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Bacterial pathogens assemble complex surface structures in an attempt to 

circumvent host immune detection.  A great example is the glycolipid known as 

lipopolysaccharide or lipooligosaccharide (LPS), the major surface molecule in nearly all 

gram-negative organisms.  LPS is anchored to the bacterial cell surface by a anionic 

hydrophobic lipid known as lipid A, the major agonist of the mammalian TLR4-MD2 

receptor and likely target for cationic antimicrobial peptides (CAMPs) secreted by host 

cells (i.e. defensins).  In this work we investigate LPS modification machinery in related 

ε-proteobacteria, Helicobacter pylori and Campylobacter jejuni, two important human 

pathogens, and demonstrate that enzymes involved in LPS modification not only play a 

role in evasion of host defenses but also an unexpected role in bacterial locomotion.  

More specifically, we identify the enzyme responsible for 4'-dephosphorylation of H. 

pylori lipid A, LpxF.  Demonstrating that lipid A depohsphorylation at the 1 and 4'-

positions by LpxE and LpxF, respectively, are the primary mechanisms used by H. pylori 

for CAMP resistance, contribute to attenuated TRL4-MD2 activation and are required for 

colonization of a the gastric mucosa in murine host.  Similarly in C. jejuni, we identify an 

enzyme, EptC, responsible for modification of lipid A at both the 1 and 4'-positions with 

phosphoethanolamine (pEtN), also required for CAMP resistance in this organism.  



 vii 

Suprisingly, EptC was found to serve a dual role in modifying not only lipid A with pEtN 

but also the flagellar rod protein FlgG at residue Thr75, required for motility and efficient 

flagella production. This work links membrane biogenesis with flagella assembly, both 

shown to be required for colonization of a host and adds to a growing list of post-

translational modifications found in prokaryotes.  Understanding how pathogens evade 

immune detection, interphase with the surrounding environment and assemble major 

surface features is key in the development of novel treatments and vaccines. 
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Chapter 1:  Introduction 

The primary surface component of nearly all gram-negative bacteria is the 

glycolipid, lipopolysaccharide or LPS.  LPS is localized to the outer leaflet of the outer 

membrane, encapsulating the bacteria, providing a layer of protection from the external 

environment and making it the major surface molecule of these organisms. During 

infection by gram-negative organisms, dissociated LPS is recognized by the innate 

immune system by Toll-like receptor 4 (TLR4)-MD2 that is present on many cell types.  

To prevent dissemination of infection, LPS serves as a molecular signal, alerting the host 

immune system and helping to clear the invading pathogen.  Conversely, over stimulation 

of inflammatory mediators (e.g. TNF-α) along with activation of coagulation factors, 

damaging the microvasculature, results in the syndrome of septic shock.  For this reason, 

it is crucial to understand the cellular machinery for the synthesis and presentation of LPS 

on the bacterial surface.   

LPS is characterized by three structural domains; O-antigen, core, and lipid A 

(Fig. 1.1).  Lipid A is the hydrophobic anchor of LPS and is recognized by the TLR4-

MD2 complex.  Extended from lipid A is the core oligosaccharide followed by the O-

antigen polysaccharide.  Some organisms (e.g. Campylobacter jejuni) produce 

lipooligosaccharide (LOS) in which the O-antigen is absent and replaced by an extended 

core region.  The core and O-antigen regions are typically not required for growth, but 

are critical for resistance to antibiotics, evasion of complement, and various other 

environmental stresses. 

 The lipid A of Escherichia coli K12 consist of a β-1ʹ′,6-linked disaccharide 

of glucosamine that is both phosphorylated and acylated (Fig. 1.2).  Both the lipid A 

domain and the core oligosaccharide are assembled on the cytoplasmic side of the inner 
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membrane (Fig. 1.1) (1).  Once flipped across the inner membrane by a dedicated lipid 

flipase, MsbA, the O-antigen is ligated to the core-lipid A completing LPS assembly (Fig. 

1.1).  LPS must then be shuttled across the periplasm and eventually translocate to the 

outer leaflet of the outer membrane (Fig. 1.1).  Nine constitutive enzymes involved in the 

biosynthetic pathway of the Kdo-lipid A domain can be found in most Gram-negative 

bacteria suggesting that they all have the ability to synthesize a lipid anchor similar to 

that of E. coli K12 Kdo2-lipid A (Fig. 1.2) (2).  Suggesting conserved lipid architecture in 

nearly all gram-negative bacteria.   

 



 
 

3 

 

Figure 1.1  Model for LPS assembly, modification and transport 

De-novo Kdo2-Lipid A and Core is synthesized on the cytoplasmic side of the inner 
membrane and then flipped to the periplasmic side of the inner membrane by a dedicated 
lipid flippase MsbA where O-antigen sugars are ligated to the structure (2).  A variety of 
modification enzymes work on the de novo glycolipid structure, targeting the di-
saccharide backbone, Kdo sugars and core sugars (shown in red).  This entire glycolipid 
is then transported across the periplasm to the outer membrane, flipped by lipid flippases 
and again modified by various enzymes, targeting fatty acyl-chains (shown in Green). 
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Figure 1.2  Constitutive enzymes of Lipid A Biosynthesis 

The nine constitutive enzymes involved in the biosynthetic pathway of the Kdo-lipid A 
domain of LPS.  Most gram-negative organism have conserved homolog of the 
constitutive enzymes (shown in red) and are able to produce a β-1ʹ′,6-linked disaccharide 
of glucosamine that is both phosphorylated and acylated.  Intermediate products are 
shown in blue and reaction donors are shown in green. 
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However, examination of the lipid A domain of LPS of numerous organisms 

reveals an impressive amount of structural diversity (Fig. 1.3).  Previous work has shown 

that during trafficking of the lipid A domain to the bacterial surface, a diverse group of 

enzymes modify the Kdo-lipid A sub-structure of LPS (Fig. 1.1) (2,3).  For example, the 

modified lipid A of E. coli and Salmonella typhimurium is heavily decorated and hepta-

acylated.  This is strikingly different from what is seen with H. pylori lipid A, whose 

structure is under acylated and lacks phosphate moieties (Fig. 1.3).  It is clear that LPS 

modifications are important for virulence and this has been demonstrated for several 

pathogens including S. typhimurium and Yersinia pestis.  First, by altering the overall 

charge of the bacterial surface these modifications have been shown to be required for 

resistance to cationic antimicrobial peptides (CAMPs) that are produced by the host (4-

6).  These structurally diverse antimicrobial peptides are found in macrophages, 

neutrophils, and at mucosal surfaces, making them important components of the host 

innate immune response (7).  Second, changes in the lipid A structure directly impacts 

recognition by the TLR4-MD2 co-receptor of the host innate immune system.  Both the 

degree of acylation and phosphorylation of lipid A is critical for LPS recognition (8).  

Therefore, how gram-negative bacteria modify their LPS and how these modifications 

impact virulence remain important questions. 
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Figure 1.3   Structural variation seen in the Kdo-lipid A domain of LPS 

Examination of the Kdo-lipid A domain of LPS from numerous organisms reveal an 
impressive amount of variation. 
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In this body of work, we investigate the LPS modification systems of the related 

ε-proteobacteria, H. pylori and C. jejuni.  These organisms utilize enzymatic machinery 

not found in E. coli or S. typhimurium synthesizing unique Kdo-lipid A structures 

offering the opportunity to characterize novel machinery.  Furthermore, both H. pylori 

and C. jejuni are highly resistance to CAMPs and LPS purified from H. pylori is a very 

weak TLR4-MD2 agonist.  Previous to this work, the mechanism for CAMP resistance 

and attenuated TLR4-MD2 activation was completely unknown for these two pathogens.  

This work also provides an opportunity to learn more about the biology and pathogenicity 

of two important human pathogens with different lifestyles.  H. pylori, a bacterium with 

only one well-defined niche, the human stomach, can persist for several years without 

manifestation of symptoms.  However, over time serious complications appear, including 

peptic ulcer disease and gastric cancer, allowing for classification of H. pylori as a class 1 

carcinogen by the world health organization (9,10).  Since no other reservoirs exist for H. 

pylori, a unique balance must be established during infection in order to permit long-term 

survival of both the bacterium and its human host.  C. jejuni on the other hand, has a 

more diverse lifestyle.  C. jejuni survives in many animals as a commensal bacterium, 

however, human infections result in severe acute diarrheal disease.  C. jejuni is now 

recognized as the most common bacterial cause of diarrheal illness worldwide and can 

result in serious medical consequences such as reactive arthritis, Reiter’s syndrome, and 

Guillain-Barré syndrome (11,12).  This work demonstrates that H. pylori and C. jejuni 

have evolved unique lipid A modifications to promote evasion of the host innate immune 

system.  We also show that enzymes involved in LPS modification not only play a role in 

remodeling of membrane glycolipids, but also play an unexpected role in post 
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translations modification of flagella components, linking membrane biogenesis and 

locomotion.  
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Chapter 2:  Remodeling of Helicobacter pylori’s Outer Membrane is 
Required for Survival in the Gastric Mucosa1 

 

2.1 INTRODUCTION 

Helicobacter pylori, a gram-negative bacterium with only one well-defined niche, 

the human stomach, can persist for several years without manifestation of symptoms.  

However, over time serious complications may appear including peptic ulcer disease and 

gastric cancer, allowing for classification of H. pylori as a class I carcinogen by the 

World Health Organization (9,10).  Similar to most gram-negative bacteria the outer 

membrane of H. pylori is composed of lipopolysaccharide (LPS), a surface exposed 

glycolipid.   

 LPS is anchored to the bacterial membrane by its hydrophobic lipid A 

domain.  Extended from lipid A is the core oligosaccharide followed by the O-antigen 

creating a uniform hydrophilic surface layer that interphases with the surrounding 

environment.  The first sugar of the core, Kdo (3-deoxy-D-manno-octulosonic acid), 

serves as a bridge to link the lipid anchor to the carbohydrate domains of LPS.  The core 

polysaccharide is well conserved within a bacterial species; however, this is not the case 

with O-antigen.  H. pylori shows great diversity in expression of its O-antigen (14), 

achieving a form of molecular mimicry by assembling surface polysaccharides 

resembling human blood group antigens, contributing to its ability to evade immune 

detection (15).   

 

                                                
1 Large portions of this chapter have been previously published (13. Cullen, T. W., Giles, D. K., Wolf, 
L. N., Ecobichon, C., Boneca, I. G., and Trent, M. S. (2011) PLoS Pathog 7, e1002454 
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Figure 2.1  Structures of the Kdo-lipid A domain of E. coli and H. pylori. 

The major lipid A species of E. coli is a hexa-acylated disaccharide of glucosamine with 
phosphate groups at the 1- and 4′-positions.  The first sugar of the core oligosaccharide, 
Kdo (3-deoxy-D-manno-octulosonic acid), is attached at the 6′-position and serves as a 
bridge to link lipid A to the carbohydrate domains of LPS.   The minor de novo lipid A 
species of H. pylori is similar to that seen in E. coli, but has longer acyl chains.  
However, the mature surface exposed major lipid A species of H. pylori is tetra-acylated 
that is lacking the 4′-phosphate group, and is substituted at the C-1 position with a 
phosphoethanolamine residue.  Phosphate groups are shown in red, the Kdo sugars are 
shown in green, and the phosphoethanolamine is shown in magenta.  The length of the 
fatty acyl chains are indicated.      
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The biosynthetic pathway for assembly of Kdo2-lipid A (Fig. 2.1), is well 

conserved throughout gram-negative bacteria and proceeds via the nine-step enzymatic 

“Raetz pathway”; however, great variety is seen in Kdo2-lipid A structures when 

comparing gram-negative bacterial species (1).  One of the best examples of Kdo-lipid A 

diversity is the structure produced on the surface of H. pylori (Fig. 2.1).  Variation in the 

Kdo-lipid A domain of LPS is generated in part through the action of modification 

enzymes (16).  The structural diversity among human pathogens might have arisen 

through evolutionary pressures applied to the bacterium by the host innate immune 

system.   

To evade the host innate immune system by modification of its lipid A, 

pathogenic bacteria employ several approaches.  One approach involves masking of 

negatively charged phosphate groups present on the lipid A disaccharide backbone by 

adding positively charged substituents, such as phosphoethanolamine or L-4-

aminoarabinose, while a second approach involves the complete removal of phosphate 

groups from the backbone (17).  Both approaches result in a net loss of negative surface 

charges, resulting in a bacterial membrane more resistant to cationic antimicrobial 

peptides (CAMPs).  CAMPs are positively charged peptides (e.g. defensins) that bind to 

negatively charged surface structures (e.g. lipid A) present on the bacterial cell surface, 

presumably creating pores in the membrane, resulting in cell lysis and eventual death 

(4,18).  These structurally diverse CAMPs are found in macrophages, neutrophils and at 

the mucosal surface, making them an important component of the host innate immune 

response (18).  It has also been reported that changes in lipid A acylation or removal of 

Kdo (3-deoxy-D-manno-octulosonic acid) core sugars, through the activity of 

modification machinery, play a role in resistance to CAMPs (19,20). 
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The lipid A domain is responsible for the endotoxic properties associated with 

LPS due to recognition and activation of the human Toll-like receptor 4-myeloid 

differentiation factor 2 (hTLR4-MD2) complex (21).  The human Toll-like receptor 2 

(hTLR2), known to recognize several conserved bacterial structures including 

lipoteichoic acid and lipoproteins, has also been shown to recognize atypical forms of 

LPS (22,23).  During infection by gram-negative organisms, dissociated LPS is 

recognized by the hTLR4-MD2 complex present on many cell types (24).  In preventing 

dissemination of infection, LPS serves as a molecular signal helping to clear the invading 

microbe; however, over-stimulation of inflammatory mediators (e.g. TNF-α), can result 

in the syndrome of septic shock (2).  LPS from enteric bacteria such as Escherichia coli 

produce the typical highly stimulatory lipid A (Fig. 2.1), easily recognized by hTLR4-

MD2; however, many pathogenic bacteria produce altered lipid A structures resulting in 

attenuated activation of hTLR4-MD2, allowing for immune evasion (16).  Several tactics 

are employed to produce hTLR4-MD2 attenuated lipid A structures, including the 

incorporation of longer acyl chains (16 or 18 carbons) instead of the standard (12 or 14 

carbons) or by decreasing the overall number of acyl-chains from hexa-acylated to penta- 

or tetra-acylated lipid A forms (2).  In some organisms, the masking or removal of 

phosphate groups on the disaccharide backbone serves a dual role in CAMP resistance 

and attenuation of hTLR4-MD2 activation (25). 

H. pylori produce a minimal Kdo-lipid A structure that is tetra-acylated with a 

phosphoethanolamine residue attached at the 1 position of the disaccharide (Fig. 2.1), 

presumably contributing to high CAMP resistance and attenuated hTLR4-MD2 activation 

reported for this pathogen (26).  Since no other reservoirs exist for H. pylori, a unique 

balance must be established during infection in order to permit long-term survival of both 
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the bacterium and its human host.  Unlike a number of bacterial pathogens [6], 

modification of H. pylori lipid A appears to be constitutive and is not regulated by 

specific environmental cues (27).  Furthermore, the H. pylori lipid A modification 

pathway is highly ordered and efficient giving rise to a single lipid A species.  This is in 

contrast to the lipid A variation seen on the surface of other pathogens (27). Given that 

only one known reservoir exists for H. pylori, the human stomach, adaptation to changing 

environmental conditions is presumably unnecessary and explains this lack of regulation 

and single form of lipid A. 

De novo lipid A synthesized by H. pylori is modified from a bis-phosphorylated 

hexa-acylated Kdo2-lipid A structure (Fig. 2.1) by a five-step enzymatic pathway (Fig. 

2.2) and a single distinct lipid A species is produced (27-30).  Previous studies from our 

laboratory have characterized the enzymes responsible for four of these steps; however, 

the identity of the lipid A 4ʹ′-phosphatase in H. pylori has yet to be identified or 

characterized.  Thus, what role the 4ʹ′-phosphatase plays in CAMP resistance or in 

modulation of hTLR4-MD2 activation has not been addressed.  Furthermore, although 

the lipid A 1-phosphatase (LpxE) of H. pylori was shown to be important for CAMP 

resistance, its role in hTLR4-MD2 activation remains unclear (25).  Here we report the 

identification of the lipid A 4ʹ′-phosphatase in H. pylori and demonstrate that the 1 and 4ʹ′-

phosphatases act synergistically to produce a bacterial surface that is highly resistant to 

CAMP attack.  We also show that dephosphorylation of H. pylori lipid A at the 1 and/or 

4ʹ′ position results in LPS with attenuated hTLR4-MD2 activation.  Most exciting, our 

results suggest that modification of H. pylori lipid A phosphate groups are important for 

colonization of a host. 
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Figure 2.2  Modification pathway of H. pylori Kdo-lipid A. 

H. pylori produce a highly modified lipid A species via a five-step enzymatic pathway.  
First, the 1-phosphate group is cleaved by LpxE (Jhp0019) followed by the addition of 
phosphoethanolamine by EptA (Jhp0020) at the 1-position.  Phosphatidylethanolamine 
(PE) likely serves as the donor for EptA resulting in the formation of diacylglycerol 
(DAG).  Next KdoH1 (Jhp0526) and KdoH2 (Jhp0527) act in concert to remove the 
terminal Kdo sugar.  The 4ʹ′-phosphate group is removed by LpxF (Jhp1487) leaving an 
unmodified hydroxyl group, followed by removal of the 3ʹ′-O-linked acyl chains by LpxR 
(Jhp0634) resulting in a tetra-acylated lipid A.  Following transport of core-lipid A across 
the inner membrane, the first four modification reactions occur at the periplasmic face of 
the inner membrane.  The final step, catalyzed by LpxR, occurs in the outer membrane to 
produce H. pylori Kdo-lipid A (inset).  Cartoon structures are shown to illustrate the 
intermediate structures in the pathway.  The phosphate groups are shown in red, Kdo 
shown in green, and phosphoethanolamine in magenta.  The core-oligosaccharide and O-
antigen are not shown for simplicity. 
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2.2 RESULTS 

2.2.1  The H. pylori lipid A 4ʹ′-phosphatase is encoded by jhp1487. 

      The published structure for wild type H. pylori is Kdo-lipid A that is tetra-

acylated with a phosphoethanolamine attached at the 1-position (Fig. 2.1) (26).  Previous 

work in our laboratory identified and characterized the Kdo2-lipid A modification 

machinery in H. pylori, including LpxE (1-phosphatase), EptA (phosphoethanolamine 

transferase), KdoH1/2 (Kdo Hydrolase) and LpxR (3ʹ′-O-deacylase), which all act in an 

ordered efficient manner to produce a single lipid A species found on the bacterial 

surface (Fig. 2.2) (27,28,30).  To date, all enzymes have been identified and characterized 

except for the enzyme responsible for removal of the lipid A 4ʹ′-phosphate group, also 

known as LpxF (4ʹ′-phosphatase). 

 Previous attempts to identify H. pylori lpxF by our laboratory have proven 

unsuccessful, as heterologous expression of possible homologs in E. coli have failed to 

demonstrate LpxF activity in whole cells (25).  Searching the H. pylori genome for 

proteins homologous to LpxE (Hp0021) using the Blastp algorithm (31) revealed three 

possibilities, identified as belonging to a family of type 2 phosphatidic acid phosphatases 

(PAP2), Jhp0324, Jhp0787 and Jhp1487.  Along with LpxE these proteins are members 

of COG0671, a cluster of putative orthologs of E. coli PgpB.  PgpB is a membrane-bound 

phosphatidylglycerol phosphatase involved in phospholipid biosynthesis.  A ClustalW2 

alignment of Jhp0324, Jhp0787 and Jhp1487 against LpxE revealed a score of 8%, 7% 

and 20%, respectively.  Score is defined as percent identities divided by number of 

residues compared.  Given that Jhp1487 showed the highest score (20%) when aligned 

with LpxE, it became the likely target.  A knockout in jhp1487 was created by 
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interruption of the coding sequence with an antibiotic resistance cassette in H. pylori 

strain J99 and named J99 lpxF.  Complementation of J99 lpxF was achieved by re-

introduction of lpxF into the chromosome and named J99 lpxF, lpxF+.  
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Figure 2.3  In vitro assay of the H. pylori lipid A 4ʹ′-phosphatase, LpxF. 

Membranes from an lpxF deficient mutant in strain J99 were assayed using Kdo2-[4ʹ′-
32P]lipid A as the substrate. LpxF activity is indicated by the appearance of free 
radiolabeled inorganic phosphate (32Pi). The LpxF mutant showed a complete loss of 4ʹ′-
phosphatase activity, which was fully restored in the complemented strain.  Reaction 
products from the previously characterized 1-phosphatase (LpxE) (28) and Kdo hydrolase 
(KdoH1/H2) (27,29) were also detected.  Cartoon structures are shown to illustrate 
reaction products.  The 1-phosphate group is shown in black, the radiolabeled 4ʹ′-
phosphate group in red, and the Kdo sugars are shown in green. 
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To screen for LpxF activity in membrane fractions, in vitro assays were 

performed using radiolabelled Kdo2-[4ʹ′32P]lipid A as the substrate (Fig. 2.3). Following 

incubation of the enzyme source with the radioactive substrate, the reaction products 

were separated via thin-layer chromatography (TLC) such that the more hydrophobic 

reaction products migrated faster.  As expected, wild type H. pylori J99 membranes show 

robust LpxF activity (lane 2) as indicated by the appearance of free inorganic phosphate 

(32Pi), while membranes isolated from J99 lpxF were completely free of 4ʹ′-phosphatase 

activity (lane 3).  LpxF activity was restored in membranes isolated from the 

complemented strain J99 lpxF, lpxF+ (lane 4), indicating that the H. pylori lipid A 4ʹ′-

phosphatase is encoded by jhp1487.  Reaction products from the previously characterized 

1-phosphatase (LpxE) (28) and Kdo hydrolase (KdoH1/H2) (27,29) were also detected.  

Loss of jhp1487 had no effect on 1-phosphatase or Kdo hydrolase activity.  It was 

demonstrated previously (25) that membranes lacking a functional LpxE were unable to 

catalyze removal of the 1-phosphate group of lipid A substrates.   Thus, ruling out H. 

pylori LpxF as a lipid A 1-phosphatase. 

 

2.2.2  Characterization of Lipid A from select H. pylori mutants. 

 To clearly ascertain the role LpxE and LpxF play in the pathogenesis of H. 

pylori, a series of mutants were generated, including a single lpxE, lpxF and a double 

lpxE/F mutant.  Single lpxE and double lpxE/F mutants were created by introduction of a 

previously described lpxE mutation (25) into wild type J99 and J99 lpxF background by 

natural transformation, creating J99 lpxE and J99 lpxE/F, respectively.  Complementation 
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of J99 lpxE was achieved by re-introduction of lpxE into the chromosome and named J99 

lpxE, lpxE+.  Additionally, all mutations were moved into the mouse adapted H. pylori 

strains, B128 and X47 (32-34).  

 To thoroughly characterize this series of mutants, the lipid A species 

produced by each strain was determined.   To begin, all strains were grown in the 

presence of 32Pi, the lipid A purified, separated by TLC and visualized by 

phosphorimaging.  H. pylori wild type strains J99, B128 and X47 all revealed a single 

identical species of lipid A indicating no variation between backgrounds (Fig. 2.4A).  In 

contrast, lipid A from the single lpxE, lpxF and double lpxE/F mutants showed 

differences in migration compared to that of wild type.  Chromosomal complementation 

of either the lpxE or lpxF mutations resulted in production of wild type lipid A (Fig. 

2.4B).  
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Figure 2.4  TLC analysis of 32P-labelled lipid A from select H. pylori strains.  

H. pylori were grown in the presence of 32Pi, the lipid A purified, separated by TLC and 
visualized by phosphorimaging.  (A) All strains of wild type H. pylori (J99, B128, and 
X47) revealed identical lipid A species.  (B) TLC analysis of wild type J99 and 
complemented strains revealed a single lipid A species with migration typical of wild 
type H. pylori lipid A.  Analysis of the lpxE, lpxF, and double lpxE/F mutants in a J99 
background reveal changes in the migration pattern, indicating changes in the lipid A 
structure.  The structure of each lipid A species was later identified by MALDI-TOF 
mass spectrometry analysis and cartoon structures are included for clarification. 
Phosphate groups are shown in red and phosphoethanolamine is shown in magenta.  A 
minor penta-acylated lipid A species indicated by an asterisk was present in lpxF 
deficient backgrounds.  
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To confirm changes in lipid A and determine the structure, lipid A from all strains 

was subjected to analysis by MALDI-TOF (matrix-assisted laser desorption/ionization-

time of flight) mass spectrometry in the negative ion mode.  The wild type J99 spectrum 

showed a predominant peak at m/z 1546.9 consistent with the [M-H]- ion of the wild type 

structure of H. pylori lipid A (predicted [M-H]- at m/z 1547.1), which is tetra-acylated 

without a phosphate group at the 4ʹ′-position and a phosphoethanolamine residue at the 1-

position (Fig. 2.5).  The lpxF mutant spectrum showed a predominant peak at m/z 2091.0 

consistent with the  [M-H]- ion of a lipid A species that is hexa-acylated with a phosphate 

group at the 4ʹ′-position and a phosphoethanolamine residue at the 1-position (predicted 

[M-H]- at m/z 2091.5), confirmation that the H. pylori LpxF is encoded by jhp1487.  The 

presence of hexa-acylated lipid A species in the lpxF mutant suggest an ordered 

modification system in which H. pylori LpxR (3ʹ′-O-deacylase) activity is dependent on 

removal of the lipid A 4ʹ′-phosphate group by LpxF. The lpxE mutant spectrum (Fig. 2.5) 

showed a predominant peak at m/z 1504.8 consistent with the  [M-H]- ion of a lipid A 

species that is tetra-acylated bearing a single phosphate group (predicted [M-H]- at m/z 

1505.1), in agreement with the published lipid A structure of lpxE deficient H. pylori 

strains (25).  The double lpxE/F mutant spectrum showed a predominant peak at m/z 

2048.2 consistent with the  [M-H]- ion of a lipid A species that is hexa-acylated with a 

phosphate group at the 1- and 4ʹ′-positions (predicted [M-H]- at m/z 2048.5) (Fig. 2.5).  

Complemented lpxE and lpxF strains showed a predominate peak consistent with that of 

wild type H. pylori (Fig. 2.5).  Moreover, MALDI-TOF mass spectrometry analysis of 

lipid A purified from all mutants in B128 (Fig. 2.6) and X47 (Fig. 2.7) backgrounds, 

agreed with corresponding J99 stains.  The proposed structure for the lipid A species 

found in each strain is illustrated in Figure 2.5. 
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Figure 2.5  Mass spectrometry of lpxE, lpxF and lpxE/F mutants in strain J99. 

Lipid A was isolated from wild type, lpxE, lpxF, lpxE/F and complemented strains in 
strain J99 and analyzed by MALDI-TOF mass spectrometry in the negative-ion mode.  
Wild type and complemented stains produced a peak at 1546.9 to 1547.8 m/z 
corresponding to the published wild type H. pylori lipid A structure (28,35).  The lpxE, 
lpxF and lpxE/F mutants showed a peak at m/z 1504.8, 2091.0 and 2048.2, respectively. 
1504.8 corresponds to tetra-acylated 1-phosphorylated lipid A, 2091.0 to hexa-acylated 
4ʹ′-phosphorylated lipid A and 2048.2 to hexa-acylated bis-phosphorylated lipid A.  The 
lipid A structure for each strain is shown with changes to phosphate groups outlined in 
red and changes in acylation outlined in blue. 
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Figure 2.6  Mass spectrometry of lpxE, lpxF and lpxE/F mutants in strain B128. 

Lipid A was analyzed by MALDI-TOF mass spectrometry in the negative-ion mode.  
Wild type and complemented strains produced a peak at 1547.0 to 1548.0 m/z 
corresponding to the published wild type H. pylori lipid A structure.  The lpxE, lpxF and 
lpxE/F mutants showed a peak at m/z 1504.6, 2090.0 and 2048.1, respectively. 1504.6 
corresponds to tetra-acylated 1-phosphorylated H. pylori lipid A, 2090.0 to hexa-acylated 
4ʹ′-phosphorylated H. pylori lipid A and 2048.1 to hexa-acylated bis-phosphorylated H. 
pylori lipid A.  The lipid A structure for each strain is shown above with changes to 
phosphates outlined in red and changes in acylation outlined in blue. 
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Figure 2.7  Mass spectrometry of lpxE, lpxF and lpxE/F mutants in strain X47. 

Lipid A was analyzed by MALDI-TOF mass spectrometry in the negative-ion mode.  
Wild type and complemented strains produced peaks between 1546.9 to 1548.1 m/z 
corresponding to the published wild type H. pylori lipid A structure.  The lpxE, lpxF and 
lpxE/F mutants showed a peak at m/z 1504.6, 2091.1 and 2048.1, respectively. 1504.6 
corresponds to tetra-acylated, 1-phosphorylated lipid A; 2091.1 to hexa-acylated, 4ʹ′-
phosphorylated lipid A; and 2048.1 to hexa-acylated bis-phosphorylated lipid A.  The 
lipid A structures for each strain are shown with changes to phosphate groups outlined in 
red and changes in acylation outlined in blue. 
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2.2.3  Dephosphorylation of lipid A by LpxE and LpxF results in resistance to 
CAMPs. 

 Resistance to CAMPs is of great importance to all mucosal pathogens.  

This is especially true for H. pylori whose only known reservoir is the human gastric 

mucosal surface.  H. pylori is highly resistant to the CAMP polymyxin B (PMB) with the 

minimal inhibitory concentration (MIC) of wild type strains ranging from 250 - 1000 

µg/ml peptide (27).  PMB is an experimental substitute for CAMPs and commonly used 

to demonstrate CAMP resistance in laboratory settings because of a similar mechanism of 

action (36).  MICs were determined for all strains using PMB E-test strips.  H. pylori 

wild type strain J99 and all complemented strains exhibited a PMB MIC (469.3 ± 73.9 

µg/ml) comparable to published determinations (25,27).  The lpxE, lpxF and double 

lpxE/F mutants in background J99 showed a 16, 360 and 1020 fold decrease in resistance 

to PMB, with MICs of 29.3 ± 4.6, 1.3 ± 0.3 and 0.46 ± 0.03 µg/ml, respectively (Table 

2.1).  Thus, although LpxE and LpxF work in concert to produce a highly resistance 

bacterial membrane, removal of the 4ʹ′-phosphate group has the most influence on CAMP 

resistance in H. pylori.   
 

To rule out changes in acylation in the single lpxF and double lpxE/F mutant as 

playing a role in CAMP resistance, the MIC of a previously characterized lpxR mutant 

was also determined and found to be comparable (512 ± 0.0 µg/ml) to that shown by wild 

type H. pylori (Table 2.1).  The lipid A of the lpxR deficient strain is hexa-acylated 

without a phosphate group at the 4ʹ′-position and a phosphoethanolamine residue at the 1-

position (30) suggesting that, in H. pylori, deacylation plays no role in resistance to 

CAMPs.  MICs were also determined for mutants in the mouse adapted backgrounds, 

B128 and X47, and were found to be comparable to J99 stains (Table 2.1). 
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Table 2.1  Minimum Inhibitory Concentrations of Polymyxin B against H. pylori strains. 

 
H. pylori strain 

 

 
Background J99 

Polymyxin B 
(µg/ml) 

 
Background B128 

Polymyxin B 
(µg/ml) 

 
Background X47 

Polymyxin B 
(µg/ml) 

 
Wild Type 469.3 ± 73.9 213.3 ± 37.0 768.0 ± 0.0 

lpxF 1.3 ± 0.3 1.8 ± 0.3 2.3 ± 0.6 

lpxF, lpxF + 512.0 ± 0.0 213.3 ± 37.0 682.7 ± 147.8 

lpxE 29.3 ± 4.6 26.7 ± 4.6 37.3 ± 9.2 

lpxE, lpxE + 469.3 ± 73.9 234.7 ± 37.0 768.0 ± 0.0 

lpxE/F 0.46 ± 0.03 0.61 ± 0.04 0.55 ± 0.08 

lpxR 512.0 ± 0.0 ND ND 

lpxR, lpxR + 469.3 ± 73.9 ND ND 
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The lifecycle and transmission of H. pylori is not well understood.  Most literature 

agrees that oral familial passage of the bacterium is the most likely route of transmission, 

suggesting that H. pylori must not only resist CAMPs located at the gastric mucosal 

surface, but also those found in the oral cavity (37).  Moreover, the bacterium must resist 

CAMPs secreted by a variety of leukocytes, constantly surveying for invading pathogens 

(18).  To confirm our PMB MIC findings, we repeated MIC determinations using 

CAMPs possibly encountered by H. pylori during its lifecycle.  We chose a number of 

peptides relevant to human infection for this study including: (i) the human cathelicidin 

LL-37 produced by both leukocytes and epithelial cells, (ii) human β-defensin 2 (HBD-2) 

found throughout the gastrointestinal tract, (iii) P-113, a fragment of histatin 5 found 

within the oral cavity, (iv) and HNP-2, an α–defensin produced by neutrophils (4,7).   

 To determine the MICs, a standard microtiter broth dilution method was utilized.  

J99 wild type was highly resistant to all CAMPs analyzed (Table 2.2).  The lpxE, lpxF 

and double lpxE/F mutants all showed a decrease in resistance against LL37, P-113, and 

HBD-2, similar to what is seen against PMB (Table 2.2).  Once again, LpxF activity 

seemed to have the largest influence on resistant CAMPs.  No change in resistance was 

seen for the α–defensin HNP2 at the indicated concentrations (Table 2.2). The lpxR 

deficient strain was identical to that of wild type, once again confirming that deacylation 

of LPS plays no role in resistance to CAMPs in H. pylori (Table 2.2).  Together, these 

results indicate that dephosphorylation of lipid A in H. pylori, by LpxE and LpxF, is 

essential for resistance to CAMPs.  
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Table 2.2  Minimum Inhibitory Concentrations of Cationic Antimicrobial Peptides 
against H. pylori strains. 

 
Strain 

 

 
Polymyxin 

(µg/ml) 

 
HP2.201 

(µg/ml) 

 
HNP2 

(α-Def)2 
(µg/ml) 

 
HBD2 

(β-Def)3 
(µg/ml) 

 
LL374 
(µg/ml) 

 
P1135 

(µg/ml) 

J99 Wild Type >250 >1250 >25 >25 40 ± 5 >400 

J99 lpxE 22 ± 2 583 ± 29 >25 23 ± 3 40 ± 0 341 ± 14 

J99 lpxF 3.8 ± 0.3 60 ± 0 >25 12 ± 1 19 ± 2 178 ± 3 

J99 lpxE/F 0.6 ± 0.1 18 ± 3 >25 5.0 ± 1.0 11 ± 1 141 ± 14 

J99 lpxR >250 >1250 >25 >25 41 ± 6 >400 

 
 
1 Helicobacter pylori (2-20) 
2 human neutrophil peptide-2 (α-defensin) 

3 human beta defensin-2 (β-defensin) 
4 human cathelicidin LL-37 
5 P-113 fragment of histatin-5 
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Interestingly, H. pylori produces an antibacterial peptide referred to as Hp (2.20), 

related to the insect cecropins that bind to the phosphate groups of lipid A (38).  H. pylori 

is naturally resistant to Hp (2.20), and it has been suggested that release of this peptide 

into the stomach may contribute to clearance of other gastrointestinal pathogens 

providing some benefit to H. pylori infected individuals (38). Again, the double lpxE/F 

mutant shows a large decrease (≥ 60 fold) in resistance against Hp (2.20) (Table 2.2).  

The level of Hp (2.20) production by H. pylori during colonization of the gastric mucosa 

is unclear; however, it is likely that modification of the lipid A structure provides 

protection against this H. pylori derived antimicrobial compound.  

 

2.2.4  Dephosphorylation of Lipid A by LpxE and LpxF produce a bacterial surface 
more resistant to CAMP binding. 

 CAMPs primary mode of action against bacteria is to bind negatively 

charged moieties present on the bacterial surface (e.g. phosphate groups) (18).  Unlike 

most gram-negative bacteria, wild type strains of H. pylori completely lack unsubstituted 

phosphate moieties on its LPS (26).  However, LpxE/F deficient H. pylori strains produce 

an LPS anchored to the membrane by bis-phosphorylated lipid A (Fig. 2.5) providing a 

negatively charged target for positively charged CAMPs.  

 To visually assess this, we devised a PMB binding assay by use of a 

biologically active fluorescent Oregon Green 514 derivative of polymyxin B (PMB-OG).  

Briefly, H. pylori wild type and double lpxE/F mutant in strain J99 were incubated for 10 

minutes in the presence of 0, 1, 25, or 250 µg/ml PMB-OG and visualized by phase 

contrast and fluorescence microscopy (Fig. 2.8).  Overlay images clearly illustrate that 

unlike wild type, the double lpxE/F mutant fluoresced when incubated with 1 µg/ml 
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PMB-OG, indicating increased surface-bound or entry of PMB-OG.  Even at 25 µg/ml of 

peptide, essentially no fluorescence was observed for wild type bacteria. Both strains 

fluoresced when incubated with 250 µg/ml PMB-OG, although wild type was lower in 

intensity.  These images visually demonstrate the protective effect lipid A 

dephosphorylation by LpxE and LpxF has against CAMP attack of the bacterial surface 

of H. pylori.   

To quantify the binding and/or entry of PMB-OG to H. pylori strains, stained cells 

were re-suspended in PBS and fluorescent intensity measured (Fig. 2.9).  The double 

lpxE/F mutant showed significantly increased fluorescence when compared to wild type 

confirming our visual interpretation of the fluorescence microscopy.  Furthermore, 

quantitative fluorescent analysis of PMB-OG binding to the lpxE, lpxF, lpxR and 

complemented mutants corresponded to the loss of CAMP resistance seen in our MIC 

experiments (Table 2.1) solidifying these findings. 
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Figure 2.8  Fluorescent polymyxin B whole cell binding assay. 

H. pylori wild type J99 and the double lpxE/F mutant were incubated for 10 minutes in 
the presence of Oregon Green 514 polymyxin B (PMB-OG) at the indicated 
concentrations.  Bacteria were visualized by phase contrast and fluorescence microscopy 
(shown as overlays, 1000X).  Unlike wild type, the double lpxE/F mutant fluoresced 
when incubated with 1 or 25 µg/ml PMB-OG, suggesting increased ability to bind 
CAMPs.  Both strains fluoresced when incubated with 250 µg/ml, although wild type 
fluorescence was lower in intensity.  
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Figure 2.9  Quantitative analysis of fluorescent polymyxin B whole cell binding assay. 

Strains of H. pylori were incubated for 10 minutes in the presence of Oregon Green 514 
polymyxin B (PMB-OG) at the indicated concentrations.  After washing, the cells were 
resuspended in PBS and placed into 96-well plates for analysis.  Fluorescence and A600 
of each well was determined using a microplate reader.  Each experiment was repeated in 
triplicate and data reported as a ratio of fluorescence intensity to A600.  The lpxE, lpxF 
and lpxE/F mutants all clearly show increased binding of PMB-OG when compared to 
wild type.  The lpxR and complemented strain were identical to wild type.  An asterisk is 
used to indicate data points that are significantly different to that of wild type (P ≤ 0.002). 
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2.2.5  Dephosphorylation of Lipid A by LpxE and LpxF results in attenuated TLR4-
MD2 activation and has no effect on TLR2 activation. 

 H. pylori LPS is characterized by strikingly low endotoxicity which may 

contribute to the long-term carriage state of the organism (26).  LPS from F. tularensis 

and P. gingivalis also exhibit very low endotoxicity and both organisms harbor lipid A 

phosphatases (39,40).  LPS purified from LpxF deficient F. tularensis mutants which 

produce a penta-acylated form of lipid A failed to show increases in hTLR4-MD2 

activation, indicating no role in attenuation (39).  However, given that hTLR4-MD2 is 

unable to recognize LPS anchored to the membrane by a penta-acylated form of lipid A, 

this result is not surprising (8).  Alternatively, LPS purified from LpxE and/or LpxF 

deficient P. gingivalis, triggered an increased hTLR4-MD2 response, indicating lipid A 

dephosphorylation plays a role in its low endotoxicity (40).  The ability of LPS from a 

number of bacteria to elicit an immune response has been examined.  However, much of 

the literature describes experiments using LPS isolated from bacteria (e.g. P. gingivalis) 

producing a mixture of lipid A species, complicating the findings (41).  Further confusing 

the literature are reports that heavily modified forms of lipid A, like that found in H. 

pylori, P. gingivalis, and Leptospira interrogans elicit an immune response through 

hTLR2 (23,42-45).  Fortuitously, H. pylori and the mutants generated herein produce an 

abundant single species of lipid A (Fig. 2.4 & 2.5), giving us the ability to investigate the 

contribution of single lipid A modification in hTLR4-MD2 and hTLR2 activation. 

The Toll-activation profiles of intact LPS were examined using samples purified 

using by the Hirschfield method (46) that allows for removal of potential contaminating 

lipoproteins.  Activation of TLRs was monitored using HEK-Blue 293 cells stably 

transfected with TLR machinery and a secreted alkaline phosphatase (SEAP) reporter 

gene placed under the control of an NF-κB inducible promoter allowing for easy 
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detection of TLR activation using a colorimetric assay.  Changes in hTLR4-MD2 

activation in the H. pylori strains are clearly illustrated in Figure 2.10A.  LPS from the H. 

pylori single lpxE, lpxF and double lpxE/F mutant show 2, 6 and 10 fold significant (P ≤ 

0.001) increases in activation of hTLR4-MD2 at 10000 ng/ml when compared to wild 

type, indicating that LpxF imparts greater influence on attenuated hTLR4-MD2 when 

compared to LpxE.  This agrees with the published crystal structure of the hTLR4-MD2-

LPS complex showing that the 4ʹ′ phosphate group is involved for ligand recognition (47).  

Similar results were seen using 1000 ng/ml of LPS (Fig. 2.10A).  LPS isolated from the 

lpxR deficient mutant activated hTLR4-MD2 similar to wild type LPS indicating that 

lipid A dephosphorylation plays a larger role in lowering endotoxicity compared to 

deacylation of Helicobacter lipid A (Fig. 2.10A).  Although these findings are of interest, 

it is important to note that in comparison to E. coli LPS, higher concentrations of 

Helicobacter LPS are required for activation of TLR4.  For each experiment LPS from R. 

sphaeroides (1000 ng/ml), a known TLR4 antagonist (48), and E. coli (10 and 1000 

ng/ml) were used as a negative and positive controls for activation of hTLR4-MD2, 

respectively (Fig. 2.10B).  
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Figure 2.10  Activation of human or murine TLR4-MD2 by H. pylori LPS. 

Activation of TLR4 was monitored using HEK-293 cells stably transfected with either 
human TLR4-MD2-CD14 or murine TLR4-MD2-CD14.  TLR activation was monitored 
colorimetrically using a secreted alkaline phosphatase (SEAP) reporter gene placed under 
the control of an NF-κB inducible promoter.  Highly purified LPS from the indicated 
strains of H. pylori was added to each well in triplicate at 0, 10, 100, 1000 and 10000 
ng/ml.  Values are the mean of results from triplicate wells ± standard deviation.  When 
compared to wild type, LPS (10000 ng/ml) from the lpxE, lpxF, and lpxE/F mutants 
showed an ~ 2, 6 and 10-fold significant increase in hTLR4-MD2 activation, 
respectively. hTLR4-MD2 activation by LPS prepared from the LpxR mutant and 
complemented strains were identical to that of wild type (p > 0.05).  Where appropriate, 
an asterisk was used to indicate significance (p ≤ 0.001) (A).  For experiments with 
hTLR4-MD2, LPS from R. sphaeroides (1000 ng/ml) and E. coli (10 and 1000 ng/ml) 
was used as negative and positive controls for activation of hTLR4-MD2, respectively 
(B).  When compared to wild type, LPS (10000 ng/ml) from the lpxE, lpxF, lpxR and 
lpxE/F mutants showed an ~ 10, 8, 9 and 5 fold significant increase in mTLR4-MD2 
activation, respectively. mTLR4-MD2 activation by LPS prepared from complemented 
strains were identical to that of wild type (p > 0.05). Where appropriate, an asterisk was 
used to indicate significance (P ≤ 0.01) (C).  For experiments with mTLR4-MD2, 
endotoxin free water and LPS purified from E. coli (10 and 1000 ng/ml) was used as 
negative and positive controls for activation of mTLR4-MD2, respectively (D).  LPS 
from R. sphaeroides is a known mTLR4-MD2 agonist and was not used as a negative 
control.  All results agreed between experimental and biological replicates. Cells were 
stimulated for 24 hours with the indicated ligands. 
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LPS from the H. pylori single lpxE, lpxF and double lpxE/F mutants showed no 

significant activation of hTLR2 (p > 0.05), even at LPS concentrations as high as 10,000 

ng/ml when compared to wild type LPS (Fig. 2.11A).  LPS from E. coli (1000 ng/ml) and 

Pam3CSK4 (10 and 1000 ng/ml), a synthetic lipopeptide, were used as a negative and 

positive control for activation of hTLR2, respectively (Fig. 2.11B).  H. pylori LPS has 

been reported to act as both a hTLR4-MD2 and hTLR2 agonist (49); however, the ability 

of H. pylori LPS to activate hTLR2 is more controversial.  Our data suggest that H. pylori 

LPS does not activate hTLR2. Some of these discrepancies may arise because of 

contaminating lipoproteins in LPS preparations. Recent literature documenting activation 

of hTLR2 by H. pylori LPS used concentrations as high as 10,000 ng/ml (49), increasing 

the possibility that activation was not the result of LPS but rather contamination. All TLR 

activation studies were performed using LPS purified from strains in background J99. 
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Figure 2.11  Activation of hTLR2 by H. pylori LPS. 

Activation of hTLR2 was monitored using HEK-293 cells stably transfected with hTLR2.  
TLR activation was monitored colorimetrically using a secreted alkaline phosphatase 
(SEAP) reporter gene placed under the control of an NF-κB inducible promoter.  Cells 
were stimulated for 24 hours with the indicated ligands. Highly purified LPS from the 
indicated strains of H. pylori was added to each well in triplicate at 0, 10, 100, 1000 and 
10,000 ng/ml.  Values are the means of results from triplicate wells ± standard deviation.  
No significant activation of hTLR2 was seen in LPS prepared from the lpxE, lpxF, and 
lpxE/F mutants when compared to wild type H. pylori J99 (P > 0.05) (A). The results 
agreed between experimental and biological replicates.  For each experiment LPS from E. 
coli (1000 ng/ml) and Pam3CSK4 (10 and 1000 ng/ml), a synthetic lipopeptide, were 
used as negative and positive controls for activation of hTLR2 (B), respectively.  
Identical results were seen for activation of mTLR2 (data not shown) 
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Previous research has demonstrated that hTLR4-MD2 and murine TLR4-MD2 

(mTLR4-MD2) display differential recognition of LPS (8).  In anticipation of a future 

colonization study using a murine host, we felt it necessary to address this by examining 

the ability of H. pylori LPS to activate mTLR4-MD2.  Activation of TLRs was monitored 

using HEK-Blue 293 cells stably transfected with murine TLR machinery using the same 

reporter system described above. Changes in mTLR4-MD2 activation in the H. pylori 

strains are clearly illustrated in Figure 2.10C.  LPS from the H. pylori single lpxE, lpxF, 

lpxR and double lpxE/F mutant show 10, 8, 9 and 5 fold significant (p ≤ 0.001) increases 

in activation of mTLR4-MD2 at 10000 ng/ml when compared to wild type (Fig. 2.10B), 

suggesting that LpxE, LpxF and LpxR all play similar roles in mTLR4-MD2 ligand 

recognition and confirming species-specific differential recognition of LPS.  Differential 

recognition by mTLR4-MD2 of LPS purified from an lpxR deficient background is not 

surprising considering the promiscuity of this receptor for lipid A isoforms (i.e. tetra- and 

penta-acylated lipid A) (8).  For each experiment endotoxin free water and E. coli (10 and 

1000 ng/ml) were used as negative and positive controls for activation of mTLR4-MD2, 

respectively (Fig. 2.10D).  LPS from the H. pylori single lpxE, lpxF, lpxR and double 

lpxE/F mutants showed no significant activation of mTLR2 (p > 0.05), even at LPS 

concentrations as high as 10,000 ng/ml when compared to wild type LPS (data not 

shown). 
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2.2.5  Dephosphorylation of lipid A by LpxF is required for host colonization in H. 
pylori. 

 To date, nothing is known regarding participation of H. pylori LPS 

modifications in host colonization.  Presumably, dephosphorylation by LpxE and LpxF 

provides an advantage through resistance to CAMPs at the gastric mucosal surface and 

attenuated hTLR-MD2 activation.  Francisella mutants lacking lpxF were greatly 

attenuated in animal studies and considered a virulent (39).  However, F. tularensis does 

not establish a long-term colonization of its human host but rather, results in quick 

progression to severe illness and/or death (50).  Considering our current findings, we felt 

it was important to proceed with an in vivo animal study to emphasize the role played by 

LpxE and LpxF in host colonization. 

 For these experiments, all mutations were transferred into the mouse-

adapted strains B128 and X47 (32).  Two bacterial strains were used to rule out the 

influence of variation between strains and for confirmation of findings. Recent 

publications in Campylobacter jejuni and H. pylori have demonstrated that lipid A 

modification enzymes can modulate motility and O-antigen expression, respectively 

(27,51).  Both of these have been shown to be important for host colonization. Given 

these findings, we felt it important to examine both phenotypes prior to colonization 

studies.  The LPS profiles (O-antigen polysaccharide and core oligosaccharide 

composition) of all mutants were indistinguishable from that of wild type during SDS-

PAGE (Fig. 2.12) and all strains showed normal motility in a soft agar assay (Fig. 2.13), 

suggesting LpxE and LpxF do not influence these phenotypes.  Mutants in H. pylori 

background J99 were used to illustrate these findings.  However, identical results were 

found in both mouse-adapted strains, B128 and X47 (data not shown).  
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Figure 2.12  Comparison of LPS from the lpxE, lpxF, lpxR and lpxE/F mutants. 

Proteinase K treated whole cell lysates from the indicated strains were separated by SDS-
PAGE and stained with Pro-Q Emerald 300 Lipopolysaccharide Gel Stain Kit.  The LPS 
profile of all strains was similar to that of wild type.  LPS analysis was repeated in both 
B128 and X47 with similar results. LPS from Salmonella typhimurium strain LT2 was 
used as a control. 
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Figure 2.13 Comparison of motility in lpxE, lpxF, and lpxE/F mutants. 

Motility was determined using semisolid brucella Broth agar supplemented with 7% FBS.  
Inoculated plates were incubated for 5 days under standard growing conditions for H. 
pylori.  All strains showed motility similar to wild type.  Motility was repeated in both 
B128 and X47 (data not shown) with similar results. 
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Two mice populations, C57BL/6J and C57BL/6J tlr4-/-, were colonized.  The 

TLR4 deficient mice were used in conjunction with wild type mice to help determine 

which plays a larger role in host colonization: CAMP resistance or attenuated hTLR4-

MD2 activation.  Mice were infected orogastrically with 2 x 108 bacteria per mouse.  

Colonization rates were determined by enumeration of colony forming units per gram 

(CFU/g) of stomach.  Two independent colonization experiments were performed.  The 

first was a 15-day time point using both B128 and X47 strains in C57BL/6J.  The second 

was a time course colonization experiment at days 3, 15, and 45 using only strain B128 in 

both C57BL/6J and C57BL/6J tlr4-/- mice.   

Results from the first experiments revealed that in wild type C57BL/6J mice the 

single lpxE, lpxF and double lpxE/F mutants, in background B128 and X47, showed a 

statistically significant colonization defect (p < 0.0001) (Fig. 2.14A and 2.14B).  In B128, 

complementation of lpxE deficient strains failed to restore the colonization defect.  

However, complementation of the lpxF deficient strain successfully restored colonization 

to wild type levels (p > 0.05).  In X47, complementation of lpxE and lpxF deficient 

strains resulted in partial recovery of the colonization defect but still significantly 

different from wild type (p < 0.05).  Data from both cohorts of mice at day 15 were 

combined to increase significance and robustness of our analysis.  The double lpxE/F 

mutant in strain X47 was not included because the addition of a chloramphenicol cassette 

shows a strain specific decrease in the fitness of the bacteria in colonization experiments 

(unpublished observation).  Overall, lpxF deficient strains in both B128 and X47 

background showed the largest defect in colonization, suggesting LpxF activity is 

essential for host colonization. 
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Figure 2.14  Colonization of the lpxE, lpxF and lpxE/F mutants in strain B128 and X47 
at day 15 using C57BL/6J mice. 

C57BL/6J mice were infected orogastrically with the indicated strains at 2 x 108 bacteria 
per mouse.  Colonization rates were determined after 15 days by enumeration of colony 
forming units per gram (CFU/g) of stomach.  Circles represent individual mice while 
mean colonization levels are denoted by horizontal bars.  Circles located on the x-axis 
represent mice with no colonization.  The single lpxE, lpxF and double lpxE/F mutants in 
background B128 (A) and single lpxE and lpxF mutants in background X47 (B), showed 
a statistically significant colonization defect when compared to wild type as indicated by 
a red asterisk (p < 0.0001).  In B128, complementation of LpxE deficient strains failed to 
restore the colonization defect.  However, complementation of the LpxF deficient strain 
successfully restored colonization to wild type levels (p > 0.05).  In X47, 
complementation of LpxE and LpxF deficient strains resulted in partial recovery of the 
colonization defect but still significantly different from wild type (p < 0.05).  Data from 
two independent cohorts of mice at day 15 were combined to increase significance and 
robustness of our analysis.  
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A second colonization experiment was performed using B128 strains in C57BL/6J 

and C57BL/6J tlr4-/- mice.  A 3, 15 and 45 day time course was included in this study to 

determine if H. pylori strains were cleared soon after infection or if it was a gradual loss 

of colonization.  Wild type strain B128 colonized C57BL/6J and C57BL/6J tlr4-/- mice 

equally well (p > 0.05) throughout the time course (Fig. 2.15A).  Single LpxF and double 

LpxE/F deficient strains were mostly unable to colonize C57BL/6J or C57BL/6J tlr4-/- 

mice mice, demonstrating a colonization defect by day 3 (Fig. 2.15C and 2.15D) and no 

significant differences were seen when comparing C57BL/6J and C57BL/6J tlr4-/- mice 

(p > 0.05).  However, the LpxE deficient strain colonized well until day 45 (Fig. 2.15B) 

and a significant difference was seen when comparing C57BL/6J and C57BL/6J tlr4-/- 

mice (p < 0.01).  This suggests that resistance to CAMPs, resulting from the 

dephosphorylation of lipid A by LpxF, is important for survival within a host. The role 

LpxF dependent attenuated TLR4-MD2 activation plays in the colonization of a host 

cannot be determined because they are so quickly cleared from the mouse stomach, 

presumably due to CAMP sensitivity.  However, LpxE deficient strains retain partial 

resistance to CAMPs (Table 2.1), giving us the ability to compare mTLR4-MD2 

dependent colonization.    Interestingly, a colonization defect seen at day 45 using wild 

type mice disappears in tlr4-/- mice.  Given that the LPS from lpxE mutants shows a 10-

fold increase in activation of mTLR4-MD2 (Fig. 2.10C), one can speculate that 

dephosporylation of lipid A by LpxE results in attenuated TLR4-MD2 activation required 

for long term colonization of a host.  Taken together, these findings indicate that 

dephosphorylation of lipid A by LpxE and LpxF in H. pylori plays a role in effective 

colonization and survival within a host.   
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Figure 2.15  Comparison of colonization of the lpxE, lpxF and lpxE/F mutants in strain 
B128 using both C57BL/6J and C57BL/6J tlr4-/- mice. 

C57BL/6J and C57BL/6J tlr4-/- mice were infected orogastrically with the indicated 
strains at 2 x 108 bacteria per mouse.  Colonization rates were determined after 3,15 and 
45 days by enumeration of colony forming units per gram (CFU/g) of stomach.  Closed 
circles represent individual C57BL/6J mice and open circles represent individual 
C57BL/6J tlr4-/- mice.  Mean colonization levels are denoted by horizontal bars.  Circles 
located on the x-axis represent mice with no colonization.  Wild type strain B128 
colonized C57BL/6J and C57BL/6J tlr4-/- mice equally well (p > 0.05) throughout the 
time course (A).  Single LpxF (C) and double LpxE/F (D) deficient strains were mostly 
unable to colonize C57BL/6J or C57BL/6J tlr4-/- mice, demonstrating colonization 
defects by day 3 and no significant differences were seen when comparing C57BL/6J and 
C57BL/6J tlr4-/- mice (p > 0.05).  However, the LpxE (B) deficient strain colonized well 
until day 45 and a significant difference was seen when comparing C57BL/6J and 
C57BL/6J tlr4-/- mice (p < 0.01) as indicated by an asterisk.   
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2.3  DISCUSSION 

 The primary surface component of nearly all gram-negative bacteria is the 

glycolipid LPS.  LPS is localized to the outer leaflet of the outer membrane, providing an 

additional layer of protection from the external environment and interfacing with the 

surrounding environment.  Modification of the bioactive Kdo-lipid A domain of LPS is a 

common theme among gram-negative pathogens, most likely providing an advantage to 

the invading pathogen (16).  H. pylori is a great example, producing a highly modified 

form of lipid A that aids in camouflaging the bacterium from the innate immune response 

of its host allowing it to set up a life long chronic infection of the gastric mucosa.  

 The identification and characterization of LpxF in this work completes the 

five-step enzymatic pathway by which H. pylori lipid A is modified (Fig. 2.2), resulting 

in an outer surface that is highly resistant to CAMPs and LPS that shows attenuated 

TLR4-MD2 activation (27). Given that deletion of some enzymes in this five-step 

pathway (e.g. LpxE, KdoH1/2, and LpxF), result in the complete or partial loss of 

“downstream” modifications, the order for modification of H. pylori lipid A can now be 

determined (Fig. 2.2).  A recent publication demonstrated that efficient ligation of O-

antigen to the core-lipid A molecule is modulated by KdoH1/2 activity in H. pylori, 

suggesting that surface LPS glycosylation is also an ordered process linked to lipid A 

modification (27).  Thus, it appears that the enzymatic machinery responsible for the 

maturation of LPS in H. pylori evolved a highly ordered pathway, ensuring a single and 

very specific surface-exposed LPS that is essentially invisible to its host innate immune 

system.   Moreover, the only known variable region of the H. pylori LPS molecule is the 
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O-antigen, most likely allowing for adaptation to antigenic variation in host cell surfaces 

(15).  One could speculate that lack of multiple hosts for H. pylori was the key 

evolutionary pressure leading to an ordered pathway; hence, any genetic drift resulting in 

changes to the lipid A structure were quickly selected against by the host innate immune 

system. 

 CAMP resistance is important for any pathogen, especially those that 

establish long-term colonization of a host and H. pylori is an excellent example.  Our 

research identifies the dephosphorylation of lipid A in H. pylori by LpxE and LpxF as the 

most important determinant of CAMP resistance identified to date in this organism.  

Furthermore, our data suggest that although both LpxE and LpxF act synergistically to 

provide resistance to CAMPs, LpxF imparts the most influence.  The removal of a Kdo 

core sugar by KdoH1/2 was shown to influence CAMP resistance in previous studies, 

with KdoH1/2 deficient strains having a polymyxin B MIC of between 0.5 and 1.0 µg/ml, 

similar to what is seen in LpxF deficient strains (27).  This can now be attributed to the 

inefficient removal of the 4ʹ′-phosphate group by LpxF in KdoH1/2 deficient strains of H. 

pylori.   

 It is well documented that removal or “masking” of phosphate groups is 

the primary feature involved in CAMP resistance in several organisms (16).  However, 

the exact mechanism for resistance is more speculative and thought to occur by reducing 

the binding efficiency of these peptides.  By use of a biologically active fluorescent PMB, 

our data demonstrates that membranes composed of fully phosphorylated lipid A show an 

increased ability to bind CAMPs.  Moreover, the use of biologically relevant CAMPs 

found at multiple locations within a human host provides evidence that resistance to 
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CAMPs is not only important for survival at the site of colonization, but also during 

transmission of H. pylori through the oral cavity. 

 LPS serves as one of the most powerful activators of the innate immune 

system.  Presumably, H. pylori must avoid activation of hTLR4-MD2 to set up long-term 

colonization of the gastric mucosa.  Producing an LPS characterized by strikingly low 

endotoxicity likely contributes to this immune deception.  But which lipid A 

modifications in H. pylori have the greatest impact on attenuated hTLR4-MD2 

activation?  Our data suggest that dephosphorylation of lipid A by LpxE and LpxF 

contributes to the low endotoxicity of H. pylori LPS, but is not the only factor.  It should 

be noted that LPS prepared from the double LpxE/F mutant, synthesizing lipid A that is 

bis-phosphorylated and hexa-acylated, still shows attenuated hTLR4-MD2 activity when 

compared to bis-phosphorylated hexa-acylated lipid A of LPS prepared from E. coli K-12 

stains (Fig. 2.10), requiring high concentrations of LPS (100 ng/ml) for in vitro activation 

of hTLR4-MD2.  It is likely these differences arise from the increased length of acyl 

chains (16 and 18 carbons) found on H. pylori lipid A.  Additionally, our data suggest 

that H. pylori LPS does not activate hTLR2 even at high concentrations of LPS, helping 

to clarify some conflicting reports in the literature (49). 

 Previous to this work, nothing was known regarding participation of H. 

pylori lipid A in host colonization. This work clearly demonstrates that dephosphoryation 

of H. pylori lipid A by LpxE and LpxF is essential for efficient host colonization, with 

LpxF activity being the largest determinant of bacterial survival within a host.  LpxF 

deficient strains are unable to colonize host and are quickly cleared within 3 days of 

inoculation (Fig. 2.15C and 2.15D), presumably due to loss of CAMP resistance (Table 

2.1).  However, LpxE deficient strains retain partial resistance to CAMPs (Table 2.1) and 
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show longer-term survival within a murine model but are cleared in a mTLR4-MD2 

dependent manner by day 45 (Fig. 2.15B).  Given that LPS isolated from LpxE deficient 

strains show a 10-fold increase in mTLR4-MD2 activation (Fig. 2.10B), mTLR4-MD2 

dependent clearance from the murine stomach seems likely.  Furthermore, considering 

the 10-fold increase in hTLR4-MD2 seen with LPS purified from LpxF deficient strains, 

an even greater role in immune evasion within the human stomach is suggested and 

highlights the importance of lipid A modification in the pathogenesis of H. pylori.   

 To date, all LpxF enzymes identified only catalyze the removal of the 4ʹ′-

phosphate group from penta-acylated forms of lipid A (39,52).  H. pylori LpxF differs in 

that it can dephosphorylate hexa-acylated forms of lipid A (Fig. 2.3).  The use of H. 

pylori LpxF for the synthesis of 4ʹ′-monophosphoryl lipid A variants could prove useful in 

the development of vaccine adjuvants.  Lipid A derivatives that lack the 1-phosphate 

group can be prepared by chemical synthesis, acid hydrolysis of LPS, or LpxE 

phosphatase treatment and are referred to as 1-monophosphoryl lipid A (53-56).  More 

recently, some 4ʹ′-monophosphoryl lipid A variants have been approved as adjuvants for 

use in human vaccines.  These lipid A variants retain full adjuvant activity while 

demonstrating low endotoxicity (57,58).  

 In this research, we identify the enzyme responsible for lipid A 4ʹ′-

phosphatase activity as Jhp1487 (LpxF) in H. pylori.  We also demonstrate that 

dephosphorylation of lipid A by LpxE and LpxF in H. pylori provides resistance to 

CAMPs and results in attenuated hTLR4-MD2 activation, with LpxF having the largest 

impact in both cases.  Removal of phosphate groups from the lipid A backbone is 

essential for colonization of H. pylori in a mammalian host.  This research highlights the 
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importance of membrane lipid composition in the pathogenesis of gram negative bacteria 

and provides clear evidence that lipid A is an important virulence factor.  
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Chapter 3:  Discovery of a Link Between the Assembly of Flagella and 
Lipooligosaccharide in Campylobacter jejuni 2 

 

3.1  INTRODUCTION 

 Campylobacter jejuni is a major cause of bacterial diarrhea worldwide 

(60).  Infection with this pathogen results in significant acute illness as well as serious 

life-threatening consequences, such as Guillain-Barré syndrome (11).  Like all pathogenic 

bacteria, C. jejuni synthesizes complex outer surface structures that are critical for 

pathogenesis. Two major surface features, the outer membrane LOS and flagella, are 

highly variable and often targets for modification, presumably to provide a competitive 

advantage to the bacterium.  For example, the structural subunits in the flagella filament 

of epsilon proteobacteria are glycosylated.  In the case of C. jejuni, these glycosylation 

events are required for assembly of flagellin subunits.  Flagella components including the 

rod, hook and the structural filament are secreted from the cytoplasm through a growing 

narrow channel via the flagellar type III secretion system and polymerize at the distal end 

(61).  To date, post-translational modification of flagellar components has been shown to 

occur only in the cytoplasm prior to secretion and reported only in the filament flagellins. 

 Another well-characterized bacterial surface structure and the major 

molecule found on the surface of C. jejuni is LOS.  Like all gram-negative bacteria, the 

hydrophobic anchor of LOS or lipopolysaccharide (LPS) is lipid A.  Many gram-negative 

bacteria modify their lipid A to provide protection against CAMPs and to avoid detection 

by the host Toll-like receptor 4/MD2 innate immune receptor (2,16).  The lipid A of C. 

jejuni is characterized by longer secondary acyl chains attached to the 2´ and 3´ positions 
                                                
2 Large portions of this chapter have been previously published (59. Cullen, T. W., and Trent, M. S. 
(2010) Proceedings of the National Academy of Sciences of the United States of America 107, 5160-5165 
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of the molecule and by the addition of pEtN to the phosphate groups attached at the 1 and 

4´ positions of the disaccharide backbone (62) (Fig. 3.1C).  

 Here we report the identification of a novel pEtN transferase from C. 

jejuni, Cj0256, that modifies two periplasmic targets, a membrane lipid and a flagellar 

protein.  Deletion of cj0256 results in the loss of pEtN modification of C. jejuni lipid A 

and sensitivity to CAMPs, polymyxin B.  Unexpectedly, cj0256 mutants showed 

decreased motility and greatly reduced flagella production.  Our data indicate that Cj0256 

also modifies the flagellar rod protein FlgG (63).  Modification of FlgG is the first known 

periplasmic post-translational modification of a bacterial flagellar component.  Given that 

Cj0256 is member of a large family of proteins (COG2194) found in a number of 

pathogenic bacteria, periplasmic decoration of bacterial structures with phosphoryl 

substituents are likely to play an important role in pathogenesis. 
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Figure 3.1  Structural comparison of the lipid A anchors found in E. coli and C. jejuni. 

Dashed bonds indicate modifications of lipid A and the length of acyl chains is indicated.  
In wild type E. coli, an additional phosphate group (in red) can be attached at the 1-
position (64).  Under conditions leading to activation of the transcriptional regulators 
PhoP and PmrA, E. coli lipid A can be further modified with pEtN (magenta), 4-amino-4-
deoxy-L-arabionse (blue), and palmitate (black) (2,16).  In C. jejuni the glucosamine 
disaccharide backbone can be replaced with the analog 2,3-diamino-2,3-dideoxy-D-
glucopyranose resulting in two additional amide linked (brown) acyl chains. 
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3.2  RESULTS 

3.2.1  Cj0256 is a lipid A pEtN transferase.  

 To identify the enzyme responsible for pEtN modification of C. jejuni 

lipid A (Fig. 3.1C), we performed a BLASTp search using a previously characterized 

pEtN transferase from H. pylori (hp0022) (28) revealing a single putative homolog, 

cj0256 (E-value <10-55). To confirm that Cj0256 functions as a lipid A pEtN transferase, 

we heterologously expressed Cj0256 in E. coli K-12 strain W3110 (strain EC01).  

Cultures of EC01 were radiolabeled with 32Pi and the purified lipid A species separated 

using TLC.  E. coli K-12 W3110 produced the typical lipid A species seen in wild type, 

1,4´-bis-phosphate lipid A, and 1-diphosphate lipid A (Fig. 3.2A).  As a control, an E. 

coli K-12 PmrA constitutive mutant WD101 (65), modified with pEtN at the 1 and 4´ 

positions, was used to identify the migratory patterns of pEtN modified lipid A (Fig. 

3.2A).  Expression of Cj0256 resulted in the production of pEtN modified lipid A species 

(Fig. 3.2A). To confirm our findings, purified lipid A from strains W3110 and EC01 was 

analyzed by MALDI-TOF MS.  Analysis of wild-type W3110 revealed major ion peaks 

at m/z 1796.9 and 1876.9 representing 1,4´-bis-phosphate lipid A and 1-diphosphate lipid 

A, respectively (Fig. 3.1A and 3.3).  Analysis of EC01 revealed major ion peaks at m/z 

1918.8 and 2041.5 representing lipid A species bearing a single pEtN or two pEtN 

residues, respectively (Fig. 3.3). 
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Figure 3.2  Cj0256 is a lipid A pEtN transferase. 

32P-labeled lipid A was isolated from the indicated strains, separated by TLC and 
visualized by phosphorimaging.  Wild type (W3110) and pmrAC (WD101) E. coli were 
used as controls to confirm the migratory patterns of pEtN modified lipid A. 1-PP 
indicates 1-diphosphate lipid A produced by W3110.  Double indicates lipid A species 
modified primarily with two pEtN groups as seen in WD101. (A) Heterologous 
expression of cj0256 in E. coli (EC01) results in modification of lipid A with pEtN.  (B) 
Loss of cj0256 in C. jejuni (81-176A1 and 2) results in loss of pEtN modification, 
compared to wild type (81-176) and complemented (81-176B) C. jejuni. 
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Figure 3.3  MALDI-TOF mass spectrometry confirmation of E. coli lipid A. 

All strains were grown under standard growth conditions, the lipid A isolated and 
analyzed by MS in negative mode.  Analysis of wild type E. coli W3110 revealed major 
ion peaks of m/z 1796.9 and 1876.9, representing 1,4’-bisphosphate lipid A and 1-
diphosphate lipid A.  Expression of cj0256 in strain EC01 revealed major ion peaks of 
m/z 1918.8 and 2041.5, representing lipid A species bearing a single pEtN or double 
pEtN modification, respectively.  
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 To determine if phosphatidylethanolamine (PtdEtN) serves as the pEtN 

donor for Cj0256, we utilized an E. coli strain (AD90) harboring an insertion mutation in 

the gene encoding for phosphatidyl serine synthase (pss).  These bacteria lack PtdEtN and 

in this background, expression of Cj0256 had no effect on lipid A synthesis (Fig. 3.4).  

Complementation of the pss mutation with plasmid pDD72 restored the ability of Cj0256 

to decorate E. coli lipid A with pEtN (Fig. 3.4).  This data suggest that PtdEtN serves as 

the donor substrate for pEtN modification, but does not rule out the use of other putative 

donors such as lyso-PtdEtN. 

Modification of lipid A most often occurs following its transport across the inner 

membrane by the dedicated flipase MsbA (2).  In E. coli WD2, MsbA transport of lipid A 

across the inner membrane is lost following a temperature shift to 44°C (66).  To 

investigate the site of Cj0256-dependent modification, we examined pEtN transfer in 

WD2.  WD2 containing pWcj0256 were cultured at the permissive temperature of 30°C 

until mid-log, followed by a shift to 44°C.  Cells were pulse labeled and de-novo 32P-

labeled lipid A species separated by TLC as previously described (28).  At the 30°C, 

Cj0256 was capable of modifying E. coli lipid A.  However, inactivation of MsbA 

transport at 44°C resulted in loss of pEtN modification, indicating that Cj0256-dependent 

pEtN occurs in the periplasm (Fig. 3.5).  The production of the 1-diphosphate species of 

lipid A catalyzed by LpxT was lost upon inactivation of MsbA as previously shown (64) 

(Fig. 3.5).   
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Figure 3.4  Cj0256 utilizes Phosphatidylethanolamine as a donor for pEtN modification 
of lipid A. 

32P-labeled lipid A was isolated from the indicated strains, separated by TLC and 
visualized by phosphorimaging.  Wild type (W3110) and pmrAC (WD101) E. coli were 
used as controls to confirm the migratory patterns of pEtN modified lipid A. 1-PP 
indicates 1-diphosphate lipid A produced by W3110.  Double indicates lipid A species 
modified primarily with two pEtN groups as seen in WD101.  Heterologous expression of 
cj0256 in E. coli strain AD90 (EC24), a strain deficient in PtdEtN, results in lipid A 
devoid of pEtN modification. Heterologous expression of cj0256 in E. coli W3110 
(EC13) and AD90, pDD70 (EC26) results in modification of lipid A with pEtN.  Empty 
vector controls showed no difference in lipid A (EC23 and EC25). 
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Figure 3.5  Modification of lipid A by Cj0256 is MsbA dependent. 

E. coli WD2, an msbA temperature sensitive mutant, and its parent strain W3110A were 
transformed with either pWSK29 or pWcj0256 creating strains EC15 or EC13 (parent 
W3110A) and EC17 or EC14 (parent WD2), respectively.  Cells were cultured at the 
permissive temperature of 30°C until A600 of 0.6 – 0.7, followed by a shift to 44°C for 
30 min, to inactivate MsbA-dependent lipid A transport.  Cells were then pulse labeled 
with 4 µCi/ml 32Pi for 20 min, and the de-novo 32P-labeled lipid A species isolated, 
separated by TLC and visualized.  At 30°C, W3110A and WD2 produced lipid A species 
modified with pEtN when containing the plasmid pWcj0256.  Shifting W3110A to 44°C 
has no effect on the production pEtN modified lipid A.  However, inactivation of MsbA 
transport at 44°C in WD2 containing pWcj0256 revealed the loss of pEtN modification of 
lipid A, indicating that C. jejuni lipid A pEtN modification occurs in the periplasm, 
hence, Cj0256 active site is on the periplasmic side of the inner membrane. 
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3.2.2  Lipid A analysis of cj0256 deletion mutants in C. jejuni. 

 Many pathogen-associated virulence factors in C. jejuni are phase variable 

including its LOS (67).  Therefore, 32P-labeled lipid A from three C. jejuni strains for 

which the genome sequences are available (strains 81-176, 11-168, and 81-116) and from 

a clinical isolate (strain VLAO) were compared. The migration pattern of lipid A species 

following TLC for all four strains was identical, thus indicating no variation in the lipid A 

domain of C. jejuni LOS.  Also, a comparison of the lipid A migration to that of E. coli 

WD101 suggested the presence of both singly and doubly modified lipid A species (Fig. 

3.6).  To ascertain the role Cj0256 plays in lipid A modification in a C. jejuni 

background, deletion mutants were created in strain 81-176 by interruption of cj0256, to 

give strains 81-176A1 and 81-176A2.  The mutation was later complemented by 

chromosomal insertion of a complete cj0256 gene into the arylsulfatase gene (astA) open 

reading frame as described previously (68), creating strain 81-176B.   

The cj0256 deletion mutants revealed one major lipid A species similar to the 

1,4´-bis-phosphate lipid A of E. coli W3110, devoid of pEtN modification (Fig. 3.2B).  

The lipid A modification was recovered by complementation in strain 81-176B showing 

lipid A species identical to that of wild-type (Fig. 3.2B).  To confirm our findings, 

purified lipid A from C. jejuni strains was analyzed by MALDI-TOF MS.  Analysis of 

wild-type 81-176 and complemented strain 81-176B revealed a major ion peak at m/z 

1921, indicating the addition of a pEtN residue to the disaccharide backbone of hexa-

acylated lipid A and the loss of a phosphate group at the 1-position (Fig. 3.7A and 3.7C).  

The latter often occurs during MS of lipid A species (28).  Analysis of cj0256 deletion 

mutant 81-176A1 revealed a major ion peak at m/z 1798, indicative of 1-

dephosphorylated C. jejuni lipid A showing no pEtN modification (Fig. 3.7B).  
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Additionally, MS indicated that the disaccharide backbone of C. jejuni lipid A is not 

composed solely of glucosamine residues, but can be replaced with the analog 2,3-

diamino-2,3-dideoxy-D-glucopyranose (Fig. 3.1) as previously reported (62).  All 

together, our results confirm that Cj0256 is responsible for catalyzing the transfer of 

pEtN to C. jejuni lipid A. 
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Figure 3.6  Comparison of lipid A species found in multiple strains of C. jejuni. 

Each strain was radiolabeled using 2.5 µCi/ml inorganic 32Pi under standard growth 
conditions.  The lipid A was isolated, separated by TLC and visualized by 
phosphorimaging.  All strains revealed identical lipid A species indicating that little 
variation is seen in pEtN modification of lipid A between isolates. Wild type E. coli 
(W3110) and pmrAC E. coli (WD101) were used as controls to confirm the migratory 
patterns of pEtN modified Lipid A. 
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Figure 3.7  MALDI-TOF mass spectrometry analysis of C. jejuni lipid A. 

Analysis of lipid A from strains 81-176, 81-176A1, and 81-176B revealed major ion 
peaks of m/z 1921.2, 1798.3 and 1921.1, respectively, indicating the addition of a pEtN 
residue to the disaccharide backbone in strains with an active copy of cj0256 and the loss 
of a phosphate group at the 1-position in all strains.  The latter often occurs during MS of 
lipid A species.  
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3.2.3  Modification of Lipid A with pEtN is required for antimicrobial resistance in 
C. jejuni. 

 In the related organism H. pylori, it was demonstrated that decoration of 

lipid A with pEtN was critical for resistance to PMB, a positively charged lipopeptide 

that binds to the phosphate groups of lipid A, killing gram-negative bacteria in a manner 

similar to CAMPs of the innate immune system (25).  Strain 81-176A1 (∆cj0256) showed 

a striking decrease in resistance to PMB (MIC 0.8 ± 0.2 µg/ml), when compared to the 

wild type (MIC of 17.3 ± 3.3 µg/ml) and cj0256 complemented strain (17.6 ± 3.6 µg/ml) 

(Table 3.1).  Additionally, PMB resistance (MIC of 15.0 ± 2.0 µg/ml) was restored in 

strain 81-176C, which was created by chromosomal complementation of 81-176A1 with 

E. coli eptA.  EptA was previously shown to be involved in the modification of E. coli 

lipid A with pEtN (69).  These results confirm that the addition of pEtN to the lipid A 

backbone in C. jejuni provides a 20-fold increase in resistance to PMB and is likely 

important for resistance to CAMPs found within the intestinal mucosa.   
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Table 3.1  Polymyxin B resistance of C. jejuni strains. 

 
C. jejuni strain 

 

 
Polymyxin MIC 

(µg/ml) 

 
pEtN  

transferase 

 
pEtN  

modification 
    

81-176 17.3 ± 3.3 Cj0256 + 
 

81-176A1 0.8 ± 0.2 - - 
 

81-176B 17.6 ± 3.6 Cj0256 + 
 

81-176C 15.0 ± 2.0 E. coli EptA + 
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3.2.4  Cj0256 is required for efficient motility and flagella assembly. 

 In C. jejuni, the flagellum or flagella motility is required for effective 

adherence and invasion into intestinal epithelial cells for the colonization of chickens and 

humans, demonstrating the importance of this virulence factor (70-72).  Interestingly, a 

previous screen of C. jejuni transposon mutants identified Cj0256 as an unknown protein 

involved in motility (73).  To test the role Cj0256 plays in motility, we used soft agar 

assays.   Strain 81-176A1 (∆cj0256) revealed a decrease in motility to approximately 

50% relative to 81-176 or 81-176B (∆cj0256, cj0256+) (Fig. 3.8A and 3.8B).  To explain 

the loss of motility, bacterial strains were examined by TEM.  Strains 81-176 and 81-

176B were indistinguishable from each other, showing normal C. jejuni morphology, 

spiral or curved rods with bi-polar flagella.  Unexpectedly, strain 81-176A1 revealed a 

population (~95%) lacking flagella but otherwise unremarkable with regard to cell 

morphology (Fig. 3.8C & Table 3.2).  Surprisingly, motility was not recovered in strain 

81-176C (∆cj0256, eptA+) although E. coli EptA was capable of restoring polymyxin 

resistance.  The latter suggested that the observed motility phenotype was not the result 

of changes in the LOS lipid A anchor, but rather an unrelated role played by Cj0256 in 

flagella production (Fig. 3.8B).  

To confirm that our motility phenotype was not the result of phase variation, 

cj0256 was deleted in the following backgrounds:  81-116, VLAO and 11-168.  All 

cj0256 deletion mutants showed reduced motility relative to its respective parent, similar 

to that found in 81-176A1, confirming our previous results and ruling out random phase 

variation as the cause (Fig. 3.8B and 3.9).   
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Figure 3.8  Cj0256 is required for efficient motility and flagella production. 

(A and B) Quantitative and qualitative analysis of motility of indicated C. jejuni strains 
was determined using semi-solid Mueller Hinton agar.  (C) Transmission Electron 
Microscopy of select C. jejuni strains. 
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Table 3.2  Analysis of flagellar number produced by C. jejuni strains    

  Percentage of bacteria witha 

 
 

C. jejuni strain 
 

 
cj0256b 

 
0 Flagella 

 
1 Flagellum 

 
2 Flagella 

     
81-176 + 9.6 13.5 76.9 

 
81-176A1 - 94.2 1.7 4.1 

 
81-176B + 10.4 19.4 70.2 

 
 

a Over 200 individual bacteria for each strain were examined to determine the percentage 
of bacteria producing each number of flagella. 
b Gene expression:  (+) = Functional copy of cj0256, (-) = In-frame deletion of the cj0256 
coding sequence. 
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Figure 3.9  Comparison of motility in cj0256 deletion mutants from multiple 
backgrounds. 

Motility was determined using semi-solid Mueller Hinton agar.  Inoculated plates were 
incubated for 24 hours at 37 °C in a microaerophilic environment.  In all strains, a 
decrease in motility is seen when cj0256 has been deleted from the chromosome: 81-
116A1, 81-116A2, 81-176A1, VLAOA1, VLAOA2 and 11-168A, when compared to its 
parent strain: 81-116, 81-176, VLAO and 11-168.  Strain 81-176B, a cj0256 complement, 
reveals wild type motility. 
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3.2.5  Cj0256 modifies FlgG with pEtN. 

 Discovery of an unexpected motility phenotype and the loss of flagella 

production raised unanswered questions about the role played by Cj0256 in C. jejuni.  

Identification of the PptA, a protein involved in the decoration of the Neisseria 

gonorrhoeae Type IV pili with phosphoryl substituents that is structurally related to 

enzymes involved in pEtN modification of LPS, raised the possibility of phosphoryl-

modification of bacterial proteins (74).  Therefore, we reasoned that C. jejuni utilize 

Cj0256 to modify a flagellar structural component with pEtN promoting flagella 

assembly.  Following an exhaustive search of the literature, we found a published report 

detailing a whole genome screen of C. jejuni using two-hybrid arrays looking for protein-

protein interactions involving known flagellar proteins.  The screen identified Cj0256 as 

a novel motility protein showing direct interaction with FlgG (75). To test for FlgG 

modification, we created a chromosomal in-frame C-terminal histidine-tagged (His6) flgG 

in strains 81-176 and 81-176A1 creating 81-176D (flgG-His6
+) and 81-176E (∆cj0256, 

flgG-His6
+) respectively, giving us the ability to easily purify FlgG from C. jejuni.  

 The His6 fusion to FlgG did not alter motility when compared to its wild 

type parent (Fig. 3.8B).  Cultures of 81-176D and 81-176E were labeled with 32Pi and 

FlgG purified via affinity chromatography followed by SDS-PAGE.  FlgG-His6 was 

easily purified from both strains and detectable by western blotting (Fig. 3.10A).  

However, only FlgG-His6 purified from 81-176D revealed 32P-modified protein (Fig. 

3.10A).  32P-modification of FlgG-His6 was absent in 81-176E, implicating Cj0256 in 

phosphoryl modification of FlgG (Fig. 3.10A).  To confirm this finding and identify the 

type of modification, FlgG purified from both strain 81-176D and 81-176E was subjected 

to electrospray ionization mass spectrometry (ESI-MS).  Strain 81-176D deconvoluted 
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spectra revealed a major ion peak at m/z 28,670 (Fig. 3.11A), while strain 81-176E 

deconvoluted spectra revealed a major ion peak at m/z 28,546.9 (Fig. 3.11B).   The 

resulting mass difference of 123.4 Da is the predicted size of a single pEtN residue; thus 

confirming the Cj0256-dependent modification of FlgG.   
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Figure 3.10  Cj0256 modifies FlgG with pEtN. 

32P-labeled FlgG-His6 was purified via affinity chromatography from C. jejuni, western 
blotted using anti-His antibody, and visualized by phosphorimaging. 32P-labeled cell free 
extracts of E. coli strains were used directly for all analyses. (A) Purified FlgG from C. 
jejuni strains reveal pEtN modification in strains with an active copy of cj0256.  (B) Co-
heterologous expression of Cj0256 with FlgG-His6 or FlgF-His6 in E. coli reveals the 
addition of pEtN to only FlgG.  Co-heterologous expression of eptA with FlgG-His6 
reveals no pEtN modification. 
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Figure 3.11  ESI-MS confirmation of pEtN modification of FlgG in C. jejuni. 

C. jejuni FlgG-His6 purified via affinity chromatography was subjected to ESI-MS for 
mass analysis and are shown as deconvoluted spectra.  (A) FlgG-His6 purified from strain 
81-176D reveals a major ion peak at m/z 28,670.3. (B) FlgG-His6 purified from strain 81-
176E reveals a major ion peak at m/z 28,546.9, a difference of 123.4 Da, the approximate 
mass of a single pEtN.  
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In C. jejuni, the distal portion of the flagella rod is made of two major structural 

proteins, FlgF (annotated as FlgG2) and FlgG (22).  We reasoned that if FlgG is modified 

with pEtN then perhaps other structural components, such as the structurally similar 

protein FlgF, are modified with pEtN.  Furthermore, in light of our current findings, we 

felt it necessary to test if other identified lipid A pEtN transferases could modify FlgG.  

To test this theory, we generated plasmid constructs capable of expressing C. jejuni flgG-

His6 or flgF-His6 along with cj0256 or eptA.  The plasmids were transformed into strain 

W3110 creating strains EC06 (flgF-His6
+, cj0256+), EC08 (flgG-His6

+, cj0256+) and 

EC09 (flgG-His6
+, eptA+).  Briefly, the strains were labeled with 32Pi and the proteins 

separated by SDS-PAGE followed by western blotting (Fig. 3.10B). 32P-labeled Flg 

proteins were visualized by exposure to a phosphorimaging screen and only strain EC08 

(flgG-His6
+, cj0256+) revealed the addition of phosphoryl substituents.  The other two test 

strains EC06 (flgF-His6
+, cj0256+) and EC09 (flgG-His6

+, eptA+) showed no modification 

of Flg proteins.  

Protein FlgG-His6 was later purified by affinity chromatography from strain EC08 

and a control strain not expressing cj0256, EC07 (flgG-His6
+), and subjected to ESI-MS.  

The deconvoluted spectra of EC08 revealed the addition of pEtN to FlgG, this 

modification was absent in EC07 (Fig. 3.12).  These results confirm that Cj0256 is 

responsible for catalyzing the transfer of pEtN to FlgG and not the rod flagellar 

component FlgF.  Furthermore, E. coli EptA was not capable of modifying C. jejuni 

FlgG, illustrating a novel promiscuous activity for Cj0256 in catalyzing not only lipid A 

modification with pEtN, but also FlgG.  A model for Cj0256-dependent pEtN 

modification is shown in Figure 3.13.  
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Figure 3.12  ESI-MS confirmation of pEtN modification of FlgG in E. coli background. 

E. coli strains were cultured using standard conditions, FlgG-His6 purified via affinity 
chromatography and subjected to ESI-MS for mass analysis.  (A) Purified FlgG-His6 
from (EC07) wild-type E. coli heterologously expressing FlgG-His6 revealed major ion 
peaks of m/z 28,548.0.  (B) Purified FlgG-His6 from (EC08) wild-type E. coli co-
heterologously expressing FlgG-His6 and Cj0256 revealed major ion peaks of m/z 
28,546.6 and 28670.3, a difference of 123.7 Da, the approximate mass of a single pEtN 
modification. 
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Figure 3.13  Proposed model for pEtN modifications catalyzed by Cj0256. 

The model illustrates the bi-functional nature of Cj0256 in the periplasmic modification 
of lipid A and the flagellar rod of C. jejuni with pEtN.  The model indicates that PtdEtN 
serves as the pEtN donor resulting in the production of diacylglycerol (DAG).  Lyso-
PtdEtN could also serve as a substrate for pEtN decoration.  The TMHMM program (76) 
was used to predict the membrane topology of Cj0256.  Organization of the flagellum is 
based upon what is described for Salmonella (77) and what has been proposed for C. 
jejuni (78).  
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3.3  DISCUSSION 

    Biogenesis of bacterial surface glycans and flagella assembly are two of 

the most dynamic processes observed in prokaryotes.  The outer leaflet of the outer 

membrane in all medically important pathogenic gram-negative bacteria is composed of 

LOS or LPS that is anchored to the outer membrane by lipid A.  Not surprisingly, great 

variability is seen in the composition of this outer membrane component when comparing 

different pathogens (2,16).  The lipid A of C. jejuni differs from E. coli K-12 by increases 

in acyl-chain length, acyl-chain linkage, and by modification of the lipid A phosphate 

groups with pEtN (62).  Our data indicates that the Campylobacter protein Cj0256 is 

responsible for pEtN addition to C. jejuni lipid A and provides resistance to antimicrobial 

peptides.  Furthermore, the lipid A domain of C. jejuni’s LOS is not variable, but 

constant, as illustrated by examination of the lipid A profiles from multiple isolates (Fig. 

3.6). 

 Flagella production is a metabolically costly endeavor for a growing 

bacterial population, but necessary for adaptation to the surrounding environment.  

Flagella assembly is tightly regulated and has been well characterized in organisms such 

as Salmonella enterica serovar Typhimurium; however, the process is highly variable and 

much less is known about the regulatory and structural characteristics of C. jejuni flagella 

(79).  Flagellins from many polarly flagellated bacteria such as Campylobacter and 

Helicobacter spp. are glycosylated (80).  The function of post-translational glycan 

modification of flagellin subunits is not fully understood, but without these modifications 

members of the ε-proteobacteria (e.g. C. jejuni) show motility defects and in some cases 

are unable to assemble flagella (81).  Here we identify a novel flagellar modification 

occurring on the rod assembly in C. jejuni.  Purified FlgG from cj0256 deletion strains 
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reveals a change in mass of approximately 123.4 Da when compared to wild type, 

representing a single pEtN modification.  This illustrates the bi-functional nature of 

Cj0256, linking flagella assembly and LOS biogenesis.  Deletion of Cj0256 results in 

decreased motility and a ~95% reduction in flagella production, suggesting that 

modification of FlgG with pEtN may impart structural stability between the FlgG 

subunits.   Similarly, it has been proposed that glycosylation of filament proteins may 

provide additional stability to the flagellar filament (82,83).  Still, it is not possible to rule 

out that Cj0256 modifies other targets that play a role in flagellar assembly.   

Flagellin glycosylation in C. jejuni occurs on the cytoplasmic side of the inner 

membrane before export through the flagella export apparatus (84).  Our data shows that 

the active site of Cj0256 is localized on the periplasmic side of the inner membrane (Fig. 

3.5), demonstrating that modification of FlgG occurs during subunit assembly in the 

periplasm.  This is the first example of post-translational periplasmic modification of a 

flagella component.  Interestingly, proteins involved in glycosylation of C. jejuni flagellin 

subunits are shown to localize to the poles of the bacterium where the growing flagella 

subunits are exported, suggesting that Cj0256 may be localized to the poles in a similar 

manner (84).  A small sub population (~5 %) retained the ability to assemble mature 

flagella in the absence of an active copy of Cj0256, suggesting a possible second site 

suppressor mutation.  Perhaps FlgF, a structurally related rod protein can play a similar 

role in distal rod assembly, compensating for the loss of properly assembled FlgG.  

However, this merits further investigation.    

    Members of COG2194 and other distantly related proteins (e.g. PptA) 

have been shown to catalyze the transfer of pEtN from a conveniently located 

phospholipid donor, PtdEtN, to membrane-associated components (6,85).  Phosphoryl 
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substituents are increasingly being recognized as important membrane associated 

structural components (74).  A well-documented example is modification of various LPS 

components with pEtN by CptA (85), EptB (86) and EptA (6,69), in E. coli and S. 

typhimurium.  All three proteins presumably utilize PtdEtN as a substrate donor but show 

specificity in the pEtN recipient.  Here, we demonstrate that Cj0256 requires PtdEtN for 

lipid A modification in whole cells (Fig. 3.4).  A BLAST of the genomes of E. coli and S. 

typhimurium reveals multiple proteins homologous to pEtN transferases, where C. jejuni 

contains only one, Cj0256.  Our research shows that Cj0256 functions to modify both 

lipid A and FlgG.  Complementation of a cj0256 deletion mutant with cj0256 or eptA 

reveals in both cases recovery of pEtN modified lipid A.  Only complementation with 

cj0256 showed recovery of motility, suggesting that Cj0256 diverged from other 

identified pEtN transferases, acquiring a bi-functional promiscuous role in pEtN 

modification, perhaps in response to the specialization of C. jejuni to a specific 

environmental niche and a “slimming down” of C. jejuni’s genomic size.  An LOS core 

sugar of C. jejuni is modified by the addition of pEtN (87) similar to that of S. 

typhimurium (85).  Considering Cj0256’s identified promiscuous pEtN transferase 

activity, a third role in modification of core LOS is possible.  The LOS from the cj0256 

mutant showed no differences when compared to wild type by SDS-PAGE analysis (Fig. 

3.14); however, this does not rule out possible changes in phosphorylation patterns.    

 This research identifies a novel link between the assemblies of two of the 

most important surface associated virulence factors.  We have identified a promiscuous 

pEtN transferase showing preference for two substrates, a membrane lipid and a 

structural protein.  In light of our current findings, more research is needed to elucidate 
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the role played by this family of mostly uncharacterized transferases in the assembly of 

bacterial surface structures and pathogenesis. 
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Figure 3.14  Deletion of cj0256 does not result in major changes to LOS. 

LPS and LOS from proteinase-K digested lysates were separated by SDS-PAGE on 16% 
Tricine gels.  C. jejuni strains 81-176 (wild type), 81-176A1 (∆cj0256)  and 81-176B 
(∆cj0256, cj0256+) show no major changes in LOS.  Wild type E. coli W3110 and 
Salmonella typhimurium LT2 were used to illustrate the various migratory patterns of 
LPS.  The LPS of W3110, an E. coli K-12 strain, does not contain O-antigen whereas 
wild type S. typhimurium assembles LPS with repeating O-antigen unit. 
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Chapter 4:  Characterization of a Unique Modification of the Flagellar 
Rod Protein FlgG by the Campylobacter jejuni Lipid A 

Phosphoethanolamine Transferase, Linking Bacterial Locomotion and 
Antimicrobial Peptide Resistance 3 

 

4.1  INTRODUCTION 

Campylobacter jejuni is a major cause of bacterial diarrhea worldwide (60).  

Infection with this pathogen results in significant acute illness as well as serious life-

threatening consequences such as Guillain-Barré syndrome (11).  Similar to other 

bacterial pathogens, C. jejuni assembles complex surface structures critical for 

commensal colonization of avian reservoirs as well as pathogenesis in humans.  Two 

major surface components, the outer membrane glycolipid lipooligosaccharide (LOS) and 

flagella, are often subject to phase variation or targets for modification making them 

highly variable, presumably to provide antigenic diversity and a competitive advantage to 

the bacterium.   For example, variation in the surface exposed LOS in C. jejuni results in 

a form of molecular mimicry between these bacterial glycolipids and peripheral nerve 

gangliosides implicating them in the post infectious neuropathies, Guillain-Barré and 

Miller Fisher syndrome (11,89).  Another example of surface modification is O- and N-

linked glycosylation of the flagella filament by the Pse and Pgl family of enzymes found 

in C. jejuni and many epsilon proteobacteria.  These events not only result in antigenic 

variation, but also are required for assembly of the filament (84,90,91).  Considering the 

importance of surface glycolipids (e.g. LOS) in pathogen-host interactions and a 

                                                
3 Large portions of this chapter have previously been published (88. Cullen, T. W., Madsen, J. A., 
Ivanov, P. L., Brodbelt, J. S., and Trent, M. S. (2012) J Biol Chem 287, 3326-3336 
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requirement for flagellar locomotion in many pathogens, roles played by variation and 

modification of surface structures in C. jejuni in its pathogenesis is now apparent. 

 Recently, Cj0256 (EptC) was found to catalyze the addition of a 

phosphoethanolamine (pEtN) residue to two periplasmic targets adding to the repertoire 

of surface modification and variation found in C. jejuni (Fig. 4.1) (51).  During transport 

of LOS to the outer surface, EptC was shown to transfer pEtN residues to the phosphate 

groups of lipid A.   Lipid A is unique saccharolipid that serves as the hydrophobic anchor 

of LOS making up the outer layer of the gram-negative outer membrane.  Decoration of 

C. jejuni lipid A phosphate groups with pEtN residues provides resistance to cationic 

antimicrobial peptides (CAMPs) (51). Many gram-negative bacteria modify their lipid A 

to provide protection against CAMPs and to avoid detection by the host Toll like receptor 

4/MD2 innate immune receptor (2,16).  Remarkably, EptC was also shown to catalyze 

the addition of a single pEtN to the flagellar rod protein FlgG (51).  EptC deficient strains 

showed decreased motility and greatly reduced flagella production, suggesting a 

functional role for pEtN modification of FlgG.  However, the actual site of pEtN 

modification on FlgG was not determined and the role pEtN modification plays in 

bacterial motility could not be clearly examined. 
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Figure 4.1  Proposed model for pEtN modifications catalyzed by EptC. 

The model illustrates the bifunctional nature of EptC in the periplasmic modification of 
lipid A and the flagellar rod component FlgG of C. jejuni with pEtN.  C. jejuni lipid A is 
shown as a disaccharide of 2,3-diamino-2,3-dideoxy-D-gluopyranose that is hexa-
acylated and bis-phosphorylated.  Phosphoethanolamine modification of Campylobacter 
lipid A occurs on the phosphate groups (51) and modification of FlgG occurs on 
threonine 75.  The model indicates that phosphatidylethanolamine (PtdEtN) serves as the 
pEtN donor resulting in the production of diacylglycerol (DAG) which can be recycled 
for phospholipid synthesis.   
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 EptC is member of a large family of proteins (COG 2194) found in a 

number of pathogenic bacteria, many of which have identified functions in periplasmic 

decoration of bacterial structures with phosphoryl substituents (Table 4.1).  Most 

commonly, members of this family of proteins (e.g. EptB, CptA, Lpt3) have been shown 

to decorate LOS or lipopolysaccharide (LPS) of various pathogens with pEtN presumably 

derived from phosphatidylethanolamine, similar to the lipid A modification catalyzed by 

EptC (Fig. 4.1) (6,28,85,92-95).  Another noteworthy member of this family PptA (pilin 

phosphorylcholine transferase A), an enzyme characterized in Neisseria sp., was found to 

catalyze the transfer of pEtN and phosphocholine to serine residues of PilE (96).  These 

multisite modifications were shown not only to provide structural and antigenic diversity 

to Neisserial Type IV pili, but also to initiate dissemination of N. meningitidis upon cell 

contact (97,98), illustrating the importance of such post-translational protein 

modifications.  EptC stands out among members of this large family of mostly 

uncharacterized proteins in that it catalyzes the addition of pEtN to two periplasmic 

targets, a membrane lipid and a flagellar protein (51). 

 In this work we further characterize the unique post-translational pEtN 

modification of C. jejuni FlgG, identifying a single site of modification at threonine75 

employing collision induced and electron transfer dissociation (CID and ETD) mass 

spectrometry of tryptic peptides.  We also determine substrate specificity using site 

directed mutants to show that EptC is unable to modify serine or tyrosine residues.  

Biological characterization of these mutants confirmed that motility defects previously 

reported in eptC deficient strains result directly from loss of FlgG modification.    

 

 



 
 

87 

 

 

Table 4.1  Orthologous Proteins and Identified Function. 

 
Organism 

 

 
Protein 

 
I, P, G 
(%)a 

 
E-value a  

 
Enzyme Target 

 
Role in 

Pathogenesis 
C. jejuni EptC 100, 100, 0 0.0 Lipid A, FlgG (51)  CAMP resistance, 

Motility (51) 
H. pylori Hp0022 33, 50, 11 1e-63  Lipid A (28) Unknown 

N. meningitidis Lpt3 29, 43, 29 1.4  LOS core (3-HepII) (94) Bactericidal resistance 
(94) 

 Lpt6 29, 43, 29 1.4  LOS core (6-HepII) (95) Unknown 

 PptA 23, 41, 19 2e-12 

 

PilE (96) Antigenic variation 
(98), Dissemination of 

bacteria (97) 

E. coli EptB 25, 49, 14 5e-38 LPS core (Kdo) (92) Unknown 

S. enterica PmrC 40, 58, 7 1e-101 Lipid A (6) CAMP resistance (6) 

 CptA 25, 42, 9 5e-18 LPS core (85) CAMP resistance (85) 

V. cholera Vca1102 34, 53, 10 2e-77 Unknown Unknown 

P. aeruginosa Pa1972 37, 56, 7 4e-89 Unknown Unknown 

 Pa3310 39, 58, 6 4e-92 Unknown Unknown 

 Pa4517 23, 42, 17 7e-24 Unknown Unknown 

C. coli Cco0328 76, 86, 1 0.0 Unknown Unknown 

C. fetus Cff1723 48, 65, 2 7e-162 Unknown Unknown 

a Alignments scores (I= Identities, P= Positives, G= Gaps)  and E- value for each proteins 
compared to C. jejuni EptC using NCBI BLASTP2.2.25. 
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4.2  RESULTS 

4.2.1  Mapping the site of pEtN modification of the flagellar rod component FlgG. 

Previous analysis of FlgG-His6 purified from C. jejuni 81-176 wild type 

background by electrospray ionization (ESI) mass spectrometry (MS) revealed 

modification with a single pEtN residue (51).  Modification of FlgG-His6 was not seen 

when purified from eptC deficient strains (51).  However, the actual site of modification 

was not identified.  Considering recent work in Neisseria sp. showing that modification 

of the Type IV pili with phosphoryl substituents was important for antigenic diversity and 

involved in dissemination of N. meningitidis upon cell contact (97), we felt it was 

important to map the actual site of pEtN modification on FlgG.  Moreover, identification 

of the actual site of modification would permit functional studies, separating motility 

changes from membrane changes (i.e. CAMP resistance) and perhaps identify a 

conserved residue or motif present in other pathogens that may serve as a target for post-

translational modification. 

FlgG-His6 was purified as previously described (51) from strains 81-176 flgGhis6
+ 

and 81-176 eptC, flgGhis6
+ giving us the ability to analyze pEtN modified and 

unmodified FlgG-His6.  Figure 4.2A illustrates the purity of FlgG-His6 from strain 81-176 

flgGhis6
+, a similar result was seen for FlgG-His6 purified from 81-176 eptC, flgGhis6

+ 

(data not shown).  Additional lower molecular weight proteins seen after purification 

were identified as FlgG-His6 using C. jejuni specific anti-FlgG antiserum and assumed to 

be proteolytic degradation of FlgG-His6 (Fig. 4.2A). 

Prior to mapping, ESI-MS of whole intact protein was performed using a 

previously described method to confirm pEtN modification of whole protein (51).  

Briefly, FlgG-His6 purified from wild type background revealed a mass difference of 
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~122.9 Da when comparing observed mass to that of expected mass, the predicted size of 

a single pEtN residue (Table 4.2).  This mass difference was not present in FlgG-His6 

purified from an eptC deficient background confirming previous findings (51). 
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Figure 4.2  Purification of FlgG-His6 and Immunoblotting analysis. 

(A) FlgG-His6 and (B) FlgG-His6(T75S) or FlgG-His6(T75Y) purified via affinity 
chromatography from C. jejuni and western blotted using anti-His6 and anti-FlgG 
antibodies to show purity.  Crude cell extracts (CCE) and purified FlgG from indicated 
strains were resolved by SDS-PAGE and stained with coomassie (Top panel), blotted 
with anti-polyhistidine (Middle panel) and anti-FlgG M69 murine antiserum (Bottom 
panel) (99).  Purified FlgG is seen along with additional smaller bands assumed to be 
FlgG degradation products.   
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Table 4.2  ESI-MS of FlgG-His6 purified from the indicated background. 

Background: 
C. Jejuni 81-176 

Expected 
Mass (Da) 

Observed 
Mass (Da)a 

Δ Mass (Da) 

flgGhis6
+ 28546.3 28669.2 + 122.9 (PETN) 

eptC, flgGhis6
+ 28546.3 28547.9 +1.6 (N/A) 

flgFG, flgFGhis
6
(T75A)

+ 
 28516.9 28514.4 -2.5 (N/A) 

flgFG, flgFGhis
6
(T75S)

+ 
 28532.9 28528.7 -4.2 (N/A) 

flgFG, flgFGhis
6
(T75Y)

+ 
 28609.0 28612.7 +3.7 (N/A) 
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 For mapping, FlgG-His6 purified from a wild type background was 

subjected to trypsin digestion and then analyzed by liquid chromatography MS/MS 

employing two different fragmentation techniques: CID and ETD.  CID has a long 

history of proteomics applications but often fails to identify post-translational 

modifications that are labile (100).  ETD has proven to be particularly well suited for the 

identification of post-translational modifications because these labile modifications are 

often retained on the amino acid side chain during ion dissociation allowing them to be 

readily tracked (101,102).  For LC-MS/CID analysis of the tryptic peptides, the first MS 

event was a full mass scan (m/z range of 400 – 2000) followed by ten data-dependent 

CID events on the most abundant ions from the full mass scan.  Phosphoethanolamine 

modification of serine, threonine and tyrosine were set as dynamic side-chain 

modifications and CID spectra were searched against a database consisting of the 

sequence of the targeted protein, FlgG from C. jejuni 81-176.  Characterization of peptide 

species at m/z 977.5 [M + 3H]3+ revealed a peptide 
51YAGTSTSATTLSPSGIEVGVGVRPTAVTK79 modified with a single pEtN (Fig. 

4.3A).  No other pEtN modified peptides were seen; however, the site specificity of the 

pEtN modification could not be confirmed from the CID spectrum alone. As seen in 

supplementary Appendix, both threonine75 (labeled T25) and threonine78 (labeled T28) 

were identified by SEQUEST to have a pEtN modification. This ambiguous site 

determination is likely due to increased spectral complexity upon CID from unique 

internal ions directed by the pEtN modification, neutral loss of pEtN from product ions 

(see Figure 4.3A), and the several possible sites of modification in the identified tryptic 

peptide (one tyrosine, four serines and six threonines).   Identical analysis of FlgG-His6 
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purified from 81-176 eptC, flgGhis6
+ revealed an unmodified 

51YAGTSTSATTLSPSGIEVGVGVRPTAVTK79 peptide.  All peptides identified by 

SEQUEST for both CID analyses are seen in the appendix.  To pinpoint the exact site of 

pEtN modification, selected-ion LC-MS/ETD analysis of tryptic peptides from FlgG-His6 

purified from 81-176 flgGhis6
+ was performed.  The first event was the full mass scan 

(m/z range of 400 - 2000) followed by ETD of the [M + 2H]2+ and [M + 3H]3+ precursor 

ions  of the pEtN-modified 51YAGTSTSATTLSPSGIEVGVGVRPTAVTK79 (identified 

previously from LC-MS/CID).   ETD analysis revealed the exact site of pEtN 

modification at solely Thr75 [51YAGTSTSATTLSPSGIEVGVGVRPTAVTK79,(Fig. 

4.3B)]. Thus, the combination of CID and ETD proved to be a powerful tool set for 

identifying and unambiguously assigning the site of the pEtN modification.   
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Figure 4.3  CID and ETD MS/MS analysis of FlgG-His6 purified from C. jejuni. 

(A) LC MS/MS of pEtN modified FlgG-His6 tryptic peptides fragmented by CID 
Characterization of the species at m/z 977.5 [M + 3H]2+ from wild type background 
(strain 81-176 flgGhis6

+).  The peptide 51YAGTSTSATTLSPSGIEVGVGVRPTAVTK79 

is modified with pEtN at Thr75.  No other pEtN modified peptides were detected.  
Fragmentation patterns are indicated.  The complete SEQUEST output data can be seen 
in the appendix  (B) LC MS/MS of pEtN modified FlgG-His6 tryptic peptides fragmented 
by ETD.  Characterization of the species at m/z 977.5 [M+3H]2+ from wild type 
background (strain 81-176 flgGhis6

+).  The peptide 
51YAGTSTSATTLSPSGIEVGVGVRPTAVTK79 is modified with pEtN at Thr75.  No 
other pEtN modified peptides were detected.  Fragmentation patterns are indicated. 
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4.2.2  Generation of site directed mutants in C. jejuni and mass spectrometry 
analysis of purified FlgG. 

Amino acids threonine (Thr), serine (Ser) and tyrosine (Tyr) are often targets for 

post-translational modification in bacteria by phosphoryl substituents or O-linked glycans 

due to a free hydroxyl group (84,96,97).  For example, many pathogens glycosylate their 

flagellar filaments contributing to antigenic diversity (91).  In C. jejuni, the Pse 

enzymatic machinery responsible for these modifications, often non-specifically, modify 

surface exposed Thr, Ser and Tyr residues of the filament proteins FlaA and FlaB (84).  

An alignment of FlgG proteins from various pathogens revealed a conserved Thr75 or 

Ser75 among members of the epsilon proteobacteria (e.g. Helicobacter pylori, Wolinella 

succinogenes) and all Campylobacter species at the identified site of modification Thr75, 

suggesting that pEtN modification may be conserved among this group of bacteria.  An 

alignment of FlgG from representative organisms can be seen in Figure 4.4.  The 

genomes of most members of the epsilon proteobacteria contain an orthologous protein to 

EptC and in the case of H. pylori, a lipid A pEtN modification enzyme (Hp0022) has 

already been identified by our laboratory (28).  In light of the Hp0022 role in lipid A 

decoration and a conserved site of pEtN modification on FlgG (Figure 4), a similar role in 

flagellar modification seems likely.   
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Figure 4.4   Alignments of amino acid sequence (61 to 119) of FlgG from various 
bacteria. 

The identified site of modification in C. jejuni is aligned with complementary regions of 
various organisms (blue box).  A conserved possible site of modification is seen among 
epsilon proteobacteria (red).  This site is absent in non-epsilon pathogens (black). 
Alignment of FlgG from all sequenced Campylobacter sp. show a conserved Thr75 (data 
not shown).  ClustalW2 sequence alignment program used for analysis.  

 

 

 

 

 

 



 
 

97 

Considering the alignment of FlgG from various epsilon proteobacteria, we 

wanted to determine if EptC could modify serine or tyrosine residues.  To test this, we 

first created a deletion mutant of the flgF and flgG gene operon (flgFG) by interruption of 

the coding sequence with a chloramphenicol resistance cassette (strain 81-176 flgFG).  

We then chromosomally complemented the flgFG deletion strain by restoring the flgFG 

operon but with an in-frame poly-histidine coding sequence addition to flgG, giving us 

the ability to easily purify FlgG-His6 from C. jejuni [strain 81-176 flgFGhis6
+].   For site 

directed mutants the same complementation strategy was used replacing Thr75 with Ala, 

Ser or Tyr to generate strains 81-176 flgFG, flgFGhis6(T75A)+, 81-176 flgFG, 

flgFGhis6(T75S)+, and 81-176 flgFG, flgFGhis6(T75Y)+.   

 For the identification of possible pEtN modification of FlgG, we purified 

FlgG-His6(T75S) and FlgG-His6(T75Y) using affinity chromatography (Fig. 4.2B).  

Purified FlgG mutants were subjected to LC-MS/CID using the same procedure 

described above.  For FlgG-His6(T75S), characterization of the species at m/z 932.3 [M + 

3H]2+ revealed a peptide 51YAGTSTSATTLSPSGIEVGVGVRPSAVTK79 devoid of 

modification at Ser75 (Fig. 4.5A).  For FlgG-His6(T75Y), characterization of the species at 

m/z 957.9 [M + 3H]2+ revealed a peptide 
51YAGTSTSATTLSPSGIEVGVGVRPYAVTK79 devoid of modification at Tyr75 (Fig. 

4.5B).  All peptides identified by SEQUEST for FlgG mutants are listed in the appendix.  

To confirm our findings, purified intact protein was also analyzed by ESI-MS.  Purified 

FlgG-His6(T75A), FlgG-His6(T75S) and FlgG-His6(T75Y) all showed an observed mass 

close to that of the expected mass, hence devoid of pEtN modification (Table 4.2).  This 

data clearly demonstrates that EptC exhibits single target specificity for the Thr75 residue 

of FlgG.   
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Figure 4.5  CID MS/MS of purified tryptic peptides from FlgG-His6 Site Directed 
Mutants. 

(A) Characterization of the species at m/z 932.3 [M + 3H]2+ from background 81-
176flgFG, flgFGhis6(T75S)+ and (B) species at m/z 957.9 [M + 3H]2+ 81-176flgFG, 
flgFGhis6(T75Y)+, respectively.  In both cases, peptide 
51YAGTSTSATTLSPSGIEVGVGVRPTAVTK79 lacks modification with pEtN despite 
purification from a background with an active copy of EptC, suggesting specificity for 
Thr75.  No other pEtN modified peptides were detected.  Fragmentation patterns are 
indicated.  The complete SEQUEST output data can be seen in the appendix. 
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4.2.3  Visualization of 32P-labeled FlgG-His6. 

ESI, CID and ETD MS techniques work well for the identification of post-

translational modifications and the use of all three techniques in our characterization of 

wild type FlgG revealed pEtN modification.  However, some MS techniques can prove 

inefficient in the detection of post-translational modifications if they are in low 

abundance or labile (102).  To rule out the possibility that we missed pEtN modification 

of FlgG-His6 mutants due to inefficient transfer of pEtN to Ser or Tyr, we employed a 

previously published technique which allows for visualization of radiolabelled pEtN 

modified FlgG-His6 (51).  Briefly, cultures were labeled with 32Pi and FlgG-His6 purified 

via affinity chromatography followed by SDS/PAGE.  FlgG-His6 was easily purified and 

detectable by western blotting followed by phosphorimager analysis (Fig. 4.6).  As 

expected, FlgG-His6 purified from a background with an active EptC revealed 32P-

modified protein, whereas 32P-labeling was absent on FlgG-His6 purified from eptC 

deficient strains.  Furthermore, FlgG-His6(T75A), FlgG-His6(T75S) and FlgG-His6(T75Y) 

purified from an active EptC background revealed no 32P-labeling, thus confirming the 

lack of pEtN modification. 
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Figure 4.6  32P-labeling of FlgG-His6 purified from C. jejuni strains. 

32P-labeled FlgGs were purified via affinity chromatography from C. jejuni, Western 
blotted using anti-His antibody and visualized by phosphorimaging. FlgG-His6 purified 
from wild type background showed pEtN modification while FlgG-His6 purified from an 
eptC deficient background was unmodified.  FlgG-His6(T75A, T75S, or  T75Y) purified 
from wild type background were also unmodified demonstrating the specificity of EptC 
for threonine. 
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4.2.4  Characterization of FlgG site directed mutants. 

In C. jejuni, the flagellum or flagellar motility is required for effective adherence 

and invasion of intestinal epithelial cells (70-72).  Moreover, it was demonstrated in 

several pathogens that decoration of LOS/LPS with pEtN is critical for resistance to 

polymyxin B (PMB), a positively charged lipopeptide that binds to the negatively 

charged surface of gram-negative bacteria killing in a manner similar to CAMPs of the 

innate immune system (6,28,51).  Since we were previously unable to completely 

separate the two phenotypic changes observed in eptC deficient strains (i.e. decreased 

motility and PMB resistance), it was assumed that loss of PMB resistance and decreased 

motility resulted from loss of pEtN modification of lipid A and FlgG, respectively.  

However, there remained the possibility that pEtN modification of FlgG contributed to 

PMB resistance or that modification of lipid A with pEtN was required for efficient 

flagella production and motility.  For example, Escherichia coli mutants unable to 

produce phosphatidylethanolamine are also nonmotile, linking phospholipid composition 

and flagellar motility (103). The possibility remained that changes in membrane lipid 

composition in C. jejuni had a similar effect on motility.  Fortuitously, phenotypic 

characterization of our site directed mutants afforded us an opportunity to distinguish 

between these two changes and conclusively demonstrate each modification’s 

contribution. 

 Strains 81-176 flgFG, flgFGhis6(T75A)+, 81-176 flgFG, flgFGhis6(T75S)+, 

and 81-176 flgFG, flgFGhis6(T75Y)+ were analyzed for motility and PMB resistance.  

Swimming motility was measure using a soft agar assay.  As expected, eptC deficient 

strains of C. jejuni showed reduced motility while flgFG deficient strains were 

completely non-motile (Fig. 4.7). Complementation of eptC deficient strains restored 
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wild type motility (Table 4.3), as previously reported (51).  Complementation of flgFG 

deficient C. jejuni strains with flgFGhis6 demonstrated wild type motility while those 

complemented with site directed mutations of flgFGhis6 showed motility defects similar 

to that of eptC deficient strains (Fig. 4.7), with T75Y SDM strains showing the greatest 

defect. These results suggest that the observed motility phenotypes are not the result of 

changes in the outer membrane, but rather directly related to modification of FlgG with 

pEtN.  Motility of select C. jejuni strains is demonstrated in Figure 4.7 while quantitative 

measure of motility is reported as percent motility compared to wild type in Table 4.3.  
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Figure 4.7  Comparison of swimming motility in various strains of C. jejuni. 

Motility was determined using semi solid MH agar.  Inoculated plates were incubated for 
24 h at 37°C in a microaerophilic environment.  As expected, eptC deficient strains show 
decreased motility when compared to wild type and flgFG deletion mutants are non-
motile. Site directed mutants (T75S, T75Y and T75A) show motility similar to that of the 
eptC mutant suggesting that modification of Thr75 with pEtN is required for wild type 
motility.  C. jejuni strain 81-176 flgFG, flgFGhis6

+, shows wild type motility. 
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Table 4.3  Characterization of select C. jejuni strains. 

Background: 
C. jejuni 81-176 

Polymyxin 
B MIC 
(µg/ml)a 

pEtN 
modification 

(Lipid A)b 

pEtN 
modification 

(Flagella) 

Motility 
(%)c 

flgG 17.3 ± 3.3 + + 100 

eptC 0.8 ± 0.2 - - 55 

eptC, eptC + 17.6 ± 3.6 + + 105 

flgFG 17.0 ± 3.0 + - 0 

flgFG, flgFGhis6(T75A)+ 18.6 ± 4.6 + - 55 

flgFG, flgFGhis6(T75S)+ 16.0 ± 0.0 + - 55 

flgFG, flgFGhis6(T75Y)+ 18.6 ± 4.6 + - 15 

flgFG, flgFGhis6
+ 17.0 ± 3.0 + + 100 

a Minimum inhibitory concentrations were determined using Polymyxin B E-test strips 
b Modification of lipid A by pEtN previously determined for strains wild type, eptC, and  
eptC, eptC+.  Modification of lipid A by pEtN is assumed for other strains due to 
resistance to Polymyxin B. 
c Motility of indicated strains compared to that of wild type.  
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 MIC of the strains were determined using Polymyxin B Etest strips 

(Biomérieux) as previously described.  As expected, the eptC deficient C. jejuni strain 

showed a dramatic decrease in resistance to PMB (MIC of 0.8 ± 0.2 µg/ml) when 

compared to wild type (MIC of 17.3 ± 3.3 µg/ml), indicating a loss of pEtN modification 

of the lipid A backbone (Table 4.3).   All other C. jejuni strains revealed a PMB MIC 

ranging from 16.0 ± 0.0 µg/ml to 18.6 ± 4.6 µg/ml, similar to that of wild type (Table 

4.3).  This data suggest that in C. jejuni, pEtN modification of lipid A provides resistance 

to CAMPs while modification of FlgG with pEtN plays no role in CAMP resistance. 

4.3  DISCUSSION 

For survival, all bacteria must adapt to an ever-changing environment.  The 

bacterial cell surface and appendages protruding from it interface with the surrounding 

environment bringing them into contact with host cells and immunological defenses, 

making bacterial surface structures important for evasion of host defenses.  To 

circumvent detection and survive in inhospitable environments bacteria have evolved 

elaborate systems and surface structures providing antimicrobial resistance and antigenic 

diversity (16,91,98).  One of the more common methods of immune deception involves 

modification of LOS/LPS found in the outer leaflet of the outer membrane in nearly all 

medically important Gram-negative pathogens (16).  C. jejuni EptC modifies the lipid A 

anchor of LOS with pEtN (Fig. 4.1), providing resistance to antimicrobial peptides (Table 

4.3) by changing the electrostatic nature of lipid A (51), most likely constituting an 

advantage for this pathogen. 

 Post-translational modifications (PTM) of proteins are well documented in 

eukaryotic systems and are shown to be involved in a multitude of cellular processes 

including membrane trafficking, enzymatic activity and cell signaling (104).  However, in 
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prokaryotes, until recently, PTM of proteins were thought to be relatively rare when 

compared to eukaryotes (91,104).  It is now evident that pathogenic bacteria use PTM of 

surface exposed proteins for the purpose of providing/generating antigenic diversity and 

evading host recognition.  Enzymes characterized in Neisseria sp. (i.e. PptA and PglC) 

were found to catalyze the transfer of pEtN, phosphocholine and glycans to serine 

residues of PilE, structural subunits of the Type IV pili (74,96,98).  These multisite 

modifications provide structural and antigenic diversity and are also involved in 

dissemination of N. meningitidis upon cell contact (97).  Another example is O-linked 

protein glycosylation of the flagellar filaments by the Pse family of enzymes found in C. 

jejuni, also resulting in antigenic diversity of bacterial surface structures (84).  

Furthermore, C. jejuni is capable of N-linked protein glycosylation (91), the most 

abundant PTM of secretory and membrane proteins in eukaryotes (104,105).  However, 

in prokaryotes the purpose of N-linked protein glycosylation remains a mystery. 

 Using several techniques we have begun to biochemically characterize 

another unique bacterial PTM and have conclusively identified the site of pEtN 

modification of C. jejuni FlgG (Fig. 4.3A and 4.3B).  Replacement of residue Thr75 with 

serine or tyrosine resulted in unmodified protein (Fig. 4.5A and 4.5B), suggesting 

specificity for substrate residues.  These results were surprising considering the non-

specific nature of PTM machinery involved in flagellin O-linked glycosylation (84), 

allowing for modification of serine or threonine.  Moreover, our analysis revealed a 

single site of modification in contrast to the multisite modifications seen in other bacterial 

PTM systems (84,96) suggesting a defined and specific role in flagella assembly or 

motility.  An alignment of FlgG from epsilon proteobacteria revealed a conserved Thr or 

Ser at residue 75 with Campylobacter sp. all showing Thr (Fig. 4.4).  Given that BLASTp 
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analysis reveals an EptC ortholog in many epsilon proteobacteria (Table 4.1) it is likely 

that FlgG modification occurs in these organisms.  Indeed, initial work from our 

laboratory suggests that deletion of the lipid A phosphoethanolamine transferase of H. 

pylori results in loss of motility (D. K. Giles and M. S. Trent, unpublished results).  

Alignment of FlgGs also revealed an apparent GXGXRPTA motif possibly serving as a 

recognition site for pEtN decoration; however, considering the conserved nature of 

flagellar structural proteins this may prove to be unrelated. 

 C. jejuni eptC deficient stains reveal a decrease in resistance to CAMPs as 

well as a reduction in motility and flagella production (Table 4.3), one enzyme 

influencing two phenotypes (51).  Logically, the decrease in CAMP resistance was 

attributed to loss of pEtN modification on the lipid A disaccharide backbone, documented 

in other pathogens (6), while the loss of motility and flagella production was attributed to 

unmodified FlgG.  However, there remained the possibility that changes in membrane 

composition (i.e. loss of pEtN modified lipid A) resulted in a motility defect or that 

unmodified FlgG was the cause of increased CAMP sensitivity.  The current work rules 

out this possibility, yet the role pEtN modified FlgG plays in motility is still a mystery.  

The three dimensional crystal structure of FlgG has not been solved and attempts to 

model FlgG based on the partial crystal structure of FlgE (106), a flagellar hook protein 

with 38% identical residues, was only successful at partially modeling FlgG (residues 91 

to 223), excluding the N-terminal domain modified by pEtN (106).  This limits our 

discussion of the structural role played by pEtN modification of FlgG, currently under 

investigation by our laboratory.  A recent publication using cryo-electron microscopy for 

a tomographic study of various flagellar structural components revealed several 

unidentified and unknown structural components found only in epsilon proteobacteria 
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(107), considering our finding and the possibility that pEtN modification is conserved in 

these pathogens, a link between pEtN modified FlgG and these unknown structures is 

suggested. 

 In this work, we further characterize the unique PTM of FlgG with a 

single pEtN at residue Thr75, by the enzyme EptC.  EptC is a member of a large family of 

proteins (COG2194) found in a number of pathogenic bacteria, many of which have not 

been characterized (Table 4.1).  Those of known function appear to be involved in 

modification of LOS/LPS (6,51).  However, several members of this family stand out (i.e. 

EptC and PptA) because of their enzymatic targets (51,98).  Many pathogens harbor 

multiple orthologs belonging to this family of proteins suggesting a variety of targets 

(Table 4.1).  C. jejuni only contains a single member of this family of enzymes, EptC, 

and may explain why it evolved multiple targets.  An LOS core sugar of C. jejuni is 

modified by the addition of pEtN (87) similar to that of S. typhimurium (85).  

Considering EptC’s promiscuous pEtN transferase activity, a third role in modification of 

core LOS is possible and currently under investigation in our laboratory.  Also of interest 

is a recent publication showing that EptC itself is subject to PTM by N-linked 

glycosylation (108).  Perhaps N-linked glycosylation of EptC plays a role in its 

promiscuous nature by regulating substrate specificity of this enzyme.  In light of our 

current findings and the unexpected increase in identified PTM in prokaryotes, more 

research is needed to identify the functional and regulatory roles these enzymes may play 

in bacterial pathogens. 
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Chapter 5:  Experimental Procedures 

 

5.1  MATERIALS AND METHODS 

5.1.1  Bacterial strains and growth conditions.   

The bacterial strains and plasmids used in the study are summarized in Table 5.1.  

Cultures of H. pylori were started from methyl-cellulose stocks routinely stored at -80°C, 

plated onto 5% sheep blood agar medium (BAP) and incubated at 37°C for 36 to 60 h in 

a microaerobic atmosphere (5% O2, 10% CO2, 85% N2).  The methyl-cellulose storage 

media is composed of cellulose-methyl ether 4000 CPS grade (1.0% w/v) and MgSO4 

(0.1 M) and the BAP is composed of Tryptic soy agar (acumedia Cat. 7100A) and 

defibrinated sheep blood (Remel Cat. R54020).  Liquid cultures of H. pylori were started 

from overnight culture on BAP and inoculated into brucella broth supplemented with 7% 

fetal bovine serum (Hyclone) and vancomycin (10 µg/ml).  Liquid cultures of H. pylori 

were grown to an A600 of ~1.0 at 37°C under microaerobic conditions for 24 to 36 h 

with shaking.  E. coli was routinely grown at 37°C in LB broth with appropriate 

antibiotics using standard conditions.  C. jejuni strains were grown routinely at 37°C in 

Mueller-Hinton (MH) broth, on MH agar, or Tryptic-soy Agar (TSA) supplemented with 

5% blood under microaerophilic conditions. 

 

5.1.2  Recombinant DNA techniques.  

 Plasmids were isolated using a QIAprep Spin Miniprep Kit (Qiagen).  Custom 

primers (Table 5.2, 5.3 and 5.4) were obtained from Integrated DNA Technologies.  PCR 

reagents were purchased from Stratagene.  PCR clean up was performed using a Qiaquick 
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PCR Purification Kit (Qiagen).  DNA fragments were isolated from agarose gels using a 

Qiaquick Gel Extraction Kit (Qiagen).  Restriction endonucleases, T4 DNA ligase, and 

antarctic phosphatase were purchased from New England Biolabs.  All modifying 

enzymes were used according to the manufacturer’s instructions. 

 

5.1.3  Genetic Manipulation in H. pylori. 

Construction of select H. pylori mutants   

To construct the lipid A 4ʹ′-phosphatase mutant, plasmid pILL570 containing 

hp1580 (lpxF), from H. pylori 26695 was obtained from a previously published library 

(109).  This plasmid was reverse amplified using primers 5 and 6, Table 5.2, 

incorporating BamH1 and Kpn1 restriction sites and leaving 300 bps at the 5ʹ′ and 3ʹ′ end 

of the gene.  A non-polar kanamycin cassette was digested out of plasmid pUC18-Km2 

(110) using BamH1 and Kpn1 and ligated into the reverse PCR product in the same 

orientation as hp1580 using standard cloning techniques.  The generated plasmid, 

pILLhp1580:kan, was used to create 4ʹ′-phosphatase defective mutants in H. pylori J99, 

B128 and X47 by natural transformation (111). Resistant colonies were selected on blood 

agar plates containing 8 µg/ml of kanamycin, patched onto kanamycin-containing plates, 

and verified by PCR of genomic DNA.  Gene hp1580 corresponds to jhp1487 in H. 

pylori J99.  Mutation of jhp0019 (lpxE) and jhp0634 (lpxR) in H. pylori B128 and X47 

was achieved by introduction of a chloramphenicol or kanamycin cassette into the coding 

sequence of each gene resulting in the interruption and removal of a large portion of its 

sequence, using previously described suicide vectors (25,30).  The lpxE/F double mutant 
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was created by introduction of the lpxE mutation into a lpxF defective mutant 

background using natural transformation as described above. 

 

Complementation of select H. pylori deletion mutants  

The interruption of hp0954 (rdxA) renders H. pylori resistant to metronidazole 

making it an ideal candidate for chromosomal complementation (112).  Using methods 

previously described (30), lpxE and lpxF defective mutants were complemented by 

insertion and consequent disruption of rdxA.  Briefly, the lpxE and lpxF genes plus 500 

bps upstream were amplified by PCR (primers 3,4 and primers 1,2, respectively), Table 

5.2, from H. pylori J99 genomic DNA using Pfu Turbo (Stratagene) according to the 

manufacturer’s instructions.  The lpxE and lpxF amplicons were digested with BamH1 

and EcoR1, gel purified, and subsequently ligated into the previously described H. pylori 

rdxA complementation plasmid pET634comp (30).  Previous to ligation, plasmid 

pET634comp was digested with BamH1 and EcoR1, gel purified, and treated with 

antarctic phosphatase.  The resulting plasmids pETjhp1487comp and pETjhp0019comp 

were transformed into H. pylori J99 lpxE and lpxF deficient mutants by natural 

transformation (111).  The same method was used for complementation in X47 and B128 

backgrounds.  Resistant colonies were selected on blood agar plates containing 12 µg/ml 

metronidazole, patched onto metronidazole-containing plates, and verified by PCR of 

genomic DNA.  
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5.1.4  Genetic Manipulation in C. jejuni. 

Construction of C. jejuni cj0256 deletion mutants. 

The cj0256 gene and 1000 bp flanking sequence upstream and downstream were 

amplified by PCR (primers: 1, 2) (Table 5.3) from 81-176 genomic DNA.  The amplicon 

was digested with KpnI and SacI and inserted into vector pBluescript II SK(+) creating 

pBcj0256.  The vector pBcj0256 was then used as template for an inverse PCR reaction 

(primers: 3, 4) (Table 5.3) engineered to remove 1211 bps from the center of cj0256 and 

insert two restriction sites, XbaI and XhoI.  A chloramphenicol resistance cassette (cam), 

obtained by PCR (primers: 5, 6) (Table 5.3) from cloning vector pRY111 (113), was 

inserted into the XbaI and XhoI sites on the inverse PCR amplicon creating 

pBcj0256KO:CamR.  The resulting vector, pBcj0256KO:CamR, was transformed into C. 

jejuni strains by natural transformation, and resistant colonies were selected on blood 

agar plates containing 10µg/ml of chloramphenicol.   

Complementation of the 81-176 cj0256 mutant (81-176A1) was achieved by 

insertion of wild type cj0256 or eptA into the arylsulfatase gene atsA (68). Vector 

pGEMatsAKO:KanR,  a gift from Thompson SA, containing atsA interrupted with a 

kanamycin resistance cassette (aph3) on original vector pGEM-T Easy (90,113) was 

digested with AgeI.  AgeI cuts the vector in a non-coding region of the aph3 cassette, 

upstream from its promotor.  The cj0256 and eptA genes plus 100 bp upstream sequence 

were amplified by PCR (Primers: 7 to 10) (Table 5.3) from 81-176 and W3110 genomic 

DNA, respectively, and inserted into the AgeI cut site.  The resulting vectors 

pAtsAKO::cj0256:KanR and pAtsAKO::epta:KanR were used to transform 81-176A1 for 

complementation studies. Kanamycin resistant colonies were screened for loss of AstA 

activity as previously described (68).   
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Construction of C. jejuni chromosomal FlgG-His6 mutants 

The coding sequence 500bps upstream and downstream of the flgG stop codon 

was amplified by PCR (primers: 11, 12) (Table 5.3) from 81-176 genomic DNA.  The 

amplicon was digested with KpnI and SacI, and inserted into vector pBluescript II SK(+) 

creating pBflgGHis.  The vector pBflgGHis was then used as template for an inverse 

PCR reaction (primers: 13, 14) (Table 5.3) engineered to add an in-frame His6 coding 

sequence before the stop codon of flgG and insert the restriction site NdeI to both ends of 

the amplicon.  A aph3 cassette, obtained by PCR (primers: 15, 16) (Table 5.3) from 

cloning vector pRY107 (113), was inserted into the NdeI sites on the inverse PCR 

amplicon creating pFlgGHISKO:KanR.  The resulting vector, pFlgGHISKO:KanR, was 

transformed into C. jejuni strain 81-176 allowing for expression of C. jejuni FlgG-His6. 

 

Construction and complementation of C. jejuni flgFG deletion mutant 

Deletion mutants of flgF and flgG gene operon (CJJ81176_720 and _721) were 

constructed as described previously (114).  Briefly, an upstream (primers 1, 3) and 

downstream (primers 2, 6) (Table 5.4) region flanking the flgFG operon (± 1,000bps) was 

PCR amplified from C. jejuni strain 81-176 genomic DNA.  Primers 3 and 6 (Table 5.4) 

incorporated an overhang complimentary to the chloramphenicol resistance cassette 

(Cam) from cloning vector pRY111 (113).  The Cam cassette was PCR amplified from 

pRY111 (primers 4, 5) (Table 5.4).  The three amplicons (upstream, downstream and 

Cam cassette) were combined in an assembly PCR reaction and served as templates for 

primers 1 and 2 (Table 5.4), which incorporated restriction sites KpnI and SacII.  The 
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assembled PCR reaction product was restriction digested, gel isolated and inserted into 

cloning vector pBluescript SKII (+) to yield the completed knock out vector 

pBflgFGKO:CamR.  Knock out vector, pBflgFGKO:CamR, was transformed into C. 

jejuni by natural transformation and resistant colonies were selected on blood agar plates 

containing 25 µg/ml of chloramphenicol.  Knock out of the flgFG operon was confirmed 

by PCR analysis and named 81-176 flgFG. 

 Complementation of the 81-176 flgFG mutant was achieved by insertion 

of the flgFG operon into the arylsulfatase gene atsA (68).  Briefly, C. jejuni 

complementation vector pGEMatsAKO:KanR (51), containing atsA interrupted with a 

kanamycin resistance cassette (aph3) was digested with AgeI.  AgeI cuts the vector in a 

noncoding region of the Kan cassette, upstream of its promotor.  The flgFG operon plus 

200 bp of upstream sequence was amplified by PCR (primers 7, 8) (Table 5.4) from 81-

176 genomic DNA and inserted into the AgeI cut site.  Primer 8 was engineered to add an 

in-frame His6 coding sequence before the stop codon of flgG.  The resulting vector, 

pAtsAKO:flgFGhis6-KanR, was used to transform 81-176 flgFG for complementation 

studies.  For site directed mutagenesis (SDM), vector pAtsAKO:flgFGhis6-KanR was 

subject to further manipulation using a QuikChange XL Site-Directed Mutagenesis Kit 

(primers 9 to 14) (Table 5.4) to create SDM complementation vectors 

pAtsAKO:flgFGhis6(T75A)-KanR, pAtsAKO:flgFGhis6(T75S)-KanR and 

pAtsAKO:flgFGhis6(T75Y)-KanR. SDM complementation vectors were used to transform 

81-176 flgFG.   C. jejuni was transformed using natural transformation, kanamycin 

resistant colonies selected on blood agar plates containing 50 µg/ml of kanamycin and 

then screened for loss of AstA activity as previously described (68).  Complemented 

strains were named 81-176 flgFG, flgFGhis6
+, 81-176 flgFG, flgFGhis6(T75A)+, 81-176 
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flgFG, flgFGhis6(T75S)+ and 81-176 flgFG, flgFGhis6(T75Y)+, respectively.  During 

mutant construction, allelic replacement was confirmed by PCR of genomic DNA from 

isolated colonies. 

 

5.1.5  TLC analysis of lipid A species from 32P-labeled cells.   

 H. pylori (25 ml), C. jejuni (20 ml) and E. coli (5 ml) cultures were grown in the 

presence of 5.0 µCi/ml 32Pi (PerkinElmer) to an A600 of ~ 1.0 using standard liquid 

growing conditions described above and the cells harvested by centrifugation. 32P-

labelled lipid A and phospholipids were isolated using published protocols (28) and 

spotted onto a Silica Gel 60 TLC plate (EMD) at 2500 cpm/lane. Lipid species were 

separated using the solvent chloroform, pyridine, 88% formic acid and water (50:50:16:5, 

v/v).  The TLC plates were exposed overnight to a phosphorimager screen and visualized 

using a Bio-Rad Molecular Imager phosphorimager equipped with Quantity One 

software. 

 

5.1.6  Isolation of lipid A for mass spectrometry analysis.   

H. pylori (25 ml), C. jejuni (20 ml) and E. coli (5 ml) cultures were grown to an 

A600 of ~ 1.0 using standard liquid growing conditions described above and the cells 

harvested by centrifugation.  Lipid A was purified from bacteria as described previously 

(28) and stored frozen at -20 °C.  The lipid A species were analyzed using a MALDI-

TOF (ABI Voyager-DE PRO) mass spectrometer equipped with a N2 laser (337 nm) 

using a 20 Hz firing rate.  The spectra were acquired in negative ion reflectron mode and 

each spectrum represented the average of a minimum of 4000 shots.  The matrix used 
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was a saturated solution of 6-aza-2-thiothymine in 50% acetonitrile and 10% tribasic 

ammonium citrate (9:1, v/v).  The samples were dissolved in chloroform-methanol (4:1, 

v/v) and deposited on the sample plate, followed by an equal portion of matrix solution 

(0.3 µl). 

 

5.1.7  Preparation of cell-free, cytosol, and membrane extracts.  

H. pylori cultures (200 ml) were harvested at A600 of ~ 1.0 and the cells 

harvested by centrifugation. Cell free extracts, membrane-free cytosol, and washed 

membranes were prepared as previously described (27) and were stored in aliquots at –

20°C.  Protein concentration was determined by the bicinchoninic acid method (115). 

 

5.1 8  Assay of the 4'-phosphatase activity.  

The 4'-phosphatase activity of Jhp1487 (LpxF) was assayed under optimized 

conditions in a 10-µl reaction mixture containing 50 mM MES, pH 6.0, 0.2% Triton X-

100, and Kdo2-[4'-32P]lipid A (at ∼3000-5000 cpm/nmol) as the substrate. Kdo2-[4'-
32P]lipid A was prepared as previously described (29).  Washed membranes (1.0 mg/ml) 

were employed as the enzyme source.  The dephosphorylation reaction was allowed to 

proceed at 30 °C for 3.0 h.  Enzymatic reactions were terminated by spotting 4.5 µl of the 

mixtures on Silica Gel 60 TLC plates and the plate was dried under a cool air stream for 

20 min.  Reaction products were separated using the solvent chloroform, pyridine, 88% 

formic acid, water (30:70:16:10, v/v). Reaction products were detected and analyzed 

using a Bio-Rad Molecular Imager PhosphorImager equipped with Quantity One 

Software. 
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5.1.9  Determination of minimum inhibitory concentrations (MIC).   

MIC determination using Polymyxin B Etest strips (Biomérieux) was determined 

as previously described (27).  For MIC determination in liquid medium, the Hancock 

Laboratory Microtiter Broth Dilution Method was used and modified as needed (116).  H. 

pylori strains were grown overnight in brucella broth supplemented with 7% fetal bovine 

serum.  The overnight cultures were inoculated into a 96-well microtiter plates at a 

starting A600 of 0.05, in a total volume of 100 µl standard H. pylori growing medium, 

supplemented with select concentration of CAMPs.  The 96-well plates were incubated at 

37°C in a microaerobic atmosphere (5% O2, 10% 1 CO2, and 85% N2) with constant 

shaking and A600 of each well determined using a Synergy-Mx monochromator based 

multi-mode microplate reader at 24 and 48 hours.  Each experiment was repeated in 

triplicate.  A positive growth control containing no CAMP and a negative control 

containing no bacteria was performed with every replicate.  The MIC was taken as the 

lowest concentration of CAMP that reduced growth (A600) by more than 50% when 

compared to the positive growth control. The following CAMPs were purchased and used 

in the MIC experiment: polymyxin B (Sigma), human β defensin-2 (Phoenix Pharm), 

human cathelicidin LL-37 (Anaspec), histatin-5 P-113 (Sigma), human neutrophil 

peptide-2 (Bachem), and H. pylori peptide HP2-20 (Invitrogen).  All peptides were stored 

according to manufacturers’ instructions.  Because of cost, MICs were only determined 

for mutants in the J99 background. Complemented strains were also excluded. 
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5.1.10  Fluorescent Polymyxin B Binding Assay.  

Liquid cultures of H. pylori were grown to an A600 of ~ 0.8 to 1.0 at 37°C under 

microaerobic conditions for 24 to 36 h.  The cells were washed with PBS (3X) followed 

by dilution to A600 of 0.05 in PBS.  Polymyxin B Oregon Green 514 conjugate 

(Invitrogen) was added to 50 µl diluted cells at select concentrations and incubated at 

37°C for 10 minutes.  Following the incubation cells were washed with PBS (3X), 

resuspended in 50 µl of PBS, 15 µl placed onto poly-L-lysine coated slides (Electron 

Microscopy Sciences), and coverslips added.  Bacteria were viewed at a magnification of 

1000X with a Nikon Eclipse 80i microscope equipped with a 100x 1.4NA PLAN APO 

lens, a GFP band pass emission filter set with a 480 ± 15 nm excitation range, a 535 ± 20 

nm emission range and a Photometrics Cool SNAP HQ2 camera.  NIS-Elements AR 3.0 

software was used to capture and create the merged images.  To quantify PMB-OG 

binding, strains were cultured and stained as described above but in a volume of 200 µl.  

After washing, the cells were resuspended in PBS and placed into 96-well plates for 

analysis.  Fluorescence (480 nm excitation and 535 nm emission) and A600 of each well 

was determined using a Synergy Mx multi-mode microplate reader (BioTek).  Each 

experiment was repeated in triplicate and data reported as a ratio of Fluorescence 

intensity to A600.  The results of three experiments were pooled and a one tailed Mann–

Whitney test was used to determine statistical significance of observed differences 

(GraphPad Prism v5.0; GraphPad Software, CA). 

 

5.1.11  LPS Preparation.   

LPS from H. pylori was isolated from a 500 ml liquid culture grown under 

standard conditions to an A600 of ~1.0 using the hot water-phenol method (117).  
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Isolated LPS was further purified to remove contaminating immuno-stimulatory proteins 

(e.g. lipoproteins) that could falsely alter TLR assays using the previously described 

Hirschfeld method (46).  Purified LPS was quantified using a Mettler Toledo XS105 

Dual Range analytical balance (sensitivity ≥ 0.1ng) and resuspended in HyPure Cell 

Culture Grade Endotoxin Free Water (HyClone) to a concentration of 5 mg/ml.   

 

5.1.12  TLR signaling assay.   

For TLR4 and TLR2, human epithelial kidney (HEK) 293 cells stably co-

transfected with m or hTLR4, m or hMD2, and m or hCD14 (denoted as HEK-m/hTLR4) 

or m/hTLR2 and m/hCD14 (denoted as HEK-m/hTLR2) were purchased from InvivoGen 

(CAT. hkb-htlr4 and hkb-htlr2 or hkb-mtlr4 and hkb-mtlr2, respectively).  All cell lines 

stably express secreted embryonic alkaline phosphatase (SEAP) under the control of a 

promoter inducible by NF-κB and activator protein 1 (AP-1).  Thus, stimulation of 

m/hTLR4-MD2 or m/hTLR2 will result in an amount of extracellular SEAP in the 

supernatant that is proportional to the level of NF-κB induction.  The cell lines were 

maintained in standard Dulbecco’s modified Eagle’s medium (DMEM) with 10% heat-

inactivated fetal bovine serum (FBS) (Gibco) supplemented with 4.5 g/L glucose, 2 mM 

L-glutamine, 50 U/mL penicillin, 50 ug/ml streptomycin and 1X HEK-Blue selection 

(InvivoGen) in a 5% saturated CO2 atmosphere at 37°C.   

The induction of TLR signaling in HEK-m/hTLR4 and HEK-m/hTLR2 cell lines 

was assessed by measuring SEAP activity using QUANTI-BlueTM colorimetric assay 

(InvivoGen).  The assay was performed according to manufacturer’s protocols.  Briefly, 

cells were seeded in a 96-well plate in triplicate (2.5 X 104 cells/well for HEK-m/hTLR4 

and 5 X 104 cells/well for HEK-m/hTLR2) in the presence or absence of 10-fold 
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dilutions of purified LPS.  Controls included Rhodobacter sphaeroides LPS (TLR4 

antagonist) (InvivoGen), E. coli W3110 LPS (TLR4 agonist) and the synthetic triacylated 

lipoprotein Pam3CSK4 (TLR2 agonist) (InvivoGen).  After 20-24 h incubation, 

supernatants (20 ul) were transferred to a 96-well plate and incubated at 37°C with 

QUANTI-Blue (180 ul) for 1-2.  SEAP activity was measured by reading optical density 

at 655 nm with a Synergy Mx multi-mode microplate reader (BioTek).  The results of 

several (at least three) experiments were pooled and a one tailed Mann–Whitney test was 

used to determine statistical significance of observed differences (GraphPad Prism v5.0; 

GraphPad Software, CA). 

 

5.1.13  Mouse colonization assays.   

C57BL/6J female mice purchased from Charles River Laboratories and C57BL/6J 

tlr4 -/- female mice from Pasteur Institute (kindly provided by Shizuo Akira) aged 4 to 5 

weeks were infected orogastrically with feeding needles with either X47 or B128 strains 

(2 x 108 bacteria per mouse).  Colonization rates were determined after 3, 15 or 45 days 

by enumeration of colony forming units (CFU) per gram of stomach.  Mice were 

euthanized with CO2 and the stomachs were ground and homogenized in peptone broth.  

The samples were then diluted and spread on blood agar plates supplemented with 200 

µg/ml of bacitracin, and 10 µg/ml of nalidixic acid, to inhibit the growth of resident 

bacteria from the mouse forestomach.  The CFUs were enumerated after 8 days of 

incubation under microaerobic conditions.  The results of several (at least two) 

colonization experiments were pooled and a one tailed Mann–Whitney test was used to 

determine statistical significance of observed differences (GraphPad Prism v5.0; 

GraphPad Software, CA). 
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5.1.14  Motility assays. 

For C. jejuni motility was determined using semi solid motility agar consisting of 

Mueller-Hinton medium supplemented with 0.4 % agar and 10 µg/ml vancomycin.  

Plates were inoculated using 0.5 µl of bacteria in MH broth at A600 of  0.05.  Inoculated 

plates were incubated at 37 °C in a microaerophilic environment and the diameter of the 

area of motility measured after 24 hrs.  For H. pylori motility was determined using semi 

solid brucella broth agar supplemented with 0.4% agar and 7% FBS.  Plates were 

inoculated using 0.5 µl of bacteria in brucella broth at A600 of  0.05.  Inoculated plates 

were incubated at 37 °C in a microaerophilic environment for 5 days. 

 

5.1.15  Transmission electron microscopy and flagella analysis.  

Campylobacter jejuni strains were grown from frozen stocks on blood agar plates 

as described previously.  Bacteria were inoculated into MH broth at A600 of ~ 0.05 and 

grown to A600 of ~ 1.00.  1.0 ml of bacteria were harvested and washed with PBS using 

centrifugation at 2,400 X g, care was taken to avoid forced removal of flagella.  The 

pelleted bacteria were re-suspended in PBS, stained with 2% uranyl acetate and 

visualized by transmission electron microscopy.  For flagella analysis, over 200 

individual bacteria for each strain were examined to determine the percentage of bacteria 

producing each number of flagella. 
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5.1.16  LPS or LOS analysis by SDS-PAGE. 

For H. pylori 

Cultures were grown to an A600 of ~ 1.0 then the equivalent of 1 ml of culture at 

an A600 of  1.0 was harvested at 16,000 x g in a microcentrifuge and washed once with 

PBS. Cell pellets were resuspended in 100 μl of LDS sample buffer (Invitrogen) + 4% 

BME. Cell suspensions were boiled for 10 minutes to lyse the cells and allowed to cool. 

Proteinase K (New England Biolabs) was added to a concentration of 125 ng/μl and the 

mixture was incubated at 55°C for 16 hours. The proteinase K was heat inactivated at 

100°C for 5 minutes. The proteinase K treated whole cell lysates were separated by SDS 

polyacrylamide gel electrophoresis using a 4-12% bis-tris gradient gel (Invitrogen). The 

gels were stained with Pro-Q Emerald 300 Lipopolysaccharide Gel Stain Kit (Molecular 

Probes). 

 

For C. jejuni 

For separation of LOS, the equivalent of 1.0ml of a A600 of 1.0 bacteria culture in 

liquid medium was pelleted and washed with PBS.  The cells were resuspended in 100 µl 

tricine SDS Sample Buffer (Invitrogen) with 4% 2-mercaptoethanol and boiled for 10 

minutes followed by digestion with 250 µg of proteinase K (55°C, 16 hours).  10 µl of 

each sample was loaded onto a 16% Tricine Gel (Invitrogen) and separated using 60 volts 

for 7 hours.  The separated LOS was visualized using a silver stain.  Briefly, the gel was 

fixed for 16 hours in fixative (40% v/v iso-propanol, 5% v/v acetic acid), oxidized in a 

0.7% w/v periodic acid (made with fixative) for 15 minutes followed by three washes in 

de-ionized water for 10 minutes with continuous shaking.  The gel was then stained with 

a 0.7% w/v silver nitrate solution for 10 minutes followed by three washes in de-ionized 
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water for 5 minutes with continuous shaking.  Lastly, the gel was incubated for 

approximately 30 seconds in developing solution (0.0185% v/v formaldehyde, 50 µg/ml 

citric acid in de-ionized water) and imaged as soon as staining was visible. 

 

5.1.17  Purification and immunoblotting analysis of FlgGhis6.  

The indicated strains were grown in 1.0 liter of MH broth and harvested at A600 

of ~ 1.0.  Cells were lysed in PBS by French Press and the crude lysate cleared twice by 

centrifugation at 10,000 x g for 10 min.  The CFE was diluted ~ 8 fold in Buffer A 

(20mM HEPES pH 7.5, 6.0 M urea, 0.5 M NaCl, 10 mM imidazole) and applied to a 1.0 

ml His-Trap nickel sepharose affinity column (GE Healthcare), using the AKTA FPLC 

purification system.  Target protein was eluted with a linear gradient of Buffer B (20mM 

HEPES pH 7.5, 6.0 M urea, 0.5 M NaCl, 500 mM imidazole.  Fractions containing 

purified protein were pooled, concentrated, and dialyzed against 20 mM Hepes, 0.5 M 

urea, pH 7.5 to a final protein concentration of 0.10 to 0.44 mg/ml in preparation for ESI, 

CID and ETD-MS analysis. 

 All purified protein samples were resolved using standard SDS-PAGE 

procedures on Invitrogen NuPAGE 4-12% Bis-Tris Gels.  15.0µg crude lysate or 2.0µg 

purified protein was loaded into each lane.  Polyacrylamide gels were run in triplicate for 

western blotting.  The resolved proteins were transferred to Nitrocellulose membranes 

using an X Cell II Blot Module (Invitrogen).  For anti-poly-histidine, nitrocellulose 

membranes were blocked using 2.5% Bovine Serum Albumin (BSA) and probed with 

1:2000 dilution of mouse monoclonal anti-polyhistidine-alkaline phosphatase antibody 

(Sigma). The blots were then developed using Western Blue Stabilized Substrate 

(Promega).  For anti-FlgG, nitrocellulose membranes were blocked using 2.5% Bovine 
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Serum Albumin (BSA) and probed with 1:1,000 dilution of mouse anti-FlgG M69 

antibody (gift from Hendrixson, DR) (99).  To visualize, membranes were then blotted 

with Rabbit anti-mouse IgG secondary antibody conjugated to horseradish peroxidase 

(1:10,000) (GE Healthcare) and developed using the ECL plus Western blotting detection 

system (GE Healthcare). 

 

5.1.18  Cloning of target genes into expression vectors. 

The flgG and flgG2 (putative FlgF) coding regions were cloned into expression 

vector pET21a (Novagen) with a C-terminal His6-Tag (primers: 17 to 20) (Table 5.3) 

resulting in vectors pETflgGCJHISC and pETflgFCJHISC, respectively.  To construct 

vector pWcj0256, cj0256 along with a ribosome-binding site (RBS) was cloned into 

expression vector pWSK29 (118) (primers: 21, 22) (Table 5.3) resulting in vector 

pWcj0256.  The cj0256 and eptA coding regions along with a 50 bp upstream region were 

cloned into expression vector pACYC184 (119) behind the tetracycline promoter 

(primers: 25 to 32) (Table 5.3) resulting in vectors pACcj0256 and pACeptA, 

respectively. 

 

5.1.19  Visualization of 32P-Labeled flagellar components. 

Bacterial strains were grown as described above in 50 ml to 200 ml of medium 

supplemented with 1.5 µCi/ml 32Pi at a starting A600 of ~ 0.05.  E. coli strains were 

induced with 1mM IPTG at A600 of ~ 0.6 and harvested at A600 of ~ 1.2.  C. jejuni 

strains were harvested around A600 of ~ 1.0.  Cells were harvested by centrifugation at 

10,000 x g for 10 min at 4°C and washed once with PBS. Cells were lysed in a French 
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Press in the presence of a protease inhibitor.  The crude cell lysate was cleared twice by 

centrifugation at 10,000 x g for 10 min. The protein concentration was determined using 

a bicinchoninic acid assay kit (Thermo Scientific, cat. 232335) according to the 

manufacture’s directions. 

 C. jejuni CFE samples were further processed as follows because of the 

low chromosomal expression of FlgG (c-terminal His-tag).  A ProFound Pull-Down 

PolyHis Protein: Protein Interaction Kit (Thermo Scientific) was adapted and used for 

purification of FlgG (c-terminal His-tag).  Supplied spin columns were assembled and 

loaded with 100 µl of 50% Immobilized Cobalt Chelate resin slurry.  The loaded column 

was equilibrated with wash buffer (Supplied wash buffer supplemented with 6M urea and 

40 mM imidazole).   Next, 8.0 mg of CFE in 6M urea was loaded into each column and 

allowed to incubate for 2 hours at 4°C.  The column was later washed ten times with 

wash buffer to remove non-specific binding proteins.  The target protein was later eluted 

with 150 µl of Elution Buffer (Supplied wash buffer supplemented with 6M urea and 290 

mM imidazole). 

 All protein samples were resolved using standard SDS-PAGE procedures 

on Invitrogen NuPAGE 4-12% Bis-Tris Gels.  For C. jejuni samples, 22.5 µl (15%) of the 

total elution volume was loaded into each lane (~ 2 µg).  For E. coli samples, 15 µg of the 

CFE was loaded into each lane.  Polyacrylamide gels were run in duplicate for western 

blotting.  The resolved proteins were transferred to Nitrocellulose membranes using an X 

Cell II Blot Module (Invitrogen).  Nitrocellulose membranes were blocked using 2.5% 

Bovine Serum Albumin (BSA) and probed with 1:2000 dilution of monoclonal anti-

polyhistidine-alkaline phosphatase antibody produced in a mouse (Sigma). The blots 

were then developed using Western Blue Stabilized Substrate (Promega). To visualize 32P 
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labeled protein, the western blots were exposed overnight to a phosphorimager screen 

and visualized using a Bio-Rad Molecular Imager phosphorimager equipped with 

Quantity One software. 

 

5.1.20  Electrospray ion trap mass spectrometry analysis of protein. 

An ESI-mass spectrometer (LCQ, Finnigan MAT, San Jose, CA) coupled on-line 

with a microbore HPLC (Magic 2002, Michrom BioResources, Auburn, CA) was used to 

acquire spectra of purified proteins.  Protein sample was eluted with a 0.5 x 50 mm 

PLRP-S column (8µ, 4000Å, Michrom BioResources, Auburn, CA) with mobile phase A 

and B (acetonitrile : water : formic acid : trifluoroacetic acid, A-2:98:0.1:0.01; B-

90:10:0.1:0.01).  The gradient used to elute protein was from 5% to 65% B in 20 min at a 

flow rate of 20 µl/min.  Automated acquisition of full scan mass spectra was executed by 

Finnigan Excalibur™ software.  The full scan range for MS was 450-2000 Da.  The 

acquired convoluted protein spectra from LCQ were deconvoluted by the ProMass for 

Xcalibur version 2.5.0 software (Novatia LLC, Princeton, NJ) to afford the MH+ m/z 

value(s) of the protein sample. 

 

5.1.21  Collision induced dissociation and electron transfer dissociation mass 
spectrometric analysis of peptides. 

Purified proteins were digested with trypsin using a 1:20 enzyme:substrate ratio, a 

pH of ~8, and an incubation time of 16 hours at 37° C.  All MS experiments were 

undertaken on a Thermo Fisher Scientific LTQ XL mass spectrometer (San Jose, CA) 

equipped with an ETD unit.  Liquid chromatography was performed using a Dionex 

UltiMate 3000 system (Sunnyvale, CA), and an Agilent ZORBAX 300SB-C18 column 
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(Santa Clara, CA) (150 × 0.3 mm, 5 µm particle size).  Eluent A consisted of 0.1% formic 

acid in water and eluent B 0.1% formic acid in acetonitrile. A linear gradient from 5% 

eluent B to 40% eluent B over 65 min at 5 µL/min was used. Samples were injected at 

approximately 50 picomoles of digested protein. LC-MS/MS was performed in two 

different ways. For LC-MS/CID runs (i.e., only CID was used for activation), the first 

event was the full mass scan (m/z range of 400 - 2000) followed by ten data-dependent 

CID events on the ten most abundant ions from the full mass scan. A q-value of 0.25, an 

activation time of 30 ms, and a normalized collision energy (NCE) of 35% were used for 

all CID events. For selected-ion LC-MS/ETD of 81-176 WT protein, the first event was 

the full mass scan (m/z range of 400 - 2000) followed by ETD on the 2+ and 3+ charge 

states. Fluoranthene anions were introduced as the electron-transfer reagent for ETD 

experiments with reaction times of 100 ms. For all LC-MS/MS experiments, the 

maximum injection time for full mass scans and MS/MS events was set to 100 ms, the 

dynamic exclusion duration was set to 50 s, and the exclusion list size allowed for 500 

specified m/z values. A single repeat count was used for LC-MS/CID.   

 SEQUEST was used for automated LC-MS/CID analysis through the 

Thermo Fisher Scientific Proteome Discoverer 1.0 software package. A signal:noise ratio 

of 3, a precursor mass tolerance of 1.5 Da, and a fragment mass tolerance of 0.8 Da were 

used for processing. Phosphoethanolamine modification of serine, threonine, and tyrosine 

were set as dynamic side-chain modifications. Experimental CID spectra were searched 

against databases consisting of the sequence of the targeted protein. Peptide hits were 

filtered based on Xcorr versus charge state (i.e., a minimum Xcorr score for 1+ 

precursors = 1.5, 2+ precursors = 2.0, 3+ precursors = 2.25, 4+ precursors = 2.50, and 5+ 
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precursors = 2.75), a minimum probability score of 1.1, a max peptide ranking of one, 

“high” confidence scoring, and manual verification. 
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5.2  STRAINS, PLASMIDS AND PRIMERS 

 

Table 5.1  Bacterial strains and plasmids. 

Strain or plasmid Genotype or descriptiona Reference 

   

     Escherichia coli strains 

XL 1 Blue General Cloning Strain, recA1 endA1 

gyrA96thi-1 hsdR17 supE44 relA1 lac [F' 

proAB lacIqZM15::Tn10], TetR 

Stratagene 

W3110 Wild type, F-, λ- Genetic Stock 

Center (Yale) 

W3110A W3110, aroA::Tn10, TetR (66) 

W3110 (DE3)b W3110, (DE3) TetR This Study 

WD2 W3110, aroA::Tn10 msbA (A270T), TetR (6) 

WD101 W3110, pmrAC (65) 

EC01 W3110 containing pACcj0256,  CamR
 This Study 

EC03 W3110 containing pAChp0022, CamR This Study 

EC04 W3110 containing pACeptA, CamR This Study 

EC05 W3110 (DE3) containing pETflgFCJ (C-

Terminal His-tag), AmpR, TetR 

This Study 

EC06 W3110 (DE3) containing pETflgFCJ (C-

Terminal His-tag) and pACcj0256, AmpR, 

CamR, TetR 

This Study 

EC07 W3110 (DE3) containing pETflgGCJ (C-

Terminal His-tag), AmpR, TetR 

This Study 

EC08 W3110 (DE3) containing pETflgGCJ (C-

Terminal His-tag) and pACcj0256, AmpR, 

CamR, TetR 

This Study 

EC09 W3110 (DE3) containing pETflgGCJ (C- This Study 
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Terminal His-tag) and pACeptA, AmpR, 

CamR, TetR 

EC13 W3110A containing pWcj0256,TetR, AmpR This Study 

EC14 WD2 containing pWcj0256,TetR, AmpR This Study 

EC15 W3110A containing pWSK29, TetR, AmpR This Study 

EC16 WD2 containing pWSK29, TetR, AmpR This Study 

EC17 W3110 containing pWSK29, AmpR This Study 

EC18 W3110 containing pACYC184, CamR This Study 

EC20 W3110 (DE3) containing pACYC184, TetR, 

CamR 

This Study 

EC21 W3110 (DE3) containing pET21a, TetR, 

AmpR 

This Study 

EC22 W3110 (DE3) containing pET21a, 

pACYC184, TetR, AmpR, CamR 

This Study 

AD90 Pss93::kan nadB+, KanR (120) 

EC23 AD90 containing pWSK29, AmpR, KanR This Study 

EC24 AD90 containing pWcj0256, AmpR, KanR This Study 

EC25 AD90 containing pDD72 and pWSK29, 

AmpR, KanR, CamR 

This Study 

EC26 AD90 containing pDD72 and pWcj0256, 

AmpR, KanR, CamR 

This Study 

   

     Campylobacter jejuni strains used in chapter 3 

81-176 Serotype HS: 23, 26 Thompson SA 

11-168 Serotype HS: 2 Thompson SA 

VLAO VLA 02/18, Clinical Isolate Thompson SA 

81-176 A1 81-176 ∆cj0256 clone1, CamR This Study 

81-176 A2 81-176 ∆cj0256 clone2, CamR This Study 

81-116 A1 81-116 ∆cj0256 clone1, CamR This Study 

81-116 A2 81-116 ∆cj0256 clone2, CamR This Study 
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11-168 A 11-168 ∆cj0256, CamR This Study 

VLAO A1 VLAO ∆cj0256 clone1, CamR This Study 

VLAO A2 VLAO ∆cj0256 clone2, CamR This Study 

81-176 B 81-176 ∆cj0256 ∆astA::cj0256, CamR, KanR This Study 

81-176 C 81-176 ∆cj0256 ∆astA::eptA, CamR, KanR This study 

81-176 D 81-176::FlgG-His6, KanR This Study 

81-176 E 81-176 ∆cj0256::FlgG-His6, CamR, KanR This Study 

   

Campylobacter jejuni strains used in chapter 4 

81-176 Serotype HS: 23, 26 Thompson SA 

81-176 eptC 81-176 cj0256, CamR This Study 

81-176 eptC, eptC+ 81-176 cj0256, atsA:cj0256+, CamR, KanR  This Study 

81-176 flgGhis6
+ 81-176 flgGhis6

+, KanR  This Study 

81-176 eptC, flgGhis6
+ 81-176 cj0256, flgGhis6

+, CamR, KanR  This Study 

81-176 flgFG 81-176 flgFG, CamR This Study 

81-176 flgFG, flgFGhis6
+ 81-176 flgFG, atsA:flgFGhis6

+, CamR, KanR This Study 

81-176 flgFG, flgFGhis6(T75A)+ 81-176 flgFG, atsA:flgFGhis6 (T75A)+, CamR, 

KanR 

This Study 

81-176 flgFG, flgFGhis6(T75S)+ 81-176 flgFG, atsA:flgFGhis6 (T75S)+, CamR, 

KanR 

This Study 

81-176 flgFG, flgFGhis6(T75Y)+ 81-176 flgFG, atsA:flgFGhis6 (T75Y)+, CamR, 

KanR 

This Study 

   

Helicobacter pylori strains 

J99 Wild Type ATCC700824 

B128 Wild Type [23] 

X47 Wild Type [24] 

J99 lpxF J99 with kanamycin resistance cassette in 

jhp1487, KanR 

This study 

J99 lpxF, lpxF+ J99 lpxF with jhp1487 in rdxA, KanR, MetR This study 
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J99 lpxE J99 with chloramphenicol resistance cassette 

in jhp0019, CamR 

[16] 

J99 lpxE, lpxE+ J99 lpxE with jhp0019 in rdxA, CamR, MetR This study 

 

J99 lpxE/F J99 lpxF with chloramphenicol resistance 

cassette in jhp0019, KanR, CamR 

This study 

J99 lpxR J99 with chloramphenicol resistance cassette 

in jhp0634, CamR 

[21] 

B128 lpxF B128 with kanamycin resistance cassette in 

jhp1487, KanR 

This study 

B128 lpxF, lpxF+ B128 lpxF with jhp1487 in rdxA, KanR, MetR This study 

B128 lpxE B128 with chloramphenicol resistance 

cassette in jhp0019, CamR 

This study 

B128 lpxE, lpxE+ B128 lpxE with jhp0019 in rdxA, CamR, 

MetR 

This study 

B128 lpxE/F B128 lpxF with chloramphenicol resistance 

cassette in jhp0019, KanR, CamR 

This study 

X47 lpxF X47 with kanamycin resistance cassette in 

jhp1487, KanR 

This study 

X47 lpxF, lpxF+ X47 lpxF with jhp1487 in rdxA, KanR, MetR This study 

X47lpxE X47 with chloramphenicol resistance 

cassette in jhp0019, CamR 

This study 

X47 lpxE, lpxE+ X47 lpxE with jhp0019 in rdxA, CamR, MetR This study 

X47lpxEK X47 with kanamycin resistance cassette in 

jhp0019, KanR 

This study 

X47 lpxEK, lpxE+ X47 lpxE with jhp0019 in rdxA, KanR, MetR This study 

X47 lpxE/F X47 lpxF with chloramphenicol resistance 

cassette in jhp0019, KanR, CamR 

This study 

     Plasmids   

pET21a(+) Expression vector containing a T7 promotor, Novagen 
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AmpR 

pWSK29 Low-copy expression vector, AmpR (118) 

pBluescript II SK(+) High-copy Cloning Vector, AmpR Stratagene 

pACYC184 Medium-copy expression vector, CamR (119) 

pBcj0256 pBluescript II SK(+) containing cj0256 ±1kb 

flanking regions 

This Study 

pBflgGHis6 pBluescript II SK(+) containing the flgG stop 

codon ±500 bp flanking region  

This Study 

pGEMatsAKO:KanR Complementation Vector created from 

pGEM-T Easy with atsA interrupted with a 

kanamycin cassette 

Thompson SA 

pETflgFCJHISC pET21a(+) containing flgF (C-Terminal His-

tag) from 81-176, AmpR 

This Study 

pETflgGCJHISC pET21a(+) containing flgG (C-Terminal His-

tag) from 81-176, AmpR 

This Study 

pWcj0256 pWSK29 containing cj0256 from 81-176, 

AmpR 

This Study 

pACcj0256 pACYC184 containing cj0256 from 81-176, 

CamR 

This Study 

pACeptA pACYC184 containing eptA from E. coli 

W3110, CamR 

This Study 

pBcj0256KO:CamR pBluescript II SK(+) with cj0256 interrupted 

with a chloramphenicol cassette. 

This Study 

pFlgGHISKO:KanR pBluescript II SK(+) with flgG–His6 

followed by a kanamycin Cassette. 

This Study 

pAtsAKO::cj0256:KanR pGEM-atsAKO:KanR with cj0256 inserted. This Study 

pAtsAKO::eptA:KanR pGEM-atsAKO:KanR with cj0256 inserted. This Study 

pDD72 pss+  covering plasmid with temperature 

sensitive ori, CamR 

(120) 

pBflgFGKO:CamR pBflgFG with flgF and flgG operon This Study 
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interrupted with a chloramphenicol cassette. 

pAtsAKO:flgFGhis6-KanR pGEMatsAKO:KanR with flgF and flgGhis6 

insertion 

This Study 

 

pAtsAKO:flgFGhis6(T75A)-KanR pGEMatsAKO:KanR with flgF and 

flgGhis6(T75A) insertion 

This Study 

 

pAtsAKO:flgFGhis6(T75S)-KanR pGEMatsAKO:KanR with flgF and 

flgGhis6(T75S) insertion 

This Study 

 

pAtsAKO:flgFGhis6(T75Y)-KanR pGEMatsAKO:KanR with flgF and 

flgGhis6(T75Y) insertion 

This Study 

piLLhp1580:kan piLL570 with hp1580 interrupted with 

kanamycin resistance cassette, SpecR 

This study 

pET634comp pET21a with jhp0634 inserted into hp0954, 

AmpR 

[21] 

pETjhp1487comp pEThp0954 with jhp1487 inserted into 

hp0954, AmpR 

This study 

pETjhp0019comp pEThp0954 with jhp0019 inserted into 

hp0954, AmpR 

This study 

pUC18-Km2 pUC18 containing a kanamycin resistance 

cassette  from H. pylori, AmpR 

[53] 

piLLhp1580 piLL570 with DNA fragment containing 

hp1580, SpecR 

[52] 

 a E.coli cultures, 100 µg/ml Ampicillin (AmpR), 30 µg/ml Kanamycin (KanR), 10 µg/ml 
Tetracycline (TetR), 30 µg/ml Chloramphenicol (CamR).  For C. jejuni cultures, 8 µg/ml 
Chloramphenicol (CamR) and 50 µg/ml Kanamycin (KanR).  For H. pylori cultures, 8 
µg/ml Chloramphenicol (CamR), 8 µg/ml Kanamycin (KanR), and 20 µg/ml 
Metronidazole (MetR) 
b W3110 was made DE3-lysogenic using a DE3 Lysogenization Kit (Novagen), 
according to the manufacturer’s instruction.  
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Table 5.2  Oligonucleotides used in Chapter 2. 

# Primer Sequence (5’ ⇒  3’)a Restriction 

Site 
1 Fjhp1487 GCGCGCGGATCCGACCCTAGCAGTTTGTCTTGTTTGCTC BamH1 

2 Rjhp1487 GCGCGCGAATTCTTACCATTGATAAGAAAAGCCCACCCC EcoR1 

3 Fjhp0019 GCGCGCGGATCCGCTCATCTTACACCTTGCCGGCTC BamH1 

4 Rjhp0019 GCGCGCGAATTCTTAATTAAGGTTTTTGGGGCTTGT EcoR1 

5 HP 1580-1 CGGGGTACCTTTAAGGCCATAAATCACGCC Kpn1 

6 HP 1580-2 CGCGGATCCAATTCTTGGAGAGGCATGCCAAGCGGG BamH1 
a Endonuclease restriction sites introduced for gene cloning purposes are underlined.  
Primers were based on the genome sequences from the following stains: H. pylori J99. 
 

 

 

 

 

 

 

 

 

 

 



 
 

136 

Table 5.3  Oligonucleotides used in Chapter 3. 

# Primer Sequence (5’ ⇒  3’)a Restriction 

Site 
1 FKoCj0256 GCGCGCGGTACCGCTCGGTGTAAGACTTTG KpnI 

2 RKoCj0256 GCGCGCGAGCTCCACCATGCACTAGCAAAG SacI 

3 FKoIPCj0256 GCGCGCCTCGAGCCTGCTATTTTTTGGAGC XhoI 

4 RKoIPCj0256 GCGCGCTCTAGACAAGTGCAAAATAGGCCA XbaI 

5 FKoCamR GCGCGCTCTAGAGGAGGATAAATGATGCAATTCACAA

AG 

XbaI 

6 RKoCamR GCGCGCCTCGAGTTATTTATTCAGCAAGTCTTGTAA XhoI 

7 FcompCj0256 GCGCGCACCGGTTCATTAAAAGTGTAAATC AgeI 

8 RcompCj0256 GCGCGCACCGGTTCATGGATTTGCCTTAAG AgeI 

9 FcompEptA GCGCGCACCGGTTAATTTTGCTTTGCGAGC AgeI 

10 RcompEptA GCGCGCACCGGTTCATTCACTCACTCTCCT AgeI 

11 FKoFlgGHisC GCGCGCGGTACCTCGGGTATAGAAGTGGGTGTGGGTG

TG 

KpnI 

12 RKoFlgGHisC GCGCGCGAGCTCTTGAAGCTCCTTGTATTTTAACTT SacI 

13 FKoIPFlgGHisC GCGCGCCATATGAATGGCGTGTTAAACGCCATT NdeI 

14 RKoIPFlgGHisC GCGCGCCATATGCTAGTGGTGGTGGTGGTGGTGTCGCT

TAAGCTGATTTACAATTCC 

NdeI 

15 FKoKanRHisC GCGCGCCATATGGATAAACCCAGCGAACCA NdeI 

16 RKoKanRHisC GCGCGCCATATGAAGCTTTTTAGACATCTA NdeI 

17 FFlgFHisC GCGCGCGGATCCCAAAATGGATATTATCAA BamHI 

18 RFlgFHisC GCGCGCGAATTCTTAGTGGTGGTGGTGGTGGTGTTTAA

CAGCTGCAAGCTTATT 

EcoRI 

19 FFlgGHisC GCGCGCCATATGATGAGATCACTTCATACT NdeI 

20 RFlgGHisC GCGCGCGGATCCTTAGTGGTGGTGGTGGTGGTGTCGCT

TAAGCTGATTTAC 

BamHI 

21 FCj0256-pwsk GCGCGCTCTAGAAAGGAGATATACATGCTTAGATTAACT

TGGTTT 

XbaI 

22 RCj0256-pwsk GCGCGCCTCGAGTCATGGATTTGCCTTAAG XhoI 

25 FCj0256-pacyc GCGCGCGATATCTCATTAAAAGTGTAAATC EcoRV 

26 RCj0256-pacyc GCGCGCGGATCCTCATGGATTTGCCTTAAG BamHI 
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31 FEptA-pacyc GCGCGCAAGCTTTAATTTTGCTTTGCGAGC  HindIII 

32 REptA-pacyc GCGCGCGGATCCTCATTCACTCACTCTCCT BamHI 
a Endonuclease restriction sites introduced for gene cloning purposes are underlined, 
introduced His-Tags and RBS are italicized.  Primers were based on the genome 
sequences from the following stains: C. jejuni 81-176 and E. coli W3110. 
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Table 5.4 Oligonucleotides used in Chapter 4. 

# Primer Sequence (5’ ⇒  3’)a Restriction 

Site 
1 P1F-FlgFG GCGCGCGGTACCTGCTTCAGGTTTTGGTGGAGGTACTG

GAACGGGTGC 

KpnI 

2 P6R-FlgFGKO GCGCGCCCGCGGACCGATAGCTACAATACTGGACACA

GGCCAAGAAAC 

SacII 

3 P2R-FlgFGKO GACTTGCTGAATAAATAAAATCCCAGTTTGATCCGCTT

GTATTAATATTGGCAAGAT   

None 

3 P3F-FlgFGKO TGCTCGGCGGTGTTCCTTTCCAAG None 

4 P4R-FlgFGKO CAAACTGGGATTTTATTTATTCAG None 

5 P5F-FlgFGKO CGCAATTAACTTGGAAAGGAACACCGCCGAGCAGCTT

AAGCGATAGTTGATATAAAATAA 

None 

6 FflgFGhis6+200 GCGCGCACCGGTGCGCAAATTGAAACACCAACT AgeI 

7 RflgFGhis6 GCGCGCACCGGTTTAGTGGTGGTGGTGGTGGTGTCG

CTTAAGCTGATTTAC 

AgeI 

8 FflgGT75A GGGTGTGGGTGTGCGTCCAGCGGCGGTAACTAAAG None 

9 RflgGT75A CTTTAGTTACCGCCGCTGGACGCACACCCACACCC None 

10 FflgGT75S TGGGTGTGGGTGTGCGTCCAAGCGCGGTAACTAA None 

11 RflgGT75S TTAGTTACCGCGCTTGGACGCACACCCACACCCA None 

12 FflgGT75Y GAAGTGGGTGTGGGTGTGCGTCCATATGCGGTAACTA

AAGTTTTT 

None 

13 RflgGT75Y AAAAACTTTAGTTACCGCATATGGACGCACACCCACA

CCCACTTC 

None 

14 P1F-FlgFG GCGCGCGGTACCTGCTTCAGGTTTTGGTGGAGGTACTG

GAACGGGTGC 

KpnI 

a Endonuclease restriction sites introduced for gene cloning purposes are underlined, 
introduced His-Tags and site directed mutations are bold font.  Primers were based on the 
genome sequences from C. jejuni  
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Appendix 

SEQUEST OUTPUT 
Background: 81-176FlgGhis6  
(68% sequence coverage) 

     
      Sequence Modification Charge Probability MH+ [Da] m/z [Da] 
AEFADLMYQVMK  2 36.15 1446.66 723.83 
AEFADLMYQVMK  1 70.79 1445.67 1445.67 
AEFADLMYQVMK  2 88.14 1446.83 723.92 
AEFADLMYQVMK  1 62.14 1445.67 1445.67 
AEFADLMYQVMK  2 67.65 1446.83 723.92 
AEFADLMYQVMK  1 25.01 1445.50 1445.50 
AEFADLMYQVMK  2 84.61 1446.49 723.75 
AEFADLMYQVMK  2 76.64 1445.83 723.42 
AEFADLMYQVMK  1 11.53 1445.75 1445.75 
AITTSDDMLGIVNQLK  1 47.75 1719.83 1719.83 
AITTSDDMLGIVNQLK  2 81.2 1719.99 860.50 
AITTSDDMLGIVNQLK  1 119.81 1719.92 1719.92 
AITTSDDMLGIVNQLK  1 132.94 1718.22 1718.22 
AITTSDDMLGIVNQLK  2 44.4 1719.16 860.08 
AITTSDDMLGIVNQLK  2 21.2 1717.83 859.42 
AITTSDDMLGIVNQLK  2 55.48 1719.66 860.33 
AITTSDDMLGIVNQLK  2 63.92 1719.33 860.17 
AITTSDDMLGIVNQLK  2 52.28 1719.33 860.17 
AITTSDDMLGIVNQLK  2 30.23 1720.16 860.58 
AITTSDDMLGIVNQLK  2 24.65 1717.66 859.33 
AITTSDDMLGIVNQLKR  2 12.27 1876.33 938.67 
AITTSDDMLGIVNQLKR  2 25.19 1873.83 937.42 
AITTSDDMLGIVNQLKR  2 103.8 1876.49 938.75 
AITTSDDMLGIVNQLKR  2 126.1 1876.33 938.67 
AITTSDDMLGIVNQLKR  1 16.86 1876.33 1876.33 
AITTSDDMLGIVNQLKR  1 81.59 1874.53 1874.53 
AITTSDDMLGIVNQLKR  2 114.56 1875.16 938.08 
AITTSDDMLGIVNQLKR  3 23.9 1876.49 626.17 
AITTSDDMLGIVNQLKR  2 35.36 1876.33 938.67 
AITTSDDMLGIVNQLKR  2 60.94 1875.99 938.50 
AYEAGSK  1 38.97 725.33 725.33 
AYEAGSK  1 30.51 726.42 726.42 
AYEAGSK  1 37.07 725.58 725.58 
AYEAGSK  1 38.94 725.42 725.42 
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AYEAGSK  1 26.29 725.58 725.58 
AYEAGSK  1 40.14 726.33 726.33 
AYEAGSK  1 16.69 725.50 725.50 
AYEAGSK  1 32.1 725.42 725.42 
AYEAGSK  1 26.29 725.50 725.50 
AYEAGSK  1 27.67 726.50 726.50 
DNEGNIVNSDGYR  1 23.32 1452.67 1452.67 
DNEGNIVNSDGYR  2 56.68 1453.83 727.42 
DNEGNIVNSDGYR  1 18.74 1453.58 1453.58 
DNEGNIVNSDGYR  2 100.94 1452.83 726.92 
DNEGNIVNSDGYR  1 30.82 1452.67 1452.67 
DNEGNIVNSDGYR  2 97.86 1453.83 727.42 
DNEGNIVNSDGYR  1 30.38 1452.58 1452.58 
DNEGNIVNSDGYR  2 72.28 1452.83 726.92 
DNEGNIVNSDGYR  2 72.28 1453.99 727.50 
DNEGNIVNSDGYR  1 17.94 1452.58 1452.58 
DNEGNIVNSDGYR  2 121.71 1452.83 726.92 
DNEGNIVNSDGYR  2 106.89 1453.83 727.42 
DNEGNIVNSDGYR  2 86.02 1452.99 727.00 
DNEGNIVNSDGYR  1 24.12 1452.83 1452.83 
DNEGNIVNSDGYR  2 46.87 1452.66 726.83 
DNEGNIVNSDGYR  2 70.41 1452.83 726.92 
DNEGNIVNSDGYR  2 71.62 1452.83 726.92 
DNEGNIVNSDGYR  2 46.87 1453.49 727.25 
DNEGNIVNSDGYR  2 67.06 1452.99 727.00 
DNEGNIVNSDGYR  2 39.33 1453.66 727.33 
DNEGNIVNSDGYR  2 43.67 1452.66 726.83 
DNEGNIVNSDGYR  2 41.16 1453.49 727.25 
DNEGNIVNSDGYR  2 64.07 1452.99 727.00 
HGFIELSNVQLVEEMTDLITGQR  2 40.25 2630.33 1315.67 
HGFIELSNVQLVEEMTDLITGQR  3 75.68 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  3 61.18 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 147.78 2630.33 1315.67 
HGFIELSNVQLVEEMTDLITGQR  2 5.13 2629.66 1315.33 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2630.83 1315.92 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2629.66 1315.33 
HGFIELSNVQLVEEMTDLITGQR  3 61.29 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 164.11 2630.49 1315.75 
HGFIELSNVQLVEEMTDLITGQR  2 136.99 2630.33 1315.67 
HGFIELSNVQLVEEMTDLITGQR  2 164.11 2630.49 1315.75 
HGFIELSNVQLVEEMTDLITGQR  3 99.92 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2629.66 1315.33 
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HGFIELSNVQLVEEMTDLITGQR  2 145.4 2630.49 1315.75 
HGFIELSNVQLVEEMTDLITGQR  3 108.04 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2630.33 1315.67 
HGFIELSNVQLVEEMTDLITGQR  3 123.47 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 151.09 2629.49 1315.25 
HGFIELSNVQLVEEMTDLITGQR  3 96.27 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 125.87 2629.66 1315.33 
HGFIELSNVQLVEEMTDLITGQR  3 69.96 2629.49 877.17 
HGFIELSNVQLVEEMTDLITGQR  2 177.51 2629.49 1315.25 
HGFIELSNVQLVEEMTDLITGQR  3 77.04 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 148.75 2630.83 1315.92 
HGFIELSNVQLVEEMTDLITGQR  3 71.74 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 169.16 2630.16 1315.58 
HGFIELSNVQLVEEMTDLITGQR  2 169.16 2629.66 1315.33 
HGFIELSNVQLVEEMTDLITGQR  3 81.92 2630.24 877.42 
HGFIELSNVQLVEEMTDLITGQR  2 148.75 2630.83 1315.92 
HGFIELSNVQLVEEMTDLITGQR  3 91.33 2629.09 877.04 
NGQFTK  1 24.76 694.42 694.42 
NGQFTK  1 20.89 695.42 695.42 
NGQFTK  1 22.94 695.58 695.58 
NGQFTKDNEGNIVNSDGYR  2 113.79 2128.33 1064.67 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  2 83.95 3302.99 1652.00 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 17.5 3303.74 1101.92 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 11.91 3303.49 1101.83 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 24.36 3303.74 1101.92 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 18.49 3302.99 1101.67 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 7.2 3301.49 1101.17 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 92.45 3303.24 1101.75 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 90.63 3303.74 1101.92 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 171.68 3430.75 1144.26 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 62.39 3430.74 1144.25 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 24.32 3431.24 1144.42 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 62.53 3432.24 1144.75 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 23.04 3431.99 1144.67 
SRAEFADLMYQVMK  2 92.71 1689.16 845.08 
SRAEFADLMYQVMK  3 61 1690.24 564.08 
SRAEFADLMYQVMK  1 56.7 1689.83 1689.83 
SRAEFADLMYQVMK  2 48.49 1689.99 845.50 
SRAEFADLMYQVMK  2 8.24 1689.33 845.17 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 105.39 3146.68 1573.85 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 159.55 3147.74 1049.92 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 107.8 3147.49 1574.25 
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STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 121.31 3145.66 1573.33 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 129.28 3145.95 1573.48 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 194.6 3147.99 1050.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 121.47 3146.23 1573.62 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 132.42 3147.99 1050.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 89.66 3147.49 1574.25 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 108.56 3147.83 1574.42 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 97.62 3146.49 1573.75 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 103.74 3147.66 1574.33 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 123.25 3146.52 1573.76 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 151.76 3147.74 1049.92 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 99.49 3147.66 1574.33 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 125.18 3147.99 1574.50 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 139.63 3147.49 1049.83 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 78.8 3147.49 1049.83 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 102.93 3145.91 1573.46 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 174.74 3147.99 1050.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 116 3147.66 1574.33 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 134.4 3147.74 1049.92 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 103.74 3146.65 1573.83 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 139.81 3147.83 1574.42 
VFTEGNLK  1 25.76 907.58 907.58 
VFTEGNLK  1 30.9 907.58 907.58 
VFTEGNLK  2 29.85 907.66 454.33 
VFTEGNLK  1 40.72 907.58 907.58 
VFTEGNLK  2 48.37 907.83 454.42 
VFTEGNLK  1 26.21 907.58 907.58 
VFTEGNLK  1 26.21 907.58 907.58 
VFTEGNLK  2 27.35 907.83 454.42 
VFTEGNLK  1 27.1 907.42 907.42 
VFTEGNLK  2 26.69 907.83 454.42 
VFTEGNLK  1 19.46 907.58 907.58 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 3 7.03 2930.74 977.58 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 39.43 2930.49 1465.75 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 3 45.85 2930.24 977.42 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 47.58 2930.66 1465.83 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 3 28.39 2930.74 977.58 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 23.12 2929.66 1465.33 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 35.89 2930.66 1465.83 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 26.44 2930.66 1465.83 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 32.05 2929.83 1465.42 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 14.75 2929.99 1465.50 
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YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 15.02 2930.99 1466.00 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 32.43 2930.83 1465.92 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 42.96 2930.49 1465.75 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 27.57 2930.66 1465.83 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 34.81 2930.83 1465.92 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 30.8 2929.99 1465.50 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 20.62 2929.99 1465.50 
YAGTSTSATTLSPSGIEVGVGVRPtAVTK T25(pEtN) 2 15.04 2931.33 1466.17 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 16.49 2930.49 1465.75 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 22.2 2930.66 1465.83 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 32.87 2929.49 1465.25 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 48.48 2930.49 1465.75 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 21.55 2930.33 1465.67 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 29.53 2930.33 1465.67 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 46.63 2930.66 1465.83 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 15.36 2929.99 1465.50 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 24.83 2930.49 1465.75 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 22.8 2931.66 1466.33 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 12.89 2930.33 1465.67 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 12.29 2930.49 1465.75 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 40.96 2929.99 1465.50 
YAGTSTSATTLSPSGIEVGVGVRPTAVtK T28(pEtN) 2 44.07 2929.66 1465.33 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  3 92.85 2808.49 936.83 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  3 44.65 2808.74 936.92 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  2 15.98 2808.49 1404.75 

      Background: 81-176 eptC: flgGhis6
+ 

FlgGhis6 (68% sequence coverage) 
     

      Sequence Modifications Charge Probability MH+ [Da] m/z [Da] 
AEFADLMYQVMK  2 80.74 1446.82 723.91 
AEFADLMYQVMK  1 78.35 1445.66 1445.66 
AEFADLMYQVMK  2 83.94 1446.99 724.00 
AITTSDDMLGIVNQLK  1 61.01 1718.91 1718.91 
AITTSDDMLGIVNQLK  2 65.09 1717.99 859.50 
AITTSDDMLGIVNQLK  2 16.55 1718.32 859.66 
AITTSDDMLGIVNQLKR  2 105.79 1876.32 938.66 
AITTSDDMLGIVNQLKR  2 51.85 1875.65 938.33 
AYEAGSK  1 13.22 725.25 725.25 
DNEGNIVNSDGYR  2 69.36 1453.15 727.08 
DNEGNIVNSDGYR  1 27.61 1452.58 1452.58 
DNEGNIVNSDGYR  2 92.68 1452.82 726.91 
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DNEGNIVNSDGYR  2 79.73 1453.99 727.50 
DNEGNIVNSDGYR  2 39.69 1453.82 727.41 
HGFIELSNVQLVEEMTDLITGQR  2 27.1 2630.32 1315.66 
HGFIELSNVQLVEEMTDLITGQR  2 23.19 2629.65 1315.33 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2630.49 1315.75 
HGFIELSNVQLVEEMTDLITGQR  2 147.78 2629.82 1315.41 
HGFIELSNVQLVEEMTDLITGQR  3 76.57 2630.73 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 177.51 2630.65 1315.83 
HGFIELSNVQLVEEMTDLITGQR  2 147.78 2630.65 1315.83 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2630.32 1315.66 
HGFIELSNVQLVEEMTDLITGQR  3 84.22 2630.48 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 300 2630.15 1315.58 
HGFIELSNVQLVEEMTDLITGQR  2 115.33 2629.82 1315.41 
HGFIELSNVQLVEEMTDLITGQR  2 107.84 2630.32 1315.66 
HGFIELSNVQLVEEMTDLITGQR  3 79.67 2630.48 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 133.19 2630.49 1315.75 
HGFIELSNVQLVEEMTDLITGQR  2 135.38 2630.15 1315.58 
HGFIELSNVQLVEEMTDLITGQR  3 93.41 2629.48 877.16 
HGFIELSNVQLVEEMTDLITGQR  2 300 2630.82 1315.91 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2629.99 1315.50 
HGFIELSNVQLVEEMTDLITGQR  2 171.83 2630.82 1315.91 
HGFIELSNVQLVEEMTDLITGQR  3 77.55 2630.73 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 154.77 2629.82 1315.41 
HGFIELSNVQLVEEMTDLITGQR  3 85.38 2630.48 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 134.37 2629.49 1315.25 
HGFIELSNVQLVEEMTDLITGQR  2 34.45 2630.82 1315.91 
NGQFTK  1 16.96 694.75 694.75 
NGQFTK  1 13.71 695.50 695.50 
NGQFTKDNEGNIVNSDGYR  2 103.55 2129.32 1065.16 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 99.79 3302.07 1101.36 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 78.91 3303.73 1101.91 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 55.94 3303.73 1101.91 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 56.7 3303.98 1102.00 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  2 24 3301.65 1651.33 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 64.82 3303.98 1102.00 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 72.74 3431.98 1144.66 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 95 3431.73 1144.58 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  4 66.45 3431.31 858.58 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 62.29 3431.73 1144.58 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 45.89 3432.23 1144.75 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 81.67 3431.73 1144.58 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 128.57 3432.23 1144.75 
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SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 68.23 3431.48 1144.50 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  3 89.79 3431.48 1144.50 
SRAEFADLMYQVMK  2 98.03 1689.82 845.41 
SRAEFADLMYQVMK  3 62.56 1689.73 563.91 
SRAEFADLMYQVMK  1 4.77 1689.00 1689.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 146.12 3145.94 1573.47 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 121.47 3147.65 1574.33 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 94.83 3147.49 1574.25 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 134.55 3147.98 1050.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 90.9 3147.65 1574.33 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 99.83 3147.15 1574.08 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 130.23 3147.65 1574.33 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 113.31 3147.49 1574.25 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 110.1 3147.82 1574.41 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 81.55 3147.65 1574.33 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 151.76 3147.98 1050.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 117.51 3147.49 1574.25 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 86.68 3147.98 1050.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 128.37 3147.65 1574.33 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 147.78 3147.49 1574.25 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 116 3147.49 1574.25 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 122.3 3147.98 1050.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 133.31 3147.82 1574.41 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 204.21 3147.98 1050.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 92.83 3147.82 1574.41 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 81.33 3147.49 1574.25 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 185.13 3147.45 1049.83 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 152.56 3147.98 1050.00 
VFTEGNLK  1 30.31 907.58 907.58 
VFTEGNLK  1 23.54 907.50 907.50 
VFTEGNLK  1 16.63 907.75 907.75 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  2 67.85 2808.49 1404.75 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  2 101.37 2808.32 1404.66 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  2 14.78 2808.82 1404.91 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  2 48.3 2808.49 1404.75 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  3 28.62 2808.73 936.91 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  2 33.54 2808.15 1404.58 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  3 50.57 2808.73 936.91 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  2 16.31 2807.99 1404.50 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  3 42.58 2808.73 936.91 
YAGTSTSATTLSPSGIEVGVGVRPTAVTK  3 38.89 2808.73 936.91 
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Background: 81-176 flgFG: flgFGhis6(T75S)+ 

FlgGhis6 (T75S) (67% sequence coverage) 
     

      Sequence Modifications Charge Probability MH+ [Da] m/z [Da] 
AEFADLMYQVMK  2 7.76 1445.99 723.50 
AEFADLMYQVMK  2 81.36 1444.77 722.89 
AEFADLMYQVMK  3 76.64 1446.49 482.83 
AEFADLMYQVMK  1 58.39 1445.50 1445.50 
AEFADLMYQVMK  3 76.64 1446.99 483.00 
AEFADLMYQVMK  1 65.28 1445.50 1445.50 
AEFADLMYQVMK  2 96.17 1444.98 722.99 
AEFADLMYQVMK  3 78.35 1446.99 483.00 
AEFADLMYQVMK  1 86.88 1445.33 1445.33 
AEFADLMYQVMK  2 87.41 1444.95 722.98 
AEFADLMYQVMK  2 71.9 1445.66 723.33 
AEFADLMYQVMK  2 91.99 1445.83 723.42 
AEFADLMYQVMK  2 78.35 1446.16 723.58 
AEFADLMYQVMK  2 89.64 1445.99 723.50 
AEFADLMYQVMK  2 86.69 1446.66 723.83 
AEFADLMYQVMK  2 64.59 1445.83 723.42 
AEFADLMYQVMK  2 54.67 1446.49 723.75 
AITTSDDMLGIVNQLK  2 111.88 1720.16 860.58 
AITTSDDMLGIVNQLK  3 122.14 1720.20 574.07 
AITTSDDMLGIVNQLK  1 105.65 1718.75 1718.75 
AITTSDDMLGIVNQLK  3 98.52 1720.24 574.08 
AITTSDDMLGIVNQLK  1 141.09 1718.67 1718.67 
AITTSDDMLGIVNQLK  2 130.42 1719.83 860.42 
AITTSDDMLGIVNQLK  2 111.23 1719.83 860.42 
AITTSDDMLGIVNQLK  3 24.22 1718.99 573.67 
AITTSDDMLGIVNQLK  2 115.65 1719.99 860.50 
AITTSDDMLGIVNQLK  2 62.23 1718.83 859.92 
AITTSDDMLGIVNQLK  2 64.5 1719.83 860.42 
AITTSDDMLGIVNQLK  2 38.4 1719.99 860.50 
AITTSDDMLGIVNQLK  2 66.31 1719.33 860.17 
AITTSDDMLGIVNQLK  2 109.05 1719.66 860.33 
AITTSDDMLGIVNQLK  2 37.85 1718.99 860.00 
AITTSDDMLGIVNQLK  2 89.59 1718.99 860.00 
AITTSDDMLGIVNQLK  2 87.51 1719.83 860.42 
AITTSDDMLGIVNQLKR  2 134.21 1875.33 938.17 
AITTSDDMLGIVNQLKR  3 10.38 1875.49 625.83 
AITTSDDMLGIVNQLKR  2 124.23 1874.99 938.00 
AITTSDDMLGIVNQLKR  3 5.15 1874.99 625.67 
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AITTSDDMLGIVNQLKR  2 37.61 1874.33 937.67 
AYEAGSK  1 28.16 726.08 726.08 
DNEGNIVNSDGYR  2 4.93 1452.33 726.67 
DNEGNIVNSDGYR  2 104.25 1452.83 726.92 
DNEGNIVNSDGYR  1 13.81 1452.58 1452.58 
DNEGNIVNSDGYR  2 102.57 1452.66 726.83 
DNEGNIVNSDGYR  2 113.72 1452.83 726.92 
DNEGNIVNSDGYR  2 105.11 1452.83 726.92 
DNEGNIVNSDGYR  2 100.15 1453.66 727.33 
DNEGNIVNSDGYR  2 103.4 1452.83 726.92 
DNEGNIVNSDGYR  2 110.67 1452.66 726.83 
DNEGNIVNSDGYR  2 98.61 1452.83 726.92 
DNEGNIVNSDGYR  2 119.28 1452.99 727.00 
DNEGNIVNSDGYR  2 114.78 1452.83 726.92 
DNEGNIVNSDGYR  2 69.67 1452.66 726.83 
DNEGNIVNSDGYR  2 47.39 1452.83 726.92 
DNEGNIVNSDGYR  2 38.85 1452.99 727.00 
DNEGNIVNSDGYR  2 70.41 1452.66 726.83 
HGFIELSNVQLVEEMTDLITGQR  3 83.91 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  4 109.37 2630.64 658.42 
HGFIELSNVQLVEEMTDLITGQR  2 148.75 2630.33 1315.67 
HGFIELSNVQLVEEMTDLITGQR  3 108.33 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 180.02 2629.33 1315.17 
HGFIELSNVQLVEEMTDLITGQR  3 86.62 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2630.16 1315.58 
HGFIELSNVQLVEEMTDLITGQR  3 87.06 2630.24 877.42 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2630.66 1315.83 
HGFIELSNVQLVEEMTDLITGQR  3 96.46 2629.99 877.33 
HGFIELSNVQLVEEMTDLITGQR  2 150 2629.66 1315.33 
HGFIELSNVQLVEEMTDLITGQR  3 98.16 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 148.75 2629.49 1315.25 
HGFIELSNVQLVEEMTDLITGQR  3 116.61 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 149.13 2630.16 1315.58 
HGFIELSNVQLVEEMTDLITGQR  3 104.03 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 148.41 2630.16 1315.58 
HGFIELSNVQLVEEMTDLITGQR  3 97.02 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  3 83.59 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 137.59 2630.33 1315.67 
HGFIELSNVQLVEEMTDLITGQR  3 102.39 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  3 89.85 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 125.87 2630.33 1315.67 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2629.49 1315.25 
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HGFIELSNVQLVEEMTDLITGQR  3 116.03 2629.74 877.25 
HGFIELSNVQLVEEMTDLITGQR  2 166.58 2630.16 1315.58 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2629.99 1315.50 
HGFIELSNVQLVEEMTDLITGQR  3 98.74 2630.24 877.42 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2630.33 1315.67 
HGFIELSNVQLVEEMTDLITGQR  3 138.12 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 148.41 2629.49 1315.25 
HGFIELSNVQLVEEMTDLITGQR  3 89.64 2630.24 877.42 
HGFIELSNVQLVEEMTDLITGQR  2 128.22 2628.99 1315.00 
HGFIELSNVQLVEEMTDLITGQR  3 78.62 2630.49 877.50 
NGQFTK  1 16.64 694.33 694.33 
NGQFTK  1 22.94 695.50 695.50 
NGQFTKDNEGNIVNSDGYR  3 104.12 2129.24 710.42 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 253.18 3302.74 1101.58 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 71.97 3303.99 1102.00 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 49.21 3302.74 1101.58 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 154.77 3302.74 1101.58 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 82.55 3303.99 1102.00 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 147.24 3303.99 1102.00 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 46.8 3303.49 1101.83 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 52.75 3303.99 1102.00 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 60.16 3303.49 1101.83 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 68.03 3303.24 1101.75 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 56.74 3303.99 1102.00 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 53.12 3303.74 1101.92 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 40.71 3303.49 1101.83 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 60.16 3302.99 1101.67 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 85.71 3303.74 1101.92 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 58.37 3302.49 1101.50 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 39.61 3303.24 1101.75 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 44.67 3303.74 1101.92 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 117.05 3303.49 1101.83 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 82.55 3303.74 1101.92 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  4 45.53 3431.98 858.75 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  4 40.6 3430.64 858.42 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  4 32.19 3430.64 858.42 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  4 37.8 3431.31 858.58 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFKK  4 33.66 3429.31 858.08 
SRAEFADLMYQVMK  2 99.94 1688.83 844.92 
SRAEFADLMYQVMK  3 50.19 1689.24 563.75 
SRAEFADLMYQVMK  2 109.16 1688.99 845.00 
SRAEFADLMYQVMK  3 70.58 1688.74 563.58 
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SRAEFADLMYQVMK  2 72.74 1688.16 844.58 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 102.12 3147.16 1574.08 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 163.44 3147.99 1050.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 118.28 3147.49 1574.25 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 149.55 3147.49 1049.83 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 120.81 3147.49 1574.25 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 141.22 3147.49 1574.25 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 183.08 3147.24 1049.75 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 168.95 3147.49 1049.83 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 123.99 3147.83 1574.42 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 150.51 3147.49 1049.83 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 100.59 3147.99 1574.50 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 154.77 3147.49 1049.83 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 195.17 3147.99 1050.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 148.75 3147.66 1574.33 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 147.78 3147.49 1049.83 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 119.06 3147.49 1574.25 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 204.21 3147.24 1049.75 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 177.8 3147.49 1049.83 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 87.74 3146.74 1049.58 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 140.36 3147.16 1574.08 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 122.95 3147.99 1050.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 153.53 3147.74 1049.92 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 119.06 3146.99 1574.00 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 169.88 3147.49 1049.83 
VFTEGNLK  1 18.85 907.50 907.50 
VFTEGNLK  1 25.33 907.42 907.42 
VFTEGNLK  1 22.15 907.42 907.42 
VFTEGNLK  1 30.31 907.50 907.50 
VFTEGNLK  1 20.99 907.50 907.50 
VFTEGNLK  1 24.5 908.50 908.50 
VFTEGNLK  1 33.48 907.25 907.25 
VFTEGNLK  2 18.94 907.66 454.33 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  2 75.25 2794.33 1397.67 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 115.61 2794.74 932.25 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  2 98.82 2793.99 1397.50 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  2 115.05 2793.99 1397.50 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 94.94 2794.74 932.25 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 83.31 2794.74 932.25 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 93.1 2794.49 932.17 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 109 2793.74 931.92 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 80.69 2794.24 932.08 
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YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 90.1 2794.74 932.25 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 98.81 2794.24 932.08 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 62.6 2794.74 932.25 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 96.81 2794.74 932.25 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 41.6 2794.24 932.08 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 60.67 2794.49 932.17 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 81.83 2794.24 932.08 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 72.93 2794.49 932.17 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 62.82 2794.74 932.25 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 132.29 2794.74 932.25 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 99.41 2794.74 932.25 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 56.92 2794.24 932.08 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 67.56 2794.49 932.17 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 82.3 2793.74 931.92 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 66.14 2794.74 932.25 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 43.35 2794.49 932.17 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 66.6 2794.74 932.25 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 36.07 2793.99 932.00 
YAGTSTSATTLSPSGIEVGVGVRPSAVTK  3 72.35 2794.74 932.25 

      
      Background: 81-176 flgFG: flgFGHis6(T75Y)+ 

FlgGhis6 (T75Y) (64% sequence coverage) 
     

      Sequence Modifications Charge Probability MH+ [Da] m/z [Da] 
AEFADLMYQVMK  2 85.99 1446.49 723.75 
AEFADLMYQVMK  1 65.28 1445.42 1445.42 
AEFADLMYQVMK  1 63.91 1445.50 1445.50 
AEFADLMYQVMK  2 83.28 1445.66 723.33 
AEFADLMYQVMK  2 74.46 1445.83 723.42 
AEFADLMYQVMK  2 79.53 1445.83 723.42 
AEFADLMYQVMK  2 78.93 1445.49 723.25 
AEFADLMYQVMK  2 78.93 1445.83 723.42 
AEFADLMYQVMK  2 68.1 1445.66 723.33 
AEFADLMYQVMK  2 69.48 1445.49 723.25 
AEFADLMYQVMK  2 78.35 1445.66 723.33 
AEFADLMYQVMK  2 85.99 1445.99 723.50 
AEFADLMYQVMK  2 81.36 1445.49 723.25 
AEFADLMYQVMK  2 83.94 1446.99 724.00 
AEFADLMYQVMK  2 71.9 1445.83 723.42 
AEFADLMYQVMK  2 85.29 1446.66 723.83 
AEFADLMYQVMK  2 91.99 1446.83 723.92 
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AITTSDDMLGIVNQLK  2 20.12 1718.99 860.00 
AITTSDDMLGIVNQLK  3 65.69 1719.49 573.83 
AITTSDDMLGIVNQLK  3 97.86 1719.49 573.83 
AITTSDDMLGIVNQLK  3 42.09 1718.74 573.58 
AITTSDDMLGIVNQLK  2 134.73 1718.99 860.00 
AITTSDDMLGIVNQLK  2 124.07 1719.83 860.42 
AITTSDDMLGIVNQLK  2 123.17 1718.66 859.83 
AITTSDDMLGIVNQLK  2 143.86 1718.99 860.00 
AITTSDDMLGIVNQLK  2 132.09 1718.99 860.00 
AITTSDDMLGIVNQLK  2 140.62 1719.16 860.08 
AITTSDDMLGIVNQLK  3 59.69 1719.49 573.83 
AITTSDDMLGIVNQLK  2 109.74 1719.83 860.42 
AITTSDDMLGIVNQLK  2 134.73 1718.66 859.83 
AITTSDDMLGIVNQLK  2 113.36 1718.83 859.92 
AITTSDDMLGIVNQLK  2 105.7 1719.49 860.25 
AITTSDDMLGIVNQLK  2 133.75 1719.33 860.17 
AITTSDDMLGIVNQLK  2 114.11 1719.99 860.50 
AITTSDDMLGIVNQLK  2 55.48 1719.49 860.25 
AITTSDDMLGIVNQLK  2 45.53 1719.16 860.08 
AITTSDDMLGIVNQLK  2 58.57 1719.49 860.25 
AITTSDDMLGIVNQLK  2 143.86 1718.99 860.00 
AITTSDDMLGIVNQLK  2 54.38 1719.16 860.08 
AITTSDDMLGIVNQLK  2 74.67 1719.66 860.33 
AITTSDDMLGIVNQLK  2 66.84 1719.49 860.25 
AITTSDDMLGIVNQLKR  3 8.86 1875.49 625.83 
AITTSDDMLGIVNQLKR  2 137.19 1874.99 938.00 
AITTSDDMLGIVNQLKR  2 107.3 1875.83 938.42 
AITTSDDMLGIVNQLKR  2 56.82 1874.99 938.00 
DNEGNIVNSDGYR  2 104.25 1452.83 726.92 
DNEGNIVNSDGYR  2 105.99 1452.99 727.00 
DNEGNIVNSDGYR  2 86.02 1453.49 727.25 
DNEGNIVNSDGYR  2 114.78 1453.83 727.42 
DNEGNIVNSDGYR  2 64.79 1453.33 727.17 
DNEGNIVNSDGYR  2 73.65 1453.66 727.33 
DNEGNIVNSDGYR  2 84.11 1453.66 727.33 
DNEGNIVNSDGYR  2 89.35 1453.83 727.42 
DNEGNIVNSDGYR  2 41.95 1453.83 727.42 
HGFIELSNVQLVEEMTDLITGQR  3 29.92 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 149.13 2630.33 1315.67 
HGFIELSNVQLVEEMTDLITGQR  3 99.76 2627.99 876.67 
HGFIELSNVQLVEEMTDLITGQR  2 151.09 2630.33 1315.67 
HGFIELSNVQLVEEMTDLITGQR  3 83.15 2630.49 877.50 
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HGFIELSNVQLVEEMTDLITGQR  2 171.83 2630.33 1315.67 
HGFIELSNVQLVEEMTDLITGQR  2 159.55 2629.33 1315.17 
HGFIELSNVQLVEEMTDLITGQR  3 67.42 2630.24 877.42 
HGFIELSNVQLVEEMTDLITGQR  2 300 2630.16 1315.58 
HGFIELSNVQLVEEMTDLITGQR  3 100.28 2630.24 877.42 
HGFIELSNVQLVEEMTDLITGQR  3 90.13 2629.99 877.33 
HGFIELSNVQLVEEMTDLITGQR  3 75.95 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 150 2630.83 1315.92 
HGFIELSNVQLVEEMTDLITGQR  3 64.63 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  3 77.08 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 147.78 2630.49 1315.75 
HGFIELSNVQLVEEMTDLITGQR  3 59.61 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 149.55 2629.66 1315.33 
HGFIELSNVQLVEEMTDLITGQR  3 107.45 2630.49 877.50 
HGFIELSNVQLVEEMTDLITGQR  2 162.9 2630.83 1315.92 
HGFIELSNVQLVEEMTDLITGQR  3 85.62 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  3 69.5 2630.24 877.42 
HGFIELSNVQLVEEMTDLITGQR  2 143.75 2629.16 1315.08 
HGFIELSNVQLVEEMTDLITGQR  2 148.08 2629.66 1315.33 
HGFIELSNVQLVEEMTDLITGQR  3 89.64 2630.74 877.58 
HGFIELSNVQLVEEMTDLITGQR  2 146.12 2630.33 1315.67 
HGFIELSNVQLVEEMTDLITGQR  3 97.59 2629.74 877.25 
HGFIELSNVQLVEEMTDLITGQR  2 171.83 2628.99 1315.00 
NGQFTK  1 18.96 695.08 695.08 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 71.54 3303.74 1101.92 
SLHTAATGMVAQQTQIDVTSNNIANVNTAGFK  3 40.42 3303.74 1101.92 
SRAEFADLMYQVMK  2 54.16 1687.99 844.50 
SRAEFADLMYQVMK  3 59.03 1689.99 564.00 
SRAEFADLMYQVMK  2 28.28 1688.49 844.75 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 191.32 3147.49 1049.83 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 150 3147.74 1049.92 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 202.34 3147.49 1049.83 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 163.69 3146.24 1049.42 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  2 113.31 3147.66 1574.33 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 151.76 3146.99 1049.67 
STSTDGLDMAIAGNGFFQIQLPDGTIGYTR  3 151.76 3146.24 1049.42 
VFTEGNLK  1 26.06 907.50 907.50 
VFTEGNLK  1 22.28 907.50 907.50 
VFTEGNLK  1 22.89 907.50 907.50 
VFTEGNLK  2 36.16 907.49 454.25 
VFTEGNLK  1 24.44 907.50 907.50 
VFTEGNLK  1 27.69 907.42 907.42 
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VFTEGNLK  1 32.32 907.58 907.58 
VFTEGNLK  2 31.42 907.66 454.33 
VFTEGNLK  1 26.15 907.25 907.25 
VFTEGNLK  1 24.9 908.42 908.42 
VFTEGNLK  1 22.83 907.67 907.67 
VFTEGNLK  1 25.37 907.58 907.58 
VFTEGNLK  1 26.02 907.50 907.50 
VFTEGNLK  2 49.36 907.83 454.42 
VFTEGNLK  1 20.99 907.33 907.33 
VFTEGNLK  1 24.67 907.50 907.50 
VFTEGNLK  1 30.22 907.50 907.50 
VFTEGNLK  1 26.57 907.50 907.50 
VFTEGNLK  2 27.32 907.66 454.33 
VFTEGNLK  2 22.41 907.66 454.33 
VFTEGNLK  1 29.35 906.83 906.83 
VFTEGNLK  2 33.12 907.66 454.33 
VFTEGNLK  1 41.32 907.25 907.25 
VFTEGNLK  2 30.24 907.83 454.42 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 117.11 2870.74 957.58 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 144.92 2870.99 957.67 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  2 59.43 2869.66 1435.33 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 88.53 2870.74 957.58 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 115.97 2870.74 957.58 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 83.26 2869.49 957.17 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 129.71 2870.99 957.67 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 96.93 2870.99 957.67 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 117.7 2869.74 957.25 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 111.88 2870.99 957.67 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 120.06 2870.99 957.67 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 93.58 2870.74 957.58 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 111.29 2870.99 957.67 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 102.02 2869.99 957.33 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 118.98 2870.74 957.58 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 84.88 2870.74 957.58 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 122.35 2870.74 957.58 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 114.49 2869.74 957.25 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 105.46 2870.99 957.67 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 58.62 2869.99 957.33 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 103.41 2870.49 957.50 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 73.02 2870.74 957.58 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 55.31 2870.49 957.50 
YAGTSTSATTLSPSGIEVGVGVRPYAVTK  3 87.01 2870.99 957.67 
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