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CHRISTOPHER MICHAEL STEAD 
Biosynthesis and Modification of Helicobacter pylori Lipid A 
(Under the Direction of M. STEPHEN TRENT, PhD.) 

The secondary acylation steps of Helicobacter pylori lipid A biosynthesis are 

poorly understood because H. pylori only has one homolog (Jhp0265) to the Escherichia 

coli secondary acyl transferases Lpxl and LpxM. Jhp0265 was shown to be responsible 

for the transfer of a secondary C18 acyl chain to the 2' -linked acyl chain of lipid A, 

making Jhp0265 homologous to Lpxl. An activity was also demonstrated for the 

addition of a secondary acyl chain to the 3'-linked acyl chain of H. pylori lipid A, although 

the enzyme responsible for the transfer remains unknown. After synthesis, H. pylori lipid 

A is modified by the action of five enzymes. Mutation of the candidate modification 

enzyme Jhp0634 demonstrated that the enzyme catalyzes the removal of the 3'-linked 

acyl chains of H. pylori lipid A, producing a tetra-acylated lipid A species. Continuing 

with the characterization of H. pylori lipid A modification enzymes, we were also able to 

demonstrate an activity for a Kdo trimming enzyme in vitro. Requirement for a Kdo 

hydrolase in vivo was confirmed after the Kdo transferase of H. pylori was shown to be 

bifunctional despite the presence of only one Kdo sugar in H. pylori lipopolysaccharide. 

Attempted identification of the Kdo hydrolase revealed that both Hp0579 and Hp0580 

were required for the removal of the Kdo sugar, which occurred in the periplasm. A Kdo 

hydrolase mutant revealed two unexpected phenotypes related to interaction with the 

innate immune system. The first was an increased sensitivity to cationic antimicrobial 

peptides, which was explained by a downstream effect on modification to the 4'-

phosphate group of lipid A. The second phenotype related to the expression of 0-

antigen on the bacterial cell surface. The Kdo hydrolase mutants produced a reduced 



amount of fully extended lipopolysaccharide and conversely, an increased amount of 

core-lipid A. The type of 0-antigen epitope displayed was also affected by a Kdo 

hydrolase mutation, in a strain specific manner. 

INDEX WORDS: H. pylori, lipid A, Kdo, acyl transferase, lipopolysaccharide, outer 

membrane 
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I. INTRODUCTION 

A. Statement of the Problem and Specific Aims 

Lipid A biosynthesis is well conserved in Gram-negative bacteria and proceeds 

via a nine-step enzymatic pathway (98). Despite being able to produce a lipid A species 

closely resembling that of Escherichia coli (83), the lipid A biosynthetic pathway of 

He/icobacter pylori is not completely understood. This anomaly arises because the H. 

pylori genome only contains eight of the nine required genes from E. coli and is missing 

a homolog corresponding to one of the lipid A secondary acyl transferases, Lpxl and 

LpxM. 

Lipid A acts as a signal to the human innate immune system, alerting the body to 

the presence of an invading Gram-negative bacterium. As a response, Gram-negative 

pathogens modifY their lipid A to prevent detection and consequent clearance by the 

innate immune system (97). After synthesis, H. pylori Kdo-lipid A is extensively modified 

by the action of five separate enzymes. Currently only two of these enzymes are 

identified (116), signitying that three enzymes still need to be characterized. A complete 

understanding of the H. pylori lipid A modification pathway is important to elucidate 

exactly how H. pylori is able to evade the innate immune system and establish 

colonization. 

1 
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I hope to expand the available knowledge on these subjects by completion of the 

following specific aims: 

Specific aim 1 -Characterize the H. pylori late acyl transferase homolog, Jhp0265. 

Specific aim 2 :- Identify and characterize the enzyme responsible for the cleavage of 

the 3'-linked acyl chains from H. pylori lipid A. 

Specific aim 3 - Identify and characterize the enzyme responsible for cleavage of the 

outer Kdo sugar from H. pylori Kdo-lipid A. 

B. Review of Related Literature 

He/icobacter pylori 

Helicobacter pylori is a Gram-negative, microaerophilic bacterium with a curved 

rod morphology. The human stomach is the only known reservoir of H. pylori and even 

in the face of this harsh environment, H. pylori has successfully managed to colonize 

over half the world's population (95). Despite the prevalence of H. pylori colonization, a 

mode of transmission has yet to be determined, although H. pylori has been detected in 

saliva and water samples (12, 47). 

H. pylori colonization is chronic in nature and can persist for several years. 

Colonization is associated with inflammation of the underlying gastric mucosa, which is 
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usually asymptomatic ( 19). However, over time this inflammation can progress to 

various disease states, such as peptic ulcer disease or gastric cancer (11, 17, 92). 

Because of the link between H. pylori and cancer, H. pylori is classed as a group 1 

carcinogen by the International Agency for Research on Cancer. Once diagnosed with 

H. pylori, it is possible to eradicate the bacterium following a quadruple therapy for 7-14 

days. The quadruple therapy includes ingestion of a bismuth compound, two antibiotics 

and a proton pump inhibitor (72). 

It is not well defined why H. pylori colonization remains asymptomatic in certain 

individuals, yet can produce a life-threatening illness in others, although strong 

correlations do exist. It is thought to be a combination of the genetic makeup of both the 

colonized individual and the colonizing bacterium (45). One well-studied example, 

associated with the bacterium, is the cag pathogenicity island (PAl). H. pylori strains 

possessing a cag PAl are more likely to cause symptoms, although this is just a 

correlation and not absolute (20, 71 ). Clearly defining the relationship between H. pylori 

and disease is an important and active area of study in H. pylori research. 

Besides the cag PAl H. pylori has several other virulence factors, including 

flagella, urease, adhesins, vacuolating cytotoxin (VacA) and lipopolysaccharide (LPS) 

(72). H. pylori has two to six polar flagella, which are sheathed and display a terminal 

bulb. The sheath and terminal bulb are thought to protect the flagella from degradation 

by the stomach acids (50, 87). The flagella, along with H. pylori's inherent spiral shape, 

allow the bacterium to move through the thick mucus lining of the stomach to a more 

neutral pH, aiding in colonization. Once in the mucus lining, H. pylori can then adhere to 

the gastric epithelium using a variety of adhesins, including SabA and SabA (21, 75). 
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Another virulence factor, important for the initial colonization, is the urease enzyme. 

Urease breaks down urea into ammonia and carbon dioxide (28). The ammonia can 

then help to neutralize the acidic pH of the stomach and buffer the cytoplasmic and 

peri plasmic pH in conjunction with carbonic anhydrase (77}, promoting the survival of H. 

pylori in an acidic environment. 

The cag PAl of H. pylori encodes a type IV secretion system with only one known 

protein substrate GagA. The type IV secretion system effectively injects GagA into the 

host cell cytoplasm, where it is tyrosine phosphorylated. After tyrosine phosphorylation, 

GagA initiates a series of signaling pathways which lead to changes in migration, 

spreading and adhesion of the host cell, all phenotypes associated with cancer (22). 

VacA is also a secreted virulence factor but, unlike GagA, it is an autotransporter, 

meaning that it mediates its own passage outside of the cell in a process known as type 

V secretion. Once secreted, VacA exerts a multitude of effects including the production 

of vacuoles, inhibition of T-cell activation and proliferation and the induction of pro

inflammatory signaling (39). 

LPS is also a virulence factor, which is involved in several aspects of 

pathogenesis. One facet is the modification of the LPS lipid A domain to avoid detection 

and clearance by the innate immune system, which will be discussed in a later section. 

The LPS 0-antigen domain has been implicated in several pathogenesis mechanisms, 

including molecular mimicry and immune system modulation (81 ). The large majority of 

H. pylori strains synthesize an 0-antigen, which contains human blood group antigens. 

The presence of a host epitope on the bacterial cell surface is thought to allow the 

bacterium to evade clearance by the host humoral immune response (5, 135). 0-
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antigen also modulates the immune system through an interaction with the innate 

immune receptor DC-SIGN. This interaction shifts the immune response from a Th1 

mediated response to a mixed Th 1 and Th2 response, a scenario that favors H. pylori 

persistence (15, 86). 

Biosynthesis of Lipid A 

The outer leaflet of the outer membrane of the majority of Gram-negative 

bacteria is composed of lipopolysaccharide or LPS (Fig. 1 ). LPS is comprised of three 

domains known as lipid A, core and 0-antigen. Lipid A serves as the membrane anchor, 

holding LPS in place, and is also responsible for the endotoxic activity associated with 

LPS. Lipid A is a disaccharide composed of two glucosamine sugars in a ~. 1 '-6 linkage 

that are phosphorylated at the 1 and 4' positions and acylated at the 2-, 3-, 2'- and 3'

positions (Fig. 2) (98). 

The biosynthesis of lipid A has been well characterized in Escherichia coli and 

occurs via a nine-step enzymatic pathway (Fig. 2). The first step involves acylation of 

the starting substrate, UDP-GicNAc, by the enzyme LpxA, at the 3-position, to produce 

UDP-3-0-(acyi)-GicNAc (3). LpxA is highly specific for an acyl carrier protein (ACP) 

thioester donor substrate as well as the carbon length associated with the acyl group (2, 

137). LpxC catalyzes the second step and is responsible for disruption of the amide 

linkage at the 2-position and consequent loss of the acetyl group (1 07). Next, the now 

free amine is acylated by LpxD to produce UDP-2,3-diacylglucosamine (69). Like LpxA, 

LpxD activity is also dependent on an ACP thioester donor substrate and a specific 

carbon length acyl chain. 
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Step 4 generates 2,3-diacylglucosamine-1-phosphate (lipid X) after cleavage of 

the pyrophosphate bond present in UDP-2,3-diacylglucosamine by LpxH (9). Production 

of the disaccharide follows after a condensation reaction between lipid X and 2,3-

diacylglucosamine, catalyzed by LpxB (96). The disaccharide is phosphorylated at the 

4'-position by the kinase LpxK, generating lipid IV A (49). 

Next WaaA sequentially adds two 3-deoxy-D-manno-octulosonic acid (Kdo) 

sugars, producing Kdo2-lipid IV A (36). Although the WaaA of E. coli is bi-functional, 

mono-functional and tri-functional WaaA enzymes can be found (13, 134). Finally Kdo2-

lipid IVA is further acylated at the hydroxyl groups present on the 2'- and 3'-primary acyl 

chains, by Lpxl and LpxM respectively, leading to the final product, Kdo2-lipid A (27). 

Secondary acylation by Lpxl and LpxM is dependent upon prior transfer of the Kdo 

sugars, which is why the Kdo sugars are synonymous with lipid A, despite technically 

being classed as components of the core sugars. LpxM activity is also dependent on the 

presence of a secondary acyl chain at the 2'-position, which is transferred by Lpxl (35, 

37). Both secondary acyl transferases prefer a specific acyl chain associated with the 

donor substrate, a trait shared with the primary acyl transferases LpxA and LpxD. 

Lipid A and Innate Immunity 

Biosynthesis of lipid A is well conserved throughout Gram-negative bacteria, with 

the majority of Gram-negatives possessing a homolog to each of the 9 biosynthesis 

enzymes. For this reason most Gram-negatives are capable of producing a lipid A 

species very similar to that of E. coli. Because lipid A is such a well-conserved epitope, 

the human innate immune system has evolved to recognize lipid A using Toll-like 
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receptor 4 (TLR4), allowing early detection of an invading Gram-negative bacterium (62, 

94). TLR4 is one of a number of Toll-like receptors, all of which act to recognize 

conserved microbial motifs, such as methylated DNA, flagella and double-stranded RNA 

(1). 

TLR4 is only functional when associated with the accessory molecule MD2 

because MD2 is the molecule, which actually binds lipid A. Optimal binding requires a 

lipid A molecule with six acyl chains and two phosphate groups. The length of acyl chain 

is also important and anything longer than 14 carbons reduces binding efficiency (91 ). 

Completion of a lipid A, MD2, TLR4 complex induces dimerization with another such 

complex, leading to a signaling cascade and the production of pro-inflammatory 

cytokines (112). This process acts as an early detection mechanism, providing an 

important first line of defense for clearance of an invading Gram-negative bacterium. 

Although TLR4 is invaluable for the early detection and consequent clearance of 

an invading Gram-negative pathogen, over stimulation of the receptor can lead to sepsis 

and ultimately death (90). Such a scenario can occur when an infection goes systemic 

and bacteria reach high densities leading to large amounts of circulating lipid A (127). 

Because of lipid A's potent ability to stimulate the innate immune system it is an 

attractive candidate for use as an adjuvant, although the risk of sepsis makes it non

viable. The sepsis problem was recently solved by the chemical synthesis of a lipid A 

molecule lacking the 1-phosphate, which lowered the dimerization efficiency of TLR4 

and, therefore, its potency (42). Monophosphoryl lipid A is currently one component of 

the GlaxoSmithKiine vaccine to human papillomavirus (1 03). This opens the door for the 
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production of other modified lipid A species, which may be even more effective 

adjuvants than monophosphoryllipid A. 

Another arm of the innate immune system intimately linked with lipid A is the 

production of cationic antimicrobial peptides (CAMPs). CAMPs are small positively 

charged peptides, which are potent antibiotics. When attacking Gram-negative bacteria, 

CAMPs are attracted to the negative charges present on the bacterial cell surface, such 

as the lipid A phosphate groups. Once bound CAMPs penetrate the outer membrane 

before traversing the inner membrane leading to cell death by one of many poorly 

defined mechanisms, which include cell lysis via pore formation and inhibition of protein 

synthesis (24 ). 

Modification of Kdo-lipid A Domain of LPS 

Although the majority of Gram-negative bacteria can produce a Kdo-lipid A 

species resembling that of E. coli a great deal of variation in lipid A structure is actually 

observed (Fig. 3). The types of modifications typically seen involve addition or removal 

of acyl chains, decoration or removal of phosphate groups and decoration or removal of 

Kdo sugars. A number of these modifications play an important role in the bacterial 

response to the innate immune system's targeting of lipid A, described above. 

Decoration of lipid A phosphate groups by positively charged constituents is a 

common defense against the action of CAMPs. It is believed that the positive charges 

act to neutralize the negatively charged phosphate groups, preventing the initial 

electrostatic interaction between the bacterial outer surface and CAMP molecules. 

Generally a phosphoethanolamine (pEtN) or 4-amino-4-deoxy-L-arabinose (L-Ara4N) 
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serves as the positively charged moiety, which are transferred by EptA and ArnT, 

respectively (122, 123). In E. coli and Salmonella these modifications are regulated by 

the PmrNPmrB two-component regulatory system in response to low pH or high iron 

(93, 136). Several other bacterial pathogens including Shigella, Yersinia, 

Campylobacter and Vibrio also decorate their phosphates with pEtN and/or L-Ara4N 

(124). 

Another mechanism used by Gram-negative pathogens to resist the action of 

CAMPs is the removal of lipid A phosphate groups. Both the 1- and 4'-phosphate 

groups can be removed leaving a hydroxyl group. The characterized lipid A structures of 

Francisella, Helicobacter, Porphyromonas and Leptospira predict the presence of a 4'

phosphatase; however, the enzyme has only been characterized in Francisella and 

annotated as LpxF (133). LpxE is responsible for removing the 1-phosphate group in 

Helicobacter and Francisella (116, 132). In He/icobacter the 1-position is further 

modified by the action of Hp0022, which adds a pEtN group (116). Removal of 

phosphate groups is also thought to be important for reducing TLR4 activation, further 

enforcing the importance of lipid A phosphate removal in immune system evasion (91 ). 

Increasing or reducing the number of acyl chains is also a common trait in 

Gram-negative pathogens. An extra acyl chain is added to lipid A in several species, 

including Salmonella, Shigela, Yersinia and Bordetella, by the enzyme PagP (124). In 

Salmonella, PagP activity is regulated by the PhoP/PhoQ two-component regulatory 

system in response to magnesium limitation and disruption of the outer membrane by 

CAMPs (52). An increase in acyl chain number has been shown to be important in both 

CAMP resistance and modulation of TLR4 stimulation (55, 68). The mechanism of 
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resistance to CAMPs is not fully understood; however, it is assumed that the extra acyl 

chain produces a more tightly packed membrane, which interferes with membrane 

translocation. 

Two enzymes have been implicated in reducing the number of acyl chains 

associated with lipid A. The first is Pagl, which removes the acyl chain from the 3-

position in Salmonella, Pseudomonas and Bordetella (124). Like PagP, Pagl is also 

regulated by the PhoP/PhoQ two-component regulatory system in Salmonella; however, 

it has only been implicated in modulation of TLR4 activation and not in resistance to 

CAMPs (68, 121). LpxR is the second enzyme and is responsible for the removal of the 

3' -linked acyl chains. LpxR was first discovered in Salmonella and has homologues in E. 

coli0157:H7, He/icobacter, Vibrio and Yersinia (101). As of yet, no role in pathogenesis 

has been ascribed to LpxR, although it is presumed that the reduction in acyl chain 

number decreases TLR4 activation. 

The outer Kdo sugar of E. coli and Salmonella are subject to modification with a 

pEtN when grown in the presence of high calcium concentrations; however, a role for 

such a modification in pathogenesis remains to be determined (1 00). In bacterial 

species with only one Kdo sugar, such as Haemophi/us, Bordetella and Vibrio, addition 

of a phosphate group occurs by the Kdo kinase KdkA (124). A direct link to 

pathogenesis and Kdo phosphorylation has not been shown although this modification is 

necessary for the transfer of the 2'-linked secondary acyl chain in each of the three 

aforementioned species (59). 
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Lipid A Biosynthesis and Modification in H. pylori 

H. pylori produces two lipid A species, the minor one resembling the lipid A 

species produced by E. coli (Fig. 4) Despite this fact, H. pylori possesses only eight 

homologs to the nine lipid A biosynthetic enzymes present in E. coli. The anomaly 

appears at the secondary acylation stage with H. pylori having only one homolog to lpxL 

and lpxM, annotated as jhp0265 in strain J99. This raises the question as to whether the 

H. pylori secondary acyl transferase homolog is mono-functional or bi-functional (Fig. 5). 

A mono-functional enzyme would indicate that another unknown secondary acyl 

transferase is present in the H. pylori genome. Regardless of the outcome H. pylori has 

evolved a unique lipid A biosynthesis pathway, which beckons clarification. 

When comparing the H. pylori minor and major lipid A species (Fig. 4), it is 

apparent that at least four modification enzymes must be present in the genome; an 

ethanolamine transferase, a 4'-phosphatase, a Kdo hydrolase and a 3'-0-deacylase. In 

actuality, an ethanolamine transferase does not exist; rather, the 1-phosphate is cleaved 

by Hp0021 followed by the addition of a pEtN by Hp0022 (Rg. 5) (116). As with other 

phosphate modifications, the resulting lipid A species provides resistance to CAMPs 

(120). As well as being highly resistant to CAMPs, H. pylori lipid A has a very low 

potency for TLR4 activation (88, 89), an attribute that is thought to contribute to the 

chronic nature of H. pylori infection. Therefore, identification of the three remaining 

modification enzymes is necessary to determine the full impact lipid A has on H. pylori 

pathogenesis. 
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Abstract 

The synthesis of 'typical' hexa-acylated lipid A occurs via a nine-step enzymatic 

pathway, which is generally well conserved throughout all Gram-negative bacteria. One 

exception to the rule is He/icobacter pylori, which only has eight homologs to the nine 

lipid A biosynthetic enzymes. The discrepancy occurs towards the end of the pathway, 

with H. pylori containing only a single putative secondary acyltransferase encoded by 

jhp0265. In E. coli K12, two late acyltransferases termed Lpxl and LpxM are required 

for the biosynthesis of hexa-acylated lipid A. Detailed biochemical and genetic analyses 

reveal that H. pylori Jhp0265 is in fact an Lpxl homolog, capable of transferring a 

stearoyl group to the hydroxyl group of the 2' -linked fatty acyl chain of lipid A. Despite 

the lack of a homolog to LpxM in the H. pylori genome, the organism synthesizes a 

hexa-acylated lipid A species suggesting that an equivalent enzyme exists. Using 

radiolabelled lipid A substrates and acyl-acyl carrier protein as the fatty acyl donor, we 

were able to confirm the presence of a second H. pylori late acyl transferase by 

biochemical assays. After synthesis of the hexa-acylated lipid A species, several 

modification enzymes then function to produce the major lipid A species of H. pylori that 

is tetra-acylated. Jhp0634 was identified as an outer membrane deacylase that removes 

the 3'-linked acyl chains of H. pylori lipid A. Together, this work elucidates the 

biochemical machinery required for the acylation and deacylation of the lipid A domain of 

H. pylori lipopolysaccharide. 
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Introduction 

Helicobacter pylori is the only Gram-negative bacterium capable of colonizing the 

human stomach. Such a feat required a great deal of adaptation and, therefore H. pylori 

exclusively exists in the human stomach, with no other known reservoir. Such unique 

host specificity is made possible by the chronic nature of colonization by H. pylori. 

Unlike most bacterial infections, which are transient, H. pylori can persist in the human 

stomach for many years allowing transmission between hosts (18, 19). Colonization by 

H. pylori is usually asymptomatic; however, disease states such as gastritis, peptic ulcer 

disease, MALT lymphoma and adenocarcinoma can manifest over time (11, 17, 92). 

Like other Gram-negative bacteria, the major surface component of H. pylori is 

lipopolysaccharide (LPS). Typically, bacterial LPS is a potent stimulator of the innate 

immune response; however, H. pylori LPS shows up to 1,000 times lower immunological 

activity compared to that of Escherichia coli (76, 88, 89). Therefore, it is thought that the 

LPS structure of H. pylori has evolved to aid the bacterium in evading the host innate 

immune system, thereby contributing to chronic infection. 

LPS consists of three domains known as lipid A, core and 0-antigen (97, 98). 

For the majority of Gram-negative bacteria production of LPS is necessary for cell 

growth and viability. The synthesis of 'typical' enterobacterial lipid A has been well 

characterized in E. coli and occurs by a nine-step enzymatic pathway. For the most 

part, the nine lipid A biosynthetic enzymes are conserved throughout all Gram-negative 

bacteria. Therefore, the majority of Gram-negative bacteria are capable of synthesizing 

a lipid A species closely resembling that of E. coli (Fig. 4) (97, 98). 
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Despite the well conserved lipid A biosynthetic pathway several lipid A species, 

from a wide range of Gram-negative bacteria, display considerable heterogeneity as 

compared to E. coli K12. The heterogeneity can be attributed to the presence of lipid A 

modification enzymes, which either decorate the lipid A species with diverse substituents 

or remove various functional groups from the lipid A species itself (97, 124). H. pylori is 

an excellent example of a Gram-negative bacterium that modifies its lipid A. The minor 

lipid A species of H. pylori is similar to that of E. coli and was first identified in H. pylori 

strain NCTC 11637 and later shown to be synthesized by H. pylori strain 26695 under 

certain conditions (83, 120). However, the major species is very different showing 

changes to the phosphate groups, acyl chains and the Kdo sugars (Fig. 4) (83, 119). In 

some organisms, including H. pylori, modification of the lipid A structure has been shown 

to promote resistance to cationic antimicrobial peptides (CAMPs) and to reduce the 

endotoxic principle of LPS. The following manuscript clarifies the final steps in the 

production of the H. pylori minor lipid A species, which involve the addition of the 

secondary acyl chains to form the hexa-acylated species. The enzyme responsible for 

the consequent deacylation of the H. pylori lipid A minor species is also identified as 

Jhp0634. 

Materials and Methods 

Chemicals and Other Materials. [y-32P]ATP and 32P1 were obtained from GE 

Healthcare. Silica gel 60 (0.25-mm) thin layer plates were purchased from EM 

Separation Technology (Merck). Luria-Bertani (LB) agar and LB broth were from EMD 

Chemicals. Brucella broth was from Becton Dickinson and M9 Minimal Salts were from 
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Difco. Triton X-1 00 and bicinchoninic acid were from Pierce. All other chemicals were 

reagent-grade and were purchased from either Sigma or Mallinckrodt. 

Bacterial Strains and Growth Conditions. The bacterial strains and plasmids 

used in this study are summarized in Table 1. H. pylori strains J99 and 26695 were 

obtained from the American Type Culture Collection. The H. pylori clinical isolate, Hp7-

91 was obtained from a human gastric biopsy specimen, as previously described (118). 

Primary plate cultures of H. pylori were grown from methyl cellulose stock on blood agar 

medium at 37 •c for 36-60 h in a microaerobic atmosphere (5% 0 2, 10% C02, and 85% 

N2). The resultant colonies were inoculated into Brucella broth supplemented with 7% 

fetal bovine serum (Hyclone) and vancomycin (1 0 11g/ml). Cells were grown to an Asoo of 

- 1.0 at 37 •c under microaerobic conditions for 24-36 h. Prior to every experiment, 

confirmation of H. pylori was performed by both Gram's stain and urease test (64). E. 

coli were typically grown at 37 •c in LB broth (78). The E. coli late acyl transferase 

mutants MKV15, MKV13 and MLK1067 were grown as previously described (129) in M9 

minimal media at 30 •c. When required for selection of plasmids, cells were grown in the 

presence of ampicillin (1 00 11g/ml). 

Recombinant DNA Techniques. Plasmids were isolated using the QIAprep 

Spin Minirep Kit (Qiagen). Custom primers were obtained from Integrated DNA 

Technologies. PCR reagents were purchased from Stratagene. PCR clean up was 

performed using the Qiaquick PCR Purification Kit (Qiagen). DNA fragments were 

isolated from agarose gels using the Qiaquick Gel Extraction Kit (Qiagen). Restriction 

endonucleases, T4 DNA ligase, and Antarctic phosphatase were purchased from New 
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Strain or Plasmid Genotype or Description Source or 
Reference 

Strains 
Hellcobacter pylori 

J99 Wild type ATCC700824 

26695 Wild type ATCC700392 

Hp7-91 Clinical isolate 

Hp7-91/hp0021::cam H. pylori clinical isolate with chloramphenicol resistance 
cassette in hp0021 (lpxE) 

J99/fhp0265::kan J99 with kanamycin resistance cassette in jhp0265 This work 

J991jhp0634::cam J99 with chloramphenicol resistance cassette in ]hp0634 This work 

J99/jhp0634::cam, 
Jhp0634+ 

J991jhp0634::cam, rdxA::jhp0634 This work 

J99/fhp0265::kanl J99 with kanamycin resistance cassette in ]hp0265 & This work 
fhp0634::cam chloramphenicol resistance cassette in jhp0634 

26695fhp02BO::kan 26695 with kanamycin resistance cassette in jhp0280 This work 

26695/hp0694::cam 26695 with chloramphenicol resistance cassette in hp0694 This work 

Escherichia coli 
XL-1 Blue recA1 endA1 gyrA961hi-1 hsdR17 supE44 re/A1/ac [F' proAB Stratagene 

/acfUM15::Tn10 (Tet"ll 
MKV15 MLK986/pxP::kan 

MKV13 MLK53/pxP::kan 

MLK1067 W3110 /pxM::Qcam 

MKV15 (DE3} MLK986/pxP::kan (DE3} This work 

Plasmlds 

pBiuescript II SK (+} Cloning vector, Amp", lac promoter (/acZ}, f1, CoiE1 Stratagene 

pET21a Vector containing a T7 promotor, Amp' Novagen 

pET21jhp0265 pET21a containingjhp0265 This work 

pET21hp0280 pET21a containing hp0280 This work 
pBLUEjhp0265 pBiuescript II SK (+} containingjhp0265 This work 

pBLUEhp0280 pBiuescript II SK (+}containing hp0280 This work 

p8Sjhp0265 pBiuescript II SK (+} containing]hp0265±1Kb flanking regions This work 

p8Sjhp02658 p8Sjhp0265 engineered with a Bglll restriction site This work 

pBSJhp0265::kan pBSjhp02658 containing a kanamycin resistance cassette in This work 
Jhp0265 

p8Shp0694 pBiuescript II SK (+}containing hp0694±1Kb flanking regions This work 

pBShp0694N pBShp0694 engineered with a Ndel restriction site This work 
pBShp0694::cam pBShp0694N containing a chloramphenicol resistance This work 

cassette in hp0694 
pEThp0954 pET21 a containing hp0954 This work 

pET634comp pEThp0954 with]hp0634 inserted in hp0954 This work 

Table 1. Bacterial Strains and Plasmids, Part A 
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England Biolabs. All modifying enzymes were used according to the manufacturers' 

instructions. 

Overexpression of the Late Acyl Transferases (Jhp0265 & Hp0280) Behind 

a Tllac Promotor. The late acyl transferase gene of H. pylori J99 Uhp0265) and H. 

pylori 26695 (hp0280) were separately subcloned into· pET21 a (Novagen) behind the 

Tllac promoter. The genes were PCR-amplified using genomic DNAs as templates. 

Sequences of primers are in Table 2. The PCR products and the vector were digested 

with Ndel and BamHI, ligated overnight at 16 oc using T4 DNA Ligase (New England 

Biolabs) to give pET21jhp0265 and pET21 hp0280. pET21jhp0265 and pET21 hp0280 

were transformed into XL-1 Blue (Stratagene) for propagation of the plasmids. 

pET21jhp0265 and pET21hp0280 were then transformed into MKV15(DE3) (Table 1) for 

over-expression of the protein. MKV15 was made DE3 lysogenic using the DE3 

Lysogenization Kit (Novagen), according to the manufacturers instructions. 

Cloning of jhp0265 and hp0280 into the High Copy Vector pBiuescript SK 

II+. The jhp0265 and hp0280 coding regions, along with a ribosomal binding site, were 

excised from the plasmids pET21jhp0265 and pET21hp0280 using Xbal and Xhol. The 

gene fragments were ligated overnight with pBiuescript SK II +, at 16 oc using T4 DNA 

Ligase (New England Biolabs) to give pBLUEjhp0265 and pBLUEhp0280. 

pBLUEjhp0265 and pBLUEhp0280 were transformed into XL-1 Blue (Stratagene) for 

propagation of the plasmids. pBLUEjhp0265 and pBLUEhp0280 were then transformed 

into MKV13, MKV15 and MLK1 067 to be used in radiolabeling experiments. 



Name 

Fhp0280Ndel 

Rhp0280~hp0265BamHI 

Fjhp0265Ndel 

Primer 1 

Primer2 

Primer3 

Primer4 

Primer 5 

PrimerS 

Primer7 

PrimerS 

Primer 9 

Primer 10 

Primer 11 

Primer 12 

Primer 13 

Primer 14 

Primer 15 

Primer 16 

Primer 17 

Primer 18 

Sequence 

5'-GCGCGCCATATGACTIACAAAGAACGA-3' 

5'-GCGCGCGGATCCCTATCTTIGAT AAA TCTC-3' 

5'-GCGCGCCATATGACTIATAAAGAACGA-3' 

5'-GCGCGCGGATCCCGA TIGTCAGGCTTICAG-3' 

5'-GCGCGCGAA TICGCAAGCA TIT ATICACGC-3' 

5'-GCACCCACCCTGAGATCTATCAAAGATAGGGTTI-3' 

5'-AAACCCTATCTTIGATAGATCTCAGGGTGGGTGC-3' 

5'-GCGCGCGGCGCCAAGGAACAGTGAATIGGA-3' 

5'-GCGCGCAGATCTCT AAAACAA TICATCCAG-3' 

5'-GCGCGCTCTAGACAAGACAAAACGATCGCG-3' 

5'-GCGCGCGAA TICTCTCATCTICTGGGTTGC-3' 

5'-TGCATGACAACCACCCATATGGGGGGTATTIACG-3' 

5'-CGTAAATACCCCCCATATGGGTGGTIGTCATGCA-3' 

5'-GCGCGCCCTAGGCCGAGA TTTICAGGAGCT-3' 

5'-GCGCGCCATATGTIACGCCCCGCCCTGCCA-3' 

5'-GCGCGCTCTAGAGATIGCGATCAGCCTGCC-3' 

5'-GCGCGCCTCGAGTCACCACCGCCACCTCCG-3' 

5'-GCGCGCGAATICTGCTIGGCGTGAGATICA-3' 

5'-GCGCGCGGATCCCTTI ATAAGACTCCGGAT-3' 

5'-GCGCGCGGATCCCTCTTTICAATGGGGGTA-3' 

5'-GCGCGCGAATICTCAAAAGGCGAAA TICAA-3' 

Table 2. Oligonucleotides, Part A 
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Preparation of Cell-Free Extracts, Double-Spun Cytosol, and Washed 

Membrane. Typically, 500 ml of H. pylori or 200 ml of E. coli cultures were grown to an 

Asoo of - 1.0 at 37 •c and harvested by centrifugation at 6,000 x g for 30 min. All 

samples were prepared at 4 •c. Cell-free extract, membrane-free cytosol, and washed 

membranes were prepared as previously described (121) and were stored in aliquots at 

-20 •c. Protein concentration was determined by the bicinchoninic acid method (1 06), 

using bovine serum albumin as the standard. 

Construction of H. pylori 26695 and J99 Late Acyl Transferase (hp0280 and 

jhp0265) Defective Mutants. The jhp0265 gene and its flanking sequences, including 

997 base pairs upstream and 1016 base pairs downstream, were amplified by PCR 

(Primers 1 and 2) from H. pylori J99 genomic DNA using Pfu Turbo (Strategene) 

according to the manufacturer's instructions. The amplimer was digested with BamHI 

and EcoRI, gel-purified, and subsequently cloned into the high copy phagemid vector, 

pBiuescript II SK (+) (Stratagene), resulting in the plasmid pBSjhp0265. The vector 

pBSjhp0265 was then subjected to site directed mutagenesis, using the QuikChange XL 

Site-Directed Mutagenesis Kit (Stratagene), to create a Bglll (Primers 3 and 4) restriction 

site (pBSjhp0265B). In order to disrupt the jhp0265 gene, a kanamycin resistance 

cassette (kn) obtained by PCR (Primers 5 and 6) from an E. coli-H. pylori shuttle vector 

(pHel3) (60) was inserted into the Bgll/ and Narl sites of pBSjhp0265B. The resulting 

plasmid, pBSjhp0265::kan, containing an interrupted jhp0265 gene was transformed into 

H. pylori 26695 and J99 by natural transformation (57) and resistant colonies selected 

on blood agar plates containing 8 IJglml of kanamycin. Resistant colonies were re-
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purified on kanamycin containing plates and the successful insertion of the resistance 

cassette was verified by PCR of genomic DNA. 

Construction of H. pylori 26695 and J99 3' -0-deacylase (hp0694 and 

jhp0634) Defective Mutants. When comparing the gene sequences of H. pylori lpxR 

homologs found in the microbial database, the 26695 homolog (hp0694) has a 

truncation of 237 nucleotides. However, sequencing data using genomic DNA from 

strain 26695 showed that the reported sequence was missing a thymine between 

nucleotides 770 and 771, predicting a false stop codon. Using the corrected sequence, 

we found that hp0694 encodes for a full-length homolog of lpxR similar to that of jhp0634 

from H. pylori strain J99. The hp0694 gene and its flanking sequences, including 734 

base pairs upstream and 579 base pairs downstream, were amplified by PCR (Primers 7 

and 8) from H. pylori 26695 genomic DNA using Pfu Turbo (Stratagene) according to the 

manufacturer's instructions. The amplimer was digested with Xbal and EcoRI, gel

purified, and subsequently cloned into the high copy phagemid vector, pBiuescript II SK 

(+) (Stratagene), resulting in the plasmid pBShp0694. The vector pBShp0694 was then 

subjected to site directed mutagenesis, using the QuikChange XL Site-Directed 

Mutagenesis Kit (Stratagene), to create an Ndel (Primers 9 and 10) restriction site 

(p8Shp0694N). In order to disrupt the hp0694 gene, a chloramphenicol resistance 

cassette (em) obtained by PCR (Primers11 and 12) from an E. coli-H. pylori shuttle 

vector (pHel2) (60) was inserted into the Ndel and Avril sites of pBShp0694N. The 

resulting plasmid, p8Shp0694::cam, containing an interrupted hp0694 gene was 

transformed into H. pylori 26695 and J99 by natural transformation (57) and resistant 

colonies selected on blood agar plates containing 8 ~glml of chloramphenicol. Resistant 
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colonies were re-purified on chloramphenicol containing plates and the successful 

insertion of the resistance cassette was verified by PCR of genomic DNA. 

Chromosomal Complementation of J991jhp0634::cam. RdxA (hp0954) was 

chosen as the site for chromosomal complementation. RdxA is a nitroreductase, which 

is capable of converting metronidazole from an inactive pro-drug, into its active form 

(1 05). The disruption and consequent inactivation of rdxA, by insertion of jhp0634, will 

render the bacteria resistant to metronidazole because metronidazole can no longer be 

converted to its active form. Hp0954 and its flanking sequences, including 435 base 

pairs upstream and 491 base pairs downstream, were amplified by PCR (Primers 13 and 

14) from H. pylori 26695 genomic DNA using Pfu Turbo (Stratagene) according to the 

manufacturer's instructions. The amplimer was digested with Xbal and Xhol, gel-purified, 

and subsequently cloned into pET21 a (Novagen), resulting in the plasmid pEThp0954. 

The vector pEThp0954 was then subjected to inverse PCR (Primers 15 and 16) using 

Pfu Turbo (Stratagene) according to the manufacturer's instructions. The inverse PCR 

removes 218 bp from the middle of hp0954 and incorporates restriction sites at the ends 

of the remaining sequence, to allow insertion of jhp0634. The inverse PCR amplimer 

was digested with BamHI and EcoRI, gel-purified, and treated with Antarctic 

phosphatase. The jhp0634 gene was amplified by PCR (Primers 17 and 18) from H. 

pylori J99 genomic DNA using Pfu Turbo (Stratagene) according to the manufacturer's 

instructions. The jhp0634 amplimer was digested with BamHI and EcoRI, gel-purified, 

and subsequently ligated with the inverse PCR amplimer, resulting in the plasmid 

pET634comp. The completed pET634 plasmidPET634comp was transformed into H. 

pylori J99 by natural transformation (57) and resistant colonies selected on blood agar 
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plates containing 12 IJg/ml of metronidazole. Resistant colonies were re-purified on 

metronidazole containing plates and the successful insertion of the complementation 

cassette was verified by PCR of genomic DNA. 

Preparation of Radiolabeled Substrates. The substrate [4'-32P]Jipid IVA was 

generated from 125 llCi of [y-32P]ATP and the tetraacyl-disaccharide 1-phosphate lipid 

acceptor, using the over-expressed 4'-kinase present in membranes of E. coli 

BLR(DE3)/pLysS/pJK2 as previously described (121). Kdo2-[4'-32P]Iipid IVA was 

prepared by adding purified E. coli Kdo transferase (KdtA) immediately after the 4'

kinase, as previously described (14). Kdo2-[4'-32P]Jipid A was prepared by adding 

membranes of E. coli BLR(DE3)/HtrB and E. coli BLR(DE3)/MsbB and C12:0-ACP 

immediately after the Kdo transferase reaction as previously described (121). Kd02-

lauroyi-[4'-32P]Iipid IVA was prepared in the same way as Kdo2-[4'-32P]Iipid A, except that 

E. coli BLR(DE3)/MsbB membranes were omitted and the C12:0-ACP was added at a 

1:1 molarratio. 

Assay of Jhp0265 Activity. Jhp0265 activity was assayed under optimized 

conditions in a 1 0-!ll reaction mixture containing 50 mM Hepes, pH 7.5, 0.1% Triton X-

100, 50 mM NaCI, 5 mM MgCI2, 0.1 mg/ml BSA, 2.5 IJM lipid A substrate ([4'-32P]Iipid 

IVA. Kdo2"[4'-32P]Iipid IVA or Kdo2-[4'-32P]Iipid A at -5000 cpm/nmol) and either 5 11M 

ACPSH, C12:0-ACP, C14:0-ACP, C16:0-ACP, C18:0-ACP. Washed MKV15(DE3) 

pjhp0265 membranes typically at 0.01 mg/ml were employed as the enzyme source, as 

indicated. Enzymatic reactions were incubated at 30 'C for the indicated times and 
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terminated by spotting 4.5 11l portions of the mixtures onto silica gel 60 TLC plates. The 

plates were dried under a cool air stream for 20 min. 

When [4'-32P]Iipid IVA was employed as the substrate, reaction products were 

separated using the solvent chloroform, pyridine, 88% formic acid, water (50:50:16:5, 

v/v). The reaction products generated from substrates having the Kdo moiety were 

separated using the solvent chloroform, pyridine, 88% formic acid, water (30:70:16:10, 

v/v). TLC plates were exposed overnight to a Phosphorlmager Screen and product 

formation detected and analyzed using a Bio-Rad Molecular Imager Phosphorlmager 

equipped with Quantity One Software. The enzyme activity was calculated by 

determining the percentage of the substrate converted to product. 

Assay of Unknown Acyl Transferase Activity. The unknown acyl transferase 

activity was assayed under optimized conditions in a 1 0-!!1 reaction mixture containing 

50 mM Hepes, pH 8, 0.2% Triton X-100, 1 mM EDTA, 1 mM DIT, 2.5 !JM lipid A 

substrate ([4'-32P]Iipid IVA. Kdo2-[4'-32P]Iipid IVA, Kdo,-lauroyi-[4'-32P]Iipid IVA or Kdo2-[4'-

32P]Iipid A at -5000 cpm/nmol) and either 5 !JM ACPSH, C12:0-ACP, C14:0-ACP or 

C18:0-ACP. Washed membranes from H. pylori strain Hp7-91/hp0021::cam (120) 

typically at 1 mg/ml were employed as the enzyme source, as indicated. Enzymatic 

reactions were incubated at 30 'C for the indicated times and terminated by spotting 4.5 

!!1 portions of the mixtures onto silica gel 60 TLC plates. The plates were dried under a 

cool air stream for 20 min. 

When [4'-32P]Iipid IV A was employed as the substrate, reaction products were 

separated using the solvent chloroform, pyridine, 88% formic acid, water (50:50:16:5, 

v/v). The reaction products generated from substrates having the Kdo moiety were 
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separated using the solvent chloroform, pyridine, 88% formic acid, water (30:70:16:10, 

v/v). TLC plates were exposed overnight to a Phosphorlmager Screen and product 

formation detected and analyzed using a Bio-Rad Molecular Imager Phosphorlmager 

equipped with Quantity One Software. The enzyme activity was calculated by 

determining the percentage of the substrate converted to product. 

Isolation and Analysis of Lipid A Species from 32P1-Labeled Cells. MKV13, 

MKV15, and MLK1067 cells containing pBLUEjhp0265, pBLUEhp0280 and vector 

controls were grown in G56 minimal media at 30 'C. The cultures were labeled 

uniformly wtth 2.5 fJCi/ml 32P1 and induced with 0.5 mM IPTG after 2 hours growth. 

Bacteria were harvested using a clinical centrifuge and washed with 5 ml of phosphate 

buffered saline (pH 7.4 ). 32P-Iabeled lipid A was isolated using published protocols (70 

Iran camp) and spotted onto a Silica Gel 60 thin-layer chromatography (TLC) plate 

(-10,000 cpm/lane). Lipids were separated using the solvent chloroform, pyridine, 88% 

formic acid, water (50:50: 16:5, v/v). The TLC plates were exposed overnight to a 

Phosphorlmager Screen and product formation was detected and analyzed using a Bio

Rad Molecular Imager Phosphorlmager equipped with Quantity One Software. 

Large Scale Isolation of Lipid A for Mass Spectrometry analysis. 500 ml 

cultures of each strain were grown overnight at 37 'C. Cells were harvested by 

centrifugation at 6,000 x g for 30 min and washed once with phosphate-buffered saline. 

The final cell pellets were resuspended in 20 ml of phosphate-buffered saline. Lipid A 

was released from cells and purified as described previously (120) and stored frozen at-

20 'C. 
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Mass Spectrometry of Lipid A Species. Mass spectra of purified lipids were 

acquired in the negative ion linear mode using a matrix-assisted laser desorption

ionization/time of flight (MALDI/TOF) mass spectrometer (AXIMA-CFR, Kratos 

Analytical, Manchester, UK), equipped with a nitrogen laser (337 nm). The instrument 

was operated using 20-kV extraction voltage and time-delayed extraction, providing a 

mass resolution of about ± 1 atomic mass units for compounds with M, - 2000. Each 

spectrum represented the average of 100 laser shots and saturated 6-aza-2-thiothymine 

in 50% acetonitrile and 10% tribasic ammonium citrate (9: 1, v/v) served as the matrix. 

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 !!1). The sample was 

dried at 25 oc prior to mass analysis. 

Results 

Jhp0265 Functions as a Lipid A Late Acyl Transferase. H. pylori is capable 

of synthesizing a hexa-acylated lipid A species, with two secondary acyl chains, 

although this is only a minor species (Fig. 4) (83, 108, 120). This would suggest that H. 

pylori has two lipid A secondary acyl chain transferases, homologous to Lpxl and LpxM 

in E. coli. However, the COG database (113) predicts only one late acyl transferase in 

H. pylori strain J99, designated as Jhp0265. This would suggest that either Jhp0265 is 

dual functional, although unlikely, or an as yet undiscovered late acyl transferase exists. 

To characterize the predicted function of jhp0265, jhp0265 was cloned into the pET21 a 

vector and heterologously expressed in E. coli MKV15 (DE3). MKV15 (DE3) is an E. coli 

strain, which lacks the two late acyl transferases Lpxl and LpxM and the cold shock 
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induced acyl transferase LpxP (129), thereby eliminating interference from endogenous 

lipid A late acyl transferase enzymes. In vitro assays of over-expressed Jhp0265 

membranes using radiolabeled Kdo2-[4'-"2P]Iipid IV A as the substrate and acyl-acyl 

carrier proteins (acyi-AGPs) of various chain lengths as the acyl chain donor showed 

that Jhp0265 is capable of transferring an acyl chain to lipid A (Fig. 6A). To address the 

dual functionality issue, combinations of acyi-AGPs with differing acyl chain lengths were 

used under the same assay conditions as above. Despite the presence of two different 

acyi-AGPs only one product spot was apparent, indicating that Jhp0265 is mono

functional (Fig. 6A). The LpxULpxM homologue of H. pylori strain 26695, Hp0280, was 

also investigated and showed identical results to those of Jhp0265 (data not shown). 

Jhp0265 Displays the Same Enzymatic Characteristics as the E. coli Late 

Acyl Transferases. Both Lpxl and LpxM have very specific substrate and acyl chain 

donor specificities. Prior to acylation by Lpxl or LpxM the lipid IV A donor must first be 

substituted with two Kdo residues at the 6'-position for optimal activity (35, 37). This is 

also the case with Jhp0265, which cannot use lipid IV A as an acceptor molecule (Fig. 

6B) unless the Kdo sugars are present (Fig. 6A). With regards to the acyl chain donor, 

both Lpxl and LpxM utilize acyi-AGPs rather than acyl coenzyme A (acyl-GoA) as their 

preferred substrate. The length of the acyl chain associated with the AGP is also critical, 

with Lpxl preferring lauroyl (G12:0)-AGP and LpxM preferring myristoyl (G14:0)-AGP. 

Figure 6G demonstrates that Jhp0265 cannot utilize acyl-GoA's as an acyl chain donor. 

Jhp0265 is also highly specific for stearoyl (G18:0)-AGP as compared to lauroyi-AGP 

and myristoyi-AGP (Fig. 6A). Jhp0265 does display some activity with palmitoyl (G16:0)-
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ACP (data not shown); however, this is not biologically significant because the H. pylori 

lipid A does not contain a palmitate in an acyloxyacyllinkage. 

In Vivo Analyses in E. coli Show Jhp0265 is an LpxL Homologue. The level 

of specificity for E. coli LpxL and LpxM, described above, becomes more complex when 

taking into account the position at which each enzyme adds an acyl chain. LpxL 

specifically transfers an acyl chain to the hydroxyl group of the 2'-acyl chain<of lipid A 

and LpxM preferentially transfers an acyl chain to the hydroxyl group of. the 3'-acyl chain 

of lipid A. The order of each addition is also predetermined because LpxM only works 
. . 

efficiently after a secondary acyl chain has been transferred to Kdo2-lipid IV A by LpxL 

(35, 37, 129). The in vitro data for Jhp0265 presented so far, would suggest that 

Jhp0265 is an LpxL homologue, given that Jhp0265 preferentially transfers a C18:0 acyl-

ACP and the published H. pylori lipid A structure shows a C18:0 secondary acyl chain 

linked to the 2'-acyl chain (Fig. 4). A series of E. coli late acyl transferase mutants were 

used to confirm this assumption in an in vivo setting. E. coli MKV15 (lpxL, lpxP, lpxM) 

has a tetra-acylated lipid A structure (Fig 7A) (129). E. coliMKV13 (lpxL, lpxP) has a 

both a tetra- and penta-acylated lipid A structure since some residual LpxM activity is 

present in vivo (Fig 7A) (128). Finally E. coli MLK1067 (lpxM) has a penta-acylated lipid 

A structure (Fig ?A) (66). Each strain expressing jhp0265 was radio labeled with 32P1, 

along-with a vector control, as described in the "Materials arid Methods". The lipid A was 

then isolated and visualized using a Phosphorlmager. If Jhp0265 adds to the 2'-

position, as does E. coli LpxL, the MKV15 mutant expressing jhp0265 would produce a 

penta-acylated lipid A species, as compared to the tetra-acylated vector control (Fig 7A). 



A. Jhp0265 functioning 
as Lpxl 

Jhp0265 functioning 
as LpxM 

·rr+-n~n 
MKV15 

· (lpxL, lpxM & lpxP) 

·rr+-n~n 
MKV13 

(lpxL & lpxP) 

n+-n~n 
MLK1067 

(/pxM) 

B. MKV15 C. MKV13 D. MLK1067 

1+Solvent 
1 Front 

jhp0265 
plasmid 

.~ ., 
..-:: '-1 penta-

:.'~j,._acylated • l ,._,.,, •. 
,- ·. · acylated 

it 
li 

f 

• • 

\1 
•• 

'"" -.;, _i:,.. _ hex a-
.• ..-acylated 
.:lf]. ..-penta-
-~---· J. acylated 
• ·,• -4-tetra· - .r acylated 

,. ~-

!.....!_ 
- + 

~t!t 

" " j 

·~·1..-penta· ""': ;w: acylated 

; ,, 
~ 

• ~-4-0rlgln 
+ 

Figure 7. Radiolabe/ing of E. coli Late Acyl Transferase Mutants pver-expre$sing Jhp0265. The center 
column of Panel A shows a cartoon representation of the lipid A species from each of the E. coli lipid A late acyl 
transferase mutants. The.feft and right columns demonstrate the expected lipid A structures after expression of 
Jhp0265, with the left hand side assuming that Jhp0265 behaves like LpxL and the right hand side assuming 
that Jhp0265 behaves like LpxM. Each strain was radiolabeled using 2.5 fJCilml inorganic 32P1, The lipid A was 
isolated, separated by TLC and visualized using a Phosphorlmager (Panels B- D). · 

w 
U> 



36 

The MKV13 mutant overexpressing jhp0265 would be able to make a hexa-acylated lipid 

A species because addition of an acyl chain by Jhp0265 would allow the endogenous 

LpxM enzyme to function efficiently (Fig 7 A). MLK1 067 overexpressing jhp0265 should 

show no change in the number of acyl chains because it already has a functional LpxL 

(Fig 7 A). Figure 7 panels B through D show that all the above conditions are met 

confirming that Jhp0265 adds to the 2'-linked acyl chain and, is therefore an LpxL 

homologue. 

An H. pylori jhp0265 Mutant Shows No Change in Lipid A Structure. To 

confirm the in vitro data on Jhp0265, a jhp0265 mutant was constructed in H. pylori 

str<~in J99. E. coli lpxL mutants are temperature sensitive for growth at 37•c, whereas 

the growth rate of the Helicobacter jhp0265 mutant was similar to that of wild type J99 

(data not shown). The J99/jhp0265::kan mutant and J99 wild type control were grown in 

liquid media and the lipid A was isolated from both strains, followed by mass 

spectrometric analysis. Surprisingly the mutant showed the same major molecular ion at 

1549.0 amu as wild type J99 (Fig. SA & B). Furthermore, MSIMS analysis confirmed 

that the jhp2065 mutant displayed the same acyl chain arrangement as wild type tetra

acylated H. pylori lipid A (data not shown). Because of this unexpected result a lipid A 

late acyl transferase mutant was also constructed and analyzed in strain 26695. The 

results were the same as for strain J99 as demonstrated in Figure 8 panels C & D. 

However, membranes isolated from J99 jhp0265 mutants are unable to catalyze the 

transfer of a C18:0 fatty acyl chain onto Kdo2-lipid IVA during in vitro assay (data not 

shown). We speculate that a tri-acylated lipid A is non-viable in H. pylori, presumably 
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Figure B. MALDI-TOF Mass Spectrometry of H. pylori Lipid A Late Acyl 
Transferase Mutants. Panels A and C show spectra for wild type strains 
J99 and 26695 respectively. The major ion in panel A is mlz 1549 atomic 
mass units (ainu) and the major ion in panel C is mlz 1548 amu, which 
corresponds to the predicted -molecular weight for wild type H. pylori 
(1549.2). Panels B and D show spectra for mutant strains J99/jhp0265::cam 
and 26695/hp0280::cam respectively. Both mutants have a major ion peak 
at mlz 1549 amu, which corresponds to an H. pylori wild ·type lipid A 
structure. 
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due to a decrease in membrane stability, and .that a second site suppressor allowing for 

C18:0 addition in the absenee of functional Jhp0265 is permitting growth. 

Engineering an H. pylori Hexa-acylated Lipid A Mutant Enabled Functional 

Studies of Jhp0265. The tetra-acylated major lipid. A species of H. pylori is made by 

removal of the two ·3'-linked acyl chains from the hexa-acylated minor lipid A species 

(r1 9). Recently an outer membrane enzyme capable of cleaving the 3'-linked acyl 

chains of lipid A, termed LpxR, was discovered in S. typhimurium (1 01) and the H. pylori 

protein Jhp0634 is a distant homolog (E value <10'3 using BLASTp) .. Inactivation of 

jhp0634 in H. pylori should produce a hexa-acylated major lipid A species. Furthermore, 

we reasoned that inactivation of H. pylori jhp0265 in the deacylase mutant background 

may confirm Jhp0265 function because the double mutant would be penta-acylated and, 

therefore, viable. 

The function of Jhp0634 was investigated in H. pylori J99 by mass spectrometric 

analysis of the lipid A isolated from a jhp0634 knock out mutant. The jhp0634 mutant 

synthesized a hexa-acylated lipid A (Fig. 9A) confirming that Jhp0634 was in fact a lipid 

A 3'-0-deacylase. An identical result was obtained upon deletion of Hp0694, the LpxR 

homolog in H. ·pylori strain 26695 (Fig 98). Chromosomal complementation of the 

jhp0634 mutant by insertion of a wild type copy of jhp0634 into rdxA Uhp0954) (see 

"Materials and Methods") restored the tetra-acylated lipid A phenotype in strain J99 (Fig 

9C), ruling out any polar effects. Jhp0265 was then knocked out in the 

J99/jhp0634::cam background, producing a double mutant. The lipid A isolated from the 

jhp0634, jhp0265 double mutant was analyzed by mass spectrometry (Fig. 90). As 
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Figure 9. MALDI-TOF Mass Spectrometry of H. pylori Lipid A Acyl 
Chain Mutants. Panels A and. B show 26695 and J99 3~0-deacylase 
mutants respectively. Both spectra have a major ion peak at mlz 2012 amu, 
corresponding to a hexa-acylated lipid A species, showing inactivation of the 
3'-0-deacylase. In panel C is the complemented J99 3'-0-deacylase 
mutant. A major ion peak at 1548.9 mlz amu indicates that the 
complemented mutant has reverted back to a wild type phenotype. Panel D 
shows the spectrum of a J99 Jhp0634, Jhp0265 double mutant. The major 
ion peak at mlz 1747.8 amu indicates that the double mutant is penta
acylated. 
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hypothesized above the double mutant was penta-acylated, and lacked a C18:0 fatty 

acyl chain at the 2'-position. This is consistent with the in vitro data and confirms that 

Jhp0265 functions as a lipid A late acyltransferase in whole cells. 

H. pylori Membrane Extracts Confirm the Presence of a Second Lipid A 

Late Acyl Tranferase. Because Jhp0265 is not capable of transferring a secondary 

acyl chain to the 3' -linked acyl chain of H. pylori lipid A, a second acyl transferase must 

be present in the H. pylori genome that does not share homology to E. coli LpxM. H. 

pylori lhp0021::cam membranes were assayed using radiolabeled 2'-lauroyi-Kdo.-[4'-

32P]Iipid IV A as the substrate and acyi-ACPs of various chain lengths as the acyl chain 

donor in an attempt to demonstrate an activity for a second H. pylori lipid A late acyl 

transferase. H. pylori lhp0021::cam lacks the 1-phosphatase (116, 120) that is normally 

responsible for the removal of the 1-phosphate group of H. pylori lipid A, which simplifies 

interpretation of the assay results by reducing the number of visible products following 

TLC. However, an H. pylori enzyme that removes the outer Kdo sugar from lauroyi

Kdo2-[4'-32P]Iipid IV A is still active under the employed assayed conditions (see Fig. 1 OA, 

lane 2). Figure 10A indicates that H. pylori membranes are capable of adding a 

secondary acyl chain to the 3'-linked acyl chain of lipid A confirming the presence of a 

second lipid A late acyl transferase in the H. pylori genome. Figure 1 OA also 

demonstrates that the unidentified late acyl transferase prefers lauroyl (C12:0) or 

myristoyl (C14:0)-ACP, which is consistent with the published H. pylori lipid A structure 

(Fig. 4). Unlike E. coli LpxM, the H. pylori enzyme was able to transfer an acyl chain to 

the lipid IV A backbone without prior addition of the Kdo groups or the secondary acyl 
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Figure 10. Demonstration of a Second Lipid A Late Acyl Tansferase in H. 
pylori Membrane Fractions. H. pylori membranes lacking a functional 1-
phosphatase (Hp0021) were assayed for late acyl transferase activity with either 
2.5 pM /auroy/ Kdo2-[4~32P]Iipid IVA + 5 pM acy/-ACPs (Panel A) or 2.5 pM [4'-
32P]Iipid IVA+ 5 pM acyl-A CPs (Pane/B). The /auroy/ (C12:0) group is attached at 
the 2' position of the substrate used in Panel A. 
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chain at the 2'-position (Fig. 108). The enzyme did not utilize acyl-GoA as a substrate 

(data not shown). Additionally, the enzyme was unable to transfer a fatty acyl chain to 

hexa-acylated Kdod4'-32P]Iipid A. Both the 2'-and 3'-acyl chains of hexa-acylated Kdo2-

[4'-32P]Iipid A, present on the distal side of the molecule, have secondary acyl chains, 

therefore only the acyl chains on the proximal side of the substrate can be substituted. 

Given that the unidentified acyl transferase could not transfer an acyl chain to hexa

acylated Kdo2-[4'-32P]Iipid A suggests that it acylates lipid A on the distal side of the 

molecule (data not shown). 

Discussion 

The constitutive lipid A biosynthetic pathway of E. coli K12 is a highly ordered 

process requiring nine enzymatic steps to produce hexa-acylated lipid A. Since lipid A is 

generally required for viability, the pathway is well conserved in nearly all Gram-negative 

bacteria (97, 124). H. pylori is an exception because it has a single homolog (Jhp0265) 

to the E. coli late acyl transferases, which we were able to characterize and designate as 

an LpxL homologue. Interestingly, an H. pylori jhp0265 mutant does not produce a tri

acylated lipid A. Instead, the lipid A species of the jhp0265 mutant is tetra-acylated, just 

like wild type, signifying that an additional C18:0 acyltransferase is present in H. pylori. 

Possible candidates are acyltransferases involved in phospholipid biosynthesis such as 

PlsB, PlsC, and PlsY (138). H. pylori contains homologs of PlsC and PlsY, but no 

homolog of E. coli PlsB which is primarily found in y-proteobacteria. Whether or not 

these proteins play a role in acylation of H. pylori lipid A is under investigation. Another 

possibility would be a PagP-Iike enzyme that acylates H. pylori lipid A in the outer 
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membrane. In S. typhimurium and E. coli, PagP catalyzes the addition of a palmitate to 

one of the primary linked acyl chains of lipid A (16). However, thus far such an activity 

has not been detected in wild type H. pylori membranes during in vitro assays (data not 

shown). 

We have also demonstrated that H. pylori expresses a second lipid A late acyl 

transferase catalyzing the addition of a C12:0 or C14:0 fatty acyl chain; however, its 

enzymatic properties differ greatly from those of E. ·coli LpxM. The most striking 

difference is that the second lipid A late acyl transferase can transfer an acyl chain to 

lipid IVA in vitro. This means that order of function. for the late acyltransferases cannot 

be determined (Fig. 11) and opens the question as to how H. pylori ensures that a hexa

acylated lipid A species makes it to the outer membrane. The most likely answer is that 

the inner membrane flippase, MsbA (44), can only efficiently transport a hexa-acylated 

lipid A species. 

Even though H. pylori synthesizes a hexa-acylated lipid A it does not survive long 

before it is deacylated at the 3'-position to form the tetra acylated major lipid A species. 

We confirmed that Jhp0634 is responsible for the 3'-0-deacylase activity by making a 

knock out mutant. Jhp0634 is a distant homolog of Salmonella LpxR, an outer 

membrane enzyme that removes the entact acyloxyacyl group at the 3'-position of lipid A 

(101). Despite the presence of a 3'-0-deacylase in the Salmonella outer membrane, the 

bacterium. does not produce 3'-0-deacylated lipid A species under any growth conditions 

tested to date. On the other hand, the 3'-0-deacylase of H. pylori is constitutively active, 

suggesting that in the highly specialized niche that H. pylori occupies, a tetra-acylated 

lipid A species is advantageous for survival. One explanation for a tetra-acylated lipid A 
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could be evasion of the innate immune system. It is well known that H. pylori lipid A is 

approximately 1000 fold less potent at stimulating Toll Like Receptor 4 (TLR4) than E. 

coli lipid A (76, 88, 89). Acyl chain number is a key factor when determining endotoxicity 

in other bacteria (38, 58, 67, 114). Understanding the biochemical processes required 

for the synthesis and modification of H. pylori lipid A will facilitate future experiments to 

define the contribution of the its unusal acylation pattern towards evasion of the innate 

immune response. 
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Abstract 

The lipid A domain anchors lipopolysaccharide to the outer membrane and is 

typically a disaccharide of glucosamine that is both acylated and phosphorylated. The 

core and 0-antigen carbohydrate domains are linked to the lipid A moiety through the 

eight-carbon sugar 3-deoxy-D-manno-octulosonic acid known as Kdo. He/icobacter 

pylori LPS has been characterized as having a single Kdo residue attached to lipid A, 

predicting in vivo a monofunctional Kdo transferase (WaaA). However, using an in vitro 

assay system we demonstrate that H. pylori WaaA is a bifunctional enzyme transferring 

two Kdo sugars to the tetra-acylated lipid A precursor, lipid IV A· In the current work we 

report the discovery of a Kdo hydrolase in membranes of H. pylori capable of removing 

the outer Kdo sugar from Kdo2-lipid A. Enzymatic removal of the Kdo group was 

dependent upon prior removal of the 1-phosphate group from the lipid A domain and 

mass spectrometric analysis of the reaction product confirmed the enzymatic removal of 

a single Kdo residue by the Kdo trimming enzyme. This is the first characterization of a 

Kdo hydrolase involved in the modification of Gram-negative bacterial LPS. 
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Introduction 

He/icobacter pylori is a Gram-negative microaerophilic rod that colonizes the 

human stomach, and infects nearly one-half of the world's population (95). Although 

most infected individuals are asymptomatic, the organism has been classified as a class 

I carcinogen playing a major etiological role in human gastritis, peptic ulcer disease, and 

gastric carcinoma (11, 17, 92). Despite the hostile ecological niche of the human 

stomach, no other significant reservoirs of H. pylori have been identified. Therefore, a 

balance must be established in order to permit long-term survival of both the bacterium 

and its human host. 

Like all Gram-negative bacteria, the outer surface of H. pylori consists primarily 

of protein and lipopolysaccharide (LPS). During bacterial infection, the presence of LPS 

leads to the activation of cells of the innate immune system primarily through Toll-like 

receptor 4 (TLR-4 ), a member of a family of cell surface molecules that recognize 

microbial products (1, 62, 94). It has been suggested that the LPS structure of H. pylori 

has been evolved to aid the bacterium in evading the host innate immune system, 

thereby helping to prolong bacterial infection and contributing to the virulence and 

pathogenesis of the organism. H. pylori LPS is unusual in that it contains Lewis blood 

antigens giving rise to a form of molecular mimicry proposed to camouflage the 

bacterium which may aid in persistence of the infection (5). Furthermore, H. pylori LPS 

contains a unique lipid A domain that shows up to 1,000 times lower immunological 

activity than the lipid A of the Enterobacteriaceae family (88, 89, 11 0). 

The lipid A domain serves as the hydrophobic anchor of LPS and is the bioactive 

component of the molecule that is associated with Gram-negative septic shock (98). The 
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reduced endotoxicity seen with H. pylori lipid A is thought to arise from its unique 

chemical structure. As compared to the lipid A of E. coli, the major lipid A species of H. 

pylori (Fig. 12) lacks the usual 4'-phosphate, as well as the 3'-ester linked fatty acyl 

chains, and is derivatized with a phosphoethanolamine (pEtN) residue at the C-1 

position of the proximal glucosamine (83, 110, 111 ). Recently, our laboratory described 

the biochemical mechanism for the peri plasmic modification of the 1-position of H. pylori 

lipid A (116). The origin of the pEtN residue arises from a two-step enzymatic process 

involving the removal of the 1-phosphate group from H. pylori lipid A by a phosphatase, 

Hp0021, followed by the addition of a pEtN residue catalyzed by Hp0022 (116). Since 

variation in the lipid A structure affects the degree of TLR-4 signaling and resistance to 

antimicrobial peptides, it is important to determine the biochemical mechanisms required 

for modification of lipid A. 

Lipid A is attached to the polysaccharide portion of LPS via the Kdo (3-deoxy-D

manno-octulosonic acid) moiety (98). Transfer of the Kdo sugars to the disaccharide 

backbone is catalyzed by the bifunctional glycosyl transferase, WaaA (formerly Kd!A) 

(14, 36) and is the first step of core biosynthesis in Gram-negative bacteria with the 

remainder of the polysaccharide attached to the inner Kdo at the 5-0H group (98). In 

organisms having an LPS with only a single Kdo sugar, such as Bordetella pertussis and 

Haemophi/us influenzae, WaaA has been shown to act as a mono-functional Kdo 

transferase (23, 63, 134). The inner core domain of H. pylori LPS also contains a single 

Kdo sugar thus, suggesting that H. pylori WaaA is a monofunctional transferase (7, 80, 

82). 
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Figure 12. Proposed Biosynthesis and Modification of H. pylori Kdo:z-lipid A. 
Following synthesis of lipid IV"' H. pylori WaaA transfers two Kdo sugars to the 
distal glucosamine of lipid A. Based upon the lipid A biosynthetic pathway of E. coli, 
this would be followed by the addition of the acyloxyacyl linked fatty acyl chains 
resulting in a lipid A species that can be detected as a minor component of H. pylori 
LPS (83, 110, 111). Following the constitutive biosynthetic pathway (The Raetz 
Pathway), H. pylori Kdo:z-lipid A is then modified by several enzymes. First, Hp0021 
catalyzes the removal of the 1-phosphate group from H. pylori lipid A on the 
periplasmic side of the inner membrane (117). Other modifications include the 
removal of the outer Kdo sugar reported herein or the addition of a pEtN residue to 
the 1-position catalyzed by Hp0022 (117), both of which require prior removal of the 
1-phosphate group. Additional enzymatic activities that are thought to be necessary 
for modification of H. pylori lipid A include a 4'-phosphatase (A. X. Tran and M. S. 
Trent, unpublished data) and at least one deacylase (C. M. Stead and M. S. Trent, 
unpublished data). 
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Upon investigation of the biochemical activity of H. pylori WaaA, we found that 

the enzyme behaved like the E. coli transferase catalyzing the addition of two Kdo 

moieties to lipid-IVA, a key lipid A precursor. Furthermore, we discovered an enzymatic 

activity in membranes of H. pylori that removes the outer Kdo from lipid A substrates 

containing two Kdo sugars. Therefore, the single Kdo sugar found in H. pylori LPS 

arises from the action of a specific Kdo hydrolase rather than from a monofunctional Kdo 

transferase. 

Materials and Methods 

Chemicals and Other Materials. [y-32P]ATP and 32P1 were obtained from 

Amersham International. Silica gel 60 (0.25-mm) thin layer plates were purchased from 

EM Separation Technology (Merck). Yeast extract, tryptone, and Brucella broth were 

from Difco. Triton X-100 and bicinchoninic acid were from Pierce. All other chemicals 

were reagent-grade and were purchased from either Sigma or Mallinckrodt. 

Bacterial Strains and Growth Conditions. The bacterial strains and plasmids 

used in this study are summarized in Table 3. H. pylori strains J99 and 26695 were 

obtained from the American Type Culture Collection. Clinical isolates of H. pylori were 

obtained from human gastric biopsy specimens, as previously described (74). Primary 

plate cultures of H. pylori were grown from glycerol stock on blood agar medium at 37 °C 

for 36-60 h in a microaerobic atmosphere (5% 02, 10% C02, and 85% N2). The resultant 

colonies were inoculated into Brucella broth supplemented with 10% fetal bovine serum 

(Hyclone) and vancomycin (10 f.lglml). Cells were grown to an A.,00 of- 1.0 at 37 °C 

under microaerobic conditions for 24-36 h. Prior to every experiment, confirmation of H. 



Strain/Plasmid 

H. pylori 

J99 

26695 

Cp90-84 

Cp20-84 

Hp7-91 

Hp64-93 

Hsp110-93 

26695/ 
hp0021::cm 

E. coli 

W3110 

XL-1 Blue 

NovaBiue {DE3) 

Other 

H. Influenzae 
Rd 

Plasmlds 

pET21a 

pWaaAEc 

pWaaAHi 

pWaaAHp1 

pWaaAHp2 

pBiuescript II SK {+) 

pBSHp0021 

pBSHp0021NX 

pBSHp0021 ::em 

pHel2 

Wild type 

Wild type 

Clinical Isolate 

Clinical Isolate 

Clinical Isolate 

Clinical Isolate 

Clinical Isolate 

Description 

26695 with a chloramphenicol resistance 
cassette in hp0021 

Wild type, F, 1,; 

recA1 endA1 gyrA96thl-1 hsdR17 SU.PE44re/A1 
lac [F' proAB /act'UM15::Tn10 {Tel")] 

endA1 hsdR17{rK12-mK12+) supE44 thi-1 recA1 
gyrA96 ratA 1/ac {DE3) [F' proAB 
/act'UM15::Tn10 {Tel")] 

Wild type 

Vector containing a T7 promotor, Ampr 

pET21a containing E. co/iW3110 waaA 

pET21 a containing H. influenzas waaA 

pET21 a containing H. pylori J99 waaA 

pET21a containing H. py/or/26695 waaA gene 

Lac expression vector, Ampr 

pBiuescript II SK {+)containing hp0021 

pBSHp0021 with engineered Ndel and Xhol 
sites 
pBSHp0021NX containing chloramphenicol 
cassette in hp0021 
E. coli-H. pylori shuttle vector, Camr 

Table 3. Bacterial Strains and Plasmids, Part B 

Source of Reference 

ATCC700824 

ATCC700392 

ETSU, Clinical Microbiology 
Laboratory 
ETSU, Clinical Microbiology 
Laboratory 
ETSU, Clinical Microbiology 
Laboratory 
ETSU, Clinical Microbiology 
Laboratory 
ETSU, Clinical Microbiology 
Laboratory 
This work 

E. coli Genetic Stock Center 
{Yale) 
Stratagene 

Novagen 

ATCC51907 

Novagen 

This work 

This work 

This work 

This work 

Stratagene 

This work 

This work 

This work 

{36) 
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pylori was performed by both Gram's stain and urease test (64). E. coli were typically 

grown at 37 •c in Luria-Bertani (LB) broth (78). When required for selection of plasmids, 

cells were grown in the presence of ampicillin (100 llg/ml) or chloramphenicol (30 llg/ml). 

Recombinant DNA Techniques. Plasmids were isolated using the Qiagen Spin 

Prep Kit. Custom primers were obtained from Integrated DNA Technologies. PCR 

reagents were purchased from Stratagene. PCR clean up was performed using the 

Qiaquick PCR Purification Kit (Qiagen). DNA fragments were isolated from agarose gels 

using the Qiaquick Gel Extraction Kit (Qiagen). Restriction endonucleases, T4 DNA 

ligase, and shrimp alkaline phosphatase were purchased from New England Biolabs. All 

modifying enzymes were used according to the manufacturers' instructions. 

Construction of an H. pylori 26695 1-Phosphatase (hp0021) Defective 

Mutant. The hp0021 gene and its flanking sequences, including 654 base pairs 

upstream and 807 base pairs downstream, were amplified by PCR (Primers 1 and 2) 

from H. pylori 26695 genomic DNA using Pfu Turbo (Strategene) according to the 

manufacturer's instructions. The flanking DNA was digested with BamHI and Kpnl, gel

purified, and subsequently cloned into the high copy phagemid vector, pBiuescript II SK 

(+) (Stratagene), resulting in the plasmid pBSHp0021. The vector pBSHp0021 was then 

subjected to two separate rounds of site directed mutagenesis, using the QuikChange 

XL Site-Directed Mutagenesis Kit (Stratagene), to create both Ndel (Primers 3 and 4) 

and Xhol (Primers 5 and 6) restriction sites (pBSHp0021 NX). In order to disrupt the 

hp0021 gene, a chloramphenicol resistance cassette (em) obtained by PCR (Primers 7 

and 8) from an E. coli-H. pylori shuttle vector (pHel2) (60) was inserted into the Ndel and 

Xhol sites of pBSHp0021 NX. The resulting plasmid, p8Shp0021::cm, containing an 
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interrupted hp0021 gene was transformed into H. pylori 26695 by natural transformation 

(57) and resistant colonies selected on blood agar plates containing 8 ~Jglml of 

chloramphenicol. Resistant colonies were re-purified on chloramphenicol containing 

plates and the successful insertion of the resistance cassette was verified by PCR of 

genomic DNA. 

Preparation of Radiolabeled Substrates. The substrate [4'-32P]Iipid IVA was 

generated from 125 ~-tCi of [y-32P]ATP and the tetraacyl-disaccharide 1-phosphate lipid 

acceptor (a generous gift from C. R. H. Raetz), using the over-expressed 4'-kinase 

present in membranes of E. coli BLR(DE3)1pLysSipJK2 as previously described (121). 

Kdo2-[4'-32P]Iipid IVA was prepared by adding purified E. coli Kdo transferase (KdtA) 

immediately after the 4'-kinase, as previously described (14). To prepare Kdo.-[4'-

32P]Iipid A (dilauroyi-Kdo.-[4'-32P)Iipid IV A), lauroyl-acyl carrier protein and membranes 

from E. coli overexpressing LpxL and LpxM (116, 129) were used in tandem with the 

Kdo transferase reaction under the following conditions: 50 mM Hepes pH 7.5, 0.1% 

TX-100, 50 mM NaCI, 50 mM MgCI2, 0.1 mg/ml BSA, 13.3 ~-tM lauroyi-ACP, and 0.05 

mg/ml of BLR(DE3)/pLysS/pMsbB and BLR(DE3)/LysS/pHtrB membranes. Lauroyi-ACP 

was prepared as described by Trent and co-workers (125). Once the reaction was 

complete the substrate was isolated as previously described (116). 1-

Dephosphorylated-Kdo.-[4'-32P)Lipid A was prepared by adding membranes of 

NovaBiue(DE3) over-expressing the H. pylori 1-phosphatase (Hp0021) (116) 

immediately following the acylation reaction using the following conditions: 0.25% TX-

100, 50 mM Mes pH 6.0, and 0.3 mg/ml NovaBiue(DE3)/pHp0021 membranes. The 
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reaction was incubated for 3 h at room temperature and the lipid isolated as previously 

described (116). 

Overexpression of the Kdo Transferase (waaA) Behind a 171ac Promotor. 

The waaA genes of E. coli, H. influenza, H. pylori J99 and H. pylori 26695 were 

separately subcloned into pET21 a (Novagen) behind the 17/ac promoter. The waaA 

genes were PCR-amplified using genomic DNAs as templates. Sequences of primers 

are in Table 4. The forward primer contained a clamp region and Ndel site preceding the 

waaA coding region with its start codon. The reverse primer contained a clamp region, a 

BamHI site, a stop codon, a sequence for a Hiss-tag, and the coding region for the waaA 

gene. The PCR contained 100 ng of genomic DNA template, 0.15 ~g of each primer, 

200 ~M each dNTP, 100 mM TRIS-HCI, pH 8.8, 35 mM MgCI2, 250 mM KCI, and 2.5 

units of Pfu DNA polymerase (Stratagene) in a reaction volume of 0.05 mi. The reaction 

mixture was subjected to denaturation at 95 oc for 60 seconds (s), annealing at 57 oc for 

60 s, extension at 72 oc for 80 s, and a final extension for 10 min at 72 oc, using the 

Stratagene RoboCyler Gradient 40 PCR system. The PCR product and the vector were 

digested with Ndel and BamHI, ligated using New England Biolabs Quick Ligation Kit 

and transformed into XL-1 Blue (Stratagene) for propagation of the plasmid. The 

plasmid containing the PCR product was then transformed into NovaBiue(DE3) (Table 3) 

for over-expression of the protein. 

Preparation of Cell-Free Extracts, Double-Spun Cytosol, and Washed 

Membrane. Typically, 500 ml of H. pylori or 200 ml of E. coli cultures were grown to an 

A.oo of - 1.0 at 37 °C and harvested by centrifugation at 6,000 x g for 30 min. All 

samples were prepared at 4 °C. Cell-free extract, membrane-free cytosol, and washed 



Name Sequence (5'-3') 

HP26695 kdtA GCGCGCCATATGTTTAAGTTTTTCTACCTTTTATTTTTGACTTTGGGGCAT 
Forward 
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HP26695 kdtA GCGCGCGGATCCTTAGTGGTGGTGGTGGTGGTGATGTTTAA TGAAAGCGAGCAA' 
Reverse 

HPJ99 kdtA 

Forward 

HPJ99 kdtA 

Reverse 

ECkdtA 

Forward 

ECkdtA 

Reverse 

HI kdtA 

Forward 

HlkdtA 

Reverse 

Primer 1 

Primer2 

Primer3 

Primer4 

Primer 5 

Primer 6 

Primer7 

PrimerS 

GCGCGCCATATGTTTAAGTTTTTCTACCTTTTATTTTTGACTTTGGGGCAT 

GCGCGCGGATCCTTAGTGGTGGTGGTGGTGGTGATGTTTGATTAATGCGAGCAA 

GCGCGCCATATGCTCGAATTGCTTTACACCGCCCTTCTCTACCTTATTCAG 

GCGCGCGGATCCTCAGTGGTGGTGGTGGTGGTGATGCGTTTTCGGTGGCAG 

GCGCGCCATATGTGGCGIIIIIIIIATACCAGCTTG 

GCGCGCGGATCCTCAGTGGTGGTGGTGGTGGTGTACATTGCGCTCCAAATAAGG 

GCGCGCGGATCCAACGACGGCGAAAAGAAT 

GCGCGCGGTACCAGGATAAACCCTCTCTAT 

GTTTGGGCGAGCGCCCATATGGAGGTAATTTCAAC 

GTTGAAATTACCTCCATATGGGCGCTCGCCCAAAC 

AACATGCCAAGCGGGCACTCGAGTATGGTGGGTTTGGCGGTG 

CACCGCCAAACCCACCATACTCGAGTGCCCGCTTGGCATGTT 

GCGCGCCATATGCCGAGATTTTCAGGAGCT 

GCGCGCCTCGAGTTACGCCCCGCCCTGCCA 

Table 4. Oligonucleotides, Part 8 
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membranes were prepared as previously described (121) and were stored in aliquots at 

- 20 °C. Protein concentration was determined by the bicinchoninic acid method (106), 

using bovine serum albumin as the standard. 

Assay of Kdo Hydrolase Activity (Formation of Reaction Product A). The 

Kdo hydrolase activity was assayed under optimized conditions in a 1 0-~1 reaction 

mixture containing 50 mM Hepes, pH 8.0, 0.1% Triton X-1 00, and either 5 ~M [4'-

32P]Iipid IVA. Kdo2-[4'Y2P]Iipid IVA. Kdo2-[4'Y2P]Iipid A, or 1-dephosphorylated-Kdo2-[4'-

32P]Iipid A (each at -3000-5000 cprnfnmol) as the substrate. Washed membranes 

typically at 1 mg/ml were employed as the enzyme source, as indicated. Enzymatic 

reactions were incubated at 30 °C for the indicated times and terminated by spotting 4.5 

~I portions of the mixtures onto silica gel 60 TLC plates. The plates were dried under a 

cool air stream for 20 min. 

When [4'-32P]Iipid IVA was employed as the substrate, reaction products were 

separated using the solvent chloroform, pyridine, 88% formic acid, water (50:50:16:5, 

v/v). The reaction products generated from substrates having the Kdo moiety were 

separated using the solvent chloroform, pyridine, 88% formic acid, water (30:70:16:10, 

v/v). TLC plates were exposed overnight to a Phosphorlmager Screen and product 

formation detected and analyzed using a Bio-Rad Molecular Imager Phosphorlmager 

equipped with Quantity One Software. The enzyme activity was calculated by 

determining the percentage of the substrate converted to product. 

Assay of WaaA Kdo Transferase Activity. Kdo transferase activity was 

assayed under optimized conditions based up~ the method of Brozek et al. (25, 26) 

Reactions (10 J.ll) contained 50 mM Hepes, pH 7.5, 4 mM Kdo, 10 mM CTP, 10 mM 
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MgCI2, 1 milliunit of partially purified CMP-Kdo synthase, 0.1% Triton X-100, and 10 ~M 

[4'-32P]Iipid IV A (-3000-5000 cpm/nmol). Purified CMP-Kdo synthase was prepared as 

previously described (25). Washed membranes at 0.05 mg/ml were employed as the 

enzyme source, as indicated. Enzymatic reactions were incubated at 30 •c for the 

indicated times and terminated by spotting 4.5 ~I portions of the mixtures onto silica gel 

60 TLC plates. Reaction products were separated and visualized as described above. 

Characterization of the In Vitro Kdo Hydrolase Reaction Product by 

Hydrolysis at pH 4.5. Using the assay conditions described above for the H. pylori Kdo 

hydrolase, a 1 0-~1 reaction (20,000 cpm) was prepared to convert the 1-

dephosphorylated Kdo2-[4'-32P]Iipid A substrate to the lipid labeled as Product A (1-

dephosphorylated Kdo-[4'-32P]Iipid A). An identical reaction mixture was prepared that 

did not contain an enzyme source. For each reaction, 4 ~I of 10% SDS and 26 ~I of 

19.25 mM sodium acetate, pH 4.5, were added to achieve a final solution containing 1% 

SDS and 12.5 mM sodium acetate for hydrolysis of the Kdo linkage. The reactions were 

incubated at 100 •c and at various time points 4 ~I of sample was removed and spotted 

onto a silica TLC plate for analysis. Lipids were separated in the solvent chloroform, 

pyridine, 88% formic acid, water (30:70:16:10, v/v) and visualized as described above. 

Large Scale Isolation of the H. pylori Kdo Hydrolase Reaction Product, 1-

dephospho-Kdo-lipid A. A 20-ml reaction mixture containing 50 ~M of 1-

dephosphorylated Kdo2-lipid A (mono-lauroyl, mono-myristoyi-Kdo2-lipid IV A) substrate 

(116), 0.5 mg/ml H. pylori J99 membranes, 50 mM Hepes pH 8.0, and 0.1% Triton TX-

1 00 was incubated at 30 ·c for 3 hours. The reaction was then converted into a two-
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phase Bligh-Dyer consisting of chloroform/methanol/0.01 M HCI (2:2:1.8 v/v). Phases 

were separated in a clinical centrifuge and the lower phase removed to a separate tube. 

A second extraction of the resulting upper phase was achieved by addition of fresh pre

equilibrated lower phase. The lower phases containing the 1-dephosphorylated-Kdo

lipid A and various membrane lipids were pooled and dried under a stream of N2. Lipids 

were separated by DEAE anion-exchange chromatography as previously described. 

Fractions containing the 1-dephosphorylated-Kdo-lipid A reaction product were 

converted to a two-phase Bligh!Dyer, as described above and the lipid recovered from 

the lower phase. 

Mass Spectrometry of Lipid A Species. Mass spectra of purified lipids were 

acquired in the negative ion linear mode using a matrix-assisted laser desorption

ionization/time of flight (MALDI/TOF) mass spectrometer (AXIMA-CFR, Kratos 

Analy1ical, Manchester, UK), equipped with a nitrogen laser (337 nm). The instrument 

was operated using 20-kV extraction voltage and time-delayed extraction, providing a 

mass resolution of about ± 1 atomic mass units for compounds with M, - 2000. Each 

spectrum represented the average of 1 00 laser shots and saturated 6-aza-2-thiothymine 

in 50% acetonitrile and 10% tribasic ammonium citrate (9:1, v/v) served as the matrix. 

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 fll). The sample was 

dried at 25 •c prior to mass analysis. 
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Results 

Modification of Kdo2-lipid A Precursors by H. pylori Membranes. Like E. 

coli, H. pylori synthesizes a hexa-acylated bis-phosphorylated lipid A structure which can 

be isolated as a minor lipid A species (Fig. 12) (83). However, the vast majority of H. 

pylori lipid A is under-acylated and lacks phosphate moieties (83, 110, 111) (Fig. 12) 

suggesting the bacterium expresses enzymes that modify its lipid A structure after the 

constitutive biosynthetic pathway. In some organisms, such as Salmonella typhimurium 

and Pseudomonas areuginosa, enzymes responsible for modification of the lipid A 

moiety have been shown to be regulated by two component systems in response to 

specific environmental stimuli (53, 54, 84). Modifications of H. pylori lipid A, however, 

appear to be constitutively present, consistent with the reduced number of two

component regulatory systems in this organism (115). 

To understand how the major lipid A species of H. pylori is formed, we searched 

for enzymes capable of modifying key lipid A precursors. Assay of J99 membranes with 

a lipid A precursor containing the Kdo disaccharide, Kdo,-[4'-32P]Iipid IVA (Fig. 13A), 

resulted in the detection of two reaction products by TLC. The slower migrating product 

resulted from the removal of the phosphate group from the 1-position catalyzed by the 

previously characterized inner membrane lipid A phosphatase, Hp0021 (26695 protein 

designation) (116). The faster migrating reaction product, denoted as Product A, had 

not been previously detected when using [4'-32P]Iipid IVA as the substrate (55), 

suggesting dependence upon the Kdo moiety for activity. Furthermore, it appeared that 

the 1-dephosphorylated Kdo2-[4'-32P]Iipid IVA reaction product might be an intermediate 

step in the formation of Product A (Fig. 13A). 
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Figure 13. Enzymatic Modification of Kdor[4'-32P]Iipfd IVA (Panel A), Kdor[4'-32P]Iipid A (Panel B), 
and 1-Dephospho-Kdor[4'-32P]Iipid A (Panel C) Using H. pyloti Membranes. Membranes from H. pylori 
strain J99 were assayed for enzymatic activities that modify the Kdo2-/ipid A domain of LPS as described 
under "Experimental Procedures." The protein concentration was 1.0 mglml, and assays were carried out for 
the indicated times at 30 oc. Reactions contained either 5 pM Kdor[4'-"2P]Iipid IVA(Panel A), 5 pM Kdo2-[4'-
32Pjlipid A (Panel B) or 5 pM 1-dephosphorylated-Kdo2-[4'-32P]Iipid A (Panel C). Reaction products were 
separated by TLC and detected with Phosphorlmager analysis. The previously characterized 1-
dephosphory/ated reaction products catalyzed by Hp0021 are indicated and the unknown reaction product 
was denoted Product A. Similar results were obtained when membranes from H. pylori strain 26695 were 
used as the enzyme source {data not shown). 
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We assayed next the action of H. pylori membranes on hexa-acylated lipid A 

substrates. Similar amounts of enzymatic activity was seen with either Kdo2"[4'-32P]Iipid 

IVA (Fig. 13A) or Kdo2-[4'-32P]Iipid A (Fig. 138), suggesting that the presence of the 

secondary acyl chains does not affect the formation of Product A. Prior removal of the 

1-phosphate group from Kdo2-[4'Y2P]Iipid A resulted in the direct conversion of 1-

dephosphorylated-Kdo2"[4'-32P]Iipid A to Product A (Fig. 13C). The conversion of 5 IJM 

1-dephosphorylated-Kdo2-[4'-32P]Iipid A to Product A was linear with both protein 

concentration and time (Fig. 14A). When using 0.1 mg/ml H. pylori membranes as the 

enzyme source, conversion of the 1-dephosphorylated substrate to Product A was linear 

with time for approximately 60 min at 30 ·c having a specific activity of 0.06 

nmol/min/mg. Nearly 100 % conversion to Product A was achieved when 1 mglml of 

membrane protein was used as the enzyme source (Fig. 14A). The enzymatic activity 

was localized solely to the membrane fraction (Fig. 148). 

Some clues to the structure of Product A can be inferred from its migration in the 

employed TLC systems. A faster migrating reaction product in the TLC system results 

from an increase in the hydrophobic nature of the lipid A structure. Such modifications 

would include the removal of a phosphate group, the addition of a fatty acyl chain, or the 

removal of a sugar residue. In addition to the 1-phosphatase, H. pylori expresses a 

second phosphatase that removes the 4'-phosphate group (Tran, A. X., Stead, C. M., 

and Trent, M. S., unpublished data). Since the lipid substrates employed are 32P-Iabeled 

at the 4'-position of the dissacharide, a 4'-phosphatase activity would cuase the release 

of 32P1• However, Product A retained the 4' -32P-Iabeled phosphate group. Addition of a 
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Figure 14. Formation of Reaction Product A is Dependent Upon Both Time and 
Protein Concentration (Panel A) and Membrane Associated (Panel B). Panel A 
shows the formation of reaction Product A assayed under standard conditions 
described under "Experimental Procedures" using 5 pM 1-dephosphory/ated Kdor[4 '-
32 P]lipid A. Assays were carried out over a two-hour time course using H. pylori J99 
membranes at the indicated concentrations. Reaction products were separated by 
TLC and subjected to Phosphorlmager analysis. In Panel B, crude extract, double
spun cytosol, or washed membranes at a protein concentration of 1 mglml were 
assayed as described in panel A for formation of Reaction Product A. 
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fatty acyl chain seemed unlikely because the chemical structure of H. pylori lipid A (83, 

11 0, 111) does not contain acyl groups other than those resulting from the constitutive 

lipid A biosynthetic pathway. Since the enzymatic formation of Product A required the 

presence of the Kdo dissacharide, we hypothesized that Product A arose from the 

removal of the outer Kdo sugar resulting in the formation of a more hydrophobic faster

migrating lipid A species. 

Characterization of Reaction Product A by pH 4.5 Hydrolysis at 100 •c. The 

Kdo sugars can be removed from the disaccharide backbone of lipid A by mild acid 

hydrolysis (pH 4.5) at 100 •c without loss of the 1- or 4'- phosphate groups. Under 

these conditions, the glycosidically linked anomeric carbons of Kdo are cleaved 

removing the inner and outer Kdo sugars at comparable rates, leaving the remaining 

portion of the lipid A molecule intact (29, 30). As shown in Fig. 15A, incubation of 1-

dephosphorylated-Kdo2-[4'-32P]Iipid A at 100 •c results in formation of 1-

dephosphorylated 'Kdo-lipid A that proceeds to 1-dephosphorylated lipid A lacking both 

Kdo residues. Unlike the initial substrate, hydrolysis of reaction Product A (Fig. 15B) 

resulted in the formation of a single lipid species that migrated identical to that of 1-

dephosphorylated lipid A. These data suggested that Product A arises from removal of 

the outer Kdo sugar. If both Kdo sugars were present prior to chemical hydrolysis at 100 

•c, Product A would have yielded an intermediate lipid A species containing a single 

Kdo sugar. 

Structural Confirmation of the Kdo Hydrolase Reaction Product by 

MALDI/TOF Mass Spectrometry. To confirm that Product A arises from loss of the 

outer Kdo sugar, H. pylori membranes were used to convert 1-dephosphorylated Kdo2-
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Figure 15. Time Course of Hydrolysis at pH 4.5 of 1-dephosphorylated Kdor 
[4'-32P]Iipid A (Panel A) and the In Vitro Reaction Product A (Panel B). 
Reaction Product A or the initial substrate, 1-dephosphorylated Kdor[4'-32P]Iipid A, 
were subjected to chemical hydrolysis at pH 4.5 (100 oc), as described under 
"Experimental Procedures" for the indicated times. Hydrolysis products were 
separated by TLC and subjected to Phosphorlmager analysis. 
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lipid A (mono-lauroyl, mono-myristoyi-Kdo.-lipid IV A) to the proposed 1-

desphosphorylated Kdo-lipid A reaction product, and the lipid analyzed by MALDI/TOF 

mass spectrometry in the negative mode. MALDI/TOF mass spectrometry of the initial 

substrate, 1-dephosphorylated E. coli Kdo2-lipid A, showed major ions at rnfz 2158.7, 

1938.8, and 1718.0 atomic mass units (Fig. 16A). The signal at rnfz 2158.7 atomic mass 

units is interpreted as [M-H]" of the predominant hexa-acylated Kdo2-lipid A containing a 

phosphate group solely at the 4'cposition (Fig. 16A) (116). The minor peaks at mlz 

1938.8 and 1718.0 atomic mass units are interpreted as [M-H-Kdo]" and [M-H-Kdoi)" 

respectively, and correspond to a minor loss of the Kdo sugars during mass 

spectrom~try (Fig. 16A). However, MALDI/TOF mass spectrometry of reaction Product 

A revealed a predominant peak at mlz 1938.6 atomic mass units confirming the 

enzymatic removal of a single Kdo moiety (Fig. 16B). These data confirmed that H. 

pylori express a Kdo-trimming enzyme that removes the outer Kdo sugar from H. pylori 

LPS. 

Kdo Hydrolase Activity In Vitro Requires Prior Removal of the 1-phosphate 

Group. To determine if the Kdo hydrolase activity required .prior removal of the 1-

phosphate group, we constructed an H. pylori 26695 derivative lacking a functional copy 

of the 1-phosphatase gene, hp0021. H. pylori mutants containing a chloramphenicol 

cassette in hp0021 are unable to remove the phosphate group from the 1-position of the 

lipid A domain (A. X. Tran and M. S. Trent, in preparation). As shown in Panel A of Fig. 

17, membranes from the hp0021 mutant strain were unable to catalyze the removal of 

the 1-phosphate group from Kdo.-[4'-32P]Iipid A. Furthermore, membranes from the 1-

phosphatase mutant were unable to catalyze the removal of the outer Kdo sugar from 
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Figure 16. MALDIITOF Mass Spectrometry of the Kdo Hydrolase Reaction 
Product·(Product A) Generated from 1-dephosphorylated Kdoz-lipid A. The 
reaction product generated from incubation of 1-dephosphorylated Kdoz-/ipid A with 
H. pylori J99 membranes was purified by DEAE cellulose chromatography, as 
described under "Experimental Procedures." Panel A shows the spectra of the 
starting 1-dephosphorylated Kdoz-/ipid A substrate and Panel B shows the resulting 
reaction product containing a single Kdo sugar, 1-dephosphorylated Kdo-lipid A. 
Both spectra were acquired in the negative ion mode. 

67 



Solven~ 
Front A 

.. 

8 
~solvent 

Front 

. 1 ~Dephospho
.•. -- ..;· ....... Kdo-[4'-32p] 

; Lipid A 

e e e e • e, .... t-Oephospho
; . . -Kdor[4'-32P] 

· LlpldA 

c~r-----------------~ 
•1-0ephospho-Kdod4'-l2P]Llpid"A 

• Kdo2-[4'.32P]llpld A 

• 

Time(min} 

68 

Figure 17. Membranes from an H. pylori 1-phosphatase (hp0021) Mutant 
Require Prior Removal of the 1-phosphate Group From Kdorlipid A for Kdo 
Hydrolase Activity. The Kdo hydrolase activity of H. pylori membranes Jacking a 
functional copy of hp0021 (1-phosphatase) was assayed using either 5 11M Kdor[4'-
32P]Iipid A (Panel A) or 5 JJM 1-dephosphory/ated Kdor[4'-32P]Iipid A (Panel B). 
Assays were performed as described under 'Experimental Procedures' using 0.5 
mglml of membranes for the indicated times. The reaction products were separated 
by TLC and subjected to Phosphortmager analysis. Panel C is a plot of Kdo 
hydrolase activity using the two substrates described above during a linear period of 
product formation. 
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Kdo2-[4'-32P]Iipid A. This is in direct contrast to the enzymatic activities seen when using 

wildtype membranes (Fig. 14, Panel B). However if the lipid substrate was 

dephosphorylated at the 1-position prior to assay, Kdo hydrolase activity was restored, 

(Fig. 17, Panel B). Analysis of the Kdo hydrolase activity revealed a 30-fold increase 

when 1-dephosphorylated-Kdo.-[4'-32P]Iipid A was used as the substrate (Fig. 17, Panel 

C). Minor amounts of hydrolase activity of up to 1 0-15 % could be seen over extended 

assay times (over 3 h) with substrates retaining the 1-phosphate moiety (data not 

shown). 

H. pylori waaA Encodes a Bi-functional Kdo Transferase. Structural data of the 

inner core region of H. pylori LPS reveals the presence of a single Kdo sugar, thus 

predicting a mono-functional Kdo transferase (WaaA) (7, 80, 82). However, if H. pylori 

express a Kdo hydrolase, one might expect that H. pylori WaaA acts as a bi-functional 

transferase. WaaA of H. pylori strains J99 and 26695 was over-expressed in the E. coli 

K-12 expression host Nova81ue(DE3) (Fig. 18A). The proteins were assayed for Kdo 

transferase activity along with the WaaA of both E. coli K-12 strain W3110 and H. 

influenzae Rd (Fig. 188) using 32P-Iabeled lipid IVA as the substrate. As previously 

reported, the WaaA of E. coli transferred two sugars to [4'-32P]Iipid IVA forming· Kdo.-[4'-

32P]Iipid IVA (Fig. 188, lane 3) (14, 36), whereas the mono-functional transferase of 

Haemophi/us (23, 134) transferred primarily one Kdo sugar (Fig. 188, lane 4). 

Interestingly, the H. pylori enzymes transferred two Kdo sugars (Fig. 188, lanes 5 & 6) 

as efficiently as E. coli WaaA, thus identifying the H. pylori enzyme as a bi-functional 

glycosyl transferase. 



28 1 ::::: :.: ;:=: ~ 
=W!';j- . 

B Solvent+ --··-:···~ -- ···----:-----~-1 
Front . . 1 

[4'-"P]Lipld IV A". • ~ .- • e 
f ,t 
! 

Kdo-[4'-'2P]Lipld IV ..-1 
Kdo,-[4'-"PJLipld IV A-+! -

' 

·• 
i 
' ' - ~--1 
' 
' ' 

70 

Figure 18. H. pylori WaaA is a Bifunctional Kdo Transferase. Panel A. 
Membranes from the NovaBiue(DE3) expression strain, containing either pET21 a 
(vector control) or WaaA plasmids (see Table 1), were isolated, and 15-pg samples 
of protein were analyzed by SDS-polyacrylamide gel electrophoresis using 12 % 
polyacrylamide. The gel was stained with Coomassie Blue. The positions of the 
molecular weight standards and WaaA proteins are indicated. Panel B. 
Membranes from NovaBiue(DE3) expressing WaaA from the indicated Gram
negative organisms were assayed for Kdo transferase activity as previously 
described (25, 134). The protein concentration was 0.05 mglml and assays were 
carried out for 1 hr at 30 oc with 5 pM [4'-32P]Iipid IVA subt?trate. Under these 
conditions, the endogenous Kdo transferase activity (seen in lane 2) from 
expression of chromosomal waaA was minimal (< 3%). Products were separated 
by TLC and detected with Phosphorlmager analysis. 



71 

Presence of Kdo Hydrolase Activity in Clinical Isolates of H. pylori. To 

determine if the Kdo trimming activity was widely found in various human isolates, H. 

pylori isolated from gastric biopsy of five different patients were cultured in liquid media 

(7 4 ). Assay of the membrane fraction from each clinical isolate showed a Kdo hydrolase 

activity when 1-dephosphorylated Kdoz-[4'-32P]Iipid A was used as the substrate 

(unpublished results, C. M. Stead and M. S. Trent). Secondly, the level of Kdo trimming 

activity was impressive for all clinical isolates and in some cases stronger than that 

previously seen with strains J99 and 26695. Therefore, the enzymatic removal of Kdo 

from H. pylori LPS appears to be a conserved feature of H. pylori LPS biosynthesis. 

Prior to this report, a putative Kdo trimming activity was reported in membranes of 

Francisella novicida (132). The identification of the H. pylori activity along with the 

biophysical analysis of its reaction product opens the possibility of a Kdo hydrolase in 

other Gram-negative bacterial pathogens. 

Discussion 

The core and lipid A domains of LPS are synthesized on the cytoplasmic side of 

the inner membrane of the Gram-negative bacterial cell envelope (98, 99). MsbA is an 

essential ABC transporter that is required for flipping LPS to the peri plasmic side of the 

inner membrane (34, 43, 44 ). In the human pathogen H. pylori, transport of LPS across 

the inner membrane is followed by the removal of the 1-phosphate group by a specific 

lipid A 1-phosphatase, Hp0021. Removal of the 1-phosphate group allows for the 

peri plasmic addition of a pEtN residue to the C-1 hydroxyl catalyzed by Hp0022 (116). 
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By assaying H. pylori membranes for enzymes capable of further modifying LPS 

precursors, we detected the presence of a membrane bound enzyme that removes the 

outer Kdo sugar from H. pylori LPS. Analysis of the reaction product by chemical 

hydrolysis and mass spectrometry confirmed the removal of a single Kdo sugar. Under 

long periods of incubation (up to 6 h), we did not detect any significant removal of the 

inner Kdo sugar (data not show). Based upon its requirement for 1-dephosphorylated 

substrates (Fig. 17) for enzymatic activity, we propose that the Kdo hydrolase functions 

after Hp0021 in the biosynthesis of H. pylori LPS (Fig. 12) suggesting the enzyme's 

active site also lies in the extracytoplasmic region of the bacterium. At this time we are 

unable to determine if the H. pylori lipid A pEtN transferase, Hp0022, functions before or 

after removal of the outer Kdo sugar. Since H. pylori synthesize a minor lipid A species 

resembling that found in E. coli (Fig. 12), further processing of H. pylori LPSIIipid A 

includes the removal of the 4'-phosphate and removal of specific fatty acyl chains (Fig. 

12). 

The inner core region of H. pylori LPS has been reported to contain a single Kdo 

sugar predicting the presence of a mono-functional Kdo transferase. Mono-functional 

Kdo transferases have been identified in other Gram-negative bacteria such as B. 

pertussis (63) and H. inffuenzae (134). However, if a Kdo trimming enzyme exists in H. 

pylori one would expect a bifunctional Kdo transferase to be present in the organism. 

Comparison of H. pylori WaaA with previously characterized mono- and bi-functional 

Kdo transferases showed that H. pylori WaaA transfers two Kdo sugars to the lipid A 

precursor, lipid IVA (Fig. 18). Clearly, the number of Kdo sugars in the core 
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oligosaccharide of LPS can no longer conclusively predict the functionality of WaaA of 

Gram-negative bacteria. 

The chemical composition of the lipid A moiety of Gram-negative bacterial LPS is 

critical for the endotoxic properties of the molecule. However, it is not clear if variation of 

the core oligosaccharide plays an important role in host cell activation (85, 126). 

Recently, it was reported that the Kdo sugars of Nesisseria meningitidis 

lipooligosaccharide (LOS) were important for activation of human and murine 

macrophages via the TLR-4/MD-2 pathway (140). Perhaps in conjunction with other 

modifications of the H. pylori Kdo2-lipid A structure, removal of the outer Kdo sugar leads 

to a reduction in the agonistic activity of H. pylori LPS contributing to persistence of the 

organism. Secondly, it is possible that reduction of the number of Kdo sugars could aid 

in resistance to cationic antimicrobial peptides since the Kdo sugars are negatively 

charged. Identification of the structural gene encoding the H. pylori Kdo hydrolase will 

be required to determine the role this unique LPS modifying enzyme plays in the 

pathogenesis of Gram-negative bacterial infections. 
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Abstract 

He/icobacter pylori produces a unique surface lipopolysaccharide (LPS) 

characterized by strikingly low endotoxicity that is thought to aid the organism in evading 

the host immune response. This reduction in endotoxicity is thought to arise from the 

modification of the Kdo-lipid A domain of Helicobacter LPS by a series of membrane 

bound enzymes including a Kdo (3-deoxy-D-manno-octulosonic acid) hydrolase 

responsible for the modification of the core-oligosaccharide. Here we report that Kdo 

hydrolase activity is dependent upon a putative two-protein complex composed of 

proteins Hp0579 and Hp0580. Inactivation of Kdo hydrolase activity produced two 

phenotypes associated with cationic antimicrobial peptide (CAMP) resistance and a

antigen expression. Kdo hydrolase mutants were highly sensitive to polymyxin B, which 

could be attributed to a defect in downstream modifications to the lipid A 4' -phosphate 

group. Production of a fully extended 0-antigen was also diminished in a Kdo hydrolase 

mutant, with a consequent increase in core-lipid A. Finally, expression of 0-antigen 

Lewis X and Y epitopes, known to mimic glycoconjugates found on human tissues, was 

also affected. Therefore loss of Kdo hydrolase activity affects all three domains of H. 

pylori LPS highlighting its role in the maintenance of the bacterial surface. 
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Introduction 

Helicobacter pylori is a Gram-negative bacterium with only one well defined 

niche, the human stomach. After colonizing the stomach H. pylori can persist for several 

years without manifesting any symptoms, although over time serious sequelae can 

appear, including peptic ulcer disease and gastric cancer (17, 92). Like the majority of 

Gram-negative bacteria the outer surface of H. pylori is composed primarily of 

lipopolysaccharide (LPS), consisting of 3 domains known as lipid A, core and 0-antigen. 

The core and 0-antigen represent the polysaccharide component of LPS. The 

core sugars are generally well conserved within a bacterial species; however, the 0-

antigen can show great diversity. H. pylori 0-antigen expression is highly variable and 

generally mimics human blood group antigens (6, 130). This molecular mimicry is 

thought to contribute to the chronic nature of H. pylori infections by making the bacterium 

appear like its host and preventing detection by the immune system (5, 135). H. pylori 

0-antigen has also been implicated in other aspects of pathogenesis, including adhesion 

to gastric epithelial cells and immune system modulation, mediated by interaction with 

the C-type lectin DC-SIGN (15). 

The lipid A domain of LPS acts as a hydrophobic anchor holding the LPS 

molecule in the outer membrane. Lipid A is also responsible for the endotoxic properties 

associated with LPS. Biosynthesis of lipid A is well conserved throughout Gram

negative bacteria and proceeds via a nine-step enzymatic pathway known as the "Raetz 

pathway" (98). Despite its conserved synthesis, a great deal of variation is seen when 

comparing the lipid A structures of various Gram-negative bacterial species (97). This 

variation is generated primarily by the action of lipid A modification enzymes and, with 
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human pathogens, may well be a consequence of evolutionary pressure applied by the 

human innate immune system. For example, the modification of phosphate groups 

present on the lipid A disaccharide backbone provides resistance to cationic anti

microbial peptides (CAMPs). CAMPs are small positively charged peptides that bind to 

negatively charged structural motifs (e.g. lipid A) present on the surface of bacteria 

leading to eventual cell lysis and death (41 ). Gram-negative bacteria resist the action of 

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

aminoarabinose, to the negatively charged phosphate groups of lipid A or by removing 

the phosphate groups of lipid A (53, 120). 

In a number of organisms lipid A modifications are regulated and only occur after 

specific environmental cues are detected; however, it appears that in the case of H. 

pylori, lipid A modifications are constitutive. H. pylori lipid A modification is a complex 

process that occurs via a five step enzymatic pathway (Fig. 19) and in the laboratory a 

single distinct lipid A species is produced. A Jack of regulation could be explained by the 

fact that H. pylori has only one known reservoir, the human stomach, thus rendering 

adaptation unnecessary, although it is not possible to rule out whether or not the 

organism is capable of changing its lipid A domain within its human host. 

Several of the H. pylori lipid A modification enzymes have already been 

characterized by previous studies from our laboratory, including the identification of a 

novel 3-deoxy-D-manno-octulosonic acid-hydrolase (Kdo-hydrolase) enzymatic activity 

present in H. pylori membranes (108). The Kdo-hydrolase removes the outer Kdo sugar 

from the core region, with optimal activity occurring after the prior removal of the 1-

phosphate group by a dedicated inner membrane phosphatase encoded by hp0021. 
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Fig. 19. Modification Pathway of H. pylori Kdo-lipid A. H. pylori produces a 
highly modified lipid A species via a five step enzymatic pathway. The 1-phosphate 
is first cleaved by Hp0021, leaving a free hydroxyl group, followed by addition of a 
phosphoethanolamine by Hp0022. Presumably, phosphatidylethanolmaine 
(Ptd£tN) serves as the donor for the latter. Next Hp0579 and Hp0580 work in 
concert to remove the terminal Kdo sugar. The 4'-phosphate group is removed by 
an as yet unidentified phosphatase; however, the remaining hydroxyl group is not 
further modified as is the case at the 1 position. The final step involves the removal 
of the 3'-0-linked acyl chains by Hp0694, resulting in a tetra-acylated lipid A. 
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The presence of a single Kdo sugar had previously been attributed to a mono-functional 

Kdo transferase (WaaA). Investigations into H. pylori WaaA functionality proved it to be 

bi-functional, indicating that it was no longer possible to predict how many Kdo sugars a 

particular WaaA may transfer based upon characterization of the Kdo-lipid A species 

alone. A similar situation was thought to exist in Francisella novicida, which has also 

been reported to produce a Kdo-hydrolase (132). 

Although the Kdo-hydrolase enzymatic activity is well characterized, the gene 

responsible for encoding the enzyme has yet to be determined. Here we report the 

identification of the Kdo-hydrolase of He/icobacter pylori and show that Kdo-hydrolase 

activity is, in fact, dependent upon two gene products. We also demonstrate that Kdo

hydrolase activity is necessary for consequent lipid A modifications (Figure 19), 

resistance to CAMPs, as well as efficient 0-antigen expression, indicating a key role in 

H. pylori pathogenesis. 

Experimental procedures 

Bacterial Strains and Growth Conditions. The bacterial strains and plasmids 

used in this study are summarized in Table 5. Primary plate cultures of H. pylori were 

grown from methyl cellulose stocks on blood agar medium at 37 •c for 24-48 h in a 

microaerobic atmosphere (5% 0 2, 10% C02, and 85% N2). The resultant colonies were 

inoculated into Brucella broth supplemented with 7% fetal bovine serum (Hyclone) and 

vancomycin (1 0 11g/ml). Cells were grown to an A,;00 of- 1.0 at 37 •c under microaerobic 

conditions for 24-48 h. Prior to every experiment, confirmation of H. pylori was 

performed by both Gram stain and urease test 
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Strain or Plasmid Genotype or Description Source or 
Reference 

Strains 
Hellcobacter pylori 

26695 Wild type laboratory strain ATCC700392 
7.13 Gerbil adapted 8128 Boneca.I.G. 
G27 Wild type laboratory strain Salama. N.R. 
J99 Wild type laboratory strain ATCC700B24 

Hp7-91 hp0021::cam Hp7-91 with chloramphenicol resistance cassette in (120) 
hp0021 (/pxE) 

26695/hp1191::kan 26695 with kanamycin resistance cassette in hp1191 (33) 
(waaF) 

26695/hp1191::kanl 26695 with kanamycin resistance cassette in hp1191 This work 
hp0579-80::cam (waaF) & chloramphenicol resistance cassette In hp0579 & 

hp0580 
7.13/hpOSBO::cam 7.13 with chloramphenicol resistance cassette in hp0580 This work 
7.13/hpOSBO::cam, 7.13/hpOSBO::cam, rrlxA::hp0580 This work 
hp0580+ 
7 .13/hp0579-80::cam 7.13 with chloramphenicol resistance cassette in hp0579 & This work 

hp0580 
7.13/hp0579-80::cam, 7 .13/hp0579-BO::cam, rrlxA::hp0579-80 This work 
hp0579-80+ 
G27/hp0580::cam G27 with chloramphenicol resistance cassette in hp0580 This work 
G27/hp0580::cam, 
Hp058o• 

G27/hp0580::cam, rrlxA::hp0580 This work 

G27/hp0579-80::cam G27 with chloramphenicol resistance cassette in hp0579 & This work 
hp0580 

G27/hp0579-80::cam, 
Hp0579-80+ 

G27/hp0579-80::cam, rrlxA::hp0579-80 This work 

Escherichia coil 

XL-1 Blue recA 1 endA 1 gyrA96th/-1 hsdR17 supE44 telA 1/ac [F' Stratagene 
proAB /acf'UM15::Tn10 (Tef)] 

HMS174 (DE3) F" tecA 1 hsdR (rK1i mK12) (DE3) Rif" Novagen 
W3110 (DE3) W3110, (DE3-novagen), Tet" (40) 

W3110 (DE3)phoA· W3110, (DE3- novagen), phoA::kan, Tef This work 
JW0374 BW25113 phoA::kan (Keio Collection) (B) 

Table 5. Bacterial Strains and Plasmids, Part C 
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Strain or Plasmid Genotype or Description Source or 
Reference 

Plasmlds 
pBiuescriptll SK (+) Cloning vector, Amp", lac promoter (/acZ), 11, CoiE1 Stratagene 
pET21a Vector containing a T7 promotor, Amp' Novagen 
pGFPuv Vector containing the "cycle 3" variant of GFP, Amp' Clontech 
pBAD24 Bacterial expression vector, Ampr (56) 

pHp0579 pET21 a containing hp0579 This work 
pHp0580 pET21a containing hp0580 This work 
pHp0579-80 pET21a containing hp0579-80 This work 
pBS5BOKO pBiuescrlplll SK (+)containing hp0580 flanking regions This work 

with a chloramphenicol resistance cassette insert 
pBS579-80KO pBiuescript II SK (+)containing hp0579-80fianking regions This work 

with a chloramphenicol resistance cassette insert 
pET634comp jhp0634 complementation plasmid (109) 

pET580comp pEThp0954 with hp0580 inserted In hp0954 This work 
pET579-80comp pEThp0954 with hp0579-80 inserted in hp0954 This work 
pPhoA pET21a containing phoA This work 
pBAD580 pBAD24 containing hp0580 This work 
pBAD580phoA pBAD580 containing phoA This work 
pHp0580-PhoA pET21 a containing hp0580 with an C-terminal phoA fusion This work 
pGFP pET21a containing gfp This work 
pGFPuv580 pGFPuv containing hp0580 This work 
pHp0580-GFP pET21a containing hp0580 with an C-termlnal gfp fusion This work 

Table 5 continued. Bacterial Strains and Plasmids, Part C 
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(64). E. coli were typically grown at 37 •c in LB broth (78). When required for selection 

of plasmids, cells were grown in the presence of ampicillin (100 f.tg/ml). Antibiotics 

ampicillin (100 IJg/ml), kanamycin (8 IJg/ml), chloramphenicol (8 IJg/ml) and 

metronidazole (121Jg/ml) were used where appropriate. 

Recombinant DNA Techniques. Plasmids were isolated using the QIAprep 

Spin Minirep Kit (Qiagen). Custom primers were obtained from Integrated DNA 

Technologies (Table 6). PCR reagents were purchased from Stratagene and PCR 

products were isolated using Qiaquick PCR Purification Kit (Qiagen). DNA fragments 

were isolated from agarose gels using the Qiaquick Gel Extraction Kit (Qiagen). All other 

modifying enzymes were purchased from New England Biolabs and were used 

according to the manufacturers' instructions. 

Overexpression of the Kdo Hydrolase Proteins Behind a 17/ac Promotor. 

Hp0579 and hp05BO were both separately and jointly subcloned into pET21 a behind the 

17/ac promoter, using the following primer sets: hp0579- Fhp0579 & Rhp0579, hp0580 

- Fhp0580 & Rhp0580, hp0579-hp0580 - Fhp0580 & Rhp0579 (Table 6). The 

generated plasmids pHp0579, pHp0580, and pHp0579-80 were transformed into 

HMS174 (DE3) for over-expression of the protein. 

Construction of H. pylori Kdo Hydrolase Defective Non-polar Mutants. 

Hp0580 and hp0579-hp0580 knock out vectors were constructed as described 

previously (32). Briefly an upstream (primers Hp0580P1 and Hp0580P2 for both hp0580 

and hp0579-hp0580) and downstream (primers Hp0580P3 and Hp0580P4 for hp0580 

and primers Hp0579P3 and Hp0579P4 for hp0579-hp0580) region of each gene was 

PCR amplified from H. pylori strain 26695 genomic DNA. Each P2 and P3 primer also 



Name 

Fhp0579 

Rhp0579 

Fhp0580 

Rhp0580 

Hp0580P1 

Hp0580P2 

Hp0580P3 

Hp0580P4 

Hp0579P3 

Hp0579P4 

CamF 

CamR 

F580comp 

R580comp 

R579comp 

FphoA 

F580phoA 

R580phoA 

FphoAfus 

RphoAfus 

F580phoApet 

Fgfp 

Rgfp 

F580gfp 

R580gfp 

Sequence 

5'-GCGCGCCATATGCTTATATCTTCTTCT-3' 

5'-GCGCGCGGATCCTTAATACAACCIIIIIII-3' 

5'-GCGCGCCATATGGAACCTTCAAGAAA T-3' 

5'-GCGCGCGGATCCTCACTTGAGGAGGGA TTT-3' 

5'-GCGCGCCTCGAGCATGACAATCTCTATGCGAC-3' 

5'-CTTAGCTCCTGAAAA TCTCGGAAAGCCCCACAAAAAAGGCG-3' 

5'-TAATACCTGGAGGGAATAA TGCCGCTCTCATATCAAACACA-3' 

5'-GCGCGCTCTAGAAGCGAACTGGATAACGCTAC-3' 

5'-TAATACCTGGAGGGAATAATGTCCAGTTCGCTTTTGATGCG-3' 

5'-GCGCGCTCTAGAATCGTGAGCGTGTCTTCATG-3' 

5'-CCGAGATTTTCAGGAGCTAAG-3' 

5'-CA TTA TTCCCTCCAGGTATTACGCCCCGCCCTGCCACTC-3' 

5'-GCGCGCGGATCCCAGTAAAAAAGCGCGTTTGTC-3' 

5'-GCGCGCGAATTCTCACTTGAGGAGGGATTTTAA-3' 

5'-GCGCGCGAATTCTTAA TACAACCTTTTTTT AAC-3' 

5'-GCGCGCCATATGCTGTTTACCCCTGTGACA-3' 

5'-GCGCGCTCTAGATTGGAACCTTCAAGAAAT-3' 

5'-GCGCGCCTGCAGCCTAGGCTTGAGGAGGGATTTTAA-3' 

5'-GCGCGCCCTAGGCTGTTTACCCCTGTGACA-3' 

5'-GCGCGCAAGCTTTTA TTTCAGCCCCAGAGC-3' 

5'-GCGCGCCATATGGAACCTTCAAGAAA T-3' 

5'-GCGCGCGCTAGCAGGTCGACTCTAGAGGAT-3' 

5'-GCGCTCAGTTGGAA TTCA-3' 

5'-GCGCGCAAGCTTGCTAGCTTGGAACCTTCAAGAAAT-3' 

5'-GCGCGCTCTAGACTTGAGGAGGGATTTTAA-3' 
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Table 6. Oligonucleotides, Part C. Restriction enzyme sequences are underlined. 
Cam cassette complimentary sequence is in bold. RBS and start codon sequences are 
in italics 
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incorporated an overhang complimentary to the chloramphenicol resistance (Cam) 

cassette from the plasmid pHel2. The Cam cassette was PCR amplified from pHel2 

(primers CamF and CamR) using a reverse primer, which incorporated a ribosomal 

binding sequence and start codon to enable generation of a nan-polar mutant. The 

upstream and downstream amplicans far each individual gene were then combined with 

the Cam amplicon, plus the corresponding P1 and P4 primers, in a PCR reaction to 

generate the knockout inserts. The inserts were then cloned into pBiuescript SK II + to 

yield the completed knockout vectors. The knockout vectors were transformed into H. 

pylori by natural transformation and resistant colonies selected an blood agar plates 

containing 8 IJg/ml of chloramphenicol. Resistant colonies were re-purified an 

chloramphenicol containing plates and the successful insertion of the resistance 

cassette was verified by PCR of genomic DNA. 

Chromosomal Complementation of Kdo Hydrolase Mutants. RdxA (hp0954) 

was chosen as the site far chromosomal complementation. RdxA is a nitrareductase, 

which is capable of converting metronidazole from an inactive pro-drug, into its active 

farm (51). The disruption and consequent inactivation of rdxA, by insertion of hp0580 or 

hp0579-hp0580, will render the bacteria resistant to metronidazole. The hp0580 and 

hp0579-hp0580 complementation vectors were constructed using the previously made 

vector pET634camp (109). Plasmid pET634camp was digested with BamHI and EcaRI 

to remove the jhp0634 insert and gel purified, leaving the rdxA flanking regions intact. 

Hp0580 (primers F580camp and R580comp) and hp0579-hp0580 (primers F580camp 

and R579camp) plus approximately 1 00 base pairs of upstream sequence were PCR 

amplified from H. pylori strain 26695 using primers, which incorporated BamHI and 
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EcoRI restriction sites. Each amplicon was then ligated between the rdxA flanking 

regions of the gel isolated vector to generate the complementation vectors. The 

complementation vectors were transformed into H. pylori by natural transformation and 

resistant colonies selected on blood agar plates containing 12 )Jg/ml of metronidazole. 

Resistant colonies were re-purified on metronidazole containing plates and the 

successful insertion of the complementation cassette was verified by PCR of genomic 

DNA. 

Preparation of Cell-free Extracts, Double-spun Cytosol, and Washed 

Membrane. Typically, 200 ml of culture was grown to an Aeoo of - 1.0 at 37 •c and 

harvested by centrifugation at 10,000 x g for 10 min. All samples were prepared at 4 •c. 

Cell-free extract, membrane-free cytosol, and washed membranes were prepared as 

previously described (116) and were stored in aliquots at -20 •c. Protein concentration 

was determined by the bicinchoninic acid method, using bovine serum albumin as the 

standard. 

Preparation of Radiolabeled Substrates. 

dephosphorylated Kdoz-[4'-32P]Iipid A were prepared as previously described (1 08). 

Assay of Kdo Hydrolase Activity. Kdo hydrolase activity was assayed under 

optimized conditions in a 1 0-t.d reaction mixture containing 50 mM Hepes, pH 8, 0.1% 

Triton X-100 and 2.5 JJM lipid A substrate {Kdo2-[4'-32P]Iipid A or 1-dephosphorylated 

Kdo,-[4'-32P]Iipid A at -5000 cpm/nmol). Washed membranes at 0.5 mg/ml for E. coli 

over expressed samples and 1 mg/ml for H. pylori samples were employed as the 

enzyme source, as indicated. Enzymatic reactions were incubated at 30 •c for the 

indicated times and terminated by spotting 4.5 J!l portions of the mixtures onto silica gel 
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60 TLC plates. The reaction products were separated using the following solvent 

system: chloroform, pyridine, 88% formic acid, water (30:70:16:1 0, v/v). TLC plates 

were exposed overnight to a Phosphorlmager Screen and product formation detected 

and analyzed using a Bio-Rad Molecular Imager Phosphorlmager equipped with 

Quantity One Software. 

Large-scale Isolation of Lipid A and Mass Spectrometry Analysis. Typically, 

25 ml cultures of each strain were grown at 37 •c until each culture reached an A600 of 

-1.0. Lipid A was released from cells and purified as described previously (120). The 

lipid A species were analyzed in the UT-Austin Analytical Instrumentation Facility Core 

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. The matrix used was a saturated solution of 6-aza-2-thiothymine in 

50% acetonitrile and 5% tribasic ammonium citrate (20:1, v/v). 0.61JI of matrix solution 

was deposited on the sample plate, followed by 0.41JI of sample dissolved in chloroform

methanol (4:1, v/v). 

Construction of hp0580-phoA Fusion Vectors. Hp0580 minus the stop codon 

was PCR amplified from H. pylori strain 26695 genomic DNA using primers F580phoA 

and R580phoA, which introduced Xbal and Pstl restriction sites, respectively. 

R580phoA also incorporated an Avril restriction site to facilitate insertion of phoA. 

Hp0580 was inserted between the Xbal and Pstl restriction sites of pBAD24 to create 

the vector pBAD580. PhoA was PCR amplified from E. coli W311 0 genomic DNA using 

primers FphoAfus and RphoAfus, which introduced Avril and Hindlll restriction sites, 

respectively. FphoAfus was designed to remove the first 13 codons from phoA, thereby 
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disrupting the signal peptide (61 ). The phoA amplicon was inserted into pBAD580 

between the Avril and Hindlll restriction sites to produce the vector pBAD580phoA. The 

completed hp0580-phoA fusion insert was PCR amplified from pBAD580phoA using the 

primers F580phoApet and RphoAfus, which introduced Ndel and Hindlll restriction sites, 

respectively. The hp0580-phoA amplicon was inserted between the Ndel and Hindlll 

restriction sites of pET21 a to produce the vector pHp0580-PhoA. PhoA minus the first 

13 codons was cloned into pET21a using the primer set FphoA and RphoAfus, to act as 

a negative control. The FphoA primer incorporated a start codon to allow transcription of 

the gene. Both pET580phoA and pPhoA were transformed into W3110 (DE3) phoA::kan 

for use in consequent assays. 

Construction of hp0580-gfp Fusion Vectors. Hp0580 minus the stop codon 

was PCR amplified from H. pylori strain 26695 genomic DNA using primers F580gfp and 

R580gfp, which introduced Hindlll and Xbal restriction sites, respectively. F580gfp also 

incorporated an Nhel restriction site to facilitate insertion of hp058D-gfp into pET21a. 

Hp0580 was inserted between the Hind Ill and Xbal restriction sites of pGFPuv to create 

the vector pGFPuv580. Hp0580-gfp was excised from pGFPuv using Nhel and EcoRI 

restriction enzymes, followed by insertion into pET21a, to produce the vector pHp0580-

GFP. Gfp was PCR amplified from pGFPuv using primers Fgfp and Rgfp, then cloned 

into pET21a, to act as a positive control. Both pHp0580-GFP and pGFP were 

transformed into W3110 (DE3)for use in consequent assays. 
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Construction of E. coli W3110 (DE3) phoA defective mutant. P1 vir phage 

transduction was used to move the selectable phoA::kan mutation from E. coli strain 

JW0374 (Keio collection) to strain W3110 (DE3) as previously described (102). 

Alkaline Phosphatase Assay. The alkaline phosphatase activity of the 

Hp0580-PhoA fusion protein was determined qualitatively by growth of W3110 (DE3) 

phoA::kan/pHp0580-PhoA on LB agar plates containing 1001Jglml ampicillin, 0.05mM 

IPTG and 40j.Jglml 5-bromo-4-chloro-3-indoyl phosphate (X-phosphate, Sigma). X

phosphate is a colorimetric substrate, which turns blue in the presence of a 

phosphatase, leading to the production of blue colonies on the agar plate. 

Fluorescence Microscopy. Cultures were grown to an Aooo of - 0.7, then 

induced with 1 mM IPTG and allowed to grow for a further 2 hours. 20 Ill of a 1:1 culture 

dilution was added to a poly-L-Iysine coated slide (Electron Microscopy Sciences) and a 

coverslip added. Bacteria were viewed at a magnification of 1 OOOx with a Nikon Eclipse 

80i microscope equipped with a 1 oox 1.4NA PLAN APO lens, a GFP band pass 

emission filter set with a 480 ± 15 nm excitation range and a 535 ± 20 nm emission 

range and a Photometries Cool SNAP HQ2 camera. NIS-Eiements AR 3.0 software was 

used to capture the images. 

Determination of Polymyxin B Minimum Inhibitory Concentrations (MIC). 

MICs were determined using Polymyxin B Etest® strips (Biomerieux). 2001JI of culture at 

an Aooo of 0.1 was spread evenly onto a blood agar plate and allowed to dry completely, 

followed by addition of the Etest® strip to the center of the plate. The plates were· 

incubated at 37°C in a microaerobic atmosphere (5% 0 2, 10% C02, and 85% N2) for 24 
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hours before reading. Each experiment was repeated in triplicate, the results averaged 

and a standard deviation calculated. 

H. pylori LPS Analyses. Cultures were grown to an Aooo of - 1, then the 

equivalent to 1 ml of culture at an Aooo of 1 was harvested at 16,000 x g in a 

microcentrifuge and washed once with 1X PBS. Cell pellets were resuspended in 1 OOIJI 

of 1X 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/IJI and the mixture was incubated at 55'C for 16 

hours. The proteinase K was heat inactivated at 1 OO'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 either stained with Pro-Q 

Emerald 300 Lipopolysaccharide Gel Stain Kit (Molecular Probes) or blotted to a 

nitrocellulose membrane (Invitrogen) for immunodetection. The blots were probed with 

the following primary mouse monoclonal antibodies (Covance): anti-BG-4 (H type 1 

chain) clone 17-206, anti-BG-5 (Lewis A) clone T174, anti-BG-6 (Lewis B) clone T218, 

anti-BG-7 (Lewis X) clone P12, anti-BG-8 (Lewis Y) clone F3. The secondary antibody 

was goat anti-mouse conjugated to peroxidase (MP Biomedicals, Cappel). Bands were 

detected using SuperSignal West Dura Extended Duration Substrate (Thermo 

Scientific). 
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Results 

The H. pylori Kdo Hydrolase is Encoded by hp0579 & hp0580. Given that 

membranes isolated from both Helicobacter pylori and Francisella novicida had been 

shown to catalyze the removal of the outer Kdo sugar from Kdo2-lipid A substrates (1 08, 

132), a genomic comparison of the two organisms was performed to identify a possible 

gene encoding for the Kdo hydrolase (see accompanying manuscript by Zhao et al.). 

The genomic comparison yielded a candidate gene annotated as FTN_0495 in 

Francisella and hp0580 in Helicobacter strain 26695 (Fig. 20). Hp0580 contains a 

predicted soluble sialidase (neuraminidase) domain (Fig. 21) and is a member of Cluster 

of Orthologous Group (COG) 4692. Sialidases function to bind and hydrolyze a terminal 

monosaccharide from glyconjugates, lending support to the prediction of Hp0580 

functioning in the cleavage of the outer Kdo sugar. Hp0580 was cloned into pET21 a, 

heterologously expressed in E. coli HMS 17 4 and membranes were isolated for use in an 

in vitro assay. The in vitro assay system makes use of radiolabeled lipid A substrates, 

which are incubated with an enzyme source followed by separation of the reaction 

products via thin layer chromatography (TLC). The solvent used for TLC separates 

species according to hydrophobicity, such that more hydrophobic products migrate 

faster. In this case we utilized Kdo.-[4'-32P)Iipid A as the substrate and membranes 

isolated from HMS174/pHp0580 as the enzyme source. After analysis of the reactant 

products by TLC, we were surprised to see no removal of a Kdo sugar from the starting 

substrate (Fig. 22, lane 5). Membranes from H. pylori showed Kdo hydrolase activity 

(Fig. 22,1ane 2) and served as the positive control. 
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Francisel/a tularensis 

Helicobacter pylori 

Figure 20. Genomic Context of F. tularensis and H. pylori Kdo Hydrolase Genes. 
MacVector was used to generate the image. 
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Figure 21. Membrane Topology Prediction of H. pylori Kdo Hydrolase Machinery. 
Predicted topology and transmembrane segments of Hp0579 (A) and Hp0580 (B) based 
on the TMHMM algorithm (70). 
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Figure 22. In Vitro Assay of Kdo Hydrolase Candidate Proteins, Hp0579 and 
Hp0580, Heterologously Expressed in E. coli. Hp0579, Hp0580 and Hp0579· 
Hp0580 were overexpresed in E. coli HMS174 and membranes were isolated for 
use as the enzyme source in an in vitro Kdo-lipid A modification assay, using Kdo2-

[4'-32P]Iipid A as the substrate. H. pylori membranes isolated from strain Hp7-91 
harboring a mutation inhp0021 (1-phosphatase) acted as a positive control and the 
empty pET21a vector acted as a negative control, demonstrating that E. coli has no 
endogenous Kdo hydrolase activity. When assayed individually, Hp0579 and. 
Hp0580 were devoid of Kdo hydrolase activity; however,· after co-expression a 
robust Kdo hydrolase activity could be detected by the appearance of a faster 
migrating product, which co-migrated with the positive control. Mixing membranes 
from individually expressed Hp0579 .atid Hp0580 could also generate Kdo 
hydrolase activity, reinforcing the necessity for a two protein complex. 
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This anomalous result prompted closer inspection of the FTN_ 0495 and hp0580 

genomic regions. In the case of Francisella it appeared that FTN_0495 could be 

transcribed as part of an operon, which contained only one other gene, annotated as 

FTN_0494, with no predicted function. The H. pylori genome also had a homologue to 

FTN_0494, annotated as hp0579, which was in an identical orientation (Fig. 20). 

Therefore, we speculated that hp0579 might also be required for Kdo hydrolase activity 

in Helicobacter. Both hp0579 and hp0580 were cloned into pET21 a and overexpressed 

for use in an in vitro assay. When using Kdo2"[4'-32P)Iipid A as the substrate and 

membranes isolated from HMS1741pHp0579-80· as the enzyme source, we observed a 

robust Kdo hydrolase activity (Fig. 22, lane 6), suggesting that both Hp0579 and Hp0580 

were required for Kdo hydrolase activity. To confirm that Hp0579 alone wasn't 

responsible for the Kdo hydrolase activity, hp0579 was cloned into pET21a and assayed 

using Kdo2-[4'-32P]Iipid A as the substrate and, as expected, no Kdo hydrolase activity 

was apparent (Fig. 22, lane 4). Kdo hydrolase activity could also be generated by 

mixing membranes isolated from HMS174/pHp0579 with membranes isolated from 

HMS1741pHp0580 in the presence of Kdoz{4'-32P]Iipid A substrate (Fig. 22, lane 7), 

further supporting evidence for a two-protein enzymatic complex. 

The results obtained with heterologous expression of hp0579 and hp0580 

prompted us to generate mutations in H. pylori. Two H. pylori strains were chosen for 

this study: strain G27 for its ability to be readily transformed and the gerbil adapted 

strain 7.13 for its potential in animal studies (31, 48). Furthermore, it is important to 

confirm results in a second strain due to the high degree of phase variation found with H. 

pylori, which can lead to strain specific phenotypes (120). Mutations were made in the 
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catalytic subunit (hp0580) along with a double mutation, which removed both hp0579 

and hp0580, as described in experimental procedures. Each of these mutations were 

also complemented chromasomally by insertion of the relevant gene(s) into the rdxA 

locus. Although G27 is now sequenced, this was not the case when these mutants were 

constructed and consequently complemented, which necessitated the use of strain 

266.95 genome sequence (1 0). The G27 homolog of Hp0580 shows .93% identity (E

value of 0.0 with .96% coverage) and the Hp057.9 homolog shows .96% identity (E-value 

of 1x10..,2 with .97% coverage) to those of H. pylori 266.95. Membranes were isolated 

from each of the mutants and complemented mutants for use in an in vitro assay, using 

1-dephospho-Kdo.-[4'-32P]Iipid A as the substrate. The assay clearly showed complete 

loss of Kdo hydrolase function in both strains G27 and 7.13 for the hp0580 single mutant 

(Fig. 23, lanes 3 & 8) and the hp0579-hp0580 double mutant (Fig. 23, lanes 5 & 10). 

Kdo hydrolase activity was fully restored in each of the complemented mutants tor both 

strains (Fig. 23, lanes 4, 6, .9 & 11), ruling out any polar effects. This data, along with the 

heterologous expression data, demonstrates that Hp057.9 and Hp0580 are responsible 

for removal of the Kdo sugar and that both proteins are required for activity. 

Demonstration of Kdo Hydrolase Activity In Vivo. Analysis of Kdo hydrolase 

activity in vivo is complicated by the fact that standard lipid A analyses, such as 

radiolabeling or mass spectrometry, rely upon removal of the polysaccharide portion of 

LPS for lipid A isolation. The polysaccharides are removed by mild acid hydrolysis at 

10o•c, which cleaves the bond between the Kdo sugar and the lipid A backbone, 

preventing any further analysis of the Kdo sugars. To circumvent this problem, we made 

use of a previously well characterized H. pylori heptosyl transferase mutant (266.95 
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Figure 23. In Vitro Assay of H. pylori Kdo Hydrolase Mutants. Membranes 
from both Hp0580 and Hp0579-Hp0580 mutants in strains G27 and 7.13 were 
assayed using 1-dephospho-Kdo2-[4'-32P]Iipid A as the substrate. Each of the 
mutants showed a complete loss of Kdo hydrolase activity, which was fully restored 
in complemented strains. 
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hp1191::kan), which produces a severely truncated LPS with only a Kdo and heptose 

remaining in the core region (Fig. 24A) (33). This truncation allows accurate analysis of 

LPS via SDS-PAGE, using a 16% tricine gel, to show differences in mass corresponding 

to one sugar (73). We proceeded to make a mutation in the hp0579 and hp0580 genes 

of strain 26695 hp1193::kan to produce the double mutant. One would expect to see a 

slower migrating. LPS species in the heptosyl transferase/Kdo hydrolase double mutant 

as compared to the heptosyl transferase mutant, because the number of sugar moieties 

present in the core region should increase from 2 to 3 (Fig. 24A). SDS-PAGE analysis. 

of the LPS from the two mutants displays the expected phenotype (Fig. 248), confirming 

the function of Hp0579 and Hp0580, using an in vivo system. 

Hp0580 has a Periplasmic Active Site. Our previous studies characteri.zing the 

Kdo hydrolase activity present in H. pylori membranes indicated that the enzyme utilized 

a 1-dephosphorylated lipid A substrate when working in the linear range of activity (108). 

The enzyme responsible for removing the 1-phosphate group of H. pylori lipid A, Hp0021 

(LpxE), has been shown to have a periplasmic active site (116). This would suggest that 

Hp0580 also has a periplasmic active site, given its dependence on the prior removal of 

the 1-phosphate group. Furthermore, one would predict that it would be energetically 

unfavorable to remove the outer Kdo sugar in the cytoplasm given that both Kdo sugars 

are assembled into the core oligosaccharide in the same cytoplasmic compartment by 

the Kdo transferase, WaaA (25). Therefore, we sought to confirm the location of the 

Hp0580 active site by expressing C-terminal PhoA (alkaline phosphatase) and GFP 

(green fluorescent protein) fusion proteins (Fig. 25A). 
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Figure 25. Hp0580 Topology Studies. A. Hp0580 topology was investigated using 
PhoA and GFP C-terminal fusion proteins. PhoA is only active when located in the 
periplasm, whilst GFP will only fluoresce when folded in the cytoplasm (see text for 
details). B. W3110 (DE3) PhoA· expressing hp0580-phoA was grown on LB agar in 
the presence of X-phosphate substrate. The appearance of blue colonies indicates a 
periplasmic orientation for the Hp0580 soluble domain. W3110 (DE3) PhoA· plus 
empty vector and W3110 (DE3) PhoA- expressing phoA minus a signal peptide acted 
as negative controls. C. W3110 (DE3) expressing hp0580-GFP or GFP alone was 
visualized under a fluorescent microscope. Only the strain expressing GFP alone 
fluoresced, indicating a periplasmic orientation for the Hp0580 soluble domain. 
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PhoA is only active if present in the peri plasm (61) and therefore a C-terminal Hp0580-

PhoA fusion protein would display phosphatase activity only if the Hp0580 soluble 

sialidase domain was periplasmic. Phosphatase activity can be determined by growing 

the bacteria on solid agar medium containing the colorimetric substrate X-phosphate, 

which produces a blue colony phenotype after cleavage by a phosphatase. E. coli PhoA 

mutants expressing either the Hp0580-PhoA fusion or PhoA minus its signal peptide, 

and the vector control were grown in the presence of X-phosphate. Only the strain 

expressing the Hp0580-PhoA fusion protein produced blue colonies, indicating that the 

Hp0580 active site is in fact periplasmic (Fig. 258). This finding was corroborated with 

an Hp0580-GFP fusion protein. The inverse scenario to PhoA is true with GFP, in that 

GFP will fluoresce only if it is folded in the cytoplasm, meaning that the Hp0580-GFP 

fusion protein will not fluoresce if the Hp0580 active site is periplasmic (46). 

Fluorescence microscopy of E. coli expressing the Hp0580-GFP fusion protein revealed 

no fluorescent bacteria, while the positive control strain, expressing cytoplasmic GFP 

only, produced fluorescent bacteria (Fig. 25C), confirming the periplasmic orientation of 

the Hp0580 active site. 

Inactivation of the Kdo Hydrolase Leads to an Increase in Polymyxin B 

Sensitivity. CAMPs primary mode of action is to bind to the negative charges present 

on the LPS molecule, prior to exerting their bactericidal activity (41 ). Kdo sugars contain 

a carboxylic acid moiety, which can be negatively charged. Therefore, the Kdo 

hydrolase mutant could increase the net negative charge present at the bacterial 

surface, thereby increasing sensitivity to CAMPs. We tested this hypothesis using 

polymyxin 8, a common experimental substitute for CAMPs, which has a similar 
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mechanism of action. Minimum inhibitory concentrations (MICs) were determined for the 

hp0579-hp0580 mutants and hp0579-hp0580 complemented mutants in both strains 

G27 and 7.13, using Etest® strips, as described in experimental procedures. The G27 

hp0579-hp0580 mutant showed over a 250-fold decrease in its polymyxin B MIC (Table 

7) and the 7.13 hp0579-hp0580 mutant showed over a 180-fold decrease in its 

polymyxin B MIC (Table 7) as compared to wild type levels. The complemented 

Hp0579-Hp0580 mutants of each strain regained wild type levels of polymyxin B 

resistance, eliminating the possibility of any downstream polar effects. 

This initial experiment utilized the Kdo hydrolase double mutant, which is 

deficient in both Hp0579 and Hp0580. Hp0580 contains homology to a sialidase and, 

therefore, is likely responsible for the actual cleavage of the Kdo-Kdo linkage within the 

LPS core oligosaccharide. Hp0579, however, has no predicted function and, therefore, 

could also be involved in other distinct processes. To confirm that the increase in 

polymyxin B sensitivity is a result of the action of the Kdo hydrolase and not a secondary 

function attributable to Hp0579 we repeated the experiment using the Hp0580 single 

mutant and Hp0580 complemented mutant. We saw identical results as compared to 

the Hp0579-Hp0580 mutant and Hp0579-Hp0580 complemented mutant in both strains, 

indicating that the increase in sensitivity is attributable to the action of the Kdo hydrolase 

(Tabe 7). 

The dramatic increase in polymyxin B sensitivity of the Kdo hydrolase mutants is 

comparable to that of the increase in polymyxin B sensitivity observed when lipid A 

phosphate modifications are disrupted (120). This was a surprising result given that a 

phosphate group carries more negative charges as compared to a carboxylic acid. To 
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Strain Kdo Hydrolase Polymyxin B MIC (IJg/ml) 
Activity 

7.13 + 256.0 = 0.0 

7 .13/hp0580::cam 1.0" 0.0 

7.13/hp05BO::cam, hp05ao• + 234.7 = 37.0 

7.13/hp0579-BO::cam 1.0" 0.0 

7.13/hp0579-BO::cam, hp0579-ao• + 256.0" 0.0 

G27 + 128.0 = 0.0 

G27/hp05BO::cam 0.7" 0.1 

G27/hp05BO::cam, hp05ao• + 117.3 = 18.5 

G27/hp0579-BO::cam 0.5 " 0.0 

G271hp0579-BO::cam, hp0579-ao• + 128.0 "0.0 

Table 7. Polymyxin B Minima/Inhibitory Concentration (MIC) of H. pylori Strains 
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try and explain this phenomenon we hypothesized that loss of Kdo hydrolase function 

could affect other downstream lipid A modifications, such as removal of the 4'-phosphate 

group (Fig. 19). The requirement of H. pylori lipid A modification enzymes for a specific 

substrate has been shown previously by our group, lending credence to our hypothesis 

(1 08, 116). We isolated lipid A from G27 wild type, the G27 Hp0579-Hp0580 mutant and 

the G27 Hp0579-Hp0580 complemented mutant and subjected each lipid A species to 

analysis by mass spectrometry. The wild type spectrum showed a predominant peak at 

1547.9 m/z, corresponding to the previously published structure of H. pylori lipid A (Fig. 

26). The Hp0579-Hp0580 mutant spectrum showed 2 predominant peaks at 1547.7 m/z 

and 2091.0 m/z (Fig. 26). The peak at 1547.7 m/z corresponds to the wild type 

structure, which is tetra-acylated without a phosphate at the 4'-position and a 

phosphoethanolamine at the 1-position. In contrast the peak at 2091.0 m/z corresponds 

to a lipid A species that is hexa-acylated with a phosphate at the 4'-position and a 

phosphoethanolamine at the 1-position. This indicates that the 4'-phosphatase and 3'-

0-deacylase are no longer 100% efficient, suggesting an ordered lipid A modification 

pathway, determined by enzyme substrate specificity. The Hp0579-Hp0580 

complemented mutant displayed a predominant peak at 1547.4 m/z, indicating 

restoration to a wild type lipid A species. These same analyses were completed in strain 

7.13 harboring the hp0579-hp0580 mutation (Fig. 27) and in strains harboring the single 

hp0580 mutation (data not shown). In all cases the results were identical to those 

shown in Fig. 26. 
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Figure 26. Mass Spectrometry of the G27 Kdo Hydrolase Mutant. Lipid A was 
isolated from G27, G27 hp0579-BO::cam and G27 hp0579-BO::cam, hp0579-ao• and 
analyzed by MALO/-TOF mass spectrometry in the negative-ion mode. G27 
produced a peak at 1547.9 mlz corresponding to the published wild type H. pylori lipid 
A mass (A). In addition to the wild type peak at mlz 1547.7 G27 hp0579-BO::cam 
also displayed a peak at m/z 2091.0 (B). 2091.0 corresponds to a hexa-acy/ated lipid 
A species, with the 4'-phosphate still present. G27 hp0579-BO::cam, hp0579-ao• 
showed complete reversion to the wild type phenotype, with a single peak present at 
a mlz of 1547.4 (C). 
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Figure 27. Mass Spectrometry of the 8128 Kdo Hydrolase Mutant. Lipid A was 
isolated from 8128, 8128 hp0579-80::cam and 8128 hp0579-80::cam, hp0579-8o• 
and analyzed by MALO/- TOF mass spectrometry in the negative-ion mode. 8128 
produced a peak at 1548.9 mlz corresponding to the published wild type H. pylori 
lipid A mass (A). In addition to the wild type peak at mlz 1548.0 8128 hp0579-
80::cam a/so displayed a peak at mlz '2091.2 (B). 2091.2 corresponds to a hexa
acylated lipid A species, with the 4'-phosphate still present. 8128 hp0579-80::cam, 
hp0579-80+ showed complete reversion to the wild type phenotype, with a single 
peak present at a mlz of 1548.9 (C). 
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The presence of a lipid A sub-population still possessing a 4'-phosphate group may 

explain the increase in polymyxin B sensitivity seen with the 'Kdo hydrolase· mutants, 

although it does not rule out a possible direct contribution to polymyxin B sensitivity 

brought about by the presence of a second Kdo sugar and its associated carboxylic acid 

moiety. 

Kdo Hydrolase Activity Modulates 0-antigen Expression. Addition of core 

sugars to Kdo-lipid A occurs at the cytoplasmic membrane, prior to transport of core-lipid 

A across the inner membrane by MsbA (98). 0-antigen is synthesized, transported 

across the inner membrane and ligated to the core-lipid A, by the ligase WaaL, to 

produce the finished LPS molecule (98). To determine if the presence of a second Kdo 

sugar, present in a Kdo hydrolase mutant, had any effect on the LPS synthe~?is pathway 

we analyzed the LPS profile of each Kdo hydrolase mutant by SDS-PAGE. The 

resultant gel shows that in both strains G27 and 7.13 the Hp0580 mutant (Fig. 28A, 

lanes 2 & 7) and Hp0579-Hp0580 mutant (Fig. 28A, lanes 4 & 9) have a reduced amount 

of fully extended LPS and, inversely, the amount of core-lipid A increases as compared 

to wild type bacteria (Fig. 28A, lanes 1 & 6). Complementation of the Hp0580 and 

Hp0579-Hp0580 mutants fully restores .the wild type phenotype (Fig. 28A, lanes 3, 5, 8 & 

. 10), ruling out any polar effects. 

H. pylori 0-antigen usually mimics human blood group antigens, although the 

specific epitope seen can be highly variable (6, 130). Despite the possibility. for 

variation, Lewis X and Lewis Y blood group antigens are the most prevalent epitopes 

found on the bacterial cell surface ( 104 ). The Lewis X motif is composed of a galactose 

and N-acetylglucosamine backbone decorated with fucose on the N-acetylglucosamine 
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Figure 28. SDS•PAGE Analysis of Kdo Hydrolase Mutants and Complements. Proteinase K treated whole 
cell lysates from Hp0580, Hp0579-Hp0580 mutants and Hp0580, Hp0579-Hp0580 complemented mutants, in 
strains G27 and 7.13, were separated by SDS-PAGE and stained withPro-Q Emerald 300 Lipopolysaccharide 
Gel Stain Kit {A) or blotted to a nitrocellulose membrane and probed with antibodies raised against various 
human blood group antigens (B). The Kdo hydrolase mutants in both strains displayed a reduced amount of fully 
extended 0-antigen and an increase in core-lipid A, as compared to wild type. A wild type phenotype was fully 
restored in each of the complemented Kdo hydrolase mutants. Strain 7.13 only expressed the H type 1 blood 
group antigen, which was reduced1n the Kdo hydrolase mutants. Strain G27 expressed both Lewis X and Lewis 
Y blood group antigens. Lewis Y expression was unaffected in the Kdo hydrolase mutants; however, Lewis X 
expression was absent in each of the Kdo hydrolase mutants. 
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sugar (81 ). Lewis Y is a terminal motif with a galactose and N-acetylglucosamine 

backbone decorated with a fucose on both sugars (81 ). The presence of poly-C tracts in 

the fucosyl transferase genes allows the proteins to effectively be 'on' or 'off', providing 

the mechanism of variation in 0-antigen expression (4, 131 ). 

After observing a reduction in fully extended 0-antigen with the Kdo hydrolase 

mutants, it was logical to see if this reduction also corresponded with a change in blood 

group antigen expression. To achieve this aim LPS SDS-PAGE gels were blotted to a 

nitrocellulose membrane and the 0-antigen profile was determined using specific 

antibodies, as described in the experimental procedures. Wild type G27 expressed both 

Lewis X & Y antigens (Fig. 28B). Interestingly this was not the case for the Kdo 

hydrolase mutants. Both the Hp0580 and Hp0579-Hp0580 mutants no longer expressed 

the Lewis X antigen; however, expression of the Lewis Y antigen was unaffected (Fig. 

28B). The wild type phenotype was fully restored in the Hp0580 and Hp0579-Hp0580 

complemented mutants (Fig. 28B). Each strain was also probed with anti-H type 1 (Fig. 

28B), anti-Lewis A (data not shown) and anti-Lewis B (data not shown) antibodies and 

shown not to express any of those epitopes. Not only does the Kdo hydrolase have an 

effect on the amount of fully extended 0-antigen produced, it is also capable of 

modulating which blood group antigen is presented at the bacterial cell surface. 

Strain 7.13 did not have the same phenotype as strain G27 because it did not 

express the Lewis X or Lewis Y antigens (Fig. 28B). Blots probing with anti-Lewis A and 

anti-Lewis B antibodies also produced negative results (data not shown). However, we 

were able to show that wild type strain 7.13 expressed the H type 1 epitope (Fig. 28B). 
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Although the production of an H type 1 epitope did not disappear in the 7.13 Hp0580 and 

Hp0579-Hp0580 mutants, it was reduced (Fig. 288), mirroring the results seen in the 

LPS gel (Fig. 28A). 

Discussion 

Kdo-Lipid A modifications are a common theme amongst Gram-negative 

pathogens, which invariably provide a direct benefit to the invading microbe. H. pylori is 

no exception to this rule and produces a highly modified Kdo-lipid A, which provides 

resistance to the human innate immune system in an in vitro setting (108, 109, 116, 

120). One step of the H. pylori Kdo-lipid A modification pathway involves the removal of 

a Kdo sugar, a trait shared with only one other bacterium - Francisel/a tularensis (108, 

132). Although other bacteria do produce lipid A species with only one Kdo sugar, this 

arrangement is generated by a mono-functional Kdo transferase and the Kdo sugar is 

consequently modified by the addition of a phosphate containing group (59, 63, 134). 

After previously characterizing the H. pylori Kdo hydrolase we have now shown 

that the Kdo hydrolase enzymatic activity is dependent on the presence of two proteins, 

Hp0579 and Hp0580, in vitro. Hp0580 has homology to a sialidase, a family of sugar 

cleaving enzymes, indicating that Hp0580 is likely responsible for the actual cleavage of 

the Kdo-lipid A linkage. However, Hp0580 cannot function without the co-expression of 

Hp0579, suggesting that both proteins work in concert to remove the outer Kdo sugar. 

This raises questions as to the exact role played by Hp0579 during the cleavage 

process. Hp0579 has numerous alpha-helical trans-membrane domains (Fig. 21 ), a 

feature that is often found in inner membrane transport proteins. Perhaps Hp0580 
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actually transfers the Kdo sugar to Hp0579, which then shuttles the Kdo sugar across 

the inner membrane, back to the cytoplasm, for recycling. Another intriguing possibility 

is that Hp0579 acts as a 'docking station', presenting the Kdo-lipid A substrate to 

Hp0580 in a specific confirmation, making it amenable for cleavage. Although easy to 

speculate, determining the exact function of Hp0579 will undoubtedly be a challenging 

project for future research. 

What makes the Kdo hydrolase stand out from other H. pylori Kdo-lipid A 

modification enzymes is the downstream effect it has on H. pylori CAMP resistance and 

0-antigen expression. In an H. pylori Kdo hydrolase mutant two lipid A species are 

present, one representing a lipid A species typically seen in wild type H. pylori the other 

a hexa-acylated lipid A species, with an intact 4'-phosphate group. The appearance of a 

4'-phosphorylated lipid A sub-population in the Kdo hydrolase mutant goes a long way 

towards explaining the increase in polymyxin B sensitivity. It is well documented that 

removal or 'masking' of lipid A phosphate groups is the primary mechanism involved in 

CAMP resistance (124). The reason for inefficient removal of the 4'-phosphate group 

could be explained by substrate specificity, a mechanism previously shown to be 

important for Kdo hydrolase function and the Helicobacter lipid A 1-phosphatase, 

Hp0021 (LpxE) (108, 116). Thus, it appears that the enzymatic machinery responsible 

for these modifications has evolved into a highly ordered pathway producing a lipid A 

that is perhaps more suited for the unique lifestyle of H. pylori. 

It has been documented that in Sa/monel/a species, ligation of the 0-antigen to 

core-lipid A is specific for a particular core structure (65). This specificity was shown not 

to be imparted by the Waal ligase itself, but rather by an unknown accessory molecule. 
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H. pylori Kdo hydrolase mutants also showed differences in 0-antigen expression after 

alteration to the core region, in the form of an extra Kdo sugar. In both strains G27 and 

7.13, production of a fully extended LPS was diminished with the Kdo hydrolase 

mutants, suggesting that WaaL could no longer function at optimal efficiency. The 

reduction in fully extended LPS correlated to an increase in core-lipid A, as would be 

expected. Given that H. pylori 0-antigen has been well characterized as a virulence 

factor, it will be interesting to see if merely a reduction in surface exposed 0-antigen, as 

seen with the Kdo hydrolase mutant, has an any impact on pathogenesis, or if a 

complete truncation is required to see attenuation. However, these results could be 

complicated by the increased sensitivity of the Kdo hydrolase mutant to polymyxin B. 

The G27 Kdo hydrolase mutant also possessed a unique 0-antigen phenotype, 

related to the expression of specific blood group antigens. Wild type G27 expresses 

both Lewis X and Lewis Y blood group antigens, as shown in Figure 288. However, 

after the introduction of a Kdo hydrolase mutation, only Lewis X expression was 

affected. Perhaps strain G27 encodes two WaaL accessory molecules, one specific for 

Lewis X and the other for Lewis Y, and only the Lewis X accessory molecule is sensitive 

to the presence of a second Kdo sugar. 

Variation in H. pylori 0-antigen expression is a well studied process, which has 

been shown to occur at the level of fucosyl transferase transcription (4, 131 ). The 

fucosyl transferases decorate the 0-antigen backbone with fucose sugars to produce the 

blood group antigen epitopes. Each fucosyl transferase gene contains a poly-C tract, 

which makes transcription prone to mistakes, leading to production of non-functional 

proteins. Inactivation of a fucosyl transferase produces a distinct clonal population of 



113 

bacteria, which under favorable conditions can outgrow the progenitor strain and 

become predominant. Although this system can generate changes in 0-antigen 

expression, it is not capable of producing a rapid response to sudden environmental 

changes. It is tempting to speculate that the Kdo hydrolase gene is actually regulated 

and could turn off unnecessary modifications in an entire bacterial population. 

A definitive role for the Kdo hydrolase enzyme has yet to be determined in 

relationship to H. pylori pathogenesis, although we have clearly demonstrated its 

importance for CAMP resistance and a-antigen expression, two well characterized 

virulence determinants. Thus, the periplasmic modification of the Kdo domain is critical 

for maintenance of the H. pylori outer surface. We have also demonstrated previously a 

Kdo hydrolase activity in several H. pylori clinical strains (108), supporting the 

importance for a functional Kdo hydrolase enzyme in the H. pylori life cycle. 
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IV. Discussion 

Previously it was impossible to explain secondary acylation of H. pylori lipid A, 

using bioinformatic techniques, because the H. pylori genome only had one homolog 

(Jhp0265) to the E. coli secondary acyl transferases Lpxl and LpxM. We have now 

shown that Jhp0265 is a homolog to Lpxl that transfers a secondary C18 acyl chain to 

the 2'-linked acyl chain of H. pylori lipid A. 

We also demonstrated an activity for a second acyl transferase· which still 

requires identification. The unidentified secondary acyl transferase preferentially 

transfers a C12 or C14 acyl chain, consistent with the H. pylori lipid A structure. The fact 

that the un-identified secondary acyl transferase does not share homology with Lpxl or 

LpxM is not surprising, given that it can function without prior addition of the Kdo sugars 

or 2'-linked secondary acyl chain. A similar situation also exists in Pseudomonas 

aeruginosa, where secondary acylation can proceed without a functional Kdo 

transferase (79). A detailed comparison of the two genomes may provide a means to 

find the H. pylori un-identified secondary acyl transferase. 

An H. pylori Jhp0265 mutant produced an interesting phenotype in that the lipid A 

species was the same as wild type. This cannot be explained by the unidentified 

secondary acyl transferase because this enzyme was unable to transfer a secondary 

acyl chain to the 2'-linked acyl chain in vitro. An H. pylori PagP enzyme could explain 
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such an activity, although no such homolog exists in the H. pylori genome. Interestingly, 

a recent publication reported the discovery of a hepta-acylated lipid A species produced 

by H. pylori (139), supporting the presence of a PagP-Iike enzyme. 

The removal of the 3'-linked acyl chains from H. pylori lipid A was shown to be 

mediated by Jhp0634 after construction of a Jhp0634 mutant. Jhp0634 is a homolog to 

the previously characterized Salmonella 3'-0-deacylase LpxR (101). A link between 

virulence and LpxR still does not exist in any bacterial species, although it is assumed 

that the reduction in acyl chain number would lower TLR4 stimulation. Studies with the 

Jhp0634 mutant and TLR4-expressing HEK293 cells are currently ongoing in an attempt 

to prove a link to pathogenesis. 

Although decoration of the Kdo sugars has been shown previously, this is the 

first time that a Kdo trimming enzyme has been characterized. Initial studies of the H. 

pylori Kdo hydrolase demonstrated that the enzyme removed the outer Kdo sugar from 

Kdo2-lipid A in vitro and that the activity was dependent on the prior removal of the 1-

phosphate group. For this to be relevant in vivo, H. pylori would require a bi-functional 

Kdo transferase. Consequently we cloned the H. pylori Kdo transferase and 

demonstrated that it was in fact bi-functional. Prior to this discovery it was assumed that 

the Kdo transferase alone was responsible for the number of Kdo sugars present in LPS. 

However, in light of the discovery of the Kdo hydrolase, one can no longer predict the 

functionality of the Kdo transferase solely by examination of the LPS structure. 

Comparison of the F. tularensis and H. pylori genomes led to the identification of 

a possible candidate for the Kdo hydrolase, annotated as hp0580 in the H. pylori 

genome. Proceeding analyses showed that the H. pylori Kdo hydrolase activity was in 
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fact dependent on two proteins, identified as Hp0579 and Hp0580. Inactivation of the 

Kdo hydrolase led to two surprising phenotypes associated with the lipid A and 0-

antigen domains of LPS. Firstly, a Kdo hydrolase mutant was more susceptible to the 

action of CAMPs. This phenotype could be explained after analysis of the lipid A domain 

of LPS, which was no longer completely de-phosphorylated at the 4'-position or 

deacylated at the 3'-position. It is well known that the presence of un-modified 

phosphate groups on the lipid A disaccharide results in sensitivity to CAMPs. Secondly 

the Kdo Hydrolase mutant displayed a decrease in LPS with a fully extended 0-antigen 

and an increase in core-lipid A. This observation also correlated to a specific modulation 

of the human blood group antigen present on the 0-antigen, in a strain specific manner. 

The mechanism for changes in 0-antigen expression is currently unknown and an active 

avenue of continuing research in the laboratory. 

LPS is present on the outer surface of a bacterium and, as a result, is in 

constant interaction with the extracellular environment. Thus, it is not surprising that 

LPS is an important virulence factor for Gram-negative pathogens. We have 

demonstrated that the Kdo hydrolase is necessary for the correct assembly and 

modification of all three domains present in LPS. Therefore, just one enzyme is capable 

of drastically changing the way H. pylori is presented to its surroundings. This highlights 

just how complicated LPS biosynthesis can be and that no lipid A modifying enzyme 

should be regarded as trivial without first looking at the bigger picture. 

Overall these studies have provided a great deal of insight into the biosynthesis 

and modification of H. pylori lipid A. After characterizing the only H. pylori lipid A 

secondary acyl transferase enzyme, we were able to demonstrate an activity for two 
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additional lipid A secondary acyl transferases. Standard bioinformatic analyses were 

unable to find any candidate genes, opening the possibility for the discovery of two 

unique enzymes. In addition, two H. pylori lipid A modifying enzymes were 

characterized, leaving just one more enzyme to be discovered. Completion of the 

modification pathway will allow us to determine exactly what role each enzyme plays in 

H. pylori virulence and perhaps highlight a possible target for a new antimicrobial agent 

or provide a means to produce a novel lipid A adjuvant. 



V. SUMMARY 

Jhp0265 is a lipid A secondary acyl transferase that is homologous to Lpxl. An 

activity for a second lipid A secondary acyl transferase was demonstrated in H. pylori 

membranes; however, the enzyme still requires identification. The 3'-linked acyl chains 

are cleaved by Jhp0634, leaving the characteristic tetra-acylated H. pylori lipid A 

species. 

H. pylori possess a bi-functional Kdo transferase and generates a mono-Kdo 

LPS species via the action of a Kdo hydrolase. Both Hp0579 and Hp0580 are 

responsible for the removal of the Kdo sugar in the periplasm. A Kdo hydrolase mutant 

affects downstream lipid A modifications leading to an increase in CAMP sensitivity. 

Expression of blood group antigens and a full length LPS is also affected in a Kdo 

hydrolase mutant, demonstrating a key role for the Kdo hydrolase in LPS biosynthesis 

and modification. 
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