Pseudomonas aeruginosa palmitoyltransferase essential for cystic 
fibrosis-specific lipid A, 158-174, Copyright 2014, with permission from John 
Wiley & Sons Ltd.   

Ph.D. Thesis - C. L. Dixon; McMaster University - Biochemistry and Biomedical Sciences

85



3.1 Author’s preface 
 

 Prior to beginning my graduate studies, Dr. Robert Ernst (University of 

Maryland) identified the PhoP-dependent gene, Pa1343, as a candidate gene for 

phospholipid:lipid A palmitoyltransferase activity in Pseudomonas aeruginosa. 

The work presented in this chapter is focused on the identification and 

characterization of the elusive P. aeruginosa PagP enzyme. Under the auspice of 

Dr. Russell Bishop, Daniel Zangari (a summer student) and I expressed and 

purified PaPagP by adapting a preexisting procedure that is used for 

enterobacterial PagP. We also developed an in vitro assay using lipid IVA, which 

made it possible for us to determine that the Pseudomonas PagP adds palmitate 

on the opposite glucosamine compared to that of E. coli. MALDI-TOF MS was 

used by Dr. Teresa Garrett to analyze the lipid products of the in vitro assay. 

The phylogenetic study (Figure 3.4), susceptibility assays (Figure 3.8) and 

cytokine stimulation (Figure 3.9) were performed by members of the Ernst Lab. 
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3.2 Abstract 

 Strains of Pseudomonas aeruginosa isolated from the airways of cystic 

fibrosis patients constitutively add palmitate to lipid A, the membrane anchor of 

lipopolysaccharide. The PhoPQ-regulated enzyme PagP is responsible for the 

transfer of palmitate from outer membrane phospholipids to lipid A. This 

enzyme has previously been identified in many pathogenic Gram-negative 

bacteria, but in P. aeruginosa had remained elusive, despite abundant evidence 

that its lipid A contains palmitate. Using a combined genetic and biochemical 

approach, we identified Pa1343 as the P. aeruginosa 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. P. aeruginosa PagP (PaPagP) transfers palmitate to the 

3′ position of lipid A, in contrast to the 2 position seen with the enterobacterial 

PagP. Palmitoylated P. aeruginosa 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 resulting in inflammation is not seen with other 

palmitoylated lipid A variants, indicating a unique role for this modification in 

P. aeruginosa pathogenesis. 
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3.3 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 (Needham and 

Trent, 2013; Nikaido and Vaara, 1985; Raetz et al., 2007).   

 Lipopolysaccharide can be divided into three major constituents: O-

antigen projecting from the cell surface, a conserved core oligosaccharide, and 

lipid A, which anchors LPS to the bacterial outer membrane. O-antigen is a 

polysaccharide with repeating oligosaccharide units 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 defences, including 

phagocytosis and activated complement (Dasgupta et al., 1994). 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 

(Horstman et al., 2004), as well as porin incorporation within the membrane 

(Diedrich et al., 1990). The hydrophobic portion of LPS, lipid A, plays a distinct 

role in innate immune system signaling and modulation (Curtis et al., 2011; 
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Fujimoto et al., 2013; Galanos et al., 1985) as well as influencing outer 

membrane fluidity and permeability (Raetz et al., 2007).  

 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 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 (Caroff et al., 2002; Nikaido and Vaara, 

1985); such variation contributes to the diversity in virulence seen within 

bacterial populations (Needham and Trent, 2013; Wilkinson, 1996). The ability 

to control lipid A variation in response to environmental cues further enhances 

virulence.   

 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) (Raetz et al., 2007; Trent, 2004) and alterations 

in the ability to stimulate innate immunity through toll-like receptor (TLR) 4-

mediated responses (Alexander and Rietschel, 2001; Kawasaki et al., 2004; 

Kong et al., 2011).  

 The enzyme PagP was first shown to be responsible for palmitoylation of 

lipid A in enteric bacteria. The pagP gene was identified in Salmonella (Guo et 

al., 1998) and its homologue in Escherichia coli was later purified from the 

outer membrane and shown to be a phospholipid::lipid A palmitoyltransferase 
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enzyme (Bishop, 2005; Bishop et al., 2000). Homologues of PagP are found in 

Bordetellae (Preston et al., 2004), Yersinia (Rebeil et al., 2004), and Legionella 

(Robey et al., 2001) and have been implicated in pathogenesis. 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 (Bishop et al., 2000).  

 Cystic fibrosis (CF) is the most common lethal autosomal recessive 

disease of Caucasians. In this disorder, chronic lung infections with 

Pseudomonas aeruginosa are strongly associated with disease progression and 

premature mortality (Davis et al., 1996; Folkesson et al., 2012). Our previous 

studies have demonstrated that one of the earliest known P. aeruginosa 

adaptations to the 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 (Ernst 

et al., 1999). The CF-specific lipid A structure differs from other lipid A species 

in the constitutive addition of palmitate (Ernst et al., 2007; Ernst et al., 1999; 

Miller et al., 2011; Moskowitz et al., 2004). 

 The constitutive expression of palmitoylated lipid A by P. aeruginosa 

isolated from CF patients with chronic lung infections indicates that this 

modification is critical to adaptation and survival within the CF lung 

(Moskowitz and Ernst, 2010). Although the enzyme responsible for this CF-

specific modification has remained elusive, its characterization will be essential 
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in understanding P. aeruginosa early adaptation to the CF airway. Here, we 

report the identification of Pa1343 (http://www.pseudomonas.com), a PhoP-

dependent gene of unknown function (McPhee et al., 2006), as the gene 

encoding the palmitoyltransferase enzyme PagP. We hypothesize that PagP 

dependent palmitoylation of lipid A mediates important adaptations of P. 

aeruginosa to host microenvironments, including increased resistance to 

antimicrobial peptides and alterations of host innate immune responses. 

 

3.4 Materials and Methods 

 3.4.1 Bacterial strains and growth conditions  

P. aeruginosa and other bacterial strains used during these studies are listed in 

Table S3.2. P. aeruginosa 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. 

 

3.4.2 Recombinant DNA techniques  

 Restriction enzyme digestions, ligations, transformations, and DNA 

electrophoresis were performed as described by manufacturer’s instructions. The 
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oligonucleotide primers used for DNA sequencing and PCR gene amplification 

were manufactured by Invitrogen and are listed in Table S3.3. 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 S3.2.  

 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 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 min 

electroporation protocol (Choi et al., 2006). The resulting merodiploids were 
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formed via the integration of suicide plasmid by a single cross-over 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. 

3.4.3 Lipid A extraction 

For MS analysis, lipid A was extracted using the Caroff method (El 

Hamidi et al., 2005). 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 h 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. 
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 3.4.4 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, Billerica, MA). Each spectrum was an average 

of 300 shots. ES tuning mix (Aligent, Palo Alto, CA) was used for calibration.  

  

 3.4.5 LPS extraction for GC  

 The rapid extraction of LPS was performed as described previously 

(Somerville et al., 1996). 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 h with constant shaking. The mixture was cooled on ice for 5 min 

and centrifuged at 9391 g for 10 min. The supernatant was collected in a new 

glass tube. The collected fraction was washed with diethyl ether two times by 

centrifugation at 845 g for 5 min. 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 h. 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) 
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and pentadecanoic acid (Sigma, St Louis, MO) were used as standard of a 

known fatty acid mixture and internal concentration control respectively.  

 

 3.4.6 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-Cantorwas used as the genetic distance model with the UPGMA tree build 

method and no out-group.  

 

 3.4.7 P. aeruginosa PagP structure and palmitate docking 

simulation  

 The Pa1343 sequence was uploaded to the I-TASSER (Roy et al., 2010; 

Zhang, 2008) 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 (Seeliger and de Groot, 2010; Trott and Olson, 2010) 

plugins for PyMOL.  

 

 3.4.8 P. aeruginosa PagP enzymology  

 Plasmid pET21a-Pa1343 was constructed by cloning the 402 bp 

fragment carrying Pa1343 without signal sequence from plasmid pUCP19-

Ph.D. Thesis - C. L. Dixon; McMaster University - Biochemistry and Biomedical Sciences

95



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′-TATACATAT GGCCGACGGCGACTT-3′ and Reverse: 

5′-TATACTCGA GTCAGAGACGCAGGCCGA-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 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.  

 Escherichia coli BL21(DE3) cells were transformed with pET21a-

Pa1343 and plated on LB agar plates with 100 µg ml−1 ampicillin. The plates 

were incubated at 37°C for 16-20 h 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−1 ampicillin). The cultures were incubated for 16-20 h, and then added to a 

new 1 L culture (LB with 0.1 mg ml−1 ampicillin). Cultures were grown at 37°C 

with shaking at 200 r.p.m. and induced with 1 mM IPTG at an OD600 of 0.4 to 

0.6. The cultures continued to grow for another 4 h at 37°C. The cells were 

centrifuged at 7500 g for 10 min, the LB was poured off, and pellet was stored 
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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 

7600 g for 20 min at 4°C. The final pellet was resuspended in 20 mL 6 M 

guanidine-HCl with 50 mM Tris-HCl (pH 8) and centrifuged at 7600 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 (Smith et al., 1985). Samples in 6M Guanidine-HCl and 10 

mM Tris-HCl (pH 8) were dialysed against 4L water with stirring for 4 h, then 

the water changed and stirred overnight. The precipitated samples were 

centrifuged at 7600 g for 15 min and the water was poured off. The pellets were 

dissolved in 20 ml of 1% SDS, 1 M 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 min, and allowed to return to room temp on the bench overnight. The samples 

were centrifuged at 7600 g for 20 min 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−1M−1.  
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 The palmitoyltransferase in vitro assays are adapted from Cuesta-Seijo et 

al. (2010). Phosphatidylcholines and Kdo2-lipid A were obtained from Avanti 

Polar Lipids, lipid IVA was obtained from Peptides International (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 min. 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 min. Reactions were 

started by addition of 2.5 µL of P. aeruginosa 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 h, 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 spotted (5 µL) on a silica gel 60 TLC 

plate. The TLC plates were developed for 2.5 h 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 (Garrett et 

al., 2011).  
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 [32P]-lipid IVA was prepared from E. coli BKT09 (provided by Pei Zhou, 

Duke University) (Table S3.2) by mild acid hydrolysis as described (Zhou et al., 

1998) followed by extraction from TLC plates. The dried 32P-labelled 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 5 ml of a single phase 

Bligh/Dyer mixture of CHCl3 :MeOH:H2O (1:2:0.8, v/v) at room temperature 

for 1 h. 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 

µL−1, cold lipid IVA at 100 µM, and phosphatidylcholines at 1 mM in 0.25% 

DDM, 100 mM Tris-HCl (pH 8), and 10 mM EDTA as described above.  

 

 3.4.9 Cytokine stimulation assay  

 Ninety-six-well plate (Corning Costar, Acton, MA) was seeded with 200 

µl of 8× 104 cells ml−1 of human monocytic THP-1 cells in Gibco RPMI 1640 

(Invitrogen) supplemented with 10% Gibco heat-inactivated fetal bovine serum 
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(Invitrogen), 100 units ml−1 penicillin/streptomycin and 50 nM vitamin D3 

(Sigma, St Louis, MO). The cells were incubated at 37°C in the humid air with 

5% CO2 for 72 h 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 h 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 (Westphal and Jann, 1965).  

 

 3.4.10 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 8 µM MgCl2 was diluted 1:40 and grown to an OD600 of 

0.07. Then the culture was further diluted 1:50, and 100 µL was inoculated into 

a microtitre plate. The bacterial cultures were challenged with serial dilutions of 

C18G. After 2 h, the culture was diluted and plated on LB plate for counting the 

colony forming units (cfu) and calculating survival percentage. All experiments 

were done in triplicate. Conventional colistin agar dilution and alternative 
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polymyxin B sulphate plate assays, used to test mutant strains of PAK for 

resistance to the polymyxins, were performed as described (Miller et al., 2011). 

 

3.5 Results 

 3.5.1 Screening for the P. aeruginosa lipid A 

palmitoyltransferase gene, pagP  

 To identify candidate genes with palmitoyltransferase activity, we used 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 (Jaroszewski et al., 2005) to identify 

genes of interest. For further analysis, profiles were created for all P. aeruginosa 

genes encoding open reading frames shorter than 300 amino acids, as PagP in 

other bacteria were approximately 160-180 amino acids in length. A profile for 

the 1THQ structure of E. coli PagP crystallized from LDAO was matched 

against each P. aeruginosa protein (e.g. using BLOSUM substitution matrixes), 

FFAS profiles were then constructed from 1THQ and this profile was searched 

against the P. aeruginosa 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 sub-species enzymes as representative examples, 

produced a pattern with two increases in DAS profile score at either end of the 
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sequence and three smaller increases in the middle (Fig. S1). Curves are 

obtained by pairwise comparison of the proteins in the test set in ‘each against 

the rest’ fashion. Two cut-offs 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 cut-off) and dashed 

line (loose cut-off) 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, (http://www.genome.washington.edu/ 

UWGC/pseudomonas/index.cfm) were obtained and screened for loss of 

palmitoyltransferase activity.  

 

 3.5.2 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 with 

the wild-type (WT) strain, PAO1. A single mutant that contained a transposon 

insertion in the gene Pa1343 lacked the characteristic ion peak seen upon PagP 

induction by magnesium limitation. P. aeruginosa lipid A is a β-(1′,6)-linked 

glucosamine disaccharide substituted with phosphate groups at the 1 and 4′ 

positions (Figure 3.1). Primary fatty acyl chains include amide-linked R-3-
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hydroxylaurate at the 2 and 2′ positions and ester-linked R-3-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 P. aeruginosa strains (m/z 1446). P. 

aeruginosa isolated from individuals with CF pulmonary disease synthesize 

lipid A palmitoylated at the 3′ position, resulting in a hexa-acylated structure 

(m/z 1684) (Ernst et al., 2007). To confirm Pa1343 was the PagP enzyme in P. 

aeruginosa, a clean deletion of the Pa1343 was constructed using standard 

allelic exchange techniques (Invitrogen Gateway Technology) and confirmed by 

sequencing. WT (PAO1), ΔpagP and ΔpagP+Pa1343 driven off the pUCP19 

plasmid were grown in inducing (low magnesium) and non-inducing conditions 

(high magnesium - 1 mM) 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 1616 (non-palmitoylated hexa-acylated). Each of these peaks 

shows a neighbouring 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 3.2A and B).   
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Figure 3.1 Pseudomonas lipid A palmitoylation by PagP. Predominant lipid A species isolated 
from WT under non-inducing conditions. PaPagP transfers palmitate from the sn-1 position of a 
phospholipid to position 3′ of lipid A.
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The ΔpagP mutant strain did not show any palmitoylated lipid A species under 

either inducing or non-inducing conditions (Figure 3.2C and D). Overexpression 

of pagP in the ΔpagP+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 3.2E and F) 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 S3.1.  

 

 3.5.3 Gas chromatography (GC) analysis of lipid A confirms 

Pa1343 is necessary for addition of palmitate  

 Gas chromatography analysis of lipid A was performed to confirm that 

Pa1343 is required for the addition of palmitate in P. aeruginosa. WT, ΔpagP, 

and ΔpagP+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 ΔpagP 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   
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Figure 3.2. 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 
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present at m/z 1684 and m/z 1854 correspond to the palmitoylated hexa- and hepta-acyl lipid A, 
respectively.
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(Figure 3.3). Taken together the data strongly indicates Pa1343 acts as PagP in 

P. aeruginosa. 

 

 3.5.4 Sequence analysis of the P. aeruginosa pagP gene and 

protein indicates P. aeruginosa PagP is unique among PagP enzymes  

 After successful identification of the P. aeruginosa pagP gene, a 

phylogenetic tree was constructed to determine the evolutionary relatedness 

between P. aeruginosa pagP and pagP 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 3.4A blue box). In 

contrast, pagP genes identified in the Pseudomonads clustered loosely together 

with a separate and distinct cluster containing the P. aeruginosa pagP genes 

(Figure 3.4A red box). This separation indicates P. aeruginosa 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 (Ahn et al., 2004). Alignment of P. 

aeruginosa PagP with Salmonella and E. coli PagP enzymes showed little 

indication that these proteins were similar at the protein level (Figure 3.4B). The   
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Figure 3.3. GC analysis of total fatty acid content of lipid A isolated from WT (white bars), 
ΔpagP (black bars) and ΔpagP+Pa1343 (grey bars). Complete loss of C16 is seen in ΔpagP. 
C16 incorporation was restored in the complemented strain. Results represent three biological 
replicates.
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Figure 3.4. Tree diagram of the palmitoyltransferase enzymes of Gram-negative bacteria 
and Pseudomonas species generated by using Geneious. A) Clustering patterns show PaPagP 
(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 P. aeruginosa, E. coli and Salmonella typhimurium 
using ClustalW (http://www.geneious.com). Absolutely conserved residues are marked with black 
background. Residues indicated in grey denote weakly conserved residues, white indicates 
non-conserved residues. P. aeruginosa 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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E. coli PagP protein aligned with the translated P. aeruginosa PagP sequence 

shows an identity of 24% (BLAST). P. aeruginosa PagP aligned with S. 

Typhimurium PagP showed 21% identity, while E. coli compared with 

Salmonella resulted in 75% identity (Figure 3.4B).  

 

 3.5.5 P. aeruginosa PagP purification and detergent 

dependence of its enzymatic activity     

 Experimental evidence provides support for the presence in P. 

aeruginosa PagP of a hydrocarbon ruler to incorporate only a C16 fatty acid into 

P. aeruginosa lipid A because the enzyme appears to 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 (Cuesta-Seijo et al., 2010) served to 

produce purified and enzymatically active P. aeruginosa PagP (Figure 3.5A). A 

strikingly similar profile of detergents that either support or inhibit enzymatic 

activity of P. aeruginosa PagP and E. coli PagP was observed (Figure 3.5B). 

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 (Khan et al., 2010a; Khan et al., 

2010b). As shown in Figure 3.5B, phospholipase activity for both P. aeruginosa 

PagP and E. coli PagP is preserved with Triton X-100, DDM, or Cyfos-7 
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Figure 3.5 Detergent dependence and sensitivity of P. aeruginosa and E. coli A) SDS-PAGE 
assessment of PaPagP purification by selective precipitation. Forty microgram of protein from 
cell lysate pellet and refolded PaPagP 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).

Ph.D. Thesis - C. L. Dixon; McMaster University - Biochemistry and Biomedical Sciences

111



in decreasing order of specific activity. In each case, Triton X-100 participates 

as a substrate in the palmitoyl-transferase reaction. Although DDM is the 

preferred detergent for E. coli PagP because it readily supports activity without 

participating as a substrate (Khan et al., 2007), trace amounts of DDM appear to 

be acylated by P. aeruginosa 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 P. aeruginosa PagP and E. 

coli PagP. 

  

 3.5.6 Regiospecificity of lipid A palmitoylation by P. 

aeruginosa PagP  

 To compare the phospholipid::lipid A palmitoyltransferase activity of P. 

aeruginosa PagP and E. coli PagP, we monitored palmitoylation of lipid IVA 

and E. coli Kdo2-lipid A (Figure 3.6). Whereas E. coli PagP could palmitoylate 

both substrates, P. aeruginosa PagP could only palmitoylate lipid IVA, 

consistent with the available regiospecificities for palmitoylation at the 3′ 

position in P. aeruginosa 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 
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lipid IVB and lipid IVB’ products (Figure 3.6B) generated by E. coli PagP and P. 

aeruginosa 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 min. 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) 

(Costello and Vath, 1990; Que et al., 2000; Qureshi et al., 1983; Raetz et al., 

1985) with a m/z of 694.420 consistent with the palmitate being added to an acyl 

chain of the proximal glucosamine (Figure 3.6C). 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 P. aeruginosa 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 distal glucosamine (Figure 3.6C). 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 generated using the P. aeruginosa PagP. Taken 

together, these results verify that the purified E. coli and P. aeruginosa PagP 

enzymes palmitoylate lipid IVA on the proximal and distal glucosamine units, 

respectively.  
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Figure 3.6 Regiospecificity of phospholipid::lipid A palmitoyltransferase activity. A). Thin 
layer chromatogram as described in Figure 3.5B using DDM, but showing palmitoylation of 100 μM 
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. 
P. aeruginosa 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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 3.5.7 His35 is necessary for P. aeruginosa PagP 

palmitoyltransferase activity 

 Once the PagP activity and regiospecificity of P. aeruginosa 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 (Hwang et al., 2002). These residues are seemingly 

duplicated at residues His42 and His45, Asp84 and Asp86, and Ser85 and Ser87 

in P. aeruginosa PagP. An additional histidine, His35, was also found in P. 

aeruginosa 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 (Caroff et al., 1988; 

El Hamidi et al., 2005). 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 P. aeruginosa PagP 

non-functional (Table 3.1). Based on this analysis, we demonstrated that 
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catalytic activity of P. aeruginosa 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. 

  

 3.5.8 P. aeruginosa PagP structural model and hydrocarbon 

ruler  

 In order to visualize the P. aeruginosa 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 (Roy et al., 

2011). Interestingly, five of the top 10 template structures used by I-TASSER 

from the PDB were of PagP, and the top template was PagP crystallized in 

SDS/MPD (Cuesta-Seijo et al., 2010). We then used the Autodock/Autodock 

Vina (Seeliger and de Groot, 2010; Trott and Olson, 2010) PyMOL plugins, to 

run a docking simulation with palmitate (Seeliger and de Groot, 2010). The 

results of the simulation in Figure 3.7A and B show the mesh representation of 

P. aeruginosa PagP with palmitate docked in the interior hydrophobic pocket 
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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 (Khan 

et al., 2010b) and a similar interaction is apparent in P. aeruginosa PagP (Figure 

3.7A and B). To validate the presence of a hydrocarbon ruler in P. aeruginosa 

PagP, we prepared [32P]-lipid IVA from strain BKT09 (Emptage et al., 2012) for 

use as an acceptor with non-radioactive phosphatidylcholines of defined acyl 

chain composition as donors (Figure 3.7C). The results demonstrate that P. 

aeruginosa 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; Khan et al., 2010b). Based on the P. aeruginosa PagP homology model, 

His35, like His33 in E. coli PagP, maps to the cell surface region adjacent to the 

hydrocarbon ruler. 

 

3.5.9 P. aeruginosa PagP confers resistance to C18G, but does 

not influence resistance to polymyxins  

 After identification and functional analysis of P. aeruginosa 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 
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Figure 3.7. Homology model and hydrocarbon ruler of PaPagP. Mesh representations of 
PaPagP viewed parallel (A) and above (B) the membrane plane with bound palmitate coloured in 
cyan. Panel (C) shows the specific activity for the conversion by PaPagP 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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membrane permeability barrier and altered lipid packing leading to repulsion of 

hydrophobic portions on CAMPs (Ernst et al., 2001). Killing assays were 

performed using C18G, a synthetic α-helical CAMP derived from human 

platelet factor IV, to determine the role P. aeruginosa PagP may play in 

resistance to CAMPs. WT, ΔpagP, and ΔpagP+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 counted and compared with non-treated samples for survival 

counts. C18G resistance in these backgrounds (WT, ΔpagP, ΔpagP+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 µgml−1 respectively) than for the 

ΔpagP null mutant (0.31 µg ml−1) (Figure 3.8). In contrast, we did not detect an 

effect of pagP deletion when constitutively polymyxin-resistant pmrB12 and 

ΔphoQ strains (Miller et al., 2011; Moskowitz et al., 2012) were grown under 

magnesium-replete conditions and tested by conventional colistin agar dilution 

and alternative polymyxin B sulphate plate assays (Table 3.2). The lack of effect 

on the pmrB12 strain phenotype is not surprising, given the demonstrated 

inhibitory effect of this system on lipid A palmitoylation (Moskowitz et al., 

2012). However, the ΔphoQ strain is known to add palmitate to its lipid A 

constitutively (Miller et al., 2011), thus the lack of pagP deletion effect in this 
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strain background indicates that lipid A palmitoylation does not influence 

PhoPQ-dependent polymyxin resistance in P. aeruginosa. 

 

 3.5.10 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 (Feist 

et al., 1989; Loppnow et al., 1986; Tanamoto and Azumi, 2000). We have 

previously shown that CF-specific lipid A containing palmitate was associated 

with increased inflammatory responses (Ernst et al., 1999) indicating that this 

modification is likely involved in progression of airway disease. Activation of 

TLR4 by LPS upregulates the expression of pro-inflammatory cytokines via the 

NFκB pathway. The pro-inflammatory cytokine IL-8 was used as a readout for 

TLR4 activity. Immune response effects of P. aeruginosa PagP activity were 

tested by isolating LPS from PAO1, ΔpagP, and the ΔpagP+Pa1343 after 

growth in PagP inducing conditions followed by stimulation of Vitamin D3 

differentiated human-derived monocytic THP-1 cells for 16 h. 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   
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Figure 3.8 Palmitoylated lipid A imparts resistance to C18G. WT, ΔpagP and ΔpagP+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. *P < 0.01.
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Figure 3.9 Cytokine stimulation assay. THP-1 alveolar macrophages were stimulated with LPS 
prepared from E. coli, WT, ΔpagP, and ΔpagP+Pa1343 grown under magnesium-limiting 
conditions for 16 h. After incubation supernatants were harvested and used for ELISA measuring 
IL-8 production. WT and ΔpagP+Pa1343 were able to stimulate significantly higher levels of 
IL-8 than the ΔpagP mutant. All experiments were performed in three biological replicates. 
*P < 0.01.

Ph.D. Thesis - C. L. Dixon; McMaster University - Biochemistry and Biomedical Sciences

122



stimulated with ΔpagP LPS was significantly lower than WT and 

ΔpagP+Pa1343 expressing a functional PagP (Figure 3.9). The complemented 

strain induced significantly higher levels of IL-8 than WT and ΔpagP when LPS 

was added at a concentration of 10 ng ml−1 (P = 0.01). Both WT and 

ΔpagP+Pa1343 induced significantly higher levels of IL-8 at 100 ng ml−1 (P = 

0.001) and 1 µg ml−1 (P = 0.0001) than the deletion strain. 

3.6 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, dampens TLR signalling, and contributes to 

the overall remodelling and stabilization of the membrane. Lipid A isolated 

from P. aeruginosa infecting the CF lung shows constitutive addition of 

palmitate making identification and characterization of the PagP enzyme in P. 

aeruginosa of particular interest. Understanding the role palmitoylated lipid A 

plays in this unique infection might help explain long-term P. aeruginosa 

survival and target this modification as a potential treatment to block disease 

progression.  
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 Upon in silico P. aeruginosa identification of candidate pagP genes, 

individual transposon insertion 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 ΔpagP 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 P. aeruginosa PagP imparts a similar function to that of 

previously identified PagP enzymes, phylogenetic tree analysis and amino acid 

sequence alignment showed little similarity to known PagP proteins. This 

analysis at first indicated P. aeruginosa 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 P. aeruginosa palmitoylates its lipid 

A using a phospholipid donor, then it could possess a true homologue of E. coli 

PagP among the pool of small β-barrel proteins in the P. aeruginosa outer 

membrane. This, in fact, appears to be the case, and our finding that purified P. 
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aeruginosa 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 (Khan et al., 2010b). The 

evidence that P. aeruginosa PagP and E. coli PagP are true homologues comes 

from the observations that the P. aeruginosa 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 P. aeruginosa 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 P. aeruginosa 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, P. 

aeruginosa PagP can be purified as an active enzyme using a procedure that was 

developed for purification of active E. coli PagP, the purified P. aeruginosa 

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 
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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 P. aeruginosa PagP. 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 homologues 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 P. 

aeruginosa 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.  
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 P. aeruginosa 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 P. aeruginosa 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 signalling. 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 and 14 carbons in length, P. aeruginosa 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 P. 

aeruginosa lipidA 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 (Park et al., 2009).  

 Modifications to lipid A resulting in a pro-inflammatory 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 
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cells have a decreased ability to penetrate into the host mucus layer and clear 

bacteria. Additionally, P. aeruginosa 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 P. aeruginosa to adapt to and persist within the CF lung 

depends on tight control of lipidA modifications in response to environmental 

conditions. The detailed understanding of the P. aeruginosa 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 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. 
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3.7 Supplementary Tables and Figures 

 
 

 

 

Supplementary Figure S3.1. 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. 
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Supplementary Table S3.1. 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. 
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Supplementary Table S3.2: Bacterial strains and plasmids used in this study. 
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Supplementary Table S3.3: List of the primers used for the PCR and 
mutagenesis. 
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Chapter 4 

 

Structure-function relationships among a minor clade of PagP 

homologs 
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4.1 Author’s Preface 

 Prior to beginning my graduate work, the gene encoding the 

Pseudomonas aeruginosa lipid A palmitoyltransferase (PaPagP) had been 

identified in the laboratory of Dr. Robert K. Ernst at the University of Maryland. 

As part of a collaborative study with the Ernst laboratory, we purified PaPagP 

and characterized it as a divergent homolog with conserved structural and 

functional features despite a lack of primary amino acid sequence similarity with 

the well-characterized enterobacterial PagP. We asked new questions, such as 

“what is the phylogenetic relationship between PaPagP and the enterobacterial 

PagP?” and “do other divergent homologs like PaPagP exist?”  The work 

described in this chapter addresses these questions and contributes to our 

growing understanding of PagP structure-function relationships. Emily DeHaas, 

an undergraduate research student under my supervision, characterized the 

Halomonas elongata PagP homolog during her undergraduate thesis. We 

worked in partnership, cloning, expressing and purifying the constructs 

described in this study. I performed the in vitro assays and supervised the 32P 

experiments. The conserved signature indel was identified by Dr. Radhey Gupta. 

I prepared the multiple sequence alignments, homology models and electrostatic 

potential analysis. Russell Bishop and I analyzed the data, prepared the figures 

and wrote the manuscript. 
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4.2 Abstract 

 The outer membrane (OM) enzyme PagP modifies the lipid A 

component of lipopolysaccharide with a palmitoyl group; this modification has 

been implicated in resistance to host immune defenses. There are two clades of 

PagP, the major clade and the minor clade, which have evolved to fulfill distinct 

functions in different groups of bacteria. The minor clade, exemplified by 

Pseudomonas aeruginosa PagP (PaPagP), includes homologs that lack obvious 

primary structural similarity with the major clade PagP homologs from 

enterobacteria. A comparative analysis of all available sequences of minor clade 

PagP homologs has revealed invariant His, Ser, and Tyr residues that are 

necessary for catalysis.  Additionally, a 4-amino acid conserved signature indel 

or CSI is unique to bacteria clustered phylogenetically within the γ-subclass of 

Proteobacteria. The 4-amino acid CSI is specific to Halomonas and is located in 

the periplasmic turn T2 of H. elongata PagP (HePagP), where it is essential for 

palmitoyltransferase activity in vitro and in the bacterial OM. The 4-amino acid 

insert can be superimposed on the T2 turn of E. coli PagP (EcPagP), but in 

PaPagP the T2 turn is significantly contracted. Mutational expansion of the T2 

turn in PaPagP does not affect palmitoyltransferase activity in the bacterial OM.  

HePagP is also predicted to have an extension at the N-terminus, reminiscent of 

the amphipathic α-helix of EcPagP. Thermal denaturation experiments point to a 

crucial role for the N-terminal extension in modulating β-barrel stability.  The 
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structural and functional similarities between EcPagP and HePagP indicate that 

the major and minor PagP clades are derived from a common ancestor.  
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4.3 Introduction 

 Homologous proteins are descended from a common ancestor and 

usually possess conserved elements of sequence and structure, which can be 

used to infer evolutionary relationships. A high incidence of amino acid 

sequence identity can imply homology, but some homologous proteins can 

exhibit undetectable amino acid sequence identity (Murzin, 1998). In these 

instances, an alignment of 3-dimensional structures can be useful in deducing 

homology (Cheng et al., 2005; Dietmann and Holm, 2001), as even distantly 

related proteins tend to maintain similar structural folds (Chothia and Lesk, 

1986; Hilbert et al., 1993). We have previously reported the identification and 

characterization of a divergent homolog of the bacterial outer membrane (OM) 

enzyme PagP in Pseudomonas aeruginosa (PaPagP), sharing no detectable 

amino acid sequence identity with the well-known enterobacterial PagP 

homologs (Thaipisuttikul et al., 2014).  

 The solved NMR and x-ray structures of Escherichia coli PagP (EcPagP) 

revealed an 8-strand anti-parallel β-barrel preceded by an N-terminal 

amphipathic α-helix (Ahn et al., 2004; Cuesta-Seijo et al., 2010; Hwang et al., 

2004; Hwang et al., 2002). A hallmark of PagP that sets it apart from all known 

OM β-barrel structures is its interior hydrophobic lipid acyl chain-binding 

pocket, known as the hydrocarbon ruler, which measures the selected sn-1 

palmitoyl group donated by a phospholipid during the enzymatic palmitoylation 

of lipid A (Ahn et al., 2004; Bishop, 2005; Khan et al., 2007). Lipid A is the 
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endotoxic portion of lipopolysaccharide (LPS) responsible for triggering the 

innate immune response to infections. Palmitoylation of lipid A has been shown 

to provide resistance to certain cationic antimicrobial peptides or CAMPs (Guo 

et al., 1998) and to attenuate the inflammatory response signaled through the 

host toll-like receptor-4 (TLR4) and myeloid differentiation factor-2 (MD-2) 

signal transduction pathway (Hajjar et al., 2002; Kawasaki et al., 2004; Park et 

al., 2009). EcPagP palmitoylates lipid A on the proximal glucosamine unit to 

attenuate inflammation, but PaPagP instead adds palmitate to the distal 

glucosamine unit to stimulate inflammation (Thaipisuttikul et al., 2014). We 

propose that two clades of PagP evolved to fulfill distinct functions in these 

different groups of Gram-negative bacteria.  

 Here we describe the minor clade of PagP homologs, which includes 

PaPagP and members distributed among three of the five known classes of 

Proteobacteria, as well as members from Halanaerobium of the phylum 

Firmicutes (Figure 4.1). Minor clade PagP members from the γ-Proteobacteria 

include opportunistic pathogens such as Pseudomonas and Halomonas, while 

members from the δ- and β-Proteobacteria, including Geobacter and 

Rhoderferax, respectively, live freely in the environment and have the metabolic 

potential to enzymatically reduce iron (Kim et al., 2012).  With the exception of 

PaPagP all of the minor clade homologs are hypothetical proteins of unknown 

function. Based on homology modeling the β-barrel tertiary structure with an 

interior hydrocarbon ruler is conserved in PaPagP (Thaipisuttikul et al., 2014).  
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We now identify and characterize the PagP homolog from Halomonas elongata 

(HePagP). With the comparative analysis of two full-length sequences of PagP 

from H. elongata and P. aeruginosa we describe new catalytic and structural 

elements, and discuss their evolutionary significance.   

EcPagP catalysis depends on invariant His, Ser, and Arg residues, but 

only the catalytic His residue has been previously identified in PaPagP 

(Thaipisuttikul et al., 2014). We now identify the corresponding Ser residue, and 

conclude that minor clade PagP homologs depend on an additional invariant Tyr 

residue instead of an Arg residue. The first of the structural elements in HePagP 

is a 4-amino acid conserved signature indel or CSI, which corresponds to the 

surface-exposed periplasmic T2 turn of EcPagP. A CSI is a molecular marker 

within a protein amino acid sequence alignment where an insertion or deletion 

serves to demarcate phylogenetic relationships.  A CSI is typically flanked by 

conserved sequences and is usually present in cell-surface loops of a protein 

(Gupta, 1998). The second structural element is an N-terminal extension in 

HePagP, which corresponds to the post-assembly clamp of EcPagP (Huysmans 

et al., 2010). The N-terminal amphipathic α-helix of EcPagP is not strictly 

conserved in the minor clade, but a functionally analogous sequence is uniquely 

present among the PagP homologs from the halomonads. This study provides 

important insights into the evolution of structure-function relationship among 

the bacterial family of OM PagP enzymes. 
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Figure 4.1 A bootstrapped maximum-likelihood tree based upon PaPagP. 
Courtesy of Sanchia Miller and Radhey Gupta. An unrooted tree showing distribution 
of PagP homologues based on P. aeruginosa PagP (PaPagP) homolog. Includes 
Rhodoferax and Comamonas of the β subclass, Pseudomonas and Halomonas of 
γ-subclass, Geobacter of the δ subclass of proteobacteria, as well as Halanearobium of 
the phylum Firmicutes. All of the species containing the 4-amino acid insert are 
indicated by the arrow. Bootstrap percentages are indicated at the branching points. 
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Table 4.1. Bacterial strains and plasmids 

Bacterial 
Strains Description Source 

E. coli strains

BKT09 BW25113 ΔpagP, ΔlpxP, ΔlpxM, ΔlpxL::kanR Emptage et al., 
2012 

WJ0124 MC1061 ΔpagP::ampr Jia et al., 2004 

E. coli C41(DE3) F – ompT hsdSB (rB
- mB

-) gal dcm (DE3) Lucigen 

E. coli
C41(DE3)pLysS F – ompT hsdSB (rB

- mB
-) gal dcm (DE3) pLysS (CmR) Lucigen 

XL-1 Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac 
[F’ proAB lacIqZ∆M15 Tn10 (Tetr)]. Agilent 

P. aeruginosa strains

MB5919ΔpagP MB5919 (P. aeruginosa PAO1) harbouring ΔpagP Balibar and 
Grabowicz, 2016 

Plasmids 

pET21a(+) IPTG-inducible T7 RNA polymerase-promoter 
expression vector (ampR) Novagen 

pBADGr 
L-arabinose inducible pBAD promoter expression
vector (genR); pMLBAD backbone with dhfr replaced
with aacC1

Asikayan et al., 
2008; Lefebre and 
Valvano, 2002 

pETHeloHΔS 
462 bp NdeI-XhoI PCR product carrying HELO_4100 
cloned into pET21a+ with C-terminal His6 tag, no 
signal peptide. 

This study 

pETΔT2HΔS Derivative of pETHeloHΔS with H. elongata 
PagPΔ83-86 This study 

pETΔNTHΔS Derivative of pETHeloHΔS with H. elongata PagPΔ1-
20 This study 

pETEcNTHΔS Derivative of pETHeloHΔS with H. elongata PagPΔ1-
20 substituted with NADEWMTTFRENIAQTWQQ This study 

pETHeloH 
555 bp NdeI-XhoI PCR product carrying HELO_4100 
cloned into pET21a+ with C-terminal His6 tag, with E. 
coli signal peptide 

This study 

pETΔT2H Derivative of pETHeloH with H. elongata PagPΔ83-
86 This study 
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Table 4.1 continues on next page 

pBADHePagP 
561 bp EcoI-HindIII PCR product carrying 
HELO_4100 cloned into pBADGr with C-terminal 
His6 tag 

This study 

pBADdT2 Derivative of pBADdT2 with H. elongata PagPΔ84-87 This study 

pET-Pa1343 402 bp NdeI-XhoI PCR product carrying pa1343 
cloned into pET21a+, no signal peptide. 

Thaipisuttikul et 
al., 2014 

pET-PaH17A Derivative of pET-Pa1343 with H17A point mutation This study 

pET-PaN25A Derivative of pET-Pa1343 with N25A point mutation This study 

pET-PaN26A Derivative of pET-Pa1343 with N26A point mutation This study 

pET-PaN50A Derivative of pET-Pa1343 with N50A point mutation This study 

pET-PaS51A Derivative of pET-Pa1343 with S51A point mutation This study 

pET-PaQ54A Derivative of pET-Pa1343 with Q54A point mutation This study 

pET-PaY84A Derivative of pET-Pa1343 with Y84A point mutation This study 

pET-PaY88A Derivative of pET-Pa1343 with Y88A point mutation This study 

pET-PaD90A Derivative of pET-Pa1343 with D90A point mutation This study 

pET-PaK91A Derivative of pET-Pa1343 with K91A point mutation This study 

pET-PaN95A Derivative of pET-Pa1343 with N95A point mutation This study 

pBAD-Pa1343 
477 bp EcoI-HindIII PCR product carrying 
HELO_4100 cloned into pBADGr with E. coli signal 
peptide 

This study 

pBADT2 Derivative of pBAD-Pa1343 with D66_S67insLWHF This study 

pBAD-PaH17A Derivative of pBAD-Pa1343 with H17A point 
mutation This study 

pBAD-PaN25A Derivative of pBAD-Pa1343 with N25A point 
mutation This study 

pBAD-PaN26A Derivative of pBAD-Pa1343 with N26A point 
mutation This study 
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Table 4.1 continues on next page 

pBAD-PaN50A Derivative of pBAD-Pa1343 with N50A point 
mutation This study 

pBAD-PaS51A Derivative of pBAD-Pa1343 with S51A point  
mutation This study 

pBAD-PaQ54A Derivative of pBAD-Pa1343 with Q54A point 
mutation This study 

pBAD-PaY84A Derivative of pBAD-Pa1343 with Y84A point 
mutation This study 

pBAD-PaY88A Derivative of pBAD-Pa1343 with Y88A point 
mutation This study 

pBAD-PaD90A Derivative of pBAD-Pa1343 with D90A point 
mutation This study 

pBAD-PaK91A Derivative of pBAD-Pa1343 with K91A point 
mutation This study 

pBAD-PaN95A Derivative of pBAD-Pa1343 with N95A point 
mutation This study 
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4.4 Material and Methods 

 4.4.1 Bacterial strains and growth conditions 

 Bacterial strains used during these studies are listed in Table 4.1. E. coli 

BKT09 (Emptage et al., 2012) and P. aeruginosa MB5919ΔpagP (Balibar and 

Grabowicz, 2016) were grown according to established procedures. Briefly, 

strains were grown in Luria-Bertani (LB) medium. Unless otherwise stated 

antibiotics were used when appropriate with the following concentrations: 25 

µg/mL kanamycin (kan), 50 µg/mL gentamicin (gen), 100 µg/mL ampicillin 

(amp). 

 

 4.4.2 Sequence alignment and phylogenetic analysis 

 A Blastp search was carried out on the Pa1343 sequence from 

Pseudomonas aeruginosa (Genbank ID No. 880995) and sequences of 35 

homologs from diverse bacteria were retrieved. A multiple sequence alignment 

of these proteins was created using the ClustalW 2.1 program (Larkin et al., 

2007). A maximum-likelihood phylogenetic tree based on 100 bootstrap 

replicates of the sequence alignment for PagP homologs was constructed using 

MEGA 6 (Tamura et al., 2013) as previously described (Naushad et al., 2014). 

Visual examination of the multiple sequence alignment revealed a 4-amino acid 

CSI unique to bacteria clustered phylogenetically within the γ-subclass of 

proteobacteria. The pa1343 and HELO_4100 gene products are hereafter 

referred to as PagP. The sequence of the putative H. elongata pagP gene was 
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retrieved from the Genbank database (HELO_4100; Genbank ID No. 

CBV43984.1). The amino sequence was uploaded to the I-TASSER database 

(Roy et al., 2010; Zhang, 2008), which predicts secondary structure and 

provides a 3-dimensional model structure of the protein. HePagP was visualized 

using the PyMOL Molecular Graphics System (Delano Scientific, San Carlos, 

CA, USA) and the electrostatic surface potential distribution was calculated 

using the adaptive Poisson-Boltzman solver plug-in with the scale set from -5 

kcal/mol to +5 kcal/mol.   

  

 4.4.3 Recombinant DNA techniques  

The bacterial genes used in these studies were synthesized by Integrated DNA 

Technology-GeneArt, unless otherwise indicated. The chimeric protein 

constructs in this study are shown in Table 4.2. All oligonucleotide primers 

(Invitrogen) used in our mutagenesis and cloning procedures are identified in 

Table 4.4. Restriction enzyme digestions, ligations, mutagenesis, 

transformations, and DNA electrophoresis were performed as described by 

manufacturer instructions. Quikchange XL site-directed mutagenesis kit was 

from Agilent Technologies. DNA sequencing was performed at the Farncombe 

Sequencing Facility at McMaster University.  

 Plasmid pBADHePagP was constructed by subcloning the 561bp 

EcoRI-HindIII fragment carrying HELO_4100 with the gene encoding the  
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Table 4.2. Protein constructs used in this study 

Proteins constructs and 
extinction coefficients, ε280 

Amino acid sequence 

Protein expression in outer membranes 

HePagPWT (29450 M-1 cm-1) 

MNVSKYVAIFSFVFIQLISVGKVFATPVHANPPALSLDWPPK
LELDHTLVQTSLYTRHFNPDPEHTNHQELIGLEFHTPDDWL
AGGAHFQNSFAQDTFYLYVGRQFPLWHFAHDTTLRAKLT
AGLLHGYRGEYRDKIPFNHLETAPAALPSIGIRWKRVEGDLI
VFGAAGLMITAGLRFHHHHHH 

HePagPΔT2 (23950 M-1 cm-1) 

MNVSKYVAIFSFVFIQLISVGKVFATPVHANPPALSLDWPPK
LELDHTLVQTSLYTRHFNPDPEHTNHQELIGLEFHTPDDWL
AGGAHFQNSFAQDTFYLYVGRQFPAHDTTLRAKLTAGLLH
GYRGEYRDKIPFNHLETAPAALPSIGIRWKRVEGDLIVFGAA
GLMITAGLRFLEHHHHHH 

PaPagPWT (18910 M-1 cm-1) 

MNVSKYVAIFSFVFIQLISVGKVFAADDGDFWYLQTSVYTR
HFNPDPEHNNHQDLLGLEYNRADGVLAGGATFNSFSQRSN
YAYLGKRFDSDSYPVYLKLTGGLLQGYRGEYRDKIPLNRF
GVAPAIIPSVGVRFGPLGSELVLLGNSAAMINLGLRLLEHH
HHHH 

PaPagPInsT2 (24410 M-1 cm-1) 

MNVSKYVAIFSFVFIQLISVGKVFAADDGDFWYLQTSVYTR
HFNPDPEHNNHQDLLGLEYNRADGVLAGGATFNSFSQRSN
YAYLGKRFDLWHFSDSYPVYLKLTGGLLQGYRGEYRDKIP
LNRFGVAPAIIPSVGVRFGPLGSELVLLGNSAAMINLGLRLL
EHHHHHH 

Protein expression in inclusion bodies 

HePagPTEV (29450 M-1 cm-

1)* 

MHHHHHHENLYFQ↓GTPVHANPPALSLDWPPKLELDHTL
VQTSLYTRHFNPDPEHTNHQELIGLEFHTPDDWLAGGAHFQ
NSFAQDTFYLYVGRQFPLWHFAHDTTLRAKLTAGLLHGY
RGEYRDKIPFNHLETAPAALPSIGIRWKRVEGDLIVFGAAGL
MITAGLRF 

HePagPWT (29450 M-1 cm-1) 

MTPVHANPPALSLDWPPKLELDHTLVQTSLYTRHFNPDPEH
TNHQELIGLEFHTPDDWLAGGAHFQNSFAQDTFYLYVGRQ
FPLWHFAHDTTLRAKLTAGLLHGYRGEYRDKIPFNHLETA
PAALPSIGIRWKRVEGDLIVFGAAGLMITAGLRFLEHHHHH
H 

HePagPΔT2 (23950 M-1 cm-1) 
MTPVHANPPALSLDWPPKLELDHTLVQTSLYTRHFNPDPEH
TNHQELIGLEFHTPDDWLAGGAHFQNSFAQDTFYLYVGRQ
FPAHDTTLRAKLTAGLLHGYRGEYRDKIPFNHLETAPAALP
SIGIRWKRVEGDLIVFGAAGLMITAGLRFLEHHHHHH 

Ph.D. Thesis - C. L. Dixon; McMaster University - Biochemistry and Biomedical Sciences

146



Table 4.2 continued 

HePagPΔNT  (23950 M-1 cm-

1) 

MADHTLVQTSLYTRHFNPDPEHTNHQELIGLEFHTPDDWL
AGGAHFQNSFAQDTFYLYVGRQFPLWHFAHDTTLRAKLT
AGLLHGYRGEYRDKIPFNHLETAPAALPSIGIRWKRVEGDLI
VFGAAGLMITAGLRFLEHHHHHH 

HePagPEcNT (34950 M-1 cm-

1) 

MNADEWMTTFRENIVQTWQQLDHTLVQTSLYTRHFNPDP
EHTNHQELIGLEFHTPDDWLAGGAHFQNSFAQDTFYLYVG
RQFPLWHFAHDTTLRAKLTAGLLHGYRGEYRDKIPFNHLE
TAPAALPSIGIRWKRVEGDLIVFGAAGLMITAGLRFLEHHH
HHH 

PaPagPWT (34950 M-1 cm-1) 

MADDGDFWYLQTSVYTRHFNPDPEHNNHQDLLGLEYNRA
DGVLAGGATFNSFSQRSNYAYLGKRFDSDSYPVYLKLTGG
LLQGYRGEYRDKIPLNRFGVAPAIIPSVGVRFGPLGSELVLL
GNSAAMINLGLRLLEHHHHHH 

Proteins expressed in the bacterial outer membranes include the native signal peptide of E. coli 
PagP (underlined). The N-terminal α-helix and extension are shown in red. The T2 indel is shown 
in blue. Residues added by NdeI and XhoI restriction sites are shown in green. Poly-histidine tag 
(6X-His) and TEV cleavage sequence are in bold. Estimated extinction coefficients are in units of 
M-1 cm-1, at 280 nm measured in water. 
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Table 4.4 Primers used in this study  

Primer Sequence 

For point mutations 

prH17AF 5’GCGTCTACACCCGGGCTTTCAACCCGGACC3’ 

prH17AR 5’GGTCCGGGTTGAAAGCCCGGGTGTAGACGC3’ 

prN25AF 5’CCCGGACCCTGAACACGCCAA TCACCAGGACCTG3’ 

prN25AR 5’CAGGTCCTGGTGA TTGGCGTGTTCAGGGTCCGGG3’ 

prN26AF 5’GGACCCTGAACACAACGCTCACCAGGACCTGCTC3’ 

prN26AR 5’GAGCAGGTCCTGGTGAGCGTTGTGTTCAGGGTCC3’ 

prS51AF 5’GACCTTCCGCAACGCGTTCAGCCAGCG3’ 

prS51AR 5’CGCTGGCTGAACGCGTTGCGGAAGGTC3’ 

prQ54AF 5’CGCAACTCGTTCAGCGCGCGCTCCAACTACGC3’ 

prQ54AR 5’GCGTAGTTGGAGCGCGCGCTGAACGAGTTGCG3’ 

prY84AF 5’GCCTGTTGCAGGGCGCTCGCGGCGAATACC3’ 

prY84AR 5’GGTATTCGCCGCGAGCGCCCTGCAACAGGC3’ 

prD90AF 5’GGCGAATACCGCGCCAAGATCCCGCTG3’ 

prD90AR 5’CAGCGGGATCTTGGCGCGGTATTCGCC3’ 

prK91AF 5’CGGTTCAGCGGGATCGCGTCGCGGTATTCGCC3’ 

prK91AR 5’GGCGAATACCGCGACGCGATCCCGCTGAACCG3’ 

prN95AF 5’ACAAGATCCCGCTGGCCCGCTTCGGCGTCG3’ 

prN95AR 5’CGACGCCGAAGCGGGCCAGCGGGATCTTGT3’ 

For CSI mutations 

prdT2Fwd 5’GGCAGGCAGTTTCCCGCTCATGACACGACG3’ (For deleting indel in 
HePagP) 

prdT2Rev 5’CGTCGTGTCATGAGCGGGAAACTGCCTGCC3'(For deleting indel in 
HePagP) 

prT2Fwd 5’GGCAAGCGTTTCGACCTGTGGCACTTCAGTGACAGCTACCCGGTCT
ACCTG3’ (For inserting indel in PaPagP) 

prT2Rev 5’CGGGATGAGCTTCAGGTAGACCGGGTAGCTGTCACTGAAGTGCCAC
AGGTCGAA3' (For inserting indel in PaPagP) 

Table 4.4 continues on next page 
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For sequencing mutations 

pBADFwd ATGCCATAGCATTTTTATCC (For pBADGr plasmids with E. coli araBAD 
promoter) 

pBADRev GATTTAATCTGTATCAGG (For pBADGr plasmids with E. coli araBAD 
promoter) 

T7 TAATACGACTCACTATAGGG (For pET21 plasmids with T7 promoter) 

T7term GCTAGTTATTGCTCAGCGG (FOR pET21 plasmids with T7 terminator 
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native signal peptide of E. coli PagP fused on the 5′ end and a C-terminal 6X- 

His tag, into the arabinose-inducible vector pBADGr (Asikyan et al., 2008). 

Plasmid pBADGr is a derivative of pMLBAD (Lefebre and Valvano, 2002) in 

which a gentamicin resistance cassette has been inserted into the trimethoprim 

resistance gene dhfrII. The product was propagated in XL-1 blue cells isolated 

and sequenced using primers pBAD primers. Successful subcloning into 

pBADGr vector using the EcoRI and HindIII restriction sites was verified by 

antibiotic selection, screening on an agarose gel and DNA sequencing using the 

pBADFwd and pBADRev primers. The T2 mutant, HePagPΔT2, was prepared 

using site-directed mutagenesis by deleting the amino acids LWHF 

(HePagPΔ84-87) corresponding to the indel.  

To express HePagPTEV with a cleavable N-terminal poly-histidine (6X-

His) tag in cytoplasmic inclusion bodies, Tobacco etch virus (TEV) cleavage 

sequence (Glu-Asn-Leu-Tyr-Phe-Gln↓Gly), followed by HELO_4100 excluding 

its signal sequence (ΔS), was cloned into the pET21a+ plasmid (Novagen) using 

restriction enzymes NdeI, which adds a Met residue to the mature N-terminal 

end of the protein, and XhoI. A stop codon at the end of the HELO_4100 gene 

sequence was included to prevent translation through the vector C-terminal 6X-

His tag. The C-terminal 6X-His tag fusion plasmids pETHeloHΔS, 

pETEcNTHΔS, pETΔNTHΔS, pETΔT2HΔS, pETΔT2H were constructed 

similarly except that the stop codon was excluded to allow translation through 

the XhoI site, which adds Leu and Glu followed by the 6X-His tag from the 
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vector. The resulting plasmids were sequenced from the T7 promoter and/or 

terminator. 

 The 477bp EcoRI-HindIII fragment, inclusive of pa1343 and the N-

terminally fused native signal peptide of EcPagP were cloned into pBADGr to 

construct pBAD-Pa1343. pBADT2, which includes an insertion mutation of the 

Leu, Trp, His, Phe between Asp66 and Ser67 was derived from pBAD-Pa1343. 

Construction of the pETPa1343 plasmid has been described elsewhere 

(Thaipisuttikul et al., 2014). The point mutations of His17, Asn25, Asn26, 

Asp50, Ser51, Gln54, Tyr84, Tyr88, Asp90, Lys91 to Ala were derived from 

both pETPa1343 and pBAD-Pa1343. All cloned constructs were subjected to 

double strand DNA sequencing at the Farncombe Sequencing Facility at 

McMaster University to confirm the absence of any spurious mutations. 

  

 4.4.4 Expression and Purification of HePagP 

 To purify HePagP in a denatured state, we expressed it without its native 

signal peptide in E. coli C41(DE3) transformed with the plasmid pETHeloHΔS 

or its mutant derivatives according to methods adapted from (Bishop et al., 

2000; Khan et al., 2007). Briefly, bacteria were cultured in 1 L of LB medium 

supplemented with ampicillin and grown to an optical density at 600 nm (OD600) 

of 0.4 to 0.6 and then induced with 1 mM isopropyl β-D-thiogalactopyranoside 

(IPTG) for 4 h. The cells were harvested, resuspended in 20 mL of 50 mM Tris-

HCl (pH 8.0) and 5.0 mM EDTA, and passed through a large French pressure 
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cell at 10 000 psi. The insoluble material was recovered by centrifugation in a 

Beckman MLA-80 rotor at 27 000 rpm and 4 °C for 20 min using an Optima 

MAX-E ultracentrifuge. The pellets were washed in 20 mL of 50 mM Tris-HCl 

(pH 8.0) and 2% Triton X-100 followed by 20 mL of 50 mM Tris-HCl (pH 8.0) 

and then solubilized in 10 mL of 50 mM Tris-HCl (pH 8.0) and 6 M Gdn-HCl. 

Supernatants were collected after centrifugation. The crude sample was loaded 

onto a 5mL bed of His-bind resin (Novagen) that was charged with 50 mM 

NiSO4 and equilibrated with 5 column volumes of 10 mM Tris-HCl (pH 8.0), 

250 mM NaCl, 6 M Gdn-HCl, and 5 mM imidazole. The sample was washed 

with 10 column volumes of the equilibration buffer and eluted with 250 mM 

imidazole. Column fractions were assessed for purity using SDS-PAGE. The 

purest fractions were pooled and dialyzed twice against 4 L of water, yielding a 

white precipitate. 

 To express the C-terminal 6X-His tagged PagP in membranes (Bishop et 

al., 2000), a single colony of E. coli C41(DE3)pLysS transformed with 

pETHeloH was inoculated into 10 mL of medium, grown to an OD600 = 0.7, and 

then added directly to 1 L of fresh medium. The culture was then grown to 

OD600 = 0.5 before induction with 1 mM IPTG for 4 h. Cells were harvested, 

washed once with PBS and lysed as described in the preceding section. Debris 

was removed by centrifugation in a Beckman MLA-80 rotor at 80 000 rpm and 

4 °C for 30 min using an Optima MAX-E ultracentrifuge. The membrane pellet 

was washed with 5 mL of PBS by resuspending it using syringes equipped 
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serially with 18, 21 and 25 guage needles. The washed membrane was then 

resuspended in the same manner using 2 mL of 10 mM Tris-HCl (pH 8.0), 1 

mM MgSO4, 0.1% n-dodecyl-β-D-maltopyranoside (DDM). The volume was 

adjusted to 4 mL with the same buffer prior to centrifugation at 80 000 rpm. 

This procedure was repeated with the same buffer containing 0.2, 0.4, 0.5, 1.0% 

DDM, followed by a final resuspension with 10 mM Tris-HCl (pH 8.0) 

containing 10 mM EDTA and 1.0% DDM. The supernatant from the 0.4 and 

0.5% DDM solubilization was adjusted to 250 mM NaCl and 5 mM imidazole. 

It was loaded onto a 1.4 ml bed of charged His-bind resin that had been prepared 

according to the manufacturer's instructions (Novagen) in a 0.8 x 4 cm open 

Poly-Prep chromatography column (Bio-Rad), pre-equilibrated with three 

column volumes of 10 mM Tris-HCl (pH 8.0), 250 mM NaCl, 0.1% DDM 

containing 5 mM imidazole. After the sample flowed through the column, the 

resin was washed with 10 column volumes of the pre-equilibration buffer and 

then eluted with serial 1 mL of pre-equilibration buffer containing 250 mM 

imidazole. The membrane fractions were subject to sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS/PAGE) and western blot analysis. 

  

 4.4.5 Protein refolding and detergent exchange 

 Following purification, the precipitated protein was dissolved in 5 mL of 

6 M Gdn-HCl, 50 mM Tris-HCL (pH 8.0). The concentration was determined 

by using an estimated extinction coefficient, ε280 (Table 4.2). The denatured 
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solution was diluted dropwise into a 10-fold excess of 0.5% 

lauryldimethylamine-N-oxide (LDAO), 50 mM Tris-HCL (pH 8.0) (Hwang et 

al., 2002) and stirred overnight at 4°C. The folded proteins were exchanged into 

DDM and concentrated using Ni2+ affinity chromatography. The column was 

charged as previously described and equilibrated with 3 column volumes of 

0.1% LDAO, 100 mM Tris-HCl (pH 8.0), 250 mM NaCl, 5 mM imidazole. The 

protein was applied to the column and washed with 10 column volumes of 

equilibration buffer containing 0.2% DDM instead of LDAO and eluted by 

adjusting the buffer to include 200 mM imidazole. The protein solution was 

dialyzed against 0.2% DDM, 100 mM Tris-HCl (pH 8.0) overnight to remove 

salts. Total protein concentration was determined by bicinchoninic acid assay 

(BCA) (Smith et al., 1985) and folding was assessed by far-ultraviolet circular 

dichroism (far-UV CD) spectroscopy as previously described (Khan et al., 

2007). 

 

4.4.6 TEV cleavage.  

 AcTEV™ Protease (Thermo Fisher Scientific) was used to cleave the 

6X-His tag fused at the N-terminus of HePagPTEV. AcTEV Protease specifically 

recognizes a seven-amino acid sequence (Glu-Asn-Leu-Tyr-Phe-Gln-Gly, 

cleaving between Gln and Gly). The acTEV protease (300U) was incubated with 

0.6 mg of HePagPTEV in 0.1% DDM, 0.5 mM EDTA and 1 mM DTT at room 
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temperature for 24 h. Cleavage was verified by 15% SDS-PAGE and stained 

with Coommassie Blue dye as previously described (Khan and Bishop, 2009). 

 

 4.4.7 SDS/PAGE and Western Blot Analysis 

 Protein purity was quantitative as judged by SDS-PAGE and stained 

with Coommassie Blue dye as previously described (Khan and Bishop, 2009). 

16% w/v polyacrylamide gels were prepared. For every 10 ml of 1.5 M Tris-HCl 

(pH 8.8), 16% acrylamide 0.1% SDS resolving gel solution, we added 0.1 ml of 

10% (w/v) ammonium persulfate and 0.01 ml of N, N, N′, N′ - 

tetramethylethylenediamine. 

 Fractions collected during membrane isolation and protein purification 

were also subject to western blot analysis. Trichloroacetic acid (TCA) 

precipitated samples were resolved on 13% w/v polyacrylamide gels. The gels 

were rinsed with water and transferred onto Polyvinylidene difluoride 

membranes using the iBlot2 dry blotting system at 20 V for 1 min, 23 V for 4 

mins and 25 V for 2 mins. The membrane was transfered to a dark container to 

keep light sensitive reagents protected. The membrane was rinsed once with 1X 

PBS, covered completely with 10 mL of blocking buffer (3% BSA, 1% goat 

serum in 1X PBS, 0.1% Tween) and incubated for 1 h at room temperature with 

gentle shaking. The blocking buffer was adjusted with 5 µL of mouse anti-his 

antibody and incubated for an additional hour at room temperature with gentle 

shaking. The blocking buffer was discarded and the membrane washed 5 times 

Ph.D. Thesis - C. L. Dixon; McMaster University - Biochemistry and Biomedical Sciences

155



for 5 minutes each with 1X PBS, 0.1% Tween. A 1 in 2000 dilution of the 

second antibody, Alexa-Fluor 790 goat anti-mouse antibody, in 0.1% Tween, 

0.1% SDS and 1X PBS, was applied to the washed membrane for another hour 

long incubation. The secondary antibody buffer was discarded and the 

membrane washed as described above then visualized at 700 and 800nm with 

the LI-COR Odyssey® Infrared Imaging System. 

 

 4.4.8 Far-UV CD 

 Protein samples analyzed by far-UV CD were maintained at a 

concentration 0.3 mg/mL in 0.2% DDM, 10 mM Tris-HCl (pH 8.0) unless 

otherwise stated (Khan et al., 2007). A cuvette with a path length of 1 mm was 

used with an Aviv 215 spectrophotometer, which was linked to a Merlin Series 

M25 Peltier device for temperature control. For each sample, three 

accumulations were averaged at a data pitch of 1 nm and a scanning speed of 10 

nm/min. The temperature was maintained at 25°C, and data sets were obtained 

from 200 to 260 nm. Thermal unfolding (TU) profiles were obtained by heating 

the samples from 20 to 100°C at 218 nm with a temperature slope of 2°C/min 

and a response time of 16 seconds.  

 

4.4.9 Mass spectrometry analysis 

 Protein samples precipitated from water prior to detergent folding were 

analyzed at the McMaster Regional Centre of Mass Spectrometry (MRCMS). 
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The wet pellets were dissolved in a solution of 1% formic acid and acetonitrile 

(1:1 v/v) just prior to electrospray ionization mass spectrometry (ESI-MS). The 

sample concentration was maintained at 1 ng/µL and the sample injected 

directly onto an Agilent G1696 TOF Mass Spectrometer. The data were 

acquired using an Agilent MassHunter Workstation, version A.02.01 (B730), 

and analyzed using Agilent MassHunter Workstation Software Qualitative 

Analysis (Version B.02.00, Build 2.0.197.0), and the spectra were deconvoluted 

using the maximum entropy in BioConfirm Software.  

 

 

 4.4.10 In vitro palmitoyltransferase assay 

The in vitro palmitoyltransferase assays are adapted from those 

described previously (Cuesta-Seijo et al., 2010). L-α-dipalmitoyl-

phosphatidylcholine (DPPC) was obtained from Avanti Polar Lipids and lipid 

IVA was obtained from Peptides International (Louisville, KY). Radiolabeled 

sn-1,2-di-(16:0-1-14C)-phosphatidylcholine (14C-DPPC) (370kBq) was obtained 

from Perkin-Elmer Inc. Briefly, the reactions were carried out in a final volume 

of 25 µL with sufficient 14C-DPPC to obtain a radiochemical concentration of 20 

µM; this was diluted to 1 mM by adding sufficient unlabeled DPPC. Lipids were 

dried under a stream of N2(g) and dissolved in 22.5 µL of reaction buffer 

containing 0.25% DDM, 0.1 M Tris-HCl (pH 8.0), 10 mM EDTA. The reaction 

mixture was equilibrated for 30 min prior to starting by the addition of 2.5 µL of 
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enzyme (375 ng total). Phospholipase A2 (PLA2) (4 milliunits/µL) was also 

assayed as a positive control, with 10 mM CaCl2 in place of EDTA in the 

reaction buffer. Reactions were run at 30°C for a total of 6 h. A 5 µL (20000 

cpm) aliquot of the reaction mixture was spotted onto a silica gel 60 (Merck) 

TLC plate at 2, 4 and 6 h. The TLC plates were developed for ~3 h in a 

chloroform, methanol and water (65:25:4, v/v) solvent system equilibrated 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. 

 4.4.11 In vitro phospholipase assay 

Phospholipase assays were conducted using DPPC in a volume of 25 µL 

to achieve a final concentration of 1 mM. Trace amounts of 14C-DPPC was 

added to achieve a radiochemical concentration of 20 µM. Lipids were dried 

under a stream of N2(g) and dissolved in 22.5 µL of reaction buffer (0.25% 

DDM, 100 mM Tris-HCl (pH 8.0), and 10 mM EDTA). The reactions were 

started with the addition of 2.5 µL of enzyme to give 15 µg/mL in the assay 

conducted at 30°C. Reactions were terminated by spotting 5 µL (20000 cpm) of 

the reaction mixture onto a silica gel 60 TLC plate. The experiment was 

conducted for 6 h with the reaction being spotted at 2, 4 and 6 h. The TLC plates 

were developed in a chloroform, methanol and water (65:25:4, v/v) solvent 

system. The plates were exposed overnight to a PhosphorImager screen and 
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developed the following day with a Molecular Dynamics Typhoon 9200 

PhosphorImager. 

4.4.12 OM palmitoyltransferase activity assay 

Plasmids pBADHePagP and pBADdT2 were electroporated into E. coli 

BKT09 (Table 4.1). Total lipids from these cells were extracted using a single-

phase Bligh/Dyer mixture (Bligh and Dyer, 1959). Analysis of lipid IVA 

released by mild acid hydrolysis from 32P-labeled cells was adapted from (Jia et 

al., 2004; Zhou et al., 1998). Typically, an overnight culture grown at 37 °C was 

diluted 100-fold into 5mL of LB broth containing appropriate antibiotics and 5 

µCi/mL 32Pi and was grown to OD600 of ~0.4, after which the culture was 

adjusted to include 25 mM of EDTA. Cells were allowed to grow for an 

additional 5 mins prior to harvesting in a clinical centrifuge. The cell pellet was 

resuspended in 0.8 mL of PBS and transferred to a Teflon-lined capped glass 

tube. Methanol and chloroform were added to the cell suspension to generate a 

single-phase Bligh/Dyer mixture (methanol/chloroform/PBS; 2:1:0.8 v/v/v). 

After a 1 h incubation at room temperature, the mixture was centrifuged and the 

insoluble material was washed once with 5 ml of a fresh single-phase 

Bligh/Dyer mixture. The wet pellet was dispersed in 1.8 mL of 12.5 mM sodium 

acetate, pH 4.5, containing 1% SDS, with sonic irradiation in a bath apparatus. 

The mixture was incubated at 100 °C for 30 min. After cooling, the boiled 

mixture was converted to a two-phase Bligh/Dyer mixture by adding 2 mL of 
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chloroform and 2 mL of methanol. Partitioning was made by centrifugation, and 

the lower phase material was collected and washed once with 4mL of the upper 

phase derived from a fresh neutral two-phase Bligh/Dyer mixture. The lower 

phase was collected and dried under a stream of N2 gas. The lipid sample was 

dissolved in 100 µL of chloroform/methanol (4:1, v/v), and a 5000 cpm portion 

of the sample was applied to the origin of a Silica Gel 60 TLC plate. The plate 

was resolved in a sealed tank that was previously equilibrated for ~ 4 h with 

solvent system chloroform, pyridine, 88% formic acid, water (50:50:16:5 v/v). 

The plates were dried and exposed to a PhosphorImager screen overnight before 

developing the next day with a Molecular Dynamics Typhoon 9200 

PhosphorImager. 

 

4.5 Results 

 4.5.1 Sequence analysis of minor clade PagP homologs 

 HePagP was identified using a variety of in silico analyses including 

Basic Local Alignment Search Tool (BLAST; (Altschul et al., 1990), multiple 

sequence alignments (Larkin et al., 2007), and phylogenetic tree analysis 

(Tamura et al., 2013). Initially, we used PaPagP (Thaipisuttikul et al., 2014) as 

the query sequence in a BLAST search to identify homologous genes of interest. 

Our search revealed that several species of Gram-negative bacteria encode 

amino acid sequences homologous to PaPagP. These homologs were distributed 

between Rhodoferax of the β-subclass, Pseudomonas and Halomonas of the γ-
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subclass, and Geobacter of the δ-subclass of Proteobacteria, as well as 

Halanaerobium of the phylum Firmicutes. A maximum-likelihood phylogenetic 

tree was constructed from these homologous sequences (Figure 4.1). In this tree, 

Pseudomonas and Halomonas PagP homologs branched distinctly from 

proteobacterial PagP homologs, and from the Halanaerobium PagP homologs. 

We further investigated the phylogenetic relationship between HePagP and 

PaPagP by preparing a separate multiple sequence alignment (Figure 4.2).  PagP 

homologs from the pseudomonads have a deletion corresponding to an invariant 

4-amino acid insertion in the halomonad PagP homologs having the consensus 

sequence LWQP.    

We recently demonstrated that the catalytic activity of PaPagP is 

dependent on H17 (H35 with signal peptide included) (Thaipisuttikul et al., 

2014). We identified 10 other residues with putative catalytic activity based on 

secondary structure prediction models and a separate multiple sequence 

alignment of PaPagP with homologous proteins from pseudomonads. There are 

a total of forty-eight conserved residues, nineteen of which map to the surface of 

PaPagP. Excluding those recently investigated (Thaipisuttikul et al., 2014), there 

are seventeen remaining. Of these, only the polar residues (N25, N26, N50, S51, 

Q54, Y84, Y88, D90, K91, N95) are likely candidates for a role in catalysis. Of 

note, there is only one conserved serine, S51, mapping to the surface of PaPagP. 

PaPagP has no conserved arginine residues.  
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Figure 4.2 A 4-amino acid indel shared by Halomonas and Pseudomonas PagP 
homologs. Multiple sequence alignment of PagP showing a 4-amino acid CSI (red) that is 
uniquely shared by Pseudomonas and Halomonas. The alignment was constructed after 
removal of signal peptides predicted by SIGNALP (Peterson et al., 2011). The His, Ser 
and Tyr, residues shown to be essential for catalysis by site-directed mutagenesis, are 
highlighted in yellow. Absolutely conserved residues are highlighted in gray, and highly 
conserved residues are highlighted in green. 
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4.5.2 Site directed mutagenesis in vitro and in in vivo 

To assess the possibility that an all-together different catalytic 

mechanism than that proposed for EcPagP might be at work, all ten invariant 

residues mapping to PaPagP’s surface were replaced by mutagenesis. The mass 

of each mutant protein was determined by ESI-MS and compared to the 

calculated theoretical mass. CD spectroscopy was used to evaluate folding, and 

the mutants were assayed for activity in vitro using the lipid A precursor – lipid 

IVA, as the palmitoyl acceptor (Thaipisuttikul et al., 2014). H17A, N26A, S51A, 

Q54A, Y84A and N95A mutations display a far-UV spectral signature (Figure 

4.3) nearly superimposable with that of wild-type PaPagP indicating similarly 

folded structures. The CD spectra for N25A and D90A were significantly 

distorted with negative ellipticity maxima near 208 nm and 222 nm, rather than 

a 218 nm maximum characteristic of n→π* transition derived from peptide 

bonds in a largely β-sheet conformation (Saxena and Wetlaufer, 1971). Despite 

this, D90A continues to function as a phospholipase in vitro, with a 4-fold 

reduction in palmitoyltransferase activity. N25A has only residual 

palmitoyltransferase activity, and a 10-fold decrease in phospholipase activity. 

We observed a similar trend for Q54A, even though the enzyme’s fold is 

estimated to be the same as wildtype. The N26A mutation affects activity in a 

manner similar to the N25A, except that the secondary structure of the enzyme 

is not significantly affected by the substitution to alanine. Y84A has only 

residual palmitoyltransferase and phospholipase activity, while the Y88A, K91A   
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Figure 4.3 Spectroscopic analysis of refolded P. aeruginosa PagP mutants. PaPagP 
and its mutants were refolded in SDS/MPD, diluted in DDM and analyzed by far-UV CD 
spectroscopy. The mutants H17A, N26A, S51A, Q54A, Y84A, N95 and wild type PaPagP 
have nearly superimposable CD spectra indicating similarly folded structures. N25A and 
D90A lack  the β-barrel signatures characteristic of PagP. 
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Table 4.4. P. aeruginosa PagP mutant specific activities 

Mutant Palmitoyltranferase (20 µM 
[14C]-DPPC) + 1 mM DPPC+ 

100 µM lipid IVA 

Phospholipase (20 µM [14C]-
DPPC) 

Wildtype 201 ± 39.4 222.7 ± 1.28 

H17A Not Detected Not Detected 

N25A 1.8 ± 2.19 25.9 

N26A 3.6 ± 0.53 42.3 

S51A Not Detected Not Detected 

Q54A 97.8 ± 13.98 253.3 

Y84A 0.4 ± 9.14 17.2 

Y88A 211.1 ± 2.8 198.9 

D90A 179.3 ± 20.4 51.4 

K91A 202.4 ± 11.2 211.2 

N95A 152.6 ± 51.1 225.3 
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and N95A mutations did not significantly affect activity. H17A and S51A are 

inactive in our detergent-based in vitro assays. The mutants were expressed with 

the native signal peptide of PaPagP, under control of the arabinose-inducible 

promoter pBAD, and activity was triggered by EDTA, in the membranes of a P. 

aeruginosa Pa1343 deletion strain to assess activity in vivo. H17, S51, and Y84 

are the only residues, that when substituted to alanine proved to be critical for 

catalysis in vivo (Figure 4.4). 

4.5.3 β-barrel domain and α-helical motif of PagP is conserved 

in H. elongata homolog 

PaPagP is not predicted to have an amphipathic α-helix at its N-terminus, 

although the β-barrel tertiary structure with an interior hydrocarbon ruler is 

conserved (Thaipisuttikul et al., 2014). PaPagP consists of 134 residues and 

shares ~70% amino acid sequence similarity with HePagP, which is 154 

residues in length with most of its differences being restricted to the first 20 

residues at the N-terminus. We suspected that the observed difference in length 

might be due to the presence of an extension at the N-terminus of HePagP. To 

test this hypothesis the I-TASSER protein structure prediction protocol (Zhang, 

2008) was used to construct a homology model of HePagP based on the 3-

dimensional structure of E. coli PagP (PDB 3GP6). We used four secondary 

structure prediction protocols: JPRED (Drozdetskiy et al., 2015), SCRATCH  
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(Cheng et al., 2005), PREDICTPROTEIN (Rost et al., 2004), and I-TASSER 

(Zhang, 2008), to estimate the secondary structure of the first 20 amino acid 

residues in HePagP. The general consensus of all of the predictions indicates 

that the N-terminal extension is at least partially random and does not contain 

any α-helical secondary structure due to two pairs of tandem proline residues. 

Only SCRATCH suggests that there could be some β-structure dispersed within 

the N-terminal extension of HePagP. We also determined from the homology 

model that the 4-amino acid CSI corresponds to the periplasmic turn T2 

observed in E. coli PagP (EcPagP); this 4 amino acid insertion is predominantly 

hydrophobic and sits adjacent to a positively charged surface pore, not observed 

on the periplasmic face of either EcPagP or PaPagP (Figure 4.5 and Figure 4.6). 

4.5.4 HELO_4100 is the gene encoding PagP in H. elongata 

In order to confirm that HELO_4100 encodes the H. elongata lipid A 

palmitoyltransferase, the gene product was expressed with a cleavable 6X-His 

tag fused to the amino terminus with a TEV cleavage sequence. HePagP was 

purified under denaturing conditions and we estimate that the fusion protein was 

~95% pure at the time of refolding (Figure 4.7A) After refolding in LDAO, the 

protein was exchanged into 0.2% DDM to facilitate proteolytic cleavage. This 

was necessary as LDAO inhibits TEV protease activity (Lundback et al., 2008). 

The cleavage reaction was monitored using SDS-PAGE, and >85% cleavage  
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the solved structure of E. coli PagP (cyan). The catalytic triad of these enzymes is shown
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Figure 4.6. Surface representation of PagP showing the distribution of charge surface. Electrostatic surface potential 
representations for E. coli PagP (A & B), H. elongata PagP (C & D) and P. aeruginosa PagP (E & F). The location of the region 
formed by the 4-amino acid CSI in H. elongata is indicated by the yellow dash circle and the region formed by the N-terminal 
extention is indicated by blue dash box. The positively charged surface is shown in blue whereas negatively charged surface is 
shown in red. The views on the bottom shows PagP charge distribution after 90° rotation revealing a positively charged pore 
(arrow) in H. elongata PagP. The Electrostatic Potential surface distribution was calculated in PyMOL using the adaptive 
Poisson–Boltzman solver plug-in. PyMOL Molecular Graphics System, Delano Scientific, USA, version 2.1.1. 
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was accomplished after 24 h (Figure 4.7B). An attempt was made to purify the 

protein using gravity flow, nickel affinity chromatography, however the cleaved 

6X-His fragment had a low affinity for the Ni2+ column and eluted with the 

cleaved protein. CD was used to estimate secondary structure and folding of the 

protein before and after the tag was removed. All CD spectra (Figure 4.7C) 

displayed a negative ellipticity maximum at 218 nm that is characteristic of a 

largely β-sheet conformation (Saxena and Wetlaufer, 1971). This observation is 

consistent with the β-barrel structure of PagP. We also followed loss of the 

negative ellipticity maximum at 218 nm in thermal unfolding experiments to 

evaluate the stability of the enzyme. HePagP was unfolded irreversibly in these 

experiments and precipitated after incubation at 105°C (Figure 4.7D).  The 

fusion protein is considerably more stable in 0.2% DDM than in 0.1% LDAO, 

since the thermal unfolding temperature (TU) increased by more than 10°C, and 

the non-cooperative unfolding behaviour became cooperative unfolding 

behaviour after the fusion protein was exchanged in DDM. Once the His-tag 

was cleaved by TEV in DDM, the cooperative unfolding increased to 95°C. 

The cleavage reaction was applied to a charged Ni2+ column to remove 

the His-tagged TEV fragments. The His-tagged TEV fragments, did not bind 

well sufficiently to the column to allow purification of HePagP. Due to the 

challenges we encountered with purifying the enzyme, we discontinued this 

construct and opted for a C-terminally His- tagged construct that displays 

similar CD and thermal stability to the untagged impure sample just shown. 
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Figure 4.7. Spectroscopic analysis of refolded HePagP and evaluation of thermal 
stability. HePagPTEV was expressed with a cleavable N-terminal poly-histidine 
(6X-His) tag in cytoplasmic inclusion bodies in C41(DE3) cells. The fusion protein 
was purified by selective precipitation and A) Forty microgram of total protein from 
each wash was resolved with SDS-PAGE. B) Polyhistidine tag of refolded HePagP in 
1% DDM was cleaved with 300U of TEV. C) Far-UV CD spectra of refolded HePagP 
before and after removal of N-terminal polyhistidine tag. D) Thermal unfolding 
profiles of HePagP  assessed by following the loss of the negative ellipticity maximum 
at 218 nm observed in panel C.
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4.5.5 Enzymology of minor clade PagP homologs. 

Experimental evidence suggests the presence of a hydrocarbon ruler in 

HePagP because the enzyme excludes acyl chains longer and shorter than 

palmitate (Figure 4.8A). Additionally, as shown in Figure 4.8B, only DDM with 

its bulky substituents that sterically preclude detergent binding within the 

hydrocarbon ruler, was able to support the lipid A palmitoyltransferase reaction 

(Khan et al., 2010a; Khan et al., 2010b; Thaipisuttikul et al., 2014). Detergents 

like LDAO and DPC that mimic the structures of fatty acyl chains are 

competitive inhibitors of PagP. 

To compare the phospholipid::lipid A palmitoyltransferase activity of 

HePagP and EcPagP, we monitored palmitoylation of lipid IVA and E. coli 

Kdo2-lipid A (Figure 4.8D). Whereas E. coli PagP could palmitoylate both 

substrates, HePagP could only palmitoylate lipid IVA, consistent with the 

available regiospecificities for palmitoylation at the 3′ position in HePagP and 

for the 2 position in EcPagP; both these positions are free in lipid IVA while 

only the latter is free in Kdo2-lipid A. 

We also investigated the ability of HePagP and PaPagP to palmitoylate 

the sn-3’-OH moiety of PG, using assay conditions similar to those described by 

Dalebroux et al. (2014). Figure 4.8C and Figure 4.9 shows the autoradiograph of 

in vitro assays when purified HePagP, PaPagP and EcPagP were incubated with 
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Figure 4.8. HePagP Hydrocarbon ruler and substrate specificity. A) Specific activity for the 
conversion by PaPagP of [32P]-lipid IVA to lipid IVB’ using symmetrical phosphatidylcholine 
donors of saturated acyl chain compositions varying from C12 to C18 in ethylene unit increments. 
B) 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 dodecyl-
maltoside (DDM). C) Thin layer chromatogram showing palmitoylation of lipid IVA and 
Kdo2-lipid A to produce lipid IVB and C16-Kdo2-lipid A. D)Thin layer chromatogram showing 
palmitoylation of phosphatidylglycerol (PG) by EcPagP to produce palmitoyl-PG (PPG). 
Dunnett’s multiple comparison test was used to compare each mutant to wild-type. N=3, **** 
p< 0.0001; ***p, 0.001. Abbreviations: phosphatidylethanolamine (PE); cardiolipin (CL) 
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Figure 4.9. Representative TLC autoradiograph showing palmitoylation of phosphatidylglycerol. 
P. aeruginosa PagP (PaPagP) does not transfer palmitate to phosphatidylglycerol (PG) in vitro. 
E. coli can transfer palmitate to the sn-3′-OH moiety of PG to produce PPG, but does not 
transpalmitoylate the head group of phosphatidylethanolamine (PE) or cardiolipin (CL). 
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the labeled palmitate donor dipalmitoyl-1-14C-DPPC, and an unlabeled 

phospholipid. In the absence of an acceptor, PagP is known to exhibit slow 

phospholipase activity that results in an accumulation of palmitic acid and a 

corresponding lysophospholipid. Subsequent phospholipid::lysophospholipid 

transacylation can allow 14C-labeled palmitate to exchange into non-radioactive 

phospholipids.  Finally, when a suitable acceptor is present, as in the case of 

phosphatidylglycerol (PG), E. coli PagP is able to transfer some of that palmitic 

acid to PG to produce palmitoyl-PG. Neither HePagP nor PagP were able to do 

this in our detergent based assays. 

4.5.6 The 4-amino acid CSI of HePagP is dispensible for 

folding, but critical for catalysis. 

CSI’s in conserved regions of proteins can identify functionally 

important structural elements (Gupta, 1998). To examine the significance of the 

CSI in the T2 turn, we prepared a mutant with the indel removed (HePagPΔT2) 

and compared its secondary structure to wild-type (HePagPWT). HePagP and its 

T2 mutant were successfully refolded in LDAO and DDM detergents. CD 

spectra were nearly superimposable indicating similarly folded structures. 

(Figure 4.10A). We also followed loss of the negative ellipticity maximum at  
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218 nm in thermal unfolding experiments to evaluate the stability of the T2 

mutant. Both proteins share a similar TU near 95°C (Figure 4.10B)  

While the loss of the T2 indel did not appear to affect secondary 

structure or protein stability, we observed effects on enzyme activity.  PagP 

phospholipase activity can be monitored through the hydrolysis of 14C-DPPC, 

while PagP palmitoyltransferase activity can be monitored through the 14C-

palmitoylation of the lipid A precursor lipid IVA.  Refolded HePagP and its T2 

mutant were incubated with radiolabeled 14C-DPPC, with and without lipid IVA. 

The specific activity of HePagP appears to be 1000-fold higher than that of the 

T2 mutant for the phospholipase reaction (Figure 4.10C), but this activity was 

comparable to the no enzyme control and represents the limit of detection. The 

specific activity for the palmitoyltransferase reaction of HePagP was nearly 15-

fold greater than that of the T2 mutant (Figure 4.10D). 

We also studied the palmitoylation profiles of HePagP, HePagPΔT2, 

PaPagP and PaPagPInsT2 in the OM of three cell types (Table 4.1): E. coli 

BKT09 (Emptage et al., 2012), which expresses a tetra-acylated lipid A that 

lacks any acyloxyacyl structures, E. coli WJ0124 (Jia et al., 2004), which 

produces a hexa-acylated lipid A that lacks any acyloxyacyl structures at the 2 

and 3 positions, and P. aeruginosa MB5919 (Balibar and Grabowicz, 2016), 

which produces a penta-acylated lipid A that lacks any acyloxyacyl structures at 

the 3’ position. Growth of these cells in 32P-orthophosphate followed by mild 

acid hydrolysis of the isolated LPS releases 32P-lipid A and 32P-lipid IVA 
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with varying acylation. HePagP and HePagPΔT2 were overexpressed in vivo with 

native signal peptides from the arabinose inducible pBAD promoter and activity 

was triggered in membranes by brief treatment with EDTA as previously 

described (Jia et al., 2004).  The lipid IVA and lipid A migrate in TLC as three 

separate species depending on the phosphorylation status of the anomeric 

carbon, but these species are converted to faster-migrating species upon 

palmitoylation by PagP (Figure 4.11). Insertion of the CSI in PaPagP is not 

important for palmitoyltransferase activity in the OM because we observed the 

formation of a faster migrating species in all cells expressing PaPagP and 

PaPagPInsT2 (Figure 4.12). We did not observe the formation of hepta-acylated 

lipid A species in E. coli WJ0124 cells, which suggest that HePagP was unable 

to use the available 2 and 3 position of the lipid A species produced in these 

cells (Figure 4.11). HePagP could use the available 3’ position in P. aeruginosa 

MB5919 and E. coli BKT09. None of the cells carrying the HePagP∆T2 mutant 

produced a faster migrating lipid A species, which suggests that it is either 

enzymatically inactive in membranes or that it fails to be expressed and 

assembled in these cells. 

Due to the modest expression of the pBADGr system described above, 

we wanted to increase protein production to see if we could detect HePagP∆T2 

assembly in membranes. We used the IPTG-inducible pET21a+ system to 
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express the His-tagged HePagP∆T2 in membranes of E. coli C41(DE3) pLysS 

cells for detection by immunoblotting.  Our results confirm that HePagP∆T2 can 

be over-expressed to the same extent as wild-type and detected in membranes 

(Figure 4.13), and we presume that it is also expressed and assembled to a lesser 

extent in E. coli BKT09 using the pBADGr system.  We conclude that 

HePagP∆T2 is capable of being expressed and assembled in membranes, but it is 

enzymatically inactive both in membranes (Figure 4.11) and when refolded in 

vitro (Figure 4.10). 

4.5.7 N-terminal motif of HePagP is critical for β-barrel 

thermal stability and catalytic activity 

To investigate the role of the N-terminal extension in HePagP, we 

deleted it in HePagP∆NT and also replaced it with the amphipathic α-helix from 

E. coli PagP in HePagPEcNT. Far-UV CD was used to assess folding of the 

chimeras, and thermal unfolding profiles were obtained by following the loss of 

the negative ellipticity maximum at 218nm (Figure 4.14). Both chimeras display 

spectra similar to HePagP (Figure 4.14A), which is very stable with a TU near 

95°C (Figure 4.14B). Removal of the N-terminal extension reduces the TU by 

20°C, but substitution with the E. coli amphipathic α-helix restores the TU to 

95°C.  The different plateaus reached for the unfolded proteins (Figure 4.14B) 

indicate the relative amounts of intermolecular β-structure formed in the 

denatured state, which compensates for the loss of intramolecular β-structure  
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during β-barrel unfolding because both of these forms of β-structure contribute 

negative ellipticity at 218 nm (Khan et al., 2007). More importantly, our 

findings are consistent with the previous functional assignment of the N-

terminal amphipathic α-helix in E. coli PagP as a post-assembly clamp 

(Huysmans et al., 2010; Iyer and Mahalakshmi, 2016), and the N-terminal 

extension in HePagP might fulfill a similar stabilizing role. Interestingly, 

HePagP shows enzyme activity that is significantly higher than both chimeras in 

our detergent based assays (Figure 4.14). In order to optimize secretion into 

membranes of E. coli we expressed HePagP and HePagP∆NT by including the 

signal peptide that is native to E. coli PagP.  SignalP (Petersen et al., 2011) was 

used to confirm that cleavable signal sequences were present in the encoded 

chimeric proteins. However, we were unable to confirm the expression in 

membranes as we did for HePagP∆T2 (data not shown).  We conclude that 

chimeric signal peptide cleavage and/or targeting to the OM was limiting for 

these constructs. 

 

4.6 Discussion 

 Like PaPagP, HePagP has diverged beyond detection at the level of 

amino acid sequence similarity from the major clade PagP homologs, and yet it 

can be purified under denaturing conditions using a procedure developed for 

enterobacterial PagP (Thaipisuttikul et al., 2014). HePagP is remarkably stable 

with a TU of 95°C, making it the most thermally stable PagP homolog identified 
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to date. However, HePagP is also one of the least active PagP homologs, at least 

when we employ enterobacterial phospholipids and lipid A precursors as 

substrates, which suggests that HePagP might be adapted to recognize lipid 

structural features that are unique to the halomonads. Alternatively, it has 

recently been demonstrated with Salmonella and E. coli PagP homologs that the 

thermodynamic cost of high stability can be offset by reduced catalytic activity 

(Iyer and Mahalakshmi, 2015, 2016). This activity−stability trade-off can be 

influenced by factors secluded from the catalytic region. Perhaps the 4-amino 

acid CSI in the T2 turn of HePagP can partly explain its high stability and low 

enzymatic activity.  

 The CSI is located in turn T2 on the periplasmic face of the enzyme 

away from the putative catalytic residues of the extracellular facing loops, as 

well as the hydrophobic phospholipid binding site. The location of this CSI is 

not unusual as indels occur most often in loops and turns flanked by conserved 

sequences (Gupta, 1998; Pascarella and Argos, 1992). Indels in these locations 

are less likely to disrupt folding than indels in the core of the protein. 

Importantly, the deletion of the CSI in HePagP produced an inactive protein that 

folded normally both in vitro and in vivo. The CSI does not appear to have a 

functional role in PaPagP as we were unable to detect any changes in the 

palmitoyltransferase activity in membranes expressing PaPagPInsT2. The genetic 

changes represented by CSIs have been shown to be essential for the group of 

organisms in which they are found (Gupta et al., 2017). The CSI clearly 
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supports a catalytically competent state of the β-barrel scaffold in HePagP. The 

CSI in HePagP also suggests that a common ancestor of the minor clade shares 

features of the enterobacterial PagP homologs. Interestingly, a 2-amino acid 

insertion is also present at the same position in some major clade PagP 

homologs (Chapter 5). We can’t exclude the possibility that the functional role 

played by this CSI in the minor clade of PagP is also fulfilled by insertions of 

different lengths in the same position for members of the major clade of PagP. A 

commonality of indels associated with functional attributes in the same protein 

from various species can indicate that the proteins are derived from a common 

ancestor (Gupta, 1998; Gupta et al., 2017).  

 Another structural element that differs between PaPagP and HePagP is 

the N-terminal extension. HePagP is predicted to have an N-terminal extension 

reminiscent of the amphipathic α-helix found in E. coli PagP, whereas PaPagP 

and other minor clade homologs are not predicted to have this extension. 

HePagP is unique among minor clade homologs because its structure is 

intermediate between other minor clade homologs like PaPagP and major clade 

homologs like EcPagP (Figure 4.5). The N-terminal α-helix of E. coli PagP has 

been shown to function as a post-assembly clamp that stabilizes the protein in 

liposomes (Huysmans et al., 2010; Iyer and Mahalakshmi, 2016). The N-

terminal extension in HePagP may function in a similar capacity by stabilizing 

the enzyme as removal of the N-terminal extension destabilized the enzyme, as 

significantly reduced the activity of the enzyme in our detergent assays. This 
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difference in activity likely reflects a perturbation of a catalytically competent 

conformation of the β-barrel structure. Although the amphipathic α-helix of 

EcPagP is equally stabilizing, the chimera is not active. One possible 

explanation for the dependence of HePagP activity on the presence of its native 

N-terminal extension is that the extension, which includes two pairs of tandem 

proline residues that disrupt α-helical structure, may trigger subtle structural 

rearrangements in the transmembrane β-barrel scaffold that are important for 

activity.  

 Major and minor clade PagP homologs likely share a similar catalytic 

mechanism since they all have strikingly conserved the two catalytic His and 

Ser residues in homologous positions (Figure 4.5). The catalytic Ser evaded 

detection when the PaPagP sequence was forced into alignment with major 

clade PagP homologs (Thaipisuttikul et al., 2014), but its conservation became 

apparent once alignment was restricted to minor clade homologs (Figure 4.2).  

PagP enzymes are thought to function through a mechanism similar to that 

proposed for the carnitine acyltransferases (Jogl et al., 2004; Jogl and Tong, 

2003) because this mechanism is most consistent with known PagP enzymology.  

In our proposed mechanism for PagP, the His functions as a general base to 

abstract a proton from the hydroxyl group of the lipid acceptor bound at the 

embrasure, so it can be activated for nucleophilic attack on the carbonyl carbon 

of the sn-1-palmitoyl group in the phospholipid donor bound within the 

hydrocarbon ruler.  The serine does not function as a nucleophile, but simply as 
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a hydrogen bond donor to stabilize the oxyanion in the tetrahedral transition 

state that forms in the ternary complex. The protonated His can then function as 

a general acid to donate its proton to the sn-1 hydroxyl group of the 

lysophospholipid leaving group.  In major clade PagP homologs a critical Arg 

residue additionally functions to electrostatically stabilize the polar head group 

of the phospholipid donor as it docks into the hydrocarbon ruler after being 

laterally gated through the crenel, but this Arg is not conserved in minor clade 

PagP homologs. Instead, minor clade PagP homologs have a critical Tyr residue 

in a nearly identical location as the Arg, but it is displaced by one residue so the 

Tyr becomes exposed on the β-barrel exterior.  The Tyr clearly cannot fulfill an 

analogous function as the Arg in major clade PagP homologs, but it might serve 

a role in gating phospholipid access through the crenel as such gating is known 

to be governed by a Tyr residue in EcPagP. However, the presence of a crenel 

structure for lateral gating of phospholipids in minor clade PagP homologs 

remains to be confirmed structurally.  

 Despite conservation of the catalytic His and Ser residues, minor clade 

PagP homologs palmitoylate the 3’ position of lipid A instead of position 2 as is 

characteristic of EcPagP. However, some major clade PagP homologs from the 

β-Proteobacteria, namely B. bronchiseptica and B. parapertussis, have been 

reported to palmitoylate lipid A at the 3’-position (Hittle et al., 2015; Pilione et 

al., 2004; Preston et al., 2003), further testifying that the two clades of PagP are 

likely derived from a common ancestor. As with PaPagP, regulated acylation at 

Ph.D. Thesis - C. L. Dixon; McMaster University - Biochemistry and Biomedical Sciences

189



the 3’ position may be important for the lifestyle of Halomonas. P.aeruginosa 

produces a distinctly pro-inflammatory lipid A that is important for morbidity 

and mortality during infections (Ernst et al., 2007; Ernst et al., 1999). Unlike 

EcPagP, neither PaPagP nor HePagP transfers palmitate to the sn-3’ OH moiety 

of PG, suggesting that the acquisition of this activity, along with the different 

lipid A regiospecificity, helps to explain the divergence of the PagP family into 

two separate clades. 

Structures tend to be more conserved than sequences  

(Chothia and Lesk, 1986; Hilbert et al., 1993) and we have demonstrated that 

structures can be aligned in spite of very low sequence identity. There are 

examples of divergent evolution in the catalytic triads of proteolytic enzymes, 

which have been adapted to serve different functions (Gerlt and Babbitt, 2001; 

Murzin, 1998). The case that the minor and major clades of PagP result instead 

from convergent evolution suffers from the shared catalytic residues, the 

ancestral lipid A 3’-regiospecificity, the common insertion in the T2 turn, the 

common stabilizing N-terminal extension, and the shared 8-stranded antiparallel 

β-barrel architecture with an interior hydrocarbon ruler. The question as to 

where PagP first evolved remains. The most ancient bacteria to encode PagP 

homologs are found in the β -Proteobacteria in both the minor and major clades. 

However, the minor clade clearly includes PagP homologs from Halanaerobium 

species of the Firmicutes (Figure 4.1).  This interesting subclass of Gram-

positive bacteria is dubbed Negativicutes because its members have a peculiar 
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cell wall with an LPS OM that stains Gram-negative. Whether the Negativicutes 

are ancestral to or derived from Gram-positive bacteria is a subject of current 

debate among evolutionary biologists (Cavalier-Smith, 2006; Gupta, 2011; 

Sutcliffe, 2010).  Importantly, PagP has not been observed in α-Proteobacteria, 

which are ancestral to the mitochondria of eukaryotic cells.  Therefore, it seems 

unlikely that PagP function was necessary for bacteria prior to the evolution of 

eukaryotic cells. PagP seems to have emerged during the subsequent 

establishment of bacterial interactions with eukaryotic hosts, which is consistent 

with the distribution of the majority of PagP homologs in both the minor and 

major clades among species that are known to exhibit some form of association 

with eukaryotic cells. Eukaryotic immune systems thus appear to be a key 

driving force for PagP evolution.  
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Chapter 5 

 

Conclusions 

 This thesis addresses two subjects: PagP mediated lipid metabolism 

(Chapter 2) and PagP structure-function relationships (Chapter 3 and 4). The 

former centres on the well known E. coli PagP homolog, whereas the latter is 

based on the characterization of two recently identified homologs of a divergent 

clade of PagP enzymes. 

 

 5.1 PagP-catalyzed expansion of glycerophosphoglycerol 

phospholipids  

 Two years into my graduate studies, Samuel Miller’s group 

demonstrated that PagP is a bifunctional enzyme that palmitoylates the sn-3’-

OH moiety of phosphatidylglycerol (PG) (Dalebroux et al., 2014), in addition to 

lipid A (endotoxin). Palmitoylation of PG reduces polarity and increases 

hydrophobicity and saturation of the bilayer (Dalebroux et al., 2014), properties 

that, for lipid A, are known to contribute to resistance to cationic antimicrobial 

peptides (Needham and Trent, 2013). PG and lipid A compete with each other as 

acceptors for the palmitate chain (Dalebroux et al., 2014). We know that lipid A 

diffuses laterally into the hydrocarbon ruler through an opening called the 

embrasure, flanked by prolines 28 and 50 (Khan and Bishop, 2009). NMR 
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studies reveal that PagP’s embrasure is highly dynamic (Hwang et al., 2004; 

Hwang et al., 2002) and remarkably unselective, in that it has previously been 

demonstrated to recognize multiple lipid A substructures (Bishop, 2005) and 

various nonspecific miscible and fatty alcohols in vitro Khan and Bishop (2009). 

While we have provided detailed analysis for many aspects of PagP’s 

multifunctionality, several molecular details are still outstanding, including, do 

PG and lipid A competitively bind at the embrasure? Courtesy of Dr. Adil Khan, 

Figure 5.1 shows that the dynamic embrasure region is also clearly responsible 

for the palmitoylation of phosphatidylglycerol. 

 Both the embrasure and crenel in Escherichia coli PagP display 

weakened transmembrane β-strand hydrogen bonding to provide lateral routes 

for diffusion of the palmitoyl group between the hydrocarbon ruler and outer 

membrane external leaflet (Khan and Bishop, 2009). The prolines flanking the 

PagP embrasure can be mutated to cysteines (Pro28Cys/Pro50Cys);  the 

presence of free thiol groups in PagP leads to intramolecular disulfide bond 

formation, reversibly barricading the embrasure. Palmitoylation of PG and 

formation of BMP is impeded by intramolecular disulfide bond formation at 

PagP’s embrasure. 

 The discovery of bis(monoacylglycero)phosphate (BMP) in E. coli 

membranes comes at a most opportune time -  when strides are being made in 

phospholipid trafficking (Abellon-Ruiz et al., 2017; Ekiert et al., 2017; Isom et 

al., 2017) and signaling (Malinverni and Silhavy, 2009), and when minor lipids  

Ph.D. Thesis - C. L. Dixon; McMaster University - Biochemistry and Biomedical Sciences

193



PagP P28C/P50C 
+ Cu(OP)3

Origin

Solvent Front

NE PL
A 2

100μM DPPG
100μM sn-1 16:0 Lyso PG
100μM DMPG
100μM sn-1 14:0 Lyso PG

+ −    −    − +   −     −    − +     −    −    −
− + −    −   − +     −    −    − +    −    −
− −    +    −   − − +    −    − − +    −
− −    −    +   − −     − +    − −    − +

PagP P28C/P50C 
+ Cu(OP)3

NE PL
A 2

100μM DPPE
100μM sn-1 16:0 Lyso PE
100μM DMPE
100μM sn-1 14:0 Lyso PE

+ −    −    − +    −     −    − +    −    −    −
− + −    −    − +     −    −    − +    −    −
− −    +    −    − − +    −    − − +    −
− −    −    +    − −     − +    − −    − +

P28C/P50C 
+Cu(OP)3

+βME + 50˚C

P28C/P50C 
+Cu(OP)3

+βME + 50˚C

FFA

PE

di-[1-14C]-16:0-PC

Lyso-PC

PG

acyl-PG

Lyso-PG

BMP

Origin

Solvent Front
FFA

di-[1-14C]-16:0-PC

Lyso-PC

B

A

Figure 5.1 Phosphatidylglycerol binds at the embrasure of PagP. Courtest of Dr. Adil Khan
A representative TLC autoradiographs of PagP phospholipase reaction supplemented with either 
PE, lyso-PE, PG or lyso-PG. The location of palmitate as free fatty acids (FFA) is revealed by 
the phospholipase A2 (PLA2) control. Cu2+-(1,10-phenanthroline)3 [Cu(OP)3] drives disulfide 
bond formation in membrane environments. Heating protein in the presence of 500 mM βME at 
50 °C for 2 h reduced the disulfide bridge A) Cold PE becomes radioactive as a result of a 
phospholipid exchange reaction where PE is first converted to lyso-PE by phospholipase activity. 
The subsequent reacylation using one of the radiolabelled palmitate of 14C-DPPC is impeded 
when the embrasure is reversibly baracaded by disulfide bond formation. B) Palmitoylation of 
PG and formation of BMP is impeded by intramolecular disulfide bond formation at the 
embrasure in Pro28Cys/Pro50Cys mutants. 
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with major roles are being reported (Dalebroux et al., 2014; Sutterlin et al., 

2014). Our report of a novel glycerophosphoglycerol (GPG) metabolic pathway 

(Chapter 2) builds on Dr. Millers work, by identifying the downstream reactions 

after palmitoylation of PG. Dalebroux et al. (2014) reported the accumulation of 

PPG in cell membranes, the results described in Chapter 2 show that PPG is 

serially degraded to BMP, and then to monoacylated 

phosphoglycerolphosphates (Lyso-PG and Lyso-BMP). Activation of PagP in E. 

coli has been demonstrated to trigger truncation of the R3 core oligosaccharides 

in the cytoplasm (Smith et al., 2008). However, the biological significance of 

the R3 truncation is not currently known. Given the physical separation between 

the OM and the cytoplasm, PagP most likely functions as a sensory transducer 

which is activated by a breach in the outer membrane permeability barrier. 

Efforts to discover the downstream signalling components that respond to the 

activated state of PagP have so far been unsuccessful. The sn-3’ regioisomer of 

lyso-PG (Lyso-BMP) should be investigated for its potential as a second 

messenger in lipid mediated signal transduction.  

 

5.2 The elusive P. aeruginosa PagP 

 Identification of the elusive P. aeruginosa PagP challenges our 

paradigm. We have since established that there are two clades of PagP evolved 

to fulfil different evolutionary functions in different bacteria. P. aeruginosa 

PagP is characteristic of a novel clade that can be characterized a lack of 
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primary sequence identity with major clade homologs, a His/Ser/Tyr catalytic 

triad, 3’ lipid A regiospecificity and substrate specificity that excludes PG.  

 P. aeruginosa PagP produces a pro-inflammatory lipid A, distinctly 

different from lipid A isolated from acute infection, bronchiectasis (non-CF lung 

infections), or environmental isolates (Ernst et al., 1999). We were able to show 

modification of lipid A by PaPagP contributes to this pro-inflammatory property 

(Chapter 3). We sought to determine whether or not the pa1343 gene was 

essential for virulence. We performed these experiments in a Caenorhabditis 

elegans. It has been reported recently that P. aeruginosa kills C. elegans and 

that many virulence factors (genes) required for maximum virulence in mouse 

pathogenicity are also required for maximum killing of C. elegans (Tan et al., 

1999). The toxic effects of P. aeruginosa are largely mediated by virulence 

factors. The virulence factors play an important pathological role in the 

colonization, the survival of the bacteria and the invasion of tissues. Figure 5.2, 

shows Kaplan–Meier survival curves for nematodes fed P. aeruginosa PAO1. 

To determine if the pagP was required for C. elegans virulence, we performed 

slow killing assays with wild-type PAO1 and a mutant in the gene encoding 

PagP (PAO1 ΔpagP). Nematodes grown on PAO1 and PAO1 ΔpagP have 

similar slow killing of C. elegans, indicating that the pagP was not required 

virulence. 
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Figure 5.2. PAO-1 mediated killing of Caenorhabditis elegans used to model 
virulence. Kaplan–Meier survival curves for nematodes fed P. aeruginosa pa1343 
(ΔpagP) mutants. The % survival values represent three independent experiments 
(n ~ 90) where the total number of worms equals 284. E. coli OP50 is the 
non-pathogenic food source. There is no significant difference between the wild type 
PAO-1 and Δpa1343 as determined by the log-rank test (p = 0.9488) and Gehan-
Breslow-Wilcoxon test (p = 0.9988) 
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 Despite having first been identified in pathogenic bacteria, the discovery 

of minor clade homologs forces us to consider PagP outside of the context of 

pathogenicity. The minor clade is largely made up of environmentally pervasive 

bacteria, with the exception of Pseudomonas and Halomonas which have shown 

potential as pathogens. Still, our understanding of the role of PagP must evolve 

to regard it as a part of the sensory and reactive arsenal of the OM. 

   

5.3 PagP Structure-Function Relationships 

PagP modifies lipid A in a number of Gram-negative bacteria many 

having distinctly different lipid A structures, giving rise to diversity in PagP 

lipid A regiospecificities (Bishop, 2005). Some major clade PagP homologs 

from the β-Proteobacteria, namely B. bronchiseptica and B. parapertussis, have 

been reported to palmitoylate lipid A at the 3’-position (Hittle et al., 2015; 

Pilione et al., 2004; Preston et al., 2003). Sanchia Miller has also demonstrated 

PagP from B. bronchiseptica shows lipid A 3’-position regioselectivity, and two 

PagP homologs from the plant endophyte, K. oxytoca palmitoylate lipid A at the 

2 and 3’-positions (Miller, unpublished). In Chapter 4, we reported the 

identification of HELO_4100 as the gene encoding PagP in Halomonas 

elongata. Like PaPagP, regulated acylation at the 3’ position may be important 

for the lifestyle of Halomonas. While HePagP has the same preference to 

palmitoylate the 3’ position in lipid A, the effects of lipid A palmitoylation will 
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also depend on the lipid A structures displayed in P. aeruginosa and H. 

elongata.  

The genus Halomonas includes bacteria favouring or tolerating high-

saline and high-pH environments. Halomonas has only recently been recognized 

for it pathogenic potential in humans (Berger et al., 2007; Stevens et al., 2009; 

von Graevenitz et al., 2000), capable of causing bacteremia in dialysis patients 

(Kim et al., 2010; Stevens et al., 2009). The endotoxic properties of 

lipopolysaccharide principally reside in the lipid A component, which is the 

primary immunostimulatory centre of Gram-negative bacteria. The structure of 

lipid A has only been reported for two species of Halomonas: H. pantelleriensis 

and H. magadiensis. H. pantelleriensis produces an immunostimulatory hexa-

acylated lipid A (Carillo et al., 2016), whereas H. magadiensis is reported to 

produce both penta- and tetra-acylated lipid A, naturally antagonistic forms of 

lipid A capable of inhibiting E. coli LPS activation of Toll-like receptor 4 

expressed in human cells (Ialenti et al., 2006). However, it should be duly noted 

that a BLAST search against all non-redundant sequences from GenBank, PDB, 

SwissProt, Protein Information Resource, Protein Research Foundation 

databases excluding environmental samples, reveals no obvious PagP homologs 

in either strain. 

While there are currently four available structures of PagP, it may be 

beneficial to have an available structure of one of the divergent homologs. Our 

lab is currently collaborating with Dr. Peter Hwang (University of Alberta) to 
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obtain a structure of HePagP. It should be noted that based upon our study it is 

difficult to estimate how bonding interactions between the side chains on the 

amino acids may be affecting the tertiary structure of the protein. A solved 

structure would help rectify this problem. Despite these limitations, our results 

provide a compelling correlation of protein structure with enzymatic activity and 

stability.  
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