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Abstract 

Pathogenesis is defined as a series of events leading to the 

development of a disease. Both Gram-negative and Gram-positive bacteria 

produce various virulence factors to elude host defense systems and 

disseminate into the host. Some of the important virulence factors are toxins. 

Gram-negative bacteria, in particular contain an endotoxin (or) 

lipopolysaccharide/lipooligosaccharide (LPS/LOS) in their outer membrane 

which forms a permeability barrier protecting them from antibiotics, 

detergents and environmental stress. The lipid A portion of the LPS/LOS in 

the outer membrane serves as a hydrophobic anchor and is a potent 

stimulator of the innate immune response. Lipid A is synthesised on the 

cytoplasmic side of the inner membrane by a series of nine constitutive 

enzymes that are conserved among most Gram-negative species. Lipid A 

deficient mutants of Gram-negative pathogens have shown decreased 

viability, suggesting the nine enzymes may be important drug targets. Among 

the nine enzymes LpxH (UDP-2,3-diacylglucosamine hydrolase) and LpxB 

(Lipid A disaccharide synthase) are the only two peripheral membrane 

associated enzymes that catalyze the 4th and 5th steps in the lipid A 

biosynthetic pathway. In this thesis, efforts towards soluble expression, 

purification and crystallisation of both these enzymes for structural 

characterization have been detailed. 

 

Due to the insolubility of LpxB, no structures of wild type LpxB 

orthologues have been reported to date. In this work, the expression 

conditions for cloned Neisseria meningitidis (N. meningitidis) LpxB gene 
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have been optimised in Escherichia coli (E. coli), with the optimised 

conditions I was able to obtain 15 mg of NmLpxB to near homogeneity per 

liter of E. coli cell culture. Biophysical characterization experiments to 

determine the secondary structure were carried out using circular dichroism. 

Crystals of the purified enzyme were obtained, which diffracted to 4.82 Å 

resolution. Strategies to improve diffraction resolution along with above 

results have been discussed in chapter 3. 

 

Work was also undertaken on LpxH from N. meningitidis. The gene 

coding for LpxH from N. meningitidis has been cloned successfully and 

recombinant expression conditions were optimized. Optimized purification 

conditions gave 10 mg/L of the enzyme to near homogeneity. Secondary 

structure of the enzyme was determined using circular dichroism. Crystals 

were also obtained, but did not diffract X-rays. Strategies for improving 

crystal diffraction quality are described in chapter 4. 

 

Another Gram-negative pathogen found in humans is Helicobacter 

pylori (H. pylori). This bacterium colonizes the human gastric mucosa and 

causes gastric ulcers, infecting half of the world’s population.  An H. pylori 

specific virulence factor that extracts and modifies the host’s cholesterol thus 

allowing the organism to evade phagocytosis, is the enzyme cholesterol α -

glycosyltransferase (CGT). This enzyme has never been purified in the full-

length form as it degrades into proteolytic by-products during expression and 

after purification. Different strategies employed to express and purify the full-

length protein have been detailed in chapter 5.  
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Overall, this work contributes to knowledge of a small but growing set 

of biophysically characterized enzymes which perform chemistry upon lipid 

substrates. 
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1.0 Introduction 

In living organisms about 20-30% of genes encode membrane 

proteins. They play a key role in broad range of cellular activities and have 

an immense medical importance, an estimate of 60-70% of current drug 

targets are based on membrane proteins. Despite their importance, an 

extremely low number of membrane protein structures are available in the 

protein data bank (PDB). The lack of structural insight into membrane 

proteins is due to the difficulties associated with their extraction from the lipid 

bilayer and solubilisation. Based on the nature of membrane-protein 

interactions, membrane proteins are classified into two different types 

namely integral (intrinsic) and peripheral (extrinsic).  

 

 Integral membrane proteins (IMP’s) are permanently attached to the 

membrane and can only be separated by using detergents (or) nonpolar 

solvents. IMP’s that span across the membrane more than once are called 

polytopic proteins (Figure 1.1 (E) and IMP’s that span across the membrane 

only once are called bitopic proteins (Figure 1.1 (D) (1). Membrane protein’s 

that do not interact with the hydrophobic core of the membrane but are 

temporarily bound to the membrane through interactions with IMP’s (or) lipid 

polar head groups are called peripheral membrane proteins (PMP’s) (Figure 

1.1 (C) and can be dissociated by treatment with high salt concentrations. A 

subclass of PMP’s are monotopic membrane proteins, which only interact 

with the single leaflet of the phospholipid bilayer (Figure 1.1 (A, B) (1, 2). 

Their interaction with the membrane can occur via a hydrophobic patch on 

the protein surface (or) via an uncleavable signal sequence in their N-
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terminus, which can be made up of two types of amphipathic helices, a 

classic amphipathic helix with alternating hydrophobic and positively charged 

residues (3) (or) an Amphipathic Lipid Packing Sensor (4). 

 

 

 

 

 

  

(A)                              (B)                             (C) 

 

 

 

 

 

         (D)                     (E) 

 

Figure 1.1. Peripheral and integral membrane proteins. (A) Monotopic membrane 
protein interacting via its amphipathic helix. (B)  Monotopic membrane protein interacting 
with a hydrophobic patch in a loop. (C) Lipid anchored peripheral membrane protein.  (D)  
Bitopic membrane protein. (E) Polytopic membrane protein. 

 

In bacteria, regardless of the classification, membrane proteins play a 

pivotal role in biosynthetic functions for assembly of membranes, walls and 

capsules, which provide them with resistance to antimicrobials and changing 

environmental conditions. Multiple drug resistance (MDR) is defined as 

resistance of microbial species to various antimicrobial drugs. MDR has 

emerged as a major threat to public health all over the world.  To date, much 
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attention has been focused on multiple drug resistant Gram-positive bacteria 

such as methicillin-resistant Staphylococcus aureus (S. aureus) (5). 

Infections by Gram-negative bacteria are also equally serious. Gram-

negative bacteria have rapid growth rates and they participate in an 

evolutionary race to evade the host immune response (6, 7). The primary 

goal of modern microbiology is to develop effective antimicrobials. The 

present antibiotics inhibit the growth of Gram-negative bacteria by a variety 

of mechanisms (8). Antibiotics such as ciprofloxacin and rifampicin inhibit 

bacterial DNA replication and transcription. The antibiotic sulfamethoxazole 

accomplishes the same effect by blocking the production of folate, thus 

inhibiting nucleic acid biosynthesis. Some cyclic peptides like polymyxin B 

and colistin, disrupt the bacterial membrane. The widespread use of 

antibiotics over many decades has led to the evolution of multi-drug resistant 

strains of bacteria (9). The virulence of Gram-negative bacteria is influenced 

by factors like capsule polysaccharide expression, expression of surface 

adhesive proteins (outer membrane proteins including pili, porins PorA and 

B, adhesion molecules Opa and Opc), iron sequestration mechanisms, and 

endotoxin (lipopolysaccharide/lipooligosaccharide, LPS/LOS). LPS/LOS in 

particular, plays a crucial role in host-pathogen recognition and invasion. 

Modification of virulence factors is the common way by which Gram-negative 

bacteria have gained sensitivity to present antibiotics.  

 

Therefore, there is a need for the discovery of antibiotics that target 

unique biosynthetic pathways in Gram-negative bacteria. Enzymes 

responsible for the biosynthesis, assembly, and transport of LPS/LOS are 
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excellent targets against which novel antibiotics could be developed to fight 

the increasing drug-resistant pathogenic Gram-negatives. Towards the 

scientific goal for development of novel antibiotics, this thesis contributes to 

the purification and biophysical characterization of two enzymes involved in 

the biosynthesis of Lipid A, the hydrophobic anchor of LPS/LOS. The first 

part of this chapter is a literature review on Lipid A.  

 

H. pylori another Gram-negative, extracellular bacterium colonises the 

human gastric mucosa and causes gastric ulcers, infecting half of the world’s 

population.  One mechanism by which H. pylori evades phagocytosis is by 

extracting cholesterol molecules from the host’s epithelial cells and modifying 

them. The modification of cholesterol in H. pylori is carried out by a specific 

enzyme called cholesterol α -glycosyltransferase (CGT). The second part of 

this chapter provides background information on CGT. 
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PART - 1 

     Literature review of lipid A 
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1.1 Gram-negative bacteria 

Gram-negative bacteria are differentiated from Gram-positive bacteria 

by the presence of a two-membrane cellular envelope. Both have an inner 

membrane which is made up of a symmetric phospho and/or sulpho-lipid 

bilayer (10). Exterior to the inner bilayer is a surrounding layer of 

peptidoglycan. In addition to peptidoglycan layer, Gram-negative bacteria 

have an additional, asymmetric outer membrane (Figure 1.2). The inner 

leaflet of the outer membrane is composed of phospholipids and the outer 

leaflet is made up of lipopolysaccharide/lipooligosaccharide (LPS/LOS) 

molecules, which are anchored by their unique polyacylated disaccharide 

moiety, called lipid A (Figure 1.2). In most Gram-negative bacteria, core 

regions of linked hexoses and heptoses are attached to the lipid A at its Kdo 

(3-deoxy-D-manno-oct-2-ulosonic acid) moiety. More variable O-antigen 

polysaccharide repeats are attached away from the core sugars. In most 

species, the lipid A precursor Kdo2-lipid IVA is the minimal structure required 

for growth and viability (11). LPS/LOS, along with outer-membrane proteins, 

protects Gram-negative bacteria from environmental toxins, amphipathic 

molecules like bile salts and cationic antimicrobial peptides (CAMPs) (11). 

LPS/LOS also plays a crucial role in host-pathogen recognition and invasion 

(12); the variable O-antigen repeats are recognized by the adaptive immune 

system of many organisms, while the lipid A moiety is the activator of innate 

immune response (13). 
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   (A)                                                          (B) 

Figure 1.2. Structure of membrane in Gram-negative species. (A) Gram-negative 
bacteria. (B) Insight into the outer membrane of Gram-negative bacteria. 

 

Increased expression of enzymes that metabolize antibiotics (such as 

β-lactamases), the over-production of efflux pumps, and the re-modeling of 

membrane structure, including LPS/LOS are several mechanisms that 

bacteria employ to overcome resistance (14). Resistance to cyclic peptides 

can be achieved by modification of an organism’s lipid A (15, 16). Therefore, 

enzymes responsible for the biosynthesis of lipid A are excellent targets 

against which novel antibiotics could be developed. 

 

1.2 Lipid A biosynthesis 

The hydrophobic anchor of LPS/LOS is lipid A; its biosynthesis has 

been described by Christian Raetz 25 years ago (10). Initially, lipid A 

precursor 2,3-diacylglucosamine 1-phosphate (lipid X) has been discovered 

followed by the biosynthetic intermediates and constitutive enzymes of the 

LPS 

Outer        
membrane 

Inner membrane 

 Peptidoglycan  

 Phospholipid  

Lipid A 
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lipid A pathway (10) (Figure 1.3). Lipid A assembly is accomplished by a 

series of nine constitutive enzymes that are conserved among most Gram-

negative species. In E. coli, a molecule of uridine diphosphate-N-acetyl-D-

glucosamine (UDP-GlcNAc) is acylated at its 3-position hydroxyl group by a 

molecule of R-3-hydroxymyristate, transferred from acyl carrier protein (ACP) 

by the acyltransferase LpxA (17). The resulting UDP-3-O-(acyl)-GlcNAc is 

deacetylated at its 2-position by the metal-dependant enzyme LpxC (18). 

Then an acyltransferase, LpxD (19), with similar homology to LpxA, 

catalyses the transfer of a second R-3-hydroxymyistate to the deacetylated 

2-amine, yielding UDP-2,3-diacylglucosamine. LpxH which is a metal 

dependent phosphodiester hydrolase (20), catalyzes the hydrolysis of the 

UMP moiety of UDP-2,3-diacylglucosamine to give 2,3-diacylglucosamine-1-

phosphate (lipid X). LpxB (21), an inverting glycosyltransferase (GTase), 

catalyzes the condensation of lipid X and UDP-2-3-diacylglucosamine to 

form 2',3'-diacyl-GlcN(β,1'6)2,3-diacyl-GlcN-1-P (disaccharide 

monophosphate), releasing UDP. LpxK which is an integral membrane 

enzyme phosphorylates the disaccharide monophosphate at its 4' hydroxyl, 

yielding lipid IVA (22). The KdtA GTase then sequentially catalyzes the 

transfer of Kdo sugars from CMP-Kdo to the 6' position of lipid IVA, yielding 

Kdo2-IVA (23), the minimum lipid A structure required for growth and viability 

in most Gram-negative species. LpxL and LpxM acyltransferases catalyze 

the transfer of laurate and myristate, from ACP to the 3-hydroxyl of Kdo2-

IVA’s 2' (LpxL) and 3' (LpxM) R-3-hydroxymyristate substituents (24, 25). 

LpxA, LpxD, and LpxC are soluble cytosolic proteins whose structures have 

been reported. LpxH and LpxB act upon substrates located in the inner 
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leaflet of the inner membrane, and are membrane associated. In most 

species, LpxK, KdtA, LpxL and LpxM are cytoplasmic facing integral 

membrane proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3. Lipid A biosynthesis pathway in E. coli (10). The GlcN saccharides of the 
lipid A precursors are drawn in blue; their 3 or 3'-position oxygens are highlighted in red. 
Enzyme names are denoted in red text, while the names of co-factors and biosynthetic 
intermediates are in black. The coloured numbers below the hydroxy-acyl moieties of lipid A 
precursors denote acyl chain length. Kdo2-IVA is the minimum structure required for growth 
and viability. 

 
 

Gram-negative bacteria are known to possess each of the nine-

constitutive lipid A biosynthetic genes in a single copy. Legionella 

pneumophilia (L. pneumophilia) is known to have  two orthologues of lpxB; 

transcription of each is dependent upon growth conditions (26). Plant species 

Arabidopsis thaliana (A. thaliana), appears to have multiple lpxD genes. In 
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the case of the UDP-2,3-diacylglucosamine hydrolase, some species have 

two lpxH orthologues. In the case of Psuedomonas aeruginosa (P. 

aeruginosa), one orthologue, lpxH1, has 46% identity and 61% similarity to 

E. coli lpxH, while the other orthologue, lpxH2, has only 28% identity and 

39% similarity (20). P. aeruginosa LpxH1 can complement E. coli depleted in 

LpxH, while P. aeruginosa LpxH2 cannot, providing a clue that LpxH2 

orthologues might have a different function from UDP-2,3-diacylglucosamine 

hydrolysis (20). 

 

1.3 Transport and elongation of lipid A 

The Kdo2-lipid A in E. coli and Salmonella typhimurium (S. 

typhimirium) are glycosylated by the Waa glycosyltransferases (27), through 

the transfer of sugars from nucleotide-charged donors (27), at the cytosolic 

side of the inner membrane. At the same region, other peripheral-membrane 

GTases assemble the O-antigen oligosaccharide repeat on membrane-

anchored undecaprenyl diphosphate. An ATP-dependent flipase, MsbA of 

the ABC transporter family, flips the core-sugar glycosylated lipid A towards 

the periplasm (28, 29). Wzx flips the nascent O-antigen oligosaccharide 

repeat, anchored to undecaprenyl diphosphate; to the periplasmic side of the 

inner membrane (30). Here a polymerase catalyzes a transfer to a growing 

chain of O-antigen repeats. The O-antigen polymer is ligated to the outer 

core sugars of lipid A by the periplasmic enzyme WaaL (31). The transport of 

LPS/LOS to the outer membrane is carried out by proteins LptA, LptB, LptC, 

LptF, and LptG (32-36). The proteins LptD/LptE are involved in flipping 

LPS/LOS to the outer leaflet (37). 
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1.4 Innate immune response of lipid A 

LPS/LOS is anchored to the outer leaflet of the outer membrane and 

plays a crucial role in Gram-negative bacterial ability to colonize host 

organisms (13, 38). Due to its outer presence, it is readily presented to 

elements of the innate immune system. Lipid binding protein (LBP) which is 

present in soluble serum, in mammals, effectively extracts LPS/LOS 

molecules from the outer membrane of the bacterium or from bacterial 

vesicles (39, 40). LBP makes LPS/LOS available for binding to a monocyte 

differentiation antigen CD14 (CD14), which is a protein localized to the outer 

leaflet of host cell membranes by a phosphatidylinositol (PI)-glycan anchor 

(36). CD14 then presents LPS/LOS to toll-like receptor 4 (TLR4) which is the 

primary TLR implicated in LPS/LOS binding and signalling (38). While there 

are different types of TLRs, the specificities of the various toll-like receptors 

are still being determined, TLR2 is known to interact with certain bacterial 

lipoproteins, TLR3 with RNA, and TLR5 with flagellin (41).  TLRs belong to 

type I family of membrane-bound receptors. TLRs possess an exogenous 

ligand-binding domain attached by membrane-spanning linkers to a cytosolic 

TIR (toll-interleukin receptor) signalling domain (Figure 1.4). TLR4 then 

interacts with a soluble protein, myeloid differentiation factor 2 (MD2), to form 

a heterodimer (38) (Figure 1.4). The lipid A anchor of LPS/LOS is known to 

partially mediate the interaction between TLR4 and MD2 and thereby 

changes the conformation and homodimerization of TLR’s cytosolic TIR 

domains (13, 38). The role of TLR4/MD2 is supported by the observation that 

mice lacking either tlr4 or md2 do not experience endotoxic shock when 

dosed with LPS, to wild-type controls (42). 
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Depending upon the properties of the molecule presented the result of 

TLR4/MD2-mediated signalling, and the nature of the innate immune 

response varies.  An agonist of the human immune system, hexa-acylated 

lipid A, binds to TLR4/MD2, causing conformational changes in both 

proteins, leading to the homo-dimerization of a TIR domain from each of two 

dimerized TLR4/MD2 complexes (43). This allows for the binding of adaptor 

proteins either MAL or TRAM (44), which are involved in TLR4-mediated 

signal transduction, to the activated TIR domain. These recruit MyD88 and 

TRIF (44). Upon binding to MAL, MyD88 initiates a kinase-dependent 

signalling cascade which results in the activation of nuclear factor κ- B(NF-

κB). NF-κB upregulates the genes that encode cytokines by subsequently 

translocating to the nucleus. After translation, processing, and export from 

the nucleus, the cytokines cause inflammation that contribute to septic 

shock. Alternatively, if the TRAM/TRIF adaptor proteins are recruited to the 

TIR domain of activated TLR4, a signalling cascade is initiated which leads 

to the increased transcription of both NF-κB-regulated genes, and of genes 

whose transcription is mediated by interferon regulatory factor-3 (IRF-3). The 

latter encodes immuno-regulatory proteins, such as interferons, which can 

affect a more benign immune response, resulting in infection clearing (44). 
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Figure 1.4. Human immune response to bacterial lipid A. This scheme describes the 
possible outcomes of human infection by a Gram-negative species. A bacterium, circulating 
in the intracellular matrix, sheds LPS/LOS. Lipid A, an agonist of the innate immune system 
in humans, is disaggregated and solubilized by LBP, which then presents lipid A to the 
membrane-anchored receptor CD14. CD14, delivers the agonist LPS/LOS to the MD2 
portion of a heterodimer of MD2 and TLR4. Upon binding, the agonist lipid A mediates the 
homodimerization of two MD2/TLR4 heterodimers, causing the TLR4s cytoplasmic TIR 
domains to interact and to undergo conformational change. This allows for the recruitment of 
either the TRAM/TRIF or MAL/MyD88 adaptor-receptor pairs. The binding of MAL/MyD88 to 
the TIR domain initiates a signalling cascade which results in NFκB-mediated transcription of 
cytokines. While TIR binding of the TRAM/TRIF adaptor pair also results in NFκB-mediated 
inflammatory response, at the same time it also leads to IRF3-mediated transcription of 
interferons. 

 
 

Eritoran (Figure 1.5) is a true antagonist of TLR4, it binds to the 

TLR4/MD2 without causing major conformational changes in TLR4/MD2 

(38). As a result, the eritoran-bound complex is unavailable to bind to 

agonists and is therefore unavailable for potential signalling cascades. In 

contrast, 1-dephospo- lipid A can both bind to and induce conformational 

change in human MD2, but it fails to interact with the specific positively-

charged residues on TLR4 required for complete activation of the TIR 

domains (45). 
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When an antagonist like lipid IVA (Figure 1.5) binds to MD2/TLR4 it 

induces a limited conformational change, because of the reduction in 

hydrophobic contacts between the missing acyl moieties and MD2, leading 

only to partial TIR activation (45) . Partially activated TIR domains are able to 

transduce signal via the TRAM/TRIF cascade, but not via the MAL/MyD88 

pathway. Both 1-dephospo lipid A and lipid IVA are partial agonists of the 

innate immune response in mice (13), while 1-dephospo lipid A is an 

antagonist in humans. 

 

 

 
Figure 1.5. Lipid A agonists and antagonists. The glucosamine-based disaccharide 
scaffold is highlighted in blue, the phosphates in red. In humans, E. coli lipid A is an agonist 
of TLR4, while lipid IVA, eritoran and 1-dephospho-lipid A are antagonists. 

 
 
 
 
 
 
 

     Lipid A      Lipid IVA      Eritoran 

     1-dephospho-lipid A 
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1.5 Lipid A modification 

Gram-negative bacteria produce different lipid A structures, due to 

divergent selection pressures. All lipid A molecules consist of a polyacylated 

β,1' 6 linked disaccharide scaffold. They can be modified by several lipid A 

remodeling enzymes, in a species-dependent manner, The conversion of the 

lipid A precursor UDP-GlcNAc to UDP-diamino-N-acetylglucosamine (UDP-

GlcNAc3N) is catalysed by oxidase/transaminase enzymes GnnA and GnnB 

(46), which are present in many bacteria. In some cases, LpxA orthologues 

which favour the acylation of UDP-GlcNAc3N over UDP-GlcNAc, in species 

having gnnA and gnnB, can produce lipid A with one or both β1' 6 linked 

disaccharides consisting of diamino-N-glucosamine (GlcN3N) (47). The lipid 

A acyltransferases, LpxA, LpxD, LpxL, and LpxM, have differing acyl chain 

specificities dependent upon organism and growth condition (11, 46). In E. 

coli and S. typhimirium, the enzymes EptA and EptB catalyze the transfer of 

phosphoethanolamine to the 1-position phosphate, and the 7-hydroxyl of lipid 

A’s outer Kdo (48). In polymyxin-resistant strains of E. coli, ArnT catalyzes 

the addition of a 4-Amino-4-Deoxy-L-arabinose to the 4′ phosphate of lipid A 

(49). 

 

The expression of Lipid A modification enzymes in various pathogens 

offers insight on the co-evolution of bacterial lipid A modification and the 

innate immune systems of bacterial hosts (50). Lipid A modification enzymes 

provide an opportunity to explore the effects of lipid A remodelling upon 

bacterial pathogenesis (51, 52). 
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1.6 Lipid A as a drug target 

Kdo2-lipid IVA is the minimal lipid A structure required for growth and 

viability of most Gram-negative species. The products of the first seven 

constitutive biosynthetic enzymes are potential targets of inhibitor 

development as novel antibiotics or anti-virulence agents. The expression, 

purification, and characterization of these enzymes made possible the 

identification of inhibitors for LpxA (53, 54), LpxC (55, 56), and LpxD (57). 

Crystallographic and nuclear magnetic resonance (NMR) characterization of 

LpxC in complex with nanomolar and micromolar inhibitors (56, 58, 59) is 

enabling the structure-based redesign of these compounds, most notably the 

biologically active compound, Chiron-090. As their enzymology is better 

characterized and their structures elucidated. LpxB (Lipid A disaccharide 

synthase) and LpxH (UDP-2,3-diacylglucosamine hydrolase) will offer 

additional targets for inhibition of lipid A biosynthesis.  
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2.1 Gram negative human pathogen H. pylori  

H. pylori is a Gram-negative bacterium that colonises the human 

gastric mucosa. First discovered by Marshall and Warren in 1984 (60), it is 

the causative agent of gastric ulcers, infecting half of the world’s population. 

H. pylori infections commonly result in asymptomatic chronic gastritis, 

however 10-15% of cases develop gastric ulcers and 1% result in stomach 

cancer (61, 62). Approximately 25-40% of the population is infected in 

developed countries. 

 

To colonise near the stomach’s epithelial cell layer and to survive the 

acidic pH of the gut lumen, H. pylori migrates through the lumen using its 

flagellum and reaches the mucoid lining of the stomach, an environment 

where the pH is more neutral than in other, more acidic regions of the 

stomach. H. pylori uses adhesion molecules, located on the bacterial 

surface, to colonise epithelial cells; these molecules recognize proteins or 

glycoconjugates on the surface of host epithelial cells (63). 

 

The standard procedure of treatment for H. pylori infection in patients 

with peptic ulcers is to eradicate the bacterium and allow the ulcer to heal. 

The first-line therapy is a one-week triple therapy consisting of the antibiotics 

amoxicillin and clarithromycin, and a proton pump inhibitor such as 

omeprazole (64). Development of antibiotic resistant H. pylori strains to these 

current therapies is of major concern worldwide (65). A proposed solution to 

the increasing problem of antibiotic resistance is the development of 
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inhibitors for bacterial virulence factors which interfere with bacterial 

pathogenesis mechanisms. 

  

2.2 Host immune escape by H. pylori  

Phagocytosis is an anti-bacterial mechanism and a first line of 

defence against most infections in the host’s immune system (66). One 

mechanism by which H. pylori evades phagocytosis is by extracting 

cholesterol molecules from the host’s epithelial cells, and modifying them 

(66). It was reported that the presence of this altered form of cholesterol 

enables the organism to evade the host T cell responses (66). This suggests 

that extraction from host cells and modification of cholesterol by H. pylori 

plays a role in both the infection and pathogenicity of the organism. The 

modification of cholesterol in H. pylori is carried out by a specific enzyme 

called cholesterol α-glycosyltransferase (CGT), which transfers a single 

glucose molecule to the 3-hydroxyl moiety of cholesterol (67, 68), forming 

cholesteryl α-D-glucopyranoside (CGP). H. pylori is known to produce at 

least three types of glucosyl cholesterols, namely cholesteryl α-D-

glucopyranoside (CGP), cholesteryl-6-O-tetradecanoyl-α-D-glucopyranoside 

(CAG), and cholesteryl-6-O-phosphatidyl-α-D-glucopyranoside (CPG) (69, 

70). These molecules form major cell wall components, constituting more 

than 25% of the total cell wall lipid content of the bacteria (71). 
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Figure 2.1. Structures of cholesteryl-α-glucoside and its derivatives found in H. pylori. 
Cholesteryl α-D-glucopyranoside (CGP) is synthesised by CGT. Enzymes catalysing the 
formation of cholesteryl-6-O-tetradecanoyl-α-D-glucopyranoside (CAG) and cholesteryl-6-O-
phosphatidyl-α-D-glucopyranoside (CPG) have yet to be identified. 
 
 

 

2.3 CGT a drug target  

CGT as a putative drug target comes from reports that H. 

pylori rarely colonises the deeper portions of the host’s gastric mucosa (72).   

This led to the hypothesis that mucin, secreted from deeper layers of the 

gastric mucosa may play a protective role against H. pylori. Indeed, it has 

been demonstrated that H. pylori growth is inhibited by the presence of α-

1,4-GlcNAc-capped O-glycans with a decrease in total CGP (cholesteryl-α-

glucoside) in the H. pylori cell wall (73).  

 

     cholesteryl α-D-glucopyranoside (CGP) cholesteryl-6-O-tetradecanoyl-α-D-glucopyranoside (CAG) 

cholesteryl-6-O-phosphatidyl-α-D-glucopyranoside (CPG) 
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An integral part of membrane lipid rafts is cholesterol. Most plant, 

fungal and mammalian steryl glycosides (74-76) as well as the bacterial 

lipids from Mycoplasma (77)  and Borrelia (78, 79) carry the sugar β-

glycosidic-linked to the sterol. To date steryl α-glycosides have been 

detected only in the bacteria Acholeplasma axanthum (80) and H. pylori (70, 

81). The presence of unique steryl α-glycosides in the membrane, coupled 

with above reports suggests that steryl α-glycosides play a role in H. pylori 

pathogenesis thus making CGT an important drug target. 

 

CGT as a drug target for H. pylori is further strengthened by the 

knowledge that no other genes similar to CGT are found in H. pylori and 

other Helicobacter species (68). Further survey revealed that there are only a 

few proteins encoded in other bacterial species such as Clostridium 

thermocellum (41% identity) and Lactobacillus johnsonii (35% identity) 

homologous to H. pylori CGT (68). 

 

Due to the pivotal role of glucosyltransferases in the biosynthesis of 

glycoconjugates, there has been significant interest in designing potent 

inhibitors to this enzyme target. Since there is no homologous gene similar to 

CGT in humans, designing a potent inhibitor for CGT may enable 

development of a specific and potent therapeutic to treat currently resistant 

H. pylori infections (65). 
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3.0 Research aims  

N. meningitidis (the meningococcus) is the causative agent of 

meningitis and sepsis worldwide (82). Meningitis is associated with high 

fatality (up to 50% when untreated) and high frequency (more than 10%) of 

severe sequelae when not diagnosed and treated in time (83). Despite the 

understanding of the pathogenesis and the availability of immunizations 

against important serogroups, meningococcus remains a leading cause of 

bacterial meningitis. The virulence of meningococcus is due to various 

factors like expression of capsule polysaccharide, surface adhesive proteins 

and endotoxin (LOS) (84). Meningococcal LPS/LOS helps in adherence of 

meningococcus (85) and in activation of the innate immune system (86). To 

date, 12 different types of meningococcal LOS are known mainly differing in 

the oligosaccharide part of the LPS molecule and consist of small differences 

in the oligosaccharide structure, the amount and location of 

phosphoethanolamine groups and the degree of O acetylation of individual 

monosaccharides (87). Meningococcal lipid A, a disaccharide of pyranasol 

N-acetyl glucosamine residues is responsible for the biological activity and 

toxicity of meningococcal endotoxin (88).  

 

Meningococcal LOS binds to host transfer molecules and receptors on 

monocytic and dendritic cells of the host innate immune system, including 

LBP, CD14 and MD2 part of the TLR4 complex. This triggers the secretion of 

various cytokines which at high levels can result in endothelial damage and 

capillary leakage. LOS also plays an important role in resistance to host 
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defenses and antibiotics by creating a permeability barrier in the outer 

membrane of the bacterium (88).  

 

Despite the importance of LOS in meningococcus viability recent 

studies have shown meningococcus to be viable also without LOS. The 

presence of capsular polysaccharide, which is also a glycolipid, appeared to 

be necessary to allow this LOS deficiency, since a capsule-deficient, 

conditional lpxA mutant grew only when lpxA expression was induced (89). 

This suggests the necessity of either of the virulent factors (Capsule (or) 

LOS) for meningococcus viability. The expression of required virulence 

factors to changing environmental conditions is a mechanism by which 

meningococcus has evolved. 

 

Another mechanism by which Neisserial species and other Gram-

negative pathogens overcome toxic environmental conditions is by 

modification of the lipid A part of LPS/LOS. Lipid A modifications in the outer 

membrane increase the permeability barrier to present antibiotics helping 

gain antibiotic resistance. Therefore, there is an increasing need for the 

development of new antibiotics targeting Lpx enzymes in lipid A biosynthetic 

pathway. To date no enzymes of the lipid A biosynthetic pathway from 

Neisserial species have been structurally characterized, but structures of 

homologous enzymes from other Gram-negative pathogens have been 

solved. The structure of LpxC from E. coli aided in the development of an 

inhibitor, but was unable to effectively inhibit LpxC from other species. 

Therefore, there is a need for the development of a universal inhibitor 
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targeting these enzymes. This thesis aims to detail foundational work on two 

peripheral membrane enzymes LpxB and LpxH from lipid A biosynthetic 

pathway in N. meningitidis. This work will pave the way for structural 

characterization of both the enzymes and facilitate novel inhibitor design. 

 

 In Chapter 3, the cloning and recombinant expression of N. 

meningitidis LpxB (NmLpxB) that has a cleavable N-terminal hexahistidine 

tag is described. Chapter 3 also describes the optimized purification method 

and biophysical characterization of the protein. Results from biophysical 

characterization experiments such as differential scanning fluorimetry (DSF) 

and circular dichroism (CD) reflect the stability of the protein in the 

purification buffer. Other experiments such as SEC-MALLS suggest the 

protein’s homogeneity and quality for crystallisation. Crystals of His6-

NmLpxB were also obtained and preliminary X-ray diffraction results 

discussed. 

 

In Chapter 4, the cloning and recombinant expression of N. 

meningitidis LpxH (NmLpxH) that has a cleavable N-terminal hexa-histidine 

tag is described. It also details the optimized purification method and 

biophysical characterization of the protein. Crystals of N. meningitidis LpxH 

were also obtained, which did not diffract X-rays. 

 

 In Chapter 5, the cloning and expression of recombinant H. pylori 

CGT that contains a cleavable C-terminal hexa-histidine tag is described. 

Strategies were developed to try and optimize the expression and purification 
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of full length protein from proteolytic bi-products. During the trials for 

purification of the full-length protein, a contaminant protein has been purified 

and crystallised. Due to the instability of the protein, limited biophysical 

characterization has been carried out which is described in the 5th chapter.   
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Materials and methods 
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2.1 Materials 

2.1.1 Chemicals 

 
All chemicals used for the projects detailed in this thesis were of 

highest quality and were supplied from different vendors. 

  

2.1.2 Antibiotics 

Antibiotic stock solutions of kanamycin and ampicillin were made to a 

final concentration of 50 mg/mL Stock solutions were made with double 

deionized water (ddH2O), sterile filtered (0.2 µm) and stored at -20 °C. 

Appropriate antibiotics were used for cell cultures in 1:1000 dilution. 

 

2.1.3 Media 

Different types of media were used for optimisation of recombinant 

protein expression. All media was made up to a final volume of 1 L using 

ddH20 and autoclaved before use. Media compositions are listed in Table 

2.1. 
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 Table 2.1. Types of Media used for projects in this thesis. 
 

Media Component Composition 

 

Luria Bertani (LB) 

media 

Tryptone 

Yeast extract 

NaCl 

10 g/L 

5 g/L 

10 g/L 

 

 

Terrific Broth (TB) 

Tryptone 

Yeast extract 

Glycerol 

0.17M KH2PO4 

0.72M K2HPO4 

12 g/L 

24 g/L 

4 mL 

100 mL 

100 mL 

 

Luria Bertani (LB) agar 

Tryptone 

Yeast extract 

NaCl 

Bacteriological agar 

10 g/L 

5  g/L 

10 g/L 

1.5% (w/v) 

 

2.2 Methods 

2.2.1 Microbiological techniques 

2.2.1.1 Agar plates 

 
Premade LB agar was heated until liquid, and cooled to ambient 

temperature. Appropriate antibiotics were added to the agar, mixed and then 

poured into petri plates, and left at room temperature to set. 
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2.2.1.2 Plasmid DNA purification 

A single transformed colony of E. coli cells was inoculated into 5 mL 

LB media, supplemented with relevant antibiotics. The cells were incubated 

at 37 °C with shaking at 200 rpm overnight. Plasmid DNA purification was 

performed using FavorPrepTM Plasmid Extraction Kit (Favorgen). Purification 

was performed as per the manufacturer’s instructions. Purified DNA was 

quantified by UV spectrophotometry using a Nanodrop NDTM 1000 

instrument. 

 

2.2.1.3 Preparation of competent cells 

E. coli competent cells are used for different purposes such as 

molecular cloning and protein expression. Chemically competent E. coli cells 

were prepared by inoculating 1 mL of the desired strain seed stock into 300 

mL of LB media. The culture was grown at 37 °C to an OD600nm of 0.4. The 

culture was then centrifuged at 3000 rpm, 4 °C, for 15 minutes in sterile 50 

mL tubes. The supernatant was removed and the pellet was resuspended in 

80 mL of cold Inoue buffer. The resuspended solution was incubated on ice 

for 20 minutes and centrifuged at 3000 rpm, 4 °C for 15 minutes. The 

supernatant was discarded and the pellet resuspended in 20 mL cold Inoue 

buffer. Approximately 1.5 mL of DMSO (7%) was added to the 20 mL 

bacterial cells and mixed gently by swirling and stored on ice for 10 minutes. 

Cells were aliquoted in 100 µL, snap frozen and stored at -80 °C. 
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2.2.1.4 Transformation of competent cells 

A tube of desired E. coli competent cells was taken from the -80 °C 

freezer, thawed by hand for a few seconds and transferred into an ice bath. 

After 10 minutes, 25 ng of purified plasmid DNA was added into the tube of 

competent cells. The components in the tube were mixed gently by swirling 

and incubated on ice for a further 30 minutes after which the tube was 

transferred to a preheated 42 °C water bath for exactly 90 seconds. After 90 

seconds, the tube was transferred into an ice bath for 2 minutes. To the 

cooled tube LB media was added to a final volume of 1 mL and the cells 

recovered by incubation at 37 °C for 1 hour. The recovered cells were 

centrifuged and 900 uL of the supernatant was removed. The pellet was re-

suspended with the remaining supernatant and the mixture was spread on 

the readily prepared agar plates with appropriate antibiotics. 

 

2.2.1.5 Preparing glycerol stocks of E. coli cells 

 
A colony from successfully transformed E. coli cells was inoculated 

into 2 mL LB media supplemented with the appropriate antibiotic and left 

overnight in the shaking incubator set to 180 rpm at 37 °C. From grown 

overnight culture 900 µL was taken mixed with 100 µL of glycerol (10%) and 

flash frozen in liquid nitrogen and stored at -80 °C. 
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2.2.1.6 Agarose gel electrophoresis 

Table 2.2. Components of 50X TAE buffer. 
 

Buffer Component Composition 

 

50X Tris-acetate-EDTA 

(TAE) Buffer 

Tris-HCl (pH 8.5) 

Glacial acetic acid (v/v) 

0.5 M EDTA (pH 8.0) 

dH20 

242 g/L 

57.1 mL  

100 mL 

To 1 L 

           

One percent agarose gels were prepared by adding 1.0 g of agarose 

in 100 mL of 1x TAE buffer (Table 2.2) and heated in a microwave until 

dissolved. Ethidium bromide at a concentration of 0.2 µg/mL was added to 

the agarose liquid and gently swirled. The gel was allowed to set in the 

appropriate gel box with the comb inserted, to provide the loading wells. 

Samples were mixed with 6x purple gel loading dye (New England Biolabs 

(NEB)) and gel electrophoresis was performed in 1x TAE buffer at 120 V for 

20 minutes. Electrophoresed gels were exposed to UV trans-illumination for 

DNA detection. 

 

2.2.2 Cloning 

2.2.2.1 PCR amplification 

Forward and reverse primers were designed to amplify the gene 

sequence of interest from genomic DNA of bacterial species under study. For 

amplification, each of the components outlined in Table 2.3 were mixed and 

amplified as per the protocol in Table 2.4. PCR products were incubated at 
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37 °C for 3 hrs and were analysed on a 1% agarose gel. A DNA band of the 

expected size was excised from the gel and purified using FavorPrepTM 

Gel/PCR purification Minikit (Favorgen). 

 

Table 2.3. PCR amplification reaction mixture. 
 

Components Reaction mixture (1x) 

10X Phusion high fidelity reaction buffer  

dNTPs (2 mM each)  

5ꞌ primer 

3ꞌ primer 

Template DNA 

Phusion high fidelity DNA polymerase 

ddH2O 

1X 

            0.2 mM (each) 

25 pM 

25 pM 

155.0 µg 

0.05 U/µL 

            To 50 µL 

 

 

 

Table 2.4. Protocol for PCR amplification. 
 

Stage Step Temperature 

(cC) 

Times (secs) Cycles 

1 

 

2 

 

3 

Initial denaturation 

Denaturation 

Annealing 

Extension 

Final extension 

98 °C 

 

98 °C 

59 °C 

72 °C 

72 °C 

30 secs 

10 secs 

30 secs 

20 secs 

20 secs 

10 minutes 

1 

 

35 

 

1 
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2.2.2.2 Ligation 

Amplified DNA was ligated into the double digested plasmid in a 4:1 

ratio. Reaction mixtures were incubated for 16 hrs at 20 °C, followed by 

inactivation at 65 °C for 10 minutes for transformation of E. coli XL-2 Blue 

competent cells. Reaction components are listed in Table 2.5. 

 

Table 2.5. Ligation reaction mixture. 
 

Component Ligation 

10X ligase buffer 

Vector DNA 

Insert DNA 

T4 DNA ligase 

ddH2O 

1X 

X µg 

Y µg 

20 U/µg 

To 20 µL 

             

2.2.2.3 Site-directed mutagenesis 

Forward and reverse primers were designed based on the known 

gene sequence and contained the mutated codons for point mutations. All 

site-directed mutagenesis reactions were performed as per the QuickChange 

(Stratagene) mutagenesis protocol. Table 2.6 details the amplification 

protocol. After amplification the PCR products were digested for degradation 

of the parental DNA. The digested DNA was purified using the FavorPrepTM 

Gel/PCR purification Minikit (Favorgen). 
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Table 2.6. Protocol for PCR amplification. 
 

Stage Step Temperature 

(cC) 

Times (secs) Cycles 

1 

 

    2            

3 

 

Initial denaturation 

Denaturation 

Annealing 

Extension 

Final extension 

98 °C 

 

98 °C 

        60 °C 

72 °C 

72 °C 

180 secs 

 

60 secs 

50 secs 

30 secs per kb 

600 secs 

1 

 

 

18 

 

1 

  

 

2.2.2.4 Sequencing 

Transformed E. coli XL-2 Blue cells from the ligation step were used 

to inoculate 5 mL LB media supplemented with relevant antibiotics. The cell 

culture was incubated at 37 °C with shaking at 200 rpm overnight. Plasmid 

DNA purification was performed as detailed in Section 2.2.1.2 from grown 

cultures. Purified plasmid DNA was concentrated to 100 ng/µL and sent to 

the Australian Genome Research Facility in Perth, WA for sequencing. 

Samples for sequencing were prepared according to the submission 

requirements of the service provider. Sequencing data obtained was 

analysed using the SnapGene software. 
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2.2.3 Protein techniques 

2.2.3.1 Protein expression 

E. coli expression system is the preferred method for production of 

recombinant protein in large quantities. Successful expression of 

recombinant protein requires optimisation of a suitable host, time and 

temperature of induction, post induction expression time and concentration of 

IPTG (isopropyl-β-d-thiogalactopyranoside). A common protocol uses 

bacterial media (LB or TB media with appropriate antibiotics) inoculated with 

freshly transformed E. coli cells grown overnight on a petri dish or a small 

sample from a glycerol stock.  The cell culture is grown at 37 °C with shaking 

at 200 rpm. From the overnight culture 1% (v/v)  is added to 1 L of LB or TB 

media with appropriate antibiotics and grown at 37 °C to an optical density at 

600nm (OD600) of ~0.6-0.8. Once the cell density is reached, cells are cooled 

to the required temperature and protein expression is induced by the addition 

of IPTG. The cells will be grown for 16 hrs and harvested by centrifugation (4 

°C, 4000g, 15 minutes). The cell pellets will be re-suspended in the 

appropriate lysis buffer for protein purification. 

 

Optimized recombinant protein expression method for each of the 

protein targets in this thesis are detailed in their individual chapters. 

 

2.2.3.2 Protein purification 

Recombinant protein purification methods vary vastly depending on 

the type of protein purified. Purification of membrane proteins for structural 
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and biophysical studies requires the membrane embedded (or) anchored 

protein to be extracted from the lipid bilayer into an aqueous medium; this 

requires the use of detergents. The type and concentration of detergents, 

additives, choice of buffer and pH are important variables to be considered to 

maintain the conformational stability and functionality of the target protein in 

an aqueous medium.  

 

Generally, E. coli cells are resuspended in lysis buffer. A lysis buffer 

would contain additives like β-mercaptoethanol, EDTA or imidazole 

depending on the type of protein purified and chromatography resin used for 

the purification. Resuspended cells undergo cell lysis, which is carried out by 

sonication or a high-pressure homogenizer (Emulsiflex-C5 by Avestin). 

Lysed cells are then clarified by centrifugation and the supernatant separated 

from the pellet. The supernatant containing the target his tagged protein is 

passed through an immobilized metal affinity column (IMAC). Protein bound 

to the column is eluted with buffer containing high imidazole concentration 

with the help of an FPLC instrument. If required, further purification is carried 

out by size exclusion chromatography (SEC). Samples are collected at every 

step of the purification process and analysed.  

 

LpxB and LpxH were characterized to be peripheral membrane 

proteins; their purification required the use of detergents. Also, many 

purification strategies have been employed for purification of CGT. Each 

protein’s optimized purification method is detailed in their individual chapters.  
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2.2.3.3 Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) 
 
Table 2.7. Details of the buffers used for SDS-PAGE. 
 

Buffer Component  Composition 

20X Tris base-Glycine-SDS 

buffer 

 

 

Resolving gel Buffer 

Stacking gel Buffer 

Ammonium persulphate 

(APS) solution 

2X Loading dye 

 

 

 

 

 

Coomassie stain (1 L) 

 

 

 

Coomassie destain (1 L) 

Tris-HCl, pH 8.5 

Glycine 

SDS 

ddH20 

Tris-HCl, pH 8.5 

          Tris-HCl, pH 6.8 

 

 

Tris-HCl, pH 6.8 

Glycerol 

Bromophenol blue 

SDS 

β-Mercaptoethanol 

Coomassie blue R-250 

Acetic acid 

Methanol 

dH2O 

Acetic acid 

Methanol 

dH2O 

60 g/L 

288 g/L 

20 g/L 

1 L 

1.5 M 

      0.5 M 

10% (w/v) 

 

0.5 M 

50% 

0.02% (w/v) 

4% (w/v) 

10% (v/v) 

        2 g 

100 mL 

450 mL 

450 mL 

150 mL 

200 mL 

650 mL 
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Table 2.8. Details for the preparation of two 12% resolving gels and two 5% stacking 
gels. 
 

Buffer Resolving gel 

12% (10 mL) 

Stacking gel 

5% (5 mL) 

40% Acrylamide: 

Bisacrylamide 29:1 (w/v) 

1.5M Tris-HCl, pH 8.8 

0.5M Tris-HCl, pH 6.8 

ddH2O 

10% APS 

TEMED 

3 mL 

 

           2.5 mL 

 

4.38 mL 

60 µL 

8 µL 

650 µL 

 

 

           1.25 mL 

2.98 mL 

40 µL 

8 µL 

 

Depending on the theoretical molecular weight of the protein being 

analysed, different percentages of polyacrylamide gels can be prepared by 

adding an appropriate amount of acrylamide and ddH2O. For the projects in 

this thesis 12% resolving gels and 5% stacking gels were made, as detailed 

in Table 2.8, and used for the analyses of protein samples for purity. After 

resolving gels were made a 10 well comb was inserted into the top of the 

stacking gel to create wells for protein sample loading. Protein samples were 

prepared by the addition of 2X loading dye. An unstained protein molecular 

weight marker ranging from 10-200 kDa from NEB was used to aid protein 

molecular weight identification. Electrophoresis was performed at 120 V for 

80 minutes in the presence of 1X Tris base-Glycine-SDS buffer for 

separation of proteins from each sample. Protein bands were detected by 

incubation of the electrophoresed gels in Coomassie stain for 1 hour followed 
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by incubation in Coomassie destain for another hour. Components of the 

buffers and stains used are detailed in Table 2.7. 

 

2.2.4 Protein characterisation 

2.2.4.1 Protein concentration determination 

Protein concentration can be determined from absorbance 

measurements and the extinction coefficient using the Beer-Lambert Law. 

The theoretical extinction coefficient for each protein has been derived from 

the ProtParam tool on the EXPASY website. The absorbance of a protein 

under study was measured at 280 nm using a NanodropTM ND-1000 

instrument. 

A= 𝜀cl 

where ‘A’ is the absorbance at A280, ‘𝜀’ is the extinction coefficient of 

protein at A280 , ‘l’ is the path length and ‘c’ is the concentration of protein. 

 

2.2.4.2 N-terminal sequencing 

Protein samples from the acrylamide gel were transferred to the 

Polyvinylidene Difluoride (PVDF) membrane for 1 hour at 100 mV. After 

transfer the membrane was washed with 50% ddH2O and 50% methanol 

solution. Purified protein was sent to Monash Proteomics Facility for N-

terminal sequencing using the Edman degradation procedure.  
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2.2.4.3 Differential scanning fluorimetry (DSF) 

DSF can be used to study the conformational stability of the protein in 

different buffers and additives. It is a method that measures temperature 

dependent unfolding of the protein (90, 91). DSF aids in identifying the 

optimum condition for maintaining the protein conformation (91). DSF 

experiments were carried out using a Thermocycler (Biorad C1000 Series). 

A light sensitive SYPRO orange dye (Sigma-Aldrich) and protein under study 

were mixed and diluted to a final volume of 50 μL with the appropriate buffer 

containing the test conditions. The prepared samples were transferred 

immediately to the thermocycler. A temperature gradient of 5 °C to 90 °C in 1 

°C intervals was used for the assays. As the temperature increases the dye 

binds to the hydrophobic patches of the unfolding protein resulting in 

fluorescence (91). Stable proteins unfold at higher temperatures indicating 

the optimum buffer condition that favour the stability of the protein (90). The 

increase in fluorescence was monitored and the melting temperature (Tm) for 

the protein determined. Resulting data from the experiments were graphed 

using Microsoft Excel. 

 

2.2.4.4 Circular dichroism (CD) 

Secondary structure of the purified recombinant protein can be 

measured by circular dichroism (CD) spectroscopy. This method measures 

the differential absorption of left and right handed circularly polarized light by 

molecules which have a three dimensional structure providing a chiral 

environment (92). CD spectra of the proteins under study was measured in 
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the far-UV range of 190-260 nm at 20 °C on a CD spectrophotometer (Jasco 

J-720) using a 200 µM pathlength quartz cuvette. Data were collected every 

1 nm with a 1nm bandwidth using an integration time of 5 s per step. The 

relative analysis of secondary structure for each protein sample was 

predicted from the CD data obtained, using the web based program, K2D2 

(93) . 

 

2.2.4.5 Purification of His6-TEV 

TEV protease is a highly site-specific cysteine protease found in the 

Tobacco Etch Virus (TEV). It is often used for the separation of fusion 

proteins (or) affinity tags, linked to the recombinant protein of interest with a 

linker sequence Glu-Asn-Leu-Tyr-Phe-Gln-(Gly/Ser) (ENLYFQG/S) (94). 

ENLYFQG/S is the optimum recognition site for TEV protease and cleavage 

occurs between the Gln and Gly/Ser residues (94). 

 

pET28a vector containing His6-TEV protease gene was kindly 

donated by the Bond lab. His6-TEV enzyme was expressed and purified as 

per the method developed by Lei Fang and colleagues (94). Purified protein 

was diluted to 1.0 mg/mL, aliquoted in to 200 µL, flash frozen in liquid 

nitrogen and stored in -80 °C until use.   

 

2.2.4.6 Reverse immobilized metal affinity     
chromatography (rIMAC)  
 

rIMAC is a method by which recombinant protein is purified from its 

cleaved affinity tag (or) fusion tag and protease enzyme. Ni+2 affinity columns 
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are most commonly used for separation of cleaved hexahistidine tag and 

His6-TEV protease. 

  

rIMAC was carried out by loading the incubated sample mixture 

(recombinant protein and TEV protease) onto a pre-equilibrated (20 mM Tris, 

200 mM NaCl, and 5% (v/v) Glycerol) 1 mL NiNTA Histrap column using a 

peristaltic pump at a flow rate of 1 mL/minute. The flowthrough from the 

column was collected and analysed by SDS-PAGE.  

 

2.2.4.7 Size-exclusion chromatography multi angle 
laser light scattering (SEC-MALLS) 

 
Size exclusion chromatography coupled with multi angle laser light 

scattering provides useful information on the oligomeric state and 

homogeneity of a purified protein. Membrane proteins purified with 

detergents interact with detergent micelles in the buffer and form protein 

detergent complex (PDC). SEC-MALLS with the help of in line light scattering 

detectors like UV at 280nm and refractive index (RI) allows not only the 

separation of the PDC from the free detergent micelles but also provides 

information on their absolute molar mass and concentration of protein (95). 

SEC-MALLS measurements were performed using a S200 GL Superdex 

10/300 column (GE Healthcare), pre-equilibrated with the buffer of protein 

sample used. The chromatographic instrument comprised of a Viscotek triple 

detector array (Malvern) which measures UV at 280nm, refractive index (RI), 

low angle light scattering (LALS) and right-angle light scattering (RALS). 
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Bovine serum albumin (BSA) at a concentration of 2 mg/mL was used 

for instrument calibration purposes. All experiments were conducted at 25 °C 

at a flow rate of 0.5 mL/minute. The chromatograms of protein under study 

were analysed for molecular mass calculations using OmniSec software.  

 

2.2.4.8 Matrix assisted laser desorption/ionisation - 
time of flight mass spectrometry (MALDI TOF/TOF) 
 
 

MALDI-TOF/TOF is a rapid and accurate technique used for the 

detection of peptides, oligonucleotides etc. A sample under study was co-

crystallised with a matrix compound (5 mg/ml of α-cyano-4-hydroxycinnamic 

acid (Bruker) in 50% Acetonitrile (ACN), 0.1% Trifluoro acetic acid (TFA) and 

10mM ammonium citrate) and irradiated with laser light (330 nm).  

 

The matrix used absorbs the energy and generates singly protonated 

ions from analytes in the sample (96). Ionised molecules are accelerated by 

the voltage difference between the MALDI sample plate and grid wire. Ions in 

the sample receive same amount of energy, therefore the flight time to the 

detector is correlated with the m/z ratio of the ion (96). To calculate the 

molecular mass (Mw) from this m/z ratio, the charge of the formed ion is 

taken into account. Protein bands of interest from SDS-PAGE were excised 

carefully and sent to Proteomics international for MALDI TOF/TOF analysis. 

The protein was identified by matching the peptide mass finger print and 

MS/MS peptide profile against a protein database by MASCOT (Matrix 

Science). 
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2.2.4.9 X-ray crystallography  

2.2.4.9.1 Crystallisation trials 

Crystallisation trials were carried out on proteins purified to near 

homogeneity. All proteins were concentrated to 10 mg/mL and were filtered 

using a 0.22 μm filter to remove any precipitate, insoluble impurities or dust 

particles. Crystallisation screening plates of 96 well (Hampton Research) 

were setup with Index, PEG/ION and Crystal1/2, crystallisation screens with 

the help of a Crystal Phoenix (Arts Robins Instruments) instrument. The 

screening plates contained sub wells in three different ratios of precipitant: 

protein (2:1, 1:1, 1:2) for each condition. After the drop setup, the wells were 

sealed with clear tape and the plates stored in a constant temperature room 

at 20 °C. Trays were inspected for protein crystals once every two days. Hit 

conditions were optimised using the hanging drop or sitting drop vapour 

diffusion method and 24 well Lindbro plates. 

 

2.2.4.9.2 Hanging drop vapour diffusion method 

All crystallisation salts and reagents used were supplied from Sigma-

Aldrich. Chemical solutions made for the use of crystallisation purposes were 

filtered using a 0.22 μm filter and stored at 20 °C. Linbro trays consisting of 

24 wells were used for the setup of hanging drop vapour diffusion trays. 

Different precipitant conditions were screened around the obtained hit 

condition. Firstly, grease was applied along the edge of the well to seal the 

cover slide. From the precipitant solution 1 mL was pipetted into a well of the 

tray and 1:1 volume (typically making a 2 – 4 μl drop) of reservoir solution to 
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protein was pipetted onto a siliconized cover slide which was slowly inverted 

and sealed with the drop facing the well. After setting up all the drops, the 

tray was stored at 20 °C. Trays were inspected every week under the 

microscope and protein crystals in the sample drops were harvested using 

nylon loops mounted on a CrystalCap CopperTM base (Hampton Research) 

and flash frozen by rapid immersion into liquid nitrogen. The flash frozen 

crystals were shipped to Australian Synchrotron for X-ray diffraction analysis 

and data collection. 

 

2.2.4.9.3 Sitting drop vapour diffusion method 

For the sitting drop technique, 1 mL of precipitant solution was 

pipetted in to a well of the crystallisation tray and 1:1 volume of reservoir 

solution to protein were placed into the well of a sitting drop post (Hampton 

Research).  After setting up all the drops the tray was sealed with clear tape 

and stored at 20 °C. The trays were inspected every week under the 

microscope and protein crystals in the sample drops were harvested using 

nylon loops mounted on a CrystalCap CopperTM base (Hampton Research) 

and flash frozen by rapid immersion into liquid nitrogen. The flash frozen 

crystals were shipped to Australian Synchrotron for X-ray diffraction analysis 

and data collection. 

 

2.2.4.9.4 Silver staining 

Silver staining is the most sensitive method for detection of protein 

bands on electrophoresed gels. It involves treating the electrophoresed gels 
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with silver staining reagent. The silver ions in the silver staining reagent are 

known to interact with carboxylic acid groups (Asp and Glu), imidazole (His), 

sulfhydryl (Cys) and amines (Lys) (97, 98). Various sensitizer and enhancer 

reagents control the binding of silver ions to proteins and effective 

conversion of the bound silver to metallic silver.  

 

Required percentage of resolving and stacking gel were made as per 

Table 2.8 for analyses of protein crystals by silver staining. Protein crystal 

samples were prepared by the addition of 2X loading dye. An unstained 

protein molecular weight marker ranging from 10-200 kDa from NEB was 

used to aid protein molecular weight identification. Electrophoresis was 

performed at 120 V for 80 minutes in the presence of 1X Tris base-Glycine-

SDS buffer. Protein bands were developed using the SilverQuestTM Silver 

Staining Kit (Thermo Fisher Scientific) by following the manufacturer’s 

instructions. Developed bands of interest were excised carefully and sent to 

Proteomics International for MALDI TOF/TOF analysis. 
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LpxB from N. meningitidis 
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3.0  Introduction 

LpxB was the first enzyme to be discovered among the nine enzymes 

in the lipid A biosynthetic pathway (99-101). Its discovery was made during 

the isolation of mutant E. coli strains with defective phospholipid biosynthetic 

enzymes (102). 

 

 
In E. coli, depending on the growth conditions, cardiolipin (CL) makes 

up 5%-15% of the phospholipids with the remaining being 

phosphatidylglycerol (PG) and phosphatidylethanolamine (PE) (102). To 

understand the roles of CL and PG in the membrane, Raetz and colleagues 

screened chemically-mutagenized E. coli for deficiency in 

phosphatidylglycerol-3-phosphate synthase (pgsA) activity (an enzyme 

responsible for biosynthesis of PG) (102). Identification of mutants led to the 

determination of pgsA gene on the chromosome of E. coli. A weak 

correlation was reported in pgsA activity (change in PG and CL levels) in 

mutants relative to the wild type control (102). In order to isolate completely 

inactive pgsA, multiple mutations were tested. One of the mutants contained 

less than 1% of the PG and CL (compared to normal wild-type cells) when 

grown at high temperature. The thermal stability of the mutant pgsA was 

similar to that of its parental strain suggesting that a gene other than pgsA 

may be responsible for the altered PG and CL levels (102). Chromosomal 

mapping of the mutant led to a site, pgsB, distant from pgsA on the E. coli 

chromosome. A strain having both pgsA and pgsB mutations were labeled 

with 32PO4 and its phospholipids were extracted under both neutral and 

acidic conditions by the Bligh-Dyer method (103). Analysis of the extracted 
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lipids using a 2-D TLC system showed two unknown lipids in the mutants. 

Labeling with N-acetyl-1-O-[1-14C]-glucosamine suggested that these lipids 

were LPS precursors (102). 

 

Raetz and colleagues confirmed from other experiments that the 

temperature sensitive activity observed in the mutant strain was caused by 

interaction between pgsA and pgsB (104). Later the structure of lipid X was 

elucidated and identified as a precursor of lipid A (105, 106). The gene, 

pgsB, was renamed lpxB by Crowell and collaborators (21). Sequencing was 

carried out on the operon upon which lpxB is located, and the gene was 

predicted to encode the 42.5 kDa protein, LpxB (107). The amino-terminus of 

LpxB was confirmed by purifying the enzyme as a fusion protein with a 

carboxy-terminal β-galactosidase domain followed by N-terminal amino acid 

sequencing (107). Bioinformatic analysis of LpxB’s residue hydrophobicity 

suggested the presence of two hydrophobic patches (107). When 

ultracentrifugation was carried out on crude lysates of wild-type E. coli ~70% 

of LpxB activity remained in the supernatant while the remaining activity 

remained with the membranes (107). The hydrophobic nature of LpxB 

substrates and the insolubility of its product along with the above information 

suggested that LpxB is a peripheral membrane enzyme (107). 

 

3.1  LpxB and glucosyltransferases 

 

 

LpxB’s important place in the lipid A biosynthetic pathway and the 

near ubiquity of LpxB orthologues among Gram-negative bacteria makes it 
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an attractive target for the development of new antibiotics. Additionally, the 

purification and characterisation of LpxB offers insights into the biochemistry 

of glycosyltransferases (GTases). GTases catalyse the glycosidic bond 

formation between sugars on activated donor substrates and the hydroxyl 

groups of various classes of acceptor molecules (108). GTases either retain 

or invert the stereochemistry at the catalytic center of the sugar substrate. 

GTases are broadly divided into two superfamilies: GT-A and GT-B (109-

111). GT-A consist of metal-dependent GTases and GT-B consist of a 

diverse subset of metal-independent GTase enzymes including LpxB. The 

GT-A and GT-B superfamilies are organized based upon sequence 

homology and substrate similarity (112). There are currently 107 CAZy 

families among the diverse GT-B superfamily (113). Family 19 includes LpxB 

orthologues, none of which have been mechanistically characterised. 

Despite the diversity of GT-B family members, functional and structural 

characterization has been limited to only few families (114). These enzymes 

tend to be membrane-associated and exhibit low sequence homology 

making them difficult to study (115).  

  

LpxB, is an inverting glycosyltransferase, and condenses a molecule 

of UDP-2-3-diacyl-GlcN with 2,3-diacylglucosamine-1-phosphate to form 

2′,3′-diacylglucosamine-(β,1′-6)-2,3-diacylglucosamine-1-phosphate (DSMP) 

and UDP (116) (Figure 3.1). Trials in recombinant expression and purification 

of LpxB from E. coli and H. influenza have been reported (117). It was stated 

that the enzyme purified in high ionic strength buffers (117). Characterisation 

of the over-expressing E. coli C41(DE3) host with transmission electron 
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microscopy showed the accumulation of intra-cellular membranes when 

LpxB is over expressed (117). This chapter details a novel method for 

recombinant expression and purification of His6-NmLpxB to near-

homogeneity. Biophysical characterization has been carried out on the 

purified enzyme, protein crystals were obtained and preliminary diffraction 

studies discussed. Basic bioinformatic results like molecular weight, pI, 

extinction co-efficient and predicted secondary structure (Figure 10.2, 

Appendix 3) of NmLpxB are presented in Appendix 3. PDB BLAST search of 

NmLpxB sequence showed 99% structural similarity to EcLpxB (PDB entry 

5W8S) with a sequence identity of 42.93% (Table 10.1). If better diffracting 

crystals could be obtained the crystal structure of NmLpxB could be solved 

using EcLpxB structure as a model for molecular replacement. Furthermore, 

from MEMSAT-SVM (118) results (Figure 10.1, Appendix 3) it is predicted 

that NmLpxB could be a peripheral membrane protein with the membrane 

interaction region (or) transmembrane helix present between the residues 

139-154. 
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Figure 3.1. Reaction catalysed by lipid A disaccharide synthase (LpxB) in E. coli. The 
GlcN saccharides of the substrates and product are drawn in blue; their 3 or 3'-position 
oxygens are highlighted in red. 
 
 
 
 

LpxB    UDP UDP-2,3-diacylglucosamine 2,3-diacylglucosamine-1-phosphate 

2’,3’-diacylglucosamine-(β,1--6)-2,3-diacylglucosamine-1-phosphate 
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3.2  Materials and methods 

 

3.2.1 Cloning 
 

pETM11 vector consisting of NmLpxB gene (Gene ID: 902307) after 

the base pairs coding for the hexa-histidine tag and the Tobacco etch virus 

(TEV) cleavage site was used for expression. Cloning work has been done 

by Martin Rokkonen (Honours student). . The vector was confirmed for the 

presence of NmLpxB gene by Sanger sequencing. 

 

3.2.2 Transformation 

 
Transformation of E. coli C41 (DE3) cells with the pETM11 vector 

containing the NmLpxB gene was carried out as detailed in section 2.2.1.4. 

using the appropriate antibiotics.  

 

3.2.3 Pre-culture 

 
A single transformed colony of E. coli cells were used to inoculate 25 

mL of sterile TB medium supplemented with the 50 μg/mL kanamycin 

antibiotic. The inoculated medium was left overnight in a shaking incubator 

set to 180 rpm at 37 °C. 

 

3.2.4 Small scale expression 

 
Expression of membrane proteins is laborious and requires 

optimisation of various factors. In small scale expression screens of His6-
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NmLpxB, factors like E. coli expression strain, optimal density (OD600) for 

IPTG induction and expression time post induction were tested.  

 

A total volume of 3 L TB media (500 mL in each baffled flask) was 

prepared and sterilised for the main culture. Ten millilitres of pre-culture 

(grown overnight) was used to inoculate each 500 mL TB medium flask 

containing 50 μg/mL kanamycin. The cells were grown in a shaking incubator 

at 37 °C until the OD600 reached 0.6 to 1.0. Recombinant protein production 

was initiated by the addition of IPTG to final concentration of 0.5 mM. Protein 

expression was carried out for 5 to 10 hours at 20 °C and the cells were 

harvested by centrifugation for 15 minutes at 4000 rcf. The harvested cells 

were separated from the TB medium and resuspended in buffer A (50 mM 

Tris pH 7.0, 20 mM Imidazole, 500 mM NaCl, 10% (v/v) Glycerol) to give 20 

mL of solution per gram of cell pellet.  

 

3.2.5 Small scale cell lysis 

 

All steps from the cell lysis through the purification procedure were 

carried out at 4 °C unless otherwise stated. After protein expression, the cells 

were harvested by centrifugation for 15 minutes at 4000 rcf. The harvested 

cells were separated from the TB medium and resuspended in buffer (A) to 

give 20 mL of solution per gram of cell pellet. The resuspended cells were 

lysed by passing the suspended cells 3 times through a high-pressure 

homogenizer (Emulsiflex-C5 by Avestin). Lysed cells were then subjected to 

ultracentrifugation for 1 hour at 100,000 rcf. 
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3.2.6 Small scale protein purification 

 
 

The supernatant, after centrifugation, was passed through a 0.22 

micron filter. The sample was loaded onto a 1 mL NiNTA Histrap column 

(pre-equilibrated with buffer A using a peristaltic pump at a flow rate of 1 

mL/minute. After loading the supernatant, the 1 mL NiNTA Histrap column 

was attached to the AKTA FPLC and washed with 10 column volumes of 

buffer A at a flow rate of 1 mL/minute. Bound His6-NmLpxB protein was 

eluted with an imidazole gradient using buffer B (50 mM Tris pH 7.0, 500 mM 

Imidazole, 500 mM NaCl, 10% (v/v) Glycerol). Protein elution was monitored 

spectrophotometrically by measuring the absorbance at 280 nm and peak 

fractions at 300 mM Imidazole concentration were pooled and centrifuged at 

16,000 rcf for 10 minutes. The supernatant containing soluble His6-NmLpxB 

protein was further purified by SEC using a HiLoad 16/60 SuperdexTM 200 

preparative-grade gel filtration column pre-equilibrated with buffer C (20 mM 

Tris pH 7.0, 500mM NaCl). Protein samples were collected at every stage 

and purity was assessed by SDS–PAGE. 

 

3.2.7 SDS-PAGE 
 
 

During the small scale cell lysis and purification steps, 50 µL samples 

were collected to assess the purity by SDS-PAGE. Protein samples of 20 µL 

were prepared by adding 5 µL of 2X loading dye. Later, protein samples 

were resolved on 12% SDS-PAGE gels using a Hoefer Mighty Small II 

electrophoresis apparatus at 120 V for 80 minutes. Protein bands were 
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detected by incubation of the electrophoresed gels in Coomassie stain for 1 

hour followed by incubation in Coomassie destain for another hour.  

 

3.2.8 DSF 

 
DSF was performed on the purified His6-NmLpxB to identify the 

optimum buffer and detergent conditions that favour the stability of the 

protein. Light sensitive SYPRO orange dye that binds to the hydrophobic 

patches of the protein was used. A working stock solution of the dye was 

prepared by diluting the stock to 0.5 mg/mL with a buffer 20 mM Tris pH 7.0.  

An aliquot of 0.5 μL of the SYPRO orange working stock was added to 1.5 

μL of the purified protein at approximately 5 mg/mL. This mixture was further 

diluted to a final volume of 50 μL with the test conditions. Various detergents 

were used in test conditions. Detergents and their physiochemical properties 

are listed in Appendix 2. Instrument used and experiment setup details were 

detailed in section 2.2.4.3. Table 3.1 lists different test conditions used in 

DSF experiment for His6-NmLpxB. 

 

 

 

 

 

 

 

 



  CHAPTER 3 
 

 
 

58 

Table 3.1. List of different test conditions used in DSF experiment of His6-NmLpxB. 
 

 
 

20 mM Bis-Tris pH 6.5,  
500 mM NaCl, 
5% Glycerol 

20 mM Tris pH 7.0,  
500 mM NaCl, 
5% Glycerol 

20 mM Tris pH 7.5,  
500 mM NaCl, 
5% Glycerol 

20 mM Tris pH 8.0,  
500 mM NaCl, 
5% Glycerol 

20 mM Bis-Tris pH 6.5,  
500 mM NaCl, 
10% Glycerol, 

3XCMC Triton X-100 

20 mM Bis-Tris pH 6.5,  
1 M NaCl, 

5% Glycerol 

20 mM Tris pH 7.0,  
1 M NaCl, 

5% Glycerol 

20 mM Tris pH 7.5,  
1 M NaCl, 

5% Glycerol 

20 mM Tris pH 8.0,  
1 M NaCl, 

5% Glycerol 

50 mM Tris pH 7.0,  
500 mM NaCl, 
10% Glycerol, 
3XCMC DDM 

20 mM Bis-Tris pH 6.5,  
200 mM NaCl, 
10% Glycerol 

20 mM Tris pH 7.0,  
200 mM NaCl, 
10% Glycerol 

20 mM Tris pH 7.5,  
200 mM NaCl, 
10% Glycerol 

20 mM Tris pH 8.0,  
200 mM NaCl, 
10% Glycerol 

50 mM Tris pH 7.5,  
500 mM NaCl, 
10% Glycerol, 

3XCMC Triton X-100 

50 mM Bis-Tris pH 6.5,  
500 mM NaCl, 
5% Glycerol, 

3XCMC Triton X-100 

50 mM Tris pH 7.0,  
500 mM NaCl, 
10% Glycerol, 

3XCMC Triton X-100 

50 mM Tris pH 7.5,  
500 mM NaCl, 
5% Glycerol, 

3XCMC Triton X-100 

50 mM Tris pH 8.0,  
500 mM NaCl, 
5% Glycerol, 

3XCMC Triton X-100 

50 mM Tris pH 8.0,  
500 mM NaCl, 
10% Glycerol, 

3XCMC Triton X-100 

50 mM Bis-Tris pH 6.5,  
500 mM NaCl, 
5% Glycerol, 
3XCMC DDM 

50 mM Tris pH 7.0,  
500 mM NaCl, 
5% Glycerol, 
3XCMC DDM 

50 mM Tris pH 7.5,  
500 mM NaCl, 
5% Glycerol, 
3XCMC DDM 

50 mM Tris pH 8.0,  
500 mM NaCl, 
5% Glycerol, 
3XCMC DDM 

50 mM Bis-Tris pH 6.5,  
500 mM NaCl, 
10% Glycerol, 
3XCMC DDM 

 

50 mM Bis-Tris pH 6.5,  
1 M NaCl, 

5% Glycerol, 
3XCMC Triton X-100 

 

50 mM Tris pH 7.0,  
1 M NaCl, 

5% Glycerol, 
3XCMC Triton X-100 

50 mM Tris pH 7.5,  
1 M NaCl, 

5% Glycerol, 
3XCMC Triton X-100 

50 mM Tris pH 8.0,  
1 M NaCl, 

5% Glycerol, 
3XCMC Triton X-100 

50 mM Tris pH 7.0,  
1 M NaCl, 

10% Glycerol, 
3XCMC DDM 

 

50 mM Bis-Tris pH 6.5,  
1 M NaCl, 

5% Glycerol, 
3XCMC DDM 

 

50 mM Tris pH 7.0,  
1 M NaCl, 

5% Glycerol, 
3XCMC DDM 

50 mM Tris pH 7.5,  
1 M NaCl, 

5% Glycerol, 
3XCMC DDM 

50 mM Tris pH 8.0,  
1 M NaCl, 

5% Glycerol, 
3XCMC DDM 

50 mM Tris pH 7.5,  
500 mM NaCl, 
10% Glycerol 
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3.2.9 Large scale expression and purification 
 
 
4 L of TB media (1 L in each of 4 baffled flasks) was prepared and 

sterilised for the main culture. Ten milliliters of pre-culture (grown overnight) 

was used to inoculate each 1 L TB medium flask containing 50 μg/mL 

kanamycin. The cells were grown at 37 °C until the OD600 reached above 

1.0. Recombinant protein production was initiated by the addition of IPTG to 

a final concentration of 0.5 mM. The induction was carried out for 8 hours at 

20 °C and the cells were harvested by centrifugation for 15 minutes at 4000 

rcf. The harvested cells were separated from the TB media and resuspended 

in buffer D (50 mM Tris pH 7.0, 20 mM Imidazole, 500 mM NaCl, 10% (v/v) 

Glycerol, 3XCMC 4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol 

(Triton X-100) detergent) to give 20 mL of solution per gram of cell pellet. 

The resuspended cells were lysed by passing the suspended cells 3 times 

through a high-pressure homogenizer (Emulsiflex-C5 by Avestin). Lysed 

cells were then subjected to ultracentrifugation for 1 hour at 100,000 rcf. The 

supernatant, after ultracentrifugation, was passed through a 0.22 micron 

filter. The filtered supernatant was then mixed gently by stirring at 4 °C for 1 

hour. After 1 hour the sample was loaded onto a 5 mL NiNTA Histrap column 

(pre-equilibrated with buffer D using a peristaltic pump at a flow rate of 1 

mL/minute. After loading the supernatant, the 5 mL NiNTA Histrap column 

was attached to the AKTA FPLC and washed with 50 column volumes of 

buffer A at a flow rate of 1 mL/minute to remove Triton X-100 detergent. 

Bound His6-NmLpxB protein was eluted with an imidazole gradient using 

buffer B. Protein elution was monitored spectrophotometrically by measuring 

the absorbance at 280 nm and peak fractions which eluted at 300 mM 
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Imidazole were pooled, concentrated to a final volume of 4 mL and further 

purified by SEC using a HiLoad 16/60 SuperdexTM 200 preparative-grade 

gel filtration column pre-equilibrated with buffer E (20 mM Tris, 200 mM 

NaCl, 5% (v/v) Glycerol). Protein purity was assessed by SDS–PAGE, and 

fractions were concentrated to 3-10 mg/mL as estimated from the 

absorbance at 280nm and used for biophysical characterisation and 

crystallisation trials. 

 

3.2.10 CD 

 
 
Purified His6-NmLpxB was diluted to a final concentration of 

0.5 mg/mL in 20 mM sodium phosphate pH 7.0, and CD spectra was 

measured between 260 and 190nm. CD spectra of His6-NmLpxB in the 

presence of UDP were also measured by diluting His6-NmLpxB to a final 

concentration of 0.5 mg/mL in 20 mM sodium phosphate pH 7.0 and 2 mM 

UDP. The prepared sample was incubated for 15 minutes in ice before the 

CD spectra was measured. Instrument used and experiment setup details 

were detailed in 2.2.4.4.  

 

3.2.11 SEC-MALLS 
 
 
For SEC-MALLS analysis the S200 GL Superdex 10/300 column was 

equilibrated with buffer (E) at a flow rate of 0.5 mL/minute until a stable 

baseline for all the detectors was attained. Purified His6-NmLpxB of 150 µL 

concentrated to 5 mg/mL was injected onto the column and eluted with buffer 
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(E) at a flow rate of 0.5 mL/minute. Chromatograms of right-angle light 

scattering (RALS) and refractive index (RI) were obtained and analysed. 

 

100 µL of BSA, prepared to a concentration of 2 mg/mL in buffer (E) 

was used for instrument calibration purpose. 

 

3.2.12 His tag cleavage 

 
 
Soluble peak fractions of His6-NmLpxB from SEC were pooled and 

diluted to a final concentration of 5.0 mg/mL with buffer E in a 50 mL falcon 

tube. His6-TEV enzyme prepared in the lab was added to the His6-NmLpxB 

in the falcon tube at a protease to target protein ratio of 1:200 (W/W) and 

incubated at 4 °C in the presence of 1 mM Dithiothreitol (DTT) for 8 hours. 

NmLpxB was separated from the cleaved hexahistidine tag and TEV-His6 by 

rIMAC. 

 

3.2.13 Crystallisation trials  

 
 
SEC purified soluble His6-NmLpxB was concentrated to 10.0 mg/mL 

using an amicon concentrator with a molecular weight cut off limit 30 kDa. 

Prior to crystallisation screens setup, freshly prepared 1mM DTT was added 

to the concentrated His6-NmLpxB sample and incubated for 5 minutes on ice 

as DTT helps to prevent the oxidation of free sulfhydryl residues (cysteines). 

Crystallisation screening plates of 96 well (Hampton Research) were setup 
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with Index, PEG/ION and Crystal1/2 crystallisation screens (Hampton 

Research) as detailed in Section 2.2.4.9.1. Membrane protein crystallisation 

screens were not trialed because His6-NmLpxB was found to be stable and 

soluble without detergents. 

 

Hit conditions was further optimised by the sitting drop vapour 

diffusion method as detailed in Section 2.2.4.9.3. Additive screen HR2-428 

(Hampton Research) were trialed with the optimized condition as per the 

manufacturer’s instructions using the sitting drop vapour diffusion method. 

 

Crystals of His6-NmLpxB were harvested from the sample drops 

using nylon loops mounted on a CrystalCap CopperTM base (Hampton 

Research) and flash frozen with no cryoprotectant (unless mentioned) by 

rapid immersion into liquid nitrogen and stored in a 16 well crystal sample 

puck until data collection. 
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3.3 Results and discussion 

 
Soluble expression of the target protein requires control over 

expression limit; this can be achieved by using weak promoters (or) vectors 

coding for promoter repression genes (119). pETM11 vector (kindly donated 

by the Bond lab) consisting of a lac UV5 promoter and lac1 repressor gene 

was double digested at restriction sites NcoI and BamHI.  Full length 

NmLpxB gene amplified from gDNA of N. meningitidis strain MC58 has been 

ligated onto the double digested pETM11 vector (Figure 3.2). The cloned 

vector was confirmed to express His6-TEV-NmLpxB with no mutations by 

sequencing. Cloning work has been done by Martin Rokkonen (Honours 

student).  
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Figure 3.2. Plasmid map of pETM11-NmLpxB. NcoI and BamHI are the restriction sites digested for the insertion of NmLpxB gene. The gene was inserted 
in between the lac UV5 promoter and the T7 terminator to include the expression of His6 and TEV cleavage site with NmLpxB. pETM11 contains of a 

kanamycin resistance cassette. 
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Recombinant expression and purification of the target protein requires 

optimisation at different stages to obtain enough protein which is soluble and 

folded  for characterisation studies. Small scale expression and purification 

trials played a crucial role in optimising the E. coli expression strain, optimal 

density for IPTG induction and expression time post induction for obtaining 

soluble, conformationally stable His6-NmLpxB enzyme.  

 

An array of E. coli strains, engineered for specific expression needs of 

recombinant protein are available and the use of these strains have been the 

preferred system for prokaryotic protein overexpression (120, 121). So far, 

the available strains have been ideal for soluble protein expression and not 

for membrane proteins.  This is mainly because the expressed membrane 

proteins have to be inserted into the limited host cell membrane space. The 

insertion of overexpressed, non-native structure into the cell membrane of 

the host can cause stress to the host cell and activate their proteolytic 

systems (122). A strategy to overcome this issue is by limiting the target 

membrane protein expression post induction and using strains that have 

better tolerance to toxic membrane protein expression such as C41 and C43 

(123). Other available strains like BL21 derivatives which have lower 

proteolytic activity and boost the expression of target protein are also of 

better choice for screening. Table 3.2 lists various E. coli host expression 

strains tested with changes in optimal density for IPTG induction and 

expression time post induction.  
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Table 3.2. Details of different E. coli expression strains tested along with OD600 for IPTG induction and expression time post induction.  

 

Plasmid 
construct 

Antibiotic 
concentration 

Expression 
cell line 

Volume 
expressed 

(L) 

Expression 
media 

Induced at 
OD600 

Concentration 
of IPTG for 
induction 

(mM) 

Culture  
temperatures 

(°C) 

Expression 
time 

(hours) 

pETM11 50 μg/mL 
kanamycin 

BL21 (DE3) 3  TB 0.6 0.5  20.0 16.0  

pETM11 50 μg/mL 
kanamycin 

BL21 (DE3) 3  TB 1.0 0.5  20.0 10.0  

pETM11 50 μg/mL 
kanamycin 

Rosetta 3  TB 0.7 0.5  20.0 16.0 

pETM11 50 μg/mL 
kanamycin 

C41 (DE3) 3  TB 0.66 0.5  20.0 16.0  

pETM11 50 μg/mL 
kanamycin 

C41 (DE3) 3  TB 1.0 0.5  20.0 10.0  

pETM11 50 μg/mL 
kanamycin 

C43 (DE3) 3  TB 0.62 0.5  20.0 16.0  

pETM11 50 μg/mL 
kanamycin 

C43 (DE3) 3  TB 1.0 0.5  20.0 10.0  
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Small scale recombinantly expressed His6-NmLpxB, from all E. coli 

host expression strains and conditions was initially purified by nickel affinity 

chromatography method. In nickel affinity purification imidazole concentration 

was increased in a step gradient manner in order to obtain pure His6-

NmLpxB free from bacterial contaminants. Expressed Protein from all test 

conditions eluted at 300 mM Imidazole concentration from nickel column. 

 

Nickel purified His6-NmLpxB from all E. coli host expression strains 

and conditions was further purified by SEC method as an additional 

purification step and also to determine the oligomeric state of the protein 

from the retention volume by comparing with the elution of molecular weight 

standards. The elution profile of molecular weight standards has determined 

40 mL of retention volume as void for HiLoad 16/60 SuperdexTM 200 

column. The molecular weight of His6-NmLpxB was estimated to be 42.419 

kDa from the protein sequence in ExPASy ProtParam, therefore the retention 

volume for monomeric His6-NmLpxB is expected to be between 75 to 80 mL 

for HiLoad 16/60 SuperdexTM 200. From SEC purification profiles (Figure 

3.3) and by quantification (Table 3.3) of SEC purified samples from all 

expression strains and conditions tested, it was found that E. coli C41 (DE3) 

under the conditions; 10 hours post induction using 0.5 mM of IPTG at OD600 

of 1.0 expressed more protein. SEC samples from above strain and condition 

were assessed for purity by SDS-PAGE (Figure 3.4). Samples from SDS-

PAGE (boxed red in Figure 3.4) were excised carefully and sent for protein 

identification by mass spectrometry. Results from MALDI-TOF/TOF 

confirmed that the protein expressed and purified was His6-NmLpxB (Table 

10.2). 
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Figure 3.3. SEC profiles of His6-NmLpxB from small scale purification trials. Each SEC profile information is listed in Table 3.2 according to their colour. 
Orange dashed line is the elution of molecular weight standards from the SEC column,Thyroglobulin (bovine) 670.0 kDa, globulin (bovine) 158.0 kDa, 
Ovalbumin 44.0 kDa, Myoglobin 17.0 kDa, Vitamin B12 1.35 kDa.  

 
Table 3.3. Retention volumes and concentrations of soluble His6-NmLpxB obtained after small scale expression and purification trials. 

 

Expression host strain BL21 (DE3) BL21 (DE3) Rosetta C41 (DE3) C41 (DE3) C43 (DE3) C43 (DE3) 

Post induction time (hours) 16  10  16  16  10  16  10 

LpxB retention volume (mL)  81.38  81.49  79.35  78.93  78.43  83.77  82.62  

Protein yield (mg/L of culture) 0.5  0.36  0.3  0.86  1.0  0.8  0.56  
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Figure 3.4. SDS-PAGE of His6-NmLpxB purified from E. coli C41 (DE3) under the 
conditions; 10 hours post induction using 0.5 mM of IPTG at OD600 of 1.0. Lane 1) 
Sample from void volume of SEC purification, Lane 2) Sample from soluble fraction of SEC 
purification, Lane 3) Molecular weight marker (kDa).  

 

 

Since most of His6-NmLpxB purified from E. coli C41 (DE3) under the 

conditions; 10 hours post induction using 0.5 mM of IPTG at OD600 of 1.0, 

eluted in void volume, it suggests soluble aggregation of protein in the 

purified buffer. Therefore, optimisation of the buffer, pH and salt 

concentration is necessary to obtain high yields of soluble His6-NmLpxB for 

biophysical and structural characterisation. Use of various detergents with 

varying amphiphilic properties can play a key role in extraction of His6-

NmLpxB from membranes and in maintaining its conformational stability. 

Proteins that maintain their conformational stability are known to have a 

higher thermal stability. Therefore, the melting temperatures (Tm) of His6-

NmLpxB in different buffers and in a combination of buffers and detergents 

were measured for identification of optimum condition. Conditions tested are 

listed in Table 3.1. 

 

                               1         2       3    (kDa) 

42.7 

66.4 

97.2 

25.0 

158.0 
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Among various conditions tested, only a few conditions that 

possessed the characteristic unfolding sigmoidal shape were analysed and 

shown in Figure 3.5, results from all test conditions are shown in Appendix 3 

(Figure 10.3). Initial high fluorescence of the melt curves (Figure 3.5 (A), at 

low temperatures could be due to binding of the SYPRO orange dye to the 

exposed hydrophobic surfaces of His6-NmLpxB. After initial fluorescence the 

melt curves drop in fluorescence followed by a sigmoid curve (124). Analysis 

of melt curves by 1st order derivative method (Figure 3.5 (B) resulted in Tm 

values as shown in Table 3.4 for respective conditions.  

 

His6-NmLpxB had a high melt temperature of 54.00 (°C) in the 

condition 50 mM Tris pH 7.0, 500 mM NaCl, 10% (v/v) Glycerol and 3XCMC 

Triton X-100. Triton X-100 of 3XCMC replaced by 3XCMC n-Dodecyl β-D-

maltoside (DDM) detergent in the same condition resulted in a Tm difference 

of 0.5 (°C).  This suggests that protein is stable in either of the detergents in 

the same condition. Other test conditions 20 mM Tris pH 7.0, 200 mM NaCl, 

10% (v/v) Glycerol and 50 mM Tris pH 7.0, 500 mM NaCl, 10% (v/v) Glycerol 

also resulted in a Tm  49.00 (°C) and 48.00 (°C). These results suggest that 

absence of detergents in purification buffers could also keep the protein 

stable provided they contain high salt and glycerol concentrations. Since 

His6-NmLpxB is a peripheral membrane protein, there is a need for its 

extraction from host’s membranes. Therefore, condition 50 mM Tris pH 7.0, 

500 mM NaCl and 10% (v/v) Glycerol with 3XCMC Triton X-100 (or) DDM 

was trialed for purification. When DDM was used in the buffers the enzyme 

precipitated during purification, which I assume is due to the interaction 
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between His6-NmLpxB and free DDM molecules in solution (as the structural 

geometry of DDM is quite similar to 2’,3’-diacylglucosamine-(β,1--6)-2,3-

diacylglucosamine-1-phosphate, which is the product of the reaction 

catalysed by LpxB). Therefore, 3XCMC Triton X-100 in 50 mM Tris pH 7.0, 

500 mM NaCl and 10% (v/v) Glycerolhas been chosen as an optimum buffer 

condition for protein extraction during cell lysis. 
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(A)                                                                                                                             (B) 

Figure 3.5. DSF results of His6-NmLpxB. Test condition of each melt curve and their (Tm) are listed in Table 3.4 according to their colour. (A) Melt 
curve amplification peaks of His6-NmLpxB in various test conditions. (B) Derivative profiles of the melt curve amplification peaks. 

 

Table 3.4. DSF test conditions that resulted in a melting temperature of His6-NmLpxB.  
 

 
 

DSF test conditions 

50 mM Tris pH 7.0,  
500 mM NaCl, 
10% Glycerol 

3XCMC Triton X-100 

50 mM Tris pH 7.5,  
500 mM NaCl, 
10% Glycerol 

 

20 mM Tris pH 7.0,  
200 mM NaCl, 
10% Glycerol 

 

50 mM Tris pH 7.0,  
500 mM NaCl, 
10% Glycerol, 
3XCMC DDM 

 

Measured melting 
temperature (°C) 

54.00  48.00  49.00  53.50  
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Large scale expression and purification of His6-NmLpxB in the 

optimised conditions was carried out as detailed in 3.2.9. Since His6-

NmLpxB was also found to be stable in buffers without detergents, during 

nickel purification a buffer exchange step was introduced to replace buffer D 

with buffer A. On flowing buffer B as a step gradient His6-NmLpxB eluted 

from nickel column at 300 mM Imidazole concentration (Figure 3.6 (A). 

Eluted protein was subjected to further purification by SEC. His6-NmLpxB 

eluted as a mononmer at retention volume of 75.73 mL (Figure 3.6 (B), which 

is an expected volume for its theoretical molecular weight on a HiLoad 16/60 

SuperdexTM 200 column.  

 

His6-NmLpxB obtained from SEC purification was incubated with 

His6-TEV enzyme (boxed black in Figure 3.7) for cleavage of the His6 tag as 

detailed in section 3.2.12. NmLpxB was purified (boxed red in Figure 3.7) 

from cleaved His6 tag and His6-TEV enzyme by rIMAC as detailed in section 

2.2.4.6. Samples were collected during all steps of purification and were 

analysed by SDS-PAGE (Figure 3.7). Protein samples were pure as 

assessed by SDS-PAGE and NmLpxB of 15 mg was obtained per liter of E. 

coli cell culture at the end of purification. 
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(A)                                                                                                                          (B) 

 

Figure 3.6. Large scale purification profiles of His6-NmLpxB. (A) Blue profile indicates the elution of His6-NmLpxB from nickel column. Red profile 
indicates the concentration of imidazole in step gradient. (B) SEC profile of His6-NmLpxB in blue colour. Orange dashed line is the elution of molecular weight 
standards from the SEC column, Thyroglobulin (bovine) 670.0 kDa, globulin (bovine) 158.0 kDa, Ovalbumin 44.0 kDa, Myoglobin 17.0 kDa, Vitamin B12 1.35 
kDa. 
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Figure 3.7. SDS-PAGE of large scale purified His6-NmLpxB. Lane 1) Supernatant 
loaded onto the nickel column, Lane 2) Flowthrough from nickel column, Lane 3) Eluted 
sample of His6-NmLpxB from SEC, Lane 4,5) Samples after overnight incubation of His6-
NmLpxB with His6-TEV enzyme (boxed black), Lane 6) rIMAC purified NmLpxB (boxed 
red), Lane 7) Molecular weight marker (kDa). 

 
 

Assessing the structural integrity of the purified His6-NmLpxB is 

important before setting up crystallisation screens for structural 

characterisation. Initial biophysical experiments like CD were carried out on 

His6-NmLpxB as detailed in Section 3.2.10. The deconvolution of CD spectra 

(Figure 3.8) of purified His6-NmLpxB by secondary structure calculation 

program K2D2 (93) predicted that the enzyme could contain 67% -helices 

and 2% -sheets, these results also suggest that the protein is pre-

dominantly -helical and folded. These results also coincide with the 

predicted secondary structure bioinformatic results from PSIPRED 4.0 

(Figure 10.2). 
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Figure 3.8. CD measurements of His6-NmLpxB. The green coloured profile is the 
recorded spectrum of His6-NmLpxB.  

 

Another important variable to consider before crystallisation trials is 

the homogeneity of the purified protein. Molecular weight and homogeneity 

of His6-NmLpxB were measured using SEC-MALLS. Right-angle light 

scattering and RI detectors were used to measure the SEC eluted protein. 

The elution profile from both the detectors displayed a strong signal at 

retention volume 16.78 mL. The second peak from the RI detector at 

retention volume 22.51 mL could be due to the small difference in the buffer 

conditions (Figure 3.9). Analysis of first peak by using the Omnisec software 

(Malvern) resulted in an average molecular weight of 42,829 Da, slightly 

higher than the predicted molecular weight 42,419 Da for NmLpxB. The 

calculated molecular weight suggests that His6-NmLpxB is monomeric in 

solution, which is in contrast to its orthologue EcLpxB that eluted as an 
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octamer during SEC purification (117). The aggregated state (or) apparent 

octamer of EcLpxB was present as an apparent dimer when using 0.1% 

DDM detergent (117). The predicted oligomeric state of NmLpxB is further 

supported by elution of HiLpxB as a monomer from a SEC column (117). 

Additionally, the polydispersity index (PDI) was calculated to be 1.005 

indicating that purified His6-NmLpxB is homogenous (Table 3.5). 

  

 

      

Figure 3.9. SEC-MALLS profiles for His6-NmLpxB. Red coloured profile is from the RI 
detector. Blue coloured profile is from the right-angle light scattering detector. Black coloured 
line at the top of first peak is the polydispersity index indicator.  
 

Table 3.5. SEC-MALLS results for His6-NmLpxB.  

 

 

Since purified His6-NmLpxB had conformational stability and was 

homogenous, it was subjected to crystallisation trials as detailed in section 
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Mw/Mn (PDI) 1.005 0.00 
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3.2.13. Few conditions resulted in spherulites, optimisation of the conditions 

to obtain single crystals was carried out in a 24-well sitting drop format.  

Nearly 758 different crystallisation conditions were trialled with no success. 

Screening with 1 % (40 mM) n-Octyl-β-D-Glucopyranoside (OG) detergent as 

an additive, resulted in rhombohedral shaped crystals in the precipitant 1.1 M 

Ammonium tartrate dibasic pH 7.0 (Figure 3.10 (A).  Crystals measured up to 

a size of 0.2 mm. Crystals from sample drops were harvested using nylon 

loops mounted on a CrystalCap CopperTM base (Hampton Research) and 

flash frozen with no cryoprotectant by rapid immersion into liquid nitrogen 

and sent to Australian synchrotron to test for diffraction on microfocus (MX2) 

X-ray  beamline (Figure 3.10 (B).  Data was collected by me remotely and 

His6-NmLpxB crystals diffracted to 8.0 Å (Figure 3.10 (C). 

 

To improve diffraction resolution, further optimisation of crystal 

condition by varying pH, precipitant and OG concentration were trialled in a 

24-well sitting drop format. Concentration of His6-NmLpxB during 

optimisation was maintained at 10 mg/mL. Crystals of His6-NmLpxB formed 

in a minimum OG concentration of 0.26% (10 mM) in the precipitant 

condition 0.8 M Ammonium tartrate dibasic pH 7.0.  

 

Additive screens were trialled in the above condition. After two days 

rhombohedral shaped crystals were observed in two different additives; 3.0% 

(w/v) Trimethylamine N-oxide (TMAO) and 100 mM Sodium citrate tribasic 

dihydrate. No other additives resulted in crystals. 
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(A)            (B) 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
   (C) 
 
Figure 3.10.  Crystals of His6-NmLpxB and X-ray diffraction test. (A) Crystals of His6-
NmLpxB. (B) A single His6-NmLpxB crystal held in the nylon loop for exposure to the 
microfocus X-ray beamline at the Australian Synchrotron. (C) X-ray diffraction image of His6-
NmLpxB crystal. 
 

0.2 mm 

       8.0 Å  
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Further optimisation of crystallisation condition was carried out by 

altering the concentration of additives. His6-NmLpxB crystals appeared 

between 2-3.25% (w/v) TMAO (or) 100-250 mM Sodium citrate tribasic 

dihydrate in 0.8 M Ammonium tartrate dibasic pH 7.0, 0.26% (10 mM) OG. 

Crystals obtained in the presence of additives were harvested from sample 

drops, cryoprotected with 10% glycerol and flash frozen by rapid immersion 

into liquid nitrogen before being sent to Australian synchrotron to test for 

better diffraction resolution on microfocus (MX2) X-ray beamline. Data was 

collected by me remotely and His6-NmLpxB crystals obtained in 2-3.25% 

(w/v) TMAO additive did not diffract to a better resolution, while crystals from 

the condition 0.8 M Ammonium tartrate dibasic pH 7.0, 0.26% (10 mM) OG 

and 200 mM Sodium citrate tribasic dihydrate which measured to a size of 

0.5 mm (Figure 3.11 (A, B) diffracted to 4.82 Å (Figure 3.11 (C). Auto 

processed screening data from the later condition indexed the crystal on a 

primitive lattice in space group P1 with unit cell parameters, a=48.9 Å, 

b=79.6 Å, c=121.0 Å, a=89.8 Å, b=84.1 Å, c=89.9 Å.  

 

Due to time constraints further optimisation of crystallisation condition 

has not been possible. A stategy to improve diffraction resolution is the use 

of cryoprotectants. Since an exhaustive list of cryoprotectants is available, 

use of small polyols like glycerol and organic salts like malonate in various 

concentrations could be a starting step for cryoprotectant optimisation.  

 

Microseed matrix seeding (MMS) is an extension of old seeding 

techniques where crystals grown in one set of conditions are systematically 
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seeded into new conditions as part of the screening (or) optimisation 

procedure (125). By employing this method other crystallisation conditions 

for His6-NmLpxB can be found.   
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(A)                                                                (B) 

             
 

(C) 
 
Figure 3.11.  Crystals of His6-NmLpxB from additive screen and X-ray diffraction test. 
(A) Crystals of His6-NmLpxB obtained from additive Sodium citrate tribasic dihydrate. (B) A 
single His6-NmLpxB crystal held in the nylon loop for exposure to the microfocus X-ray 
beamline at the Australian Synchrotron. (C) X-ray diffraction image of His6-NmLpxB crystal. 
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Using Phyre2 (126), (an online structure prediction tool that predicts 

the structures of proteins based on sequence and function) structure 

prediction was carried out on the NmLpxB sequence. The closest homology 

structure predicted was that of EcLpxB (PDB entry 5W8S) with sequence 

identity of 42.93%. The other predicted homology structures were of EcMurG 

(PDB entry 1F0K) with sequence identity of 18.00% and MsPimA (PDB entry 

2GEJ) with sequence identity of 13.00%. The predicted structurally 

homologous proteins were all found to be members of the GT-B family of 

glycosyltransferases.  

 

During the preparation of this thesis, the first crystal structure of LpxB 

from E. coli (EcLpxB) has been reported (127). The EcLpxB homologous 

template of NmLpxB is shown in Figure 3.12. NmLpxB structure is similar to 

previously characterised GT-B enzymes. It consists of two Rossmann-like 

domains facing each other. The two domains are linked to each other via 

short anti-parallel helical linkers and an interdomain cleft. The active site 

among GT-B enzymes resides in the cleft with its residues acting to aid 

leaving group departure (128). 
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Figure 3.12. Predicted structure of NmLpxB from Phyre2. Ribbon representation of 
NmLpxB, showing two domains with linking helices. 
 

The reported structure of EcLpxB had 6 hydrophobic residues (Val 66, 

Val 68, Leu 69, Leu 72, Leu 75, Leu 76) mutated to Serines for soluble 

expression and purification of the protein and was found to result in an 

inactive protein compared to the wild-type enzyme (127). Multiple sequence 

alignment of LpxB orthologues with predicted structurally homologous 

proteins revealed that all these enzymes contain a hydrophobic patch 

surrounded by a basic face, differing in the exact positions of the residues 

(Figure 3.13).  

 

In PimA the hydrophobic residues are surface exposed in the N-

terminal domain and feature a flexible loop followed by an amphipathic helix 

Domain 1 Domain 2 

Helical linker 1 

Helical linker 2 
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from residues 72-87 (129). Deletion of the loop (or) mutation of the helical 

residues to Ser prevented catalysis by pimA (129). Additionally, Rodrigo 

Unzueta and colleagues demonstrated the relevance of this helix in pimA for 

membrane association by fluorescence resonance energy transfer (FRET) 

experiments between amphipathic helical residues and fluorescently 

labelled lipids in small unilamellar vesicles. The data obtained suggested 

that the amphipathic helix associates with vesicles containing negatively 

charged lipids (129). 

 

By using the MspimA homologous template of NmLpxB I have 

attempted to locate the exact positions of the hydrophobic patch and 

amphipathic helix in the NmLpxB sequence. The hydrophobic patch in 

NmLpxB was found to be between the residues 67-81 (Figure 3.13) and the 

amphipathic helix included the residues 82-94. The predicted regions of the 

hydrophobic patch and amphipathic helix in NmLpxB coincided with the 

mutated regions of EcLpxB and suggest that these regions could be involved 

in membrane association among LpxB orthologues. The predicted 

membrane interaction of NmLpxB is shown in Figure 3.14. These results also 

suggest that the Gene: 902307 codes for NmLpxB. 

 

 

 

. 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Rodrigo-Unzueta%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27189944
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rodrigo-Unzueta%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27189944
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Figure 3.13. Multiple sequence alignment of LpxB orthologues with predicted 
structurally homologous GT-B family proteins. The alignment was performed using 
Clustalw2. * (asterisk) indicates fully conserved residues, : (colon) indicates conservation 
between groups of strongly similar properties, . (period) indicates conservation between 
groups of weakly similar properties. Residues highlighted in green form the amphipathic 
helix. Residues highlighted in brown form the hydrophobic patch. Residues highlighted in 
yellow from the predicted hydrophobic patch in NmLpxB. Residues highlighted in purple 
correspond the predicted amphipathic helix in NmLpxB The secondary structure was 
obtained from the EcLpxB PDB file 5W8S and drawn using the computer program Aline 
(130). 
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Moreover, the oligomeric state of EcLpxB was established as a dimer 

and the last 87 residues in the quaternary structure were completed by the 

C-terminal residues of the opposite subunit (127). These results are in 

contrast to the oligomeric state of HiLpxB and NmLpxB. Multiple sequence 

alignment results did not show any conserved residues among the GT-B 

members at the dimeric interface of EcLpxB. Therefore, further investigations 

into the oligomeric state of HiLpxB and NmLpxB by analytical centrifugation 

and MST would be useful. 
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Figure 3.14. Predicted membrane interaction of NmLpxB. The MspimA homologous template of NmLpxB showing the predicted hydrophobic patch and 
the amphipathic helix that are possibly involved in membrane interaction among LpxB orthologues. 

Inner leaflet of the inner membrane  

Flexible loop consisting of predicted hydrophobic patch 

Predicted amphipathic helix 



  CHAPTER 3 
 

 
 

89 

In summary, NmLpxB expression and purification method has been 

optimized to give full length, folded enzyme to >90% purity. Biophysical 

characterization of the enzyme by circular dichroism resulted in secondary 

structure confirming its conformational stability. Studies on aggregation 

behaviour of the enzyme confirmed that it exists in solution as a monomer 

and is monodisperse. Crystals of wild-type NmLpxB were obtained and I 

hope strategies detailed would help in better diffraction resolution and 

structure solution to give us rich biological insight of the enzyme. 
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LpxH from N. meningitidis 
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4.0  Introduction 

 
LpxH (UDP-2,3-diacylglucosamine hydrolase) is an enzyme that 

catalyses the 4th step in the Raetz pathway. Its product, lipid X, is a substrate 

for LpxB. The structure of lipid X was determined by NMR spectroscopy 

(113) and analysis of S. typhimerium lipid A by NMR revealed the presence 

of a second, linked 2,3-diacylglucosamine moiety (131). Radio-labeling MN7 

and its parental strain R477 with 32PO4, and using a modified Bligh-Dyer 

extraction method (103), Raetz and colleagues were able to identify, a 

second unknown metabolite in addition to lipid X. The unknown metabolite 

accumulated approximately 50-fold in MN7 relative to wild-type E. coli. 

Chemical and enzymological degradation of this unknown compound, 

coupled with chromatographic analysis in the presence of synthetic NDP-

diacylglucosamine standards, suggested that the unknown metabolite was 

UDP-2,3-diacylglucosamine (132). 

 

 Pulse-labeling experiments identified UDP-2,3,-diacylglucosamine as 

a precursor of lipid X in vivo (116). Further supporting evidence on the role of 

UDP-2,3,-diacylglucosamine as a lipid A precursor was obtained when E. coli 

crude extracts were shown to catalyse its conversion to lipid X (132), and 

when partially purified LpxB was used to catalyse the formation of DSMP 

from purified UDP-2,3,-diacylglucosamine and lipid X (133). 

 
To identify the gene responsible for E. coli UDP-2,3-

diacylglucosamine hydrolase activity, a cdh (CDP-diacylglycerol hydrolase 

enzyme of unknown biological function, found to act upon UDP-2,3-
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diacylglucosamine in cell lysates) deletion strain was infected with a library of 

mapped hybrid bacteriophage λ clones (134), and the resulting lysates were 

assayed for UDP-2,3-diacylglucosamine activity (135). From a clone having 

~10-fold increased activity and lacking cdh, bioinformatic analysis identified 

ybbF (later renamed lpxH) as a gene encoding for UDP-2,3-

diacylglucosamine hydrolase (135). The in vitro assay also confirmed that 

cdh is non-essential for lipid A biosynthesis and cell viability (136-139). 

Moreover, cdh contains a signal sequence consistent with periplasmic 

localization. It has been demonstrated that lipid A biosynthesis occurs at the 

cytoplasmic face of the inner membrane (116). 

 

Sequence comparison showed LxpH to have a motif (DXHXN, 

GDXXDXN, GNH(D/E), where X is any residue) characteristic of a metal-

dependent phosphoesterase super-family. LpxH activity was confirmed by in 

vivo, radio-labeling of whole cells, and an in vitro assay (20, 140). LpxH was 

shown to have an absolute requirement for both of its substrate’s acyl 

chains, and to lack activity toward CDP-diacylglycerol. 31P NMR analysis of 

UMP and lipid X, generated from UDP-2,3-diacylglucosamine by partially 

purified enzyme in the presence of H2
18O, revealed that LpxH catalyses the 

attack of water at the α-phosphorous atom of UDP (135). As many members 

of the metal-dependant phosphodiesterase family have bi-metallic centers, it 

is possible that more than one metal is involved in LpxH function.  
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4.1  Metal-dependent Phosphohydrolases 

 

LpxH catalyses the cleavage of a phosphodiester bond. 

Phosphohydrolases, play important roles in the post-translational 

modification of proteins, nucleic acid processing, and numerous other 

aspects of metabolism, transport, and cellular signalling (141-146). In the 

past decade, biochemical and biophysical techniques have provided insight 

into the mechanisms of different types of metal-dependent 

phosphohydrolases. Some of the well-characterized members include 

metallo-phosphoesterases that act upon lipids (phospholipases C and D) 

(147), sphingomyelin phosphodiesterase (143), nucleotides and their 

precursors (the Nudix enzyme family) (144), some ribonucleases (148), 

cyclic nucleotide phosphoesterases), and proteins (serine-threonine 

phosphatases, calcineurin) (149). The mechanisms of these enzymes are 

diverse, but they generally involve the positioning of a deprotonated water 

molecule for attack upon the phosphorous of the coordinated phosphate 

moiety of the substrate. The roles played by metals in these mechanisms 

vary. 

 

In enzymes such as red kidney bean purple acid phosphatase, an 

aspartate-coordinated dimetallic centre, consisting of Zn2+ and Fe3+, 

positions a hydroxyl for attack upon a phosphorous atom (150). Multiple 

histidines may provide coordination of the substrate. In the case of 

bacteriophage λ serine-threonine phosphatase, structural and biochemical 

reports suggest that a Mn2+ bimetallic centre is coordinated by histidine, 
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asparigine, and aspartate residues. A bridge formed by the bimetallic centre 

positions a water molecule for attack upon the phosphate. Members of this 

enzyme family share a metallo-phosphohydolase motif, 

DXHXNGDXDXNGNHD/E, where X denotes any residue, and n is ~25.  

 

The Nudix phosphohydrolases, while sharing an active site motif 

(GX5EX7REUXEEXGU, where X is any residue and U is a bulky hydrophobic 

or aliphatic amino acid), catalyse their reactions by diverse mechanisms, 

using one, two, or three, metals for various catalytic purposes (151). These 

metals are commonly Mg2+, Mn2+, or Co2+, and do not necessarily co-purify 

with the enzymes (152). Different Nudix family members catalyse the attack 

of water upon α-phosphates (153), β-phosphates (154), or with GDP-

mannose hydrolase, upon the anomeric carbon of the mannose (155). 

dUTPase’s present in all living organisms and in some retroviruses are some 

examples of metallo-phosphohydrolase diversity (156). In most dUTPase’s 

the oxygens of the α-phosphate of dUTP are coordinated by metal atoms 

usually Mg2+, within a complex shell of ordered waters, while conserved 

acidic residues position the catalytic water for attack.  

 

Metal-dependent phosphohydrolases are good examples of divergent 

evolution, having numerous structural motifs and methods of catalysis (144, 

157). Despite having a common conserved active site sequence, Nudix 

enzymes have multiple catalytic strategies, suggesting their divergent 

evolution from a common ancestor. Another example of such type is a 

recently-discovered bacterial phospholipase PlcP, which despite having a 
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common conserved motif with LpxH, catalyses chemistry upon a different 

substrate (158). 

 

While the purification of E. coli LpxH to near homogeneity has proven 

to be difficult (135), attempts to isolate and characterise its orthologues is 

necessary. In this chapter, I detail the optimised expression and purification 

method for NmLpxH. Biophysical characterisation of the purified enzyme 

provides information regarding the secondary structure and LpxH’s 

oligomerization state. Crystals of NmLpxH have been obtained, which did not 

diffract X-rays. Basic bioinformatic results like molecular weight, pI, extinction 

co-efficient and predicted secondary structure (Figure 11.2, Appendix 4) of 

NmLpxH are presented in Appendix 4. A PDB BLAST search of NmLpxH 

sequence showed 95% structural similarity to HiLpxH (PDB entry 5K8K) with 

a sequence identity of 58.70% and structural similarity of 96% to PaLpxH 

(PDB entry 5B49) with a sequence identity of 44.26% (Table 11.1). If 

diffracting crystals could be obtained the crystal structure of NmLpxH could 

be solved using the HiLpxH structure as a model for molecular replacement. 

Furthermore, from MEMSAT-SVM (118) results (Figure 11.1, Appendix 4) it 

is predicted that NmLpxH could be a peripheral membrane protein with the 

membrane interaction region (or) transmembrane helix present between the 

residues 38-53. 
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Figure 4.1. Reaction catalysed by UDP-2,3-diacylglucosamine hydrolase (LpxH) in E. coli. The GlcN saccharides of the substrates and product 
are drawn in blue; their 3 or 3'-position oxygens are highlighted in red. 
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4.2 Materials & Methods 

4.2.1 Cloning 

The LpxH gene (Gene ID: 902659) consisting of 720bp was amplified 

(forward and reverse primers used are listed in Appendix 1) from N. 

meningitidis MC58 strain genomic DNA for ligation onto a double digested 

pETM11 vector. The amplified NmLpxH gene was ligated into the pETM11 

vector such that the base pairs coding for the T7 promoter, a hexa-histidine 

tag and the Tobacco etch virus (TEV) cleavage site are at the start of the 

gene. The ligated vector was confirmed for the presence of the LpxH gene 

by Sanger sequencing. 

 
4.2.2 Transformation and pre-culture 

Transformation of E. coli C41 (DE3) cells with the pETM11 vector 

containing the NmLpxH gene was carried out in a similar way as detailed in 

section 2.2.1.4. Pre-culture of the transformed cells was setup as detailed in 

section 3.2.3. 

 

4.2.3 Small scale expression 

LpxH and LpxB were characterised as peripheral membrane proteins 

in the Raetz pathway. Since recombinant expression of LpxB was successful 

in E. coli C41 (DE3) expression strain, recombinant expression of LpxH was 

also trialled in this strain. In small scale expression trials of NmLpxH, the 

optimal density for IPTG induction and expression time post induction were 

tested. 
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 A total volume of 2 L TB medium (1 L in each of 2 baffled flasks) was 

prepared and sterilized for the main culture. Ten milliliters of pre-culture 

(grown overnight) was used to inoculate each 1 L TB medium flask 

containing 50 μg/mL kanamycin. The cells were grown at 37 °C until the 

OD600 reached 0.5-0.8. Recombinant protein production was initiated by the 

addition of IPTG to a final concentration of 0.5 mM and 1.0 mM. Induction 

was carried out for 10 and 4 hours at 20 °C and the cells were harvested by 

centrifugation for 15 minutes at 4000 rcf. The harvested cells were separated 

from the TB medium and re-suspended in buffer (A) (50 mM Tris pH 7.0, 20 

mM Imidazole, 500 mM NaCl, 10%(v/v) Glycerol, 3XCMC Triton X-100) to 

give 20 mL of solution per gram of cell pellet. 

 

4.2.4 Small scale cell lysis 

 

All steps from the cell lysis through the purification procedure were 

carried out at 4 °C unless otherwise stated. After protein expression, the cells 

were harvested by centrifugation for 15 minutes at 4000 rcf. The harvested 

cells were separated from the TB medium and resuspended in buffer (A) to 

give 20 mL of solution per gram of cell pellet. The resuspended cells were 

lysed by passing the suspended cells through a high-pressure homogenizer 

(Emulsiflex-C5 by Avestin) 3 times at 80/18,000 psi. Lysed cells were then 

subjected to centrifugation for 1 hour at 24,000 rcf.  
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4.2.5 Small scale protein purification 

 

The supernatant, after centrifugation, was passed through a 0.22 

micron filter. The sample was loaded onto a 1 mL NiNTA Histrap column 

(pre-equilibrated with buffer (A)) using a peristaltic pump at a flow rate of 1 

mL/minute. After loading the supernatant, the 1 mL NiNTA Histrap column 

was attached to the AKTA FPLC and washed with 10 column volumes of 

buffer (B) (50 mM Tris pH 7.0, 20 mM Imidazole, 500 mM NaCl, 10% (v/v) 

Glycerol) at a flow rate of 1 mL/minute. Bound His6-NmLpxH protein was 

eluted with an imidazole gradient using buffer (C) (50 mM Tris pH 7.0, 500 

mM Imidazole, 500 mM NaCl, 10% (v/v) Glycerol). Protein elution was 

monitored spectrophotometrically by measuring the absorbance at 280 nm 

and peak fractions at 300 mM Imidazole concentration were pooled and 

centrifuged at 4000 rpm for 10 minutes. The supernatant containing soluble 

His6-NmLpxH protein was subjected to dialysis before further purification by 

SEC. Buffer used for dialysis was buffer (D) (20 mM Tris pH 7.0, 200 mM 

NaCl, 10%(v/v) Glycerol).  

 

4.2.6 SDS-PAGE 
 

 

SDS-PAGE of samples collected during the cell lysis and purification 

steps was carried out as detailed in section 3.2.7.  
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4.2.7 DSF 

 

DSF was performed on the purified protein to assess the stability of 

the protein in different buffers and additives. As it is known from small scale 

purification, that imidazole is necessary to keep the protein stable, I have 

attempted DSF with pH values higher than 7.0. Light sensitive SYPRO 

orange dye that binds to the hydrophobic patches of the protein was used. 

DSF experiments for His6-NmLpxH were carried out as detailed in section 

3.2.8. Instrument used and experiment setup details were detailed in 2.2.4.3. 

Table 4.1 lists different test conditions used in DSF experiment for His6-

NmLpxH. 
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Table 4.1. List of different test conditions used in DSF experiment of His6-NmLpxH. 

50 mM TrispH 8.0, 
500 mM NaCl,  
10% Glycerol 

50 mM Tris pH 7.0, 
200 mM NaCl 

50 mM Tris pH 7.5, 
200 mM NaCl 

20 mM Tris pH 8.0,  
500 mM NaCl, 
5% Glycerol 

20 mM Bis-Tris pH 6.5,  
500 mM NaCl, 
10% Glycerol, 

3XCMC Triton X-100 

50 mM TrispH 7.0, 
500 mM NaCl,  
5% Glycerol 

50 mM Tris pH 7.5, 
500 mM NaCl,  
5% Glycerol 

50 mM Tris pH 8.0, 
200 mM NaCl,  
10% Glycerol 

20 mM Tris pH 8.0,  
1 M NaCl, 

5% Glycerol 

50 mM Tris pH 7.0,  
500 mM NaCl, 
10% Glycerol, 
3XCMC DDM 

50 mM TrispH 7.0, 
1 M NaCl,  

5% Glycerol 

50 mM Tris pH 8.0, 
500 mM NaCl,  
5% Glycerol 

20 mM Tris pH 7.5,  
200 mM NaCl, 
10% Glycerol 

50 mM Tris pH 7.0, 
200 mM imidazole, 

5% Glycerol 

50 mM Tris pH 7.5,  
500 mM NaCl, 
10% Glycerol, 

3XCMC Triton X-100 

50 mM Bis-Tris pH 6.5,  
500 mM NaCl, 
5% Glycerol, 

3XCMC Triton X-100 

50 mM Tris pH 7.0,  
500 mM NaCl, 
10% Glycerol, 

3XCMC Triton X-100 

50 mM Tris pH 7.5,  
500 mM NaCl, 
5% Glycerol, 

3XCMC Triton X-100 

50 mM Tris pH 8.0,  
500 mM NaCl, 
5% Glycerol, 

3XCMC Triton X-100 

50 mM Tris pH 8.0,  
500 mM NaCl, 
10% Glycerol, 

3XCMC Triton X-100 

50 mM Bis-Tris pH 6.5,  
500 mM NaCl, 
5% Glycerol, 
3XCMC DDM 

50 mM Tris pH 7.0,  
500 mM NaCl, 
5% Glycerol, 
3XCMC DDM 

50 mM Tris pH 7.5,  
500 mM NaCl, 
5% Glycerol, 
3XCMC DDM 

50 mM Tris pH 8.0,  
500 mM NaCl, 
5% Glycerol, 
3XCMC DDM 

50 mM Bis-Tris pH 6.5,  
500 mM NaCl, 
10% Glycerol, 
3XCMC DDM 

 

50 mM Bis-Tris pH 6.5,  
1 M NaCl, 

5% Glycerol, 
3XCMC Triton X-100 

 

50 mM Tris pH 7.0,  
1 M NaCl, 

5% Glycerol, 
3XCMC Triton X-100 

50 mM Tris pH 7.5,  
1 M NaCl, 

5% Glycerol, 
3XCMC Triton X-100 

50 mM Tris pH 8.0,  
1 M NaCl, 

5% Glycerol, 
3XCMC Triton X-100 

50 mM Tris pH 7.0,  
500 mM NaCl, 
10% Glycerol, 
3XCMC DDM 

 

50 mM Bis-Tris pH 6.5,  
1 M NaCl, 

5% Glycerol, 
3XCMC DDM 

 

50 mM Tris pH 7.0,  
1 M NaCl, 

5% Glycerol, 
3XCMC DDM 

50 mM Tris pH 7.5,  
1 M NaCl, 

5% Glycerol, 
3XCMC DDM 

50 mM Tris pH 8.0,  
1 M NaCl, 

5% Glycerol, 
3XCMC DDM 

50 mM Tris pH 7.5,  
500 mM NaCl, 
10% Glycerol 
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4.2.8 Dialysis 

 
Dialysis is a technique used for the removal of small, unwanted 

compounds from macromolecules in solution by selective and passive 

diffusion through a semi-permeable membrane. 

 

5 mL of His6-NmLpxH eluted from nickel column in buffer (C) (50 mM 

Tris pH 7.0, 500 mM Imidazole, 500 mM NaCl, 10% (v/v) Glycerol) was 

pooled into a semi-permeable membrane of molecular weight cut-off size 

(MWCO) 8000 to 14000 Da. The membrane containing His6-NmLpxH was 

tightly sealed on either sides and placed over 1000 mL of buffer (D) (20 mM 

Tris pH 7.0, 200 mM NaCl, 10%(v/v) Glycerol), (dialysate) stored in a beaker. 

Beaker containing His6-NmLpxH sample and dialysate was left in 4 °C 

overnight with gentle stirring for buffer salts to pass freely through the 

membrane, reducing the concentration of imidazole in the sample. Buffer 

exchanged His6-NmLpxH sample was collected next day from the dialysis 

tubing for further analysis. 

 

4.2.9 Large scale expression and purification 

 
4 L of TB medium (1 L in each of 4 baffled flasks) was prepared and 

sterilised for the main culture. Ten milliliters of pre-culture (grown overnight) 

was used to inoculate each 1 L TB medium flask containing 50 μg/mL 

kanamycin. The cells were grown at 37 °C until the OD600 reached 0.5. 

Recombinant protein production was initiated by the addition of IPTG to a 
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final concentration of 0.5 mM. The induction was carried out for 4 hours at 

20 °C and the cells were harvested by centrifugation for 15 minutes at 4000 

rcf. The harvested cells were separated from the TB medium and 

resuspended in buffer (A) to give 20 mL of solution per gram of cell pellet. 

The resuspended cells were lysed by passing the suspended cells through a 

high-pressure homogenizer (Emulsiflex-C5 by Avestin) 3 times at 80/18,000 

psi. Lysed cells were then subjected to ultracentrifugation for 1 hour at 

100,000 rcf. The supernatant, after centrifugation, was passed through a 

0.22 micron filter. The sample was loaded onto a 5 mL NiNTA Histrap 

column (pre-equilibrated with buffer (A)) using a peristaltic pump at a flow 

rate of 1 mL/minute. After loading the supernatant, the 5 mL NiNTA Histrap 

column was attached to the AKTA FPLC and washed with 10 column 

volumes of buffer (B) at a flow rate of 1 mL/minute. Bound His6-NmLpxH 

protein was eluted with an imidazole gradient using buffer (C). Protein elution 

was monitored spectrophotometrically by measuring the absorbance at 

280 nm and peak fractions which eluted at 300 mM Imidazole were pooled 

and centrifuged at high speed for 10 minutes. The supernatant containing 

soluble His6-NmLpxH protein was further purified by SEC using a HiLoad 

16/60 SuperdexTM 200 preparative-grade gel filtration column pre-

equilibrated with buffer (E) (20 mM Tris pH 8.0, 200 mM NaCl, 10%(v/v) 

Glycerol). Protein samples were collected at every stage and purity was 

assessed by SDS–PAGE. 
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4.2.10 CD 

 

CD experiments for LpxH were carried out as detailed in 3.2.10. The 

-helical and -sheets content was predicted from the CD data using an 

online prediction program K2D (159). 

 

4.2.11 SEC-MALLS 
 
 

To establish the oligomeric state and homogeneity of the purified 

His6-NmLpxH, size-exclusion chromatography combined with multi angle 

laser light scattering (SEC-MALLS) was used. For SEC-MALLS analysis the 

S200 GL Superdex 10/300 column was equilibrated with buffer (E) at a flow 

rate of 0.5 mL/minute until a stable baseline for all the detectors was 

attained. Purified His6-NmLpxH of 150 µL concentrated to 5 mg/mL was 

injected onto the column and eluted with buffer (E) at a flow rate of 0.5 

mL/minute. Chromatograms with measurements of right-angle light 

scattering (RALS) and refractive index (RI) were obtained and analysed. 

 

4.2.12 Crystallisation trials 

 

SEC purified soluble His6-NmLpxH was concentrated to 10 mg/mL 

using an amicon concentrator with a molecular weight cut off limit 10 kDa. 

Freshly prepared 1 mM DTT was added to the concentrated His6-NmLpxH 

and incubated for 5 minutes on ice prior to setting up crystallisation screens. 

Crystallisation screening plates of 96 well (Hampton Research) were setup 
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with Index, PEG/ION and Crystal1/2 crystallisation screens (Hampton 

Research) as detailed in 2.2.4.9.1. 

 

Crystallisation conditions which showed promising leads were further 

optimised by sitting drop vapour diffusion methods as detailed in 2.2.4.9.3.  

 

Crystals of His6-NmLpxH were harvested from the sample drops as 

detailed in 3.2.13. 

 

4.2.13 Silver staining 

 

His6-NmLpxH crystals which were exposed to X-rays at Australian 

synchrotron were slowly brought to ambient temperature by evaporating 

liquid nitrogen.  Crystals in nylon loops were washed 3 times gently in 1 µL 

drops of freshly prepared precipitant solution to remove any contamination. 

Washed crystals were prepared for SDS-PAGE by addition of 5 µl 2X loading 

dye and were resolved on a 12% SDS-PAGE gel. 

 

Electrophoresed gels were developed using SilverQuestTM Silver 

Staining Kit. The kit contained a fixing solution (10% methanol, 10% acetic 

acid), sodium thiosulfate solution, silver nitrate solution, developer solution 

(10 gm potassium carbonate, 20 mL sodium thiosulfate solution and 250 µL 

40% formaldehyde in 500 mL) and destain solution (10% MeOH, 5% acetic 

acid). Initially electrophoresed gels were fixed in a fixing solution for 30 

minutes and washed 4X in double deionised water for at least 5 minutes per 
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wash. After washing, gels were incubated in sodium thiosulfate solution for 

exactly 90 seconds and washed again 4X in double deionised water. To the 

washed gels silver nitrate solution was added and left for 10 minutes with 

gentle mixing. After 10 minutes silver nitrate solution was removed and 

washed quickly 3X in double deionised water. A developer solution was 

added to the washed gels and mixed gently, the reaction was stopped when 

needed by addition of destain solution. Destained gels were washed 3X in 

double deionised water and left in water. 
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4.3 Results and discussion 

 
pETM11 vector consisting of a lac UV5 promoter and lac1 repressor 

gene was double digested at restriction sites NcoI and BamHI.  Full length 

NmLpxH gene amplified from gDNA of N. meningitidis strain MC58 has been 

ligated onto the double digested pETM11 vector (Figure 4.2). The cloned 

vector was confirmed to express His6-TEV-NmLpxH with no mutations by 

sequencing. Cloning work has been done by Martin Rokkonen (Honours 

student). 
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Figure 4.2. Plasmid map of pETM11-NmLpxH. NcoI and BamHI are the restriction sites digested for the insertion of NmLpxH gene. The gene was inserted 
in between the lac UV5 promoter and the T7 terminator to include the expression of His6 and TEV cleavage site with NmLpxH. pETM11 contains of a 
kanamycin resistance cassette. 
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Since expression of peripheral membrane protein NmLpxB was 

successful in E. coli C41 (DE3) strain, small scale expression trials of 

NmLpxH were carried out using same host expression strain. NmLpxH was 

transformed and expressed in same conditions as NmLpxB. Purification of 

NmLpxH was also carried out in similar buffer conditions as NmLpxB. Nickel 

affinity purification was carried in a step gradient manner and NmLpxH eluted 

at 100% (500 mM) imidazole concentration (Figure 4.3 (A).  

 

To determine the oligomeric state of the protein and as a further 

purification step SEC was carried out. The molecular weight of His6-NmLpxH 

was estimated to be 27.656 kDa from the protein sequence in ExPASy 

ProtParam, therefore the retention volume for monomeric His6-NmLpxH is 

expected to be between 80 to 90 mL for HiLoad 16/60 SuperdexTM 200. 

NmLpxH eluted from the SEC column at the retention volume of 72.00 mL 

(Figure 4.3 (B). 

 

 SDS-PAGE analysis of the nickel and SEC purified samples of His6-

NmLpxH showed two protein bands close to the theoretical molecular weight 

of the protein (Figure 4.4). Red colour boxed protein bands (Figure 4.4) from 

SDS-PAGE were excised carefully and sent for analysis by mass 

spectrometry. MALDI TOF/TOF confirmed the top band to be full-length 

NmLpxH and the bottom band to be a degraded by-product of the full-length 

protein. 
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      (A)                                                                                                                                (B) 

 

Figure 4.3. Small scale purification profiles of His6-NmLpxH. (A) Blue profile indicates the elution of His6-NmLpxH from nickel column. Red profile 
indicates the concentration of imidazole in step gradient. (B) SEC profile of His6-NmLpxH in blue colour. Orange dashed line is the elution of molecular 
weight standards from the SEC column, Thyroglobulin (bovine) 670.0 kDa, globulin (bovine) 158.0 kDa, Ovalbumin 44.0 kDa, Myoglobin 17.0 kDa, Vitamin 
B12 1.35 kDa. 
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Figure 4.4. SDS-PAGE of small scale purified His6-NmLpxH. Lane 1) Supernatant 
loaded onto the nickel column, Lane 2) Flowthrough from nickel column, Lane 3) Molecular 
weight marker (kDa), Lane 4) Eluted sample of His6-NmLpxH from nickel column, Lane 5,6) 
SEC purified samples of His6-NmLpxH. 

 

For biophysical characterization and crystallisation of His6-NmLpxH, it 

is vital to obtain full-length, stable and folded protein. Various expression and 

purification trials as listed in Table 4.2 were carried out, a condition with 

expression time of 4hrs post induction with 0.2 mM of IPTG concentration 

yielded full length protein without any degradation (as assessed by SDS-

PAGE (Figure 4.5)). The full length protein eluted from the nickel column at 

500 mM imidazole concentration and was >90% pure as assessed by SDS-

PAGE (Figure 4.5).  
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Table 4.2. Details of different small scale expression screens tested for His6-NmLpxH with change in IPTG concentration and expression time post 
induction

Plasmid 
construct 

Antibiotic 
concentration 

Expression 
cell line 

Volume 
expressed 

(L) 

Expression 
media 

Induced 
at OD600 

Concentration 
of IPTG for 
induction 

(mM) 

Culture  
temperatures 

(°C) 

Expression 
time 

(hours) 

pETM11 50 μg/mL 
kanamycin 

C41 (DE3) 3  TB 0.45 0.5  20.0 16.0  

pETM11 50 μg/mL 
kanamycin 

C41 (DE3) 3  TB 0.48 0.3  20.0 10.0  

pETM11 50 μg/mL 
kanamycin 

C41 (DE3) 3  TB 0.52 0.2  20.0 8.0  

pETM11 50 μg/mL 
kanamycin 

C41 (DE3) 3  TB 0.5 0.5  20.0 16.0  

pETM11 50 μg/mL 
kanamycin 

C41 (DE3) 3  TB 0.48 0.3  20.0 10.0 

pETM11 50 μg/mL 
kanamycin 

C43 (DE3) 3  TB 0.46 0.2  20.0 8.0  

pETM11 50 μg/mL 
kanamycin 

C43 (DE3) 3  TB 0.5 0.2  20.0 4.0  
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Figure 4.5. SDS-PAGE of samples from optimised expression condition for His6-
NmLpxH. Lane 1) Supernatant loaded onto the nickel column, Lane 2) Flowthrough from 
nickel column, Lane 3) Molecular weight marker (kDa), Lane 4) Eluted sample of His6-
NmLpxH from nickel column. 
 
 

As His6-NmLpxH eluted at very high imidazole concentration, buffer 

exchange by dialysis was carried out as detailed in section 4.2.8 to remove 

imidazole before further purification by SEC. During dialysis, the protein 

precipitated in the dialysis membrane. Precipitated protein was allocated into 

eppendorf tubes and a different concentration of imidazole ranging from 50 

mM to 300 mM was added. Precipitated His6-NmLpxH solubilized in 

imidazole concentration above 200 mM.  

 

Since most of the full-length His6-NmLpxH purified from E. coli C41 

(DE3) under the conditions; 4 hours post induction using 0.2 mM of IPTG at 

OD600 of 0.5, precipitated at low concentrations of imidazole, optimisation of 

the buffer conditions like pH, salt and glycerol concentrations was necessary 

to obtain high yields of soluble His6-NmLpxH. 
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DSF technique was used to aid in optimisation of buffer conditions. 

Buffer conditions tested are listed in Table 4.1. Among various conditions 

tested, only few conditions that possessed the characteristic unfolding 

sigmoidal shape were analysed and shown in Figure 4.6, results from all test 

conditions are shown in Appendix 4 (Figure 11.3).  Initial high fluorescence of 

the melt curves (Figure 4.6 (A), at low temperatures was thought to be 

because of binding of the SYPRO orange dye to the exposed hydrophobic 

surfaces of His6-NmLpxH. After initial fluorescence the melt curves drop in 

fluorescence followed by a sigmoid curve (124). Analysis of melt curves by 

1st order derivative method (Figure 4.6 (B) resulted in Tm values as shown in 

Table 4.3 for respective conditions.  
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(A)                                                                                                                              (B) 

Figure 4.6. DSF results of His6-NmLpxH. Test condition of each melt curve and their (Tm) are listed in Table 4.3 according to their colour. (A) Melt 
curve amplification peaks of His6-NmLpxH in various test conditions. (B) Derivative profiles of the melt curve amplification peaks. 

 

Table 4.3. DSF test conditions that resulted in a melting temperature of His6-NmLpxH. 
 

 
 

DSF test conditions 

50 mM Tris pH 8.0,  
200 mM NaCl,  
10% Glycerol 

50 mM Tris pH 7.0, 
 200 mM imidazole,  

5% Glycerol 
 

50 mM Tris pH 8.0,  
500 mM NaCl,  
5% Glycerol 

 

Measured melting 
temperature (°C) 

50.00  49.00  49.00  
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His6-NmLpxH had a high melt temperature of 50.00 (°C) in the 

condition 50 mM Tris pH 8.0, 200 mM NaCl, 10% (v/v) Glycerol. This 

suggests that protein is stable in buffer conditions having higher pH. Other 

test conditions 50 mM Tris pH 7.0, 200 mM imidazole, 5% (v/v) Glycerol and 

50 mM Tris pH 8.0, 500 mM NaCl, 5% (v/v) Glycerol also resulted in a Tm  

49.00 (°C). These results suggest that imidazole is needed to maintain the 

protein’s stability at low pH. Therefore, above condition with high melt 

temperature has been chosen as an optimum buffer condition for protein 

purification. 

 

Large scale expression and purification of His6-NmLpxH in the above 

optimised conditions was carried out as detailed in 4.2.9. As expression and 

purification of recombinant proteins does not often yield stably folded protein, 

assessment of conformational stability for SEC purified His6-NmLpxH has 

been carried out by CD as detailed in section 3.2.10. The deconvolution of 

CD spectra of purified His6-NmLpxH by secondary structure calculation 

program K2D2 (159) predicted that the enzyme could contain 26% -helices 

and 20% -sheets which is in accordance with the secondary structure 

predicted by the online bioinformatic tool PSIPRED 4.0 (160). The results 

also suggest that the protein is folded and pre-dominantly -helical (Figure 

4.7).  
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Figure 4.7. CD measurements of His6-NmLpxH. The blue coloured profile is the recorded 
spectrum of His6-NmLpxH. 
  

 
Homogeneity and oligomeric state of the purified protein are some 

important variables to be considered before crystallisation trials. Molecular 

weight and homogeneity of His6-NmLpxH were measured using SEC-

MALLS. Right-angle light scattering and RI detectors were used to measure 

the SEC eluted protein. The elution profile from both the detectors displayed 

a strong signal at retention volume 16.60 mL. The negative peak from the RI 

detector at retention volume 22.51 mL could be due to the small difference in 

the buffer conditions (Figure 4.8). Analysis of the signal using Omnisec 

software (Malvern) resulted in an average molecular weight of 26924 Da, 

slightly lower than the theoretical molecular weight 27656 Da for NmLpxH. 

The calculated molecular weight suggests that His6-NmLpxH is monomeric 

in aqueous solution similar to other LpxH orthologues (HiLpxH and PaLpxH), 

which is in contrast to its functional orthologue LpxI (from Caulobacter 
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crescentus (CcLpxI)) that elutes as a dimer during SEC purification (161). 

Furthermore, CcLpxI was found to be proteolyzed in vivo when mutated at 

the dimeric interface suggesting dimeric interaction to play an important role 

in enzyme stabilization (161). Thus, it can be concluded that LpxH and LpxI 

exhibit different oligomeric states even though they have similar function. 

Additionally, the polydispersity index (PDI) was calculated to be 1.002 

indicating that purified His6-NmLpxH is homogenous (Table 4.4). 

 

 

Figure 4.8. SEC-MALLS profiles for His6-NmLpxH. Red coloured profile is from the RI 
detector. Blue coloured profile is from the right-angle light scattering detector. Black coloured 
line at top of the peak is the polydispersity index indicator. 
 

Table 4.4. SEC-MALLS results for His6-NmLpxH. 
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Since purified His6-NmLpxH maintained its conformational stability 

and was homogenous, it was subjected to crystallisation trials as detailed in 

section 2.2.4.9.1. A number of conditions resulted in phase separation. One 

condition (100 mM Bis-Tris pH 6.5, 45% (v/v) polypropyleneglycol 400) 

resulted in rod-shaped cluster of crystals (Figure 4.9 (A). Crystals measured 

up to a size of 0.8 mm. Crystals from sample drops were harvested using 

nylon loops mounted on a CrystalCap CopperTM base (Hampton Research) 

and flash frozen with no cryoprotectant by rapid immersion into liquid 

nitrogen and sent to Australian synchrotron to test for diffraction on 

microfocus (MX2) X-ray  beamline (Figure 4.9 (B). Data was collected by me 

remotely and His6-NmLpxH crystals did not diffract X-rays (Figure 4.9 (C). 
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                                     (A)                                                                       (B) 
 
 

 

 
    
   (C) 

 
 

Figure 4.9.  Crystals of His6-NmLpxH and X-ray diffraction test. (A) Crystals of His6-
NmLpxH. (B) A single His6-NmLpxH crystal held in the nylon loop for exposure to the 
microfocus X-ray beamline at the Australian Synchrotron. (C) X-ray diffraction image of His6-
NmLpxH crystal. 
 

0.8 mm 
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To test if the crystals obtained were of His6-NmLpxH, a puck 

containing crystals which were exposed to X-rays at the Australian 

Synchrotron was moved into a cryogenic dewar which was pre-equilibrated 

and filled with liquid nitrogen. The lid of the dewar was left half open for liquid 

nitrogen to evaporate and the dewar to reach ambient temperature. 

 

 Crystals in nylon loops were washed 3 times gently in 1 µL drops of 

freshly prepared precipitant solution to remove any contamination. Washed 

crystals were prepared for SDS-PAGE by addition of 5 µl 2X loading dye and 

were resolved on a 12% SDS-PAGE gel. 

 

Resolved gel was silver stained as detailed in section 4.2.13. Silver 

stained gel showed a band (boxed red) approximately at the theoretical 

molecular weight of His6-NmLpxH (Figure 4.10). Band (boxed red) was 

excised carefully and sent for mass spectrometry. MALDI TOF/TOF 

confirmed the silver stained band to be a full-length His6-NmLpxH (Table 

11.2), thereby confirming that the crystals obtained were of NmLpxH. 
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Figure 4.10. Silver stained SDS-PAGE of His6-NmLpxH crystals. Lane 1) His6-NmLpxH 
crystals. Lane 2) Molecular weight marker (kDa). 
 
 

During our trials to obtain diffracting crystals, crystal structures of 

Haemophilus influenza LpxH (HiLpxH, PDB entry 5K8K) (162) and 

Pseudomonas aeruginosa LpxH (PaLpxH, PDB entry 5B49) (163) have been 

reported. Both the crystal structures contained the product, lipid X, bound to 

the enzyme. It was reported that HiLpxH and PaLpxH co-purified and co-

crystallised with lipid X (162, 163). Using the online structure prediction 

program Phyre2 (126); the close homology structure for NmLpxH was 

predicted to be of HiLpxH (PDB entry 5K8K) with 58.70% sequence identity 

(the percentage identity between the sequence provided and the sequence 

of the predicted homology structure). The template model of NmLpxH 

generated was with 100% confidence, which is the probability (from 0-100) 

between the sequence provided and the template homology (Figure 4.11). 
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Figure 4.11. Predicted structure of NmLpxH from Phyre2. Ribbon representation of 
NmLpxH, showing two domains. 

 

Structure of HiLpxH consists of two domains; a catalytic domain that is 

homologous to the metallophosphoesterases and a helical insertion domain 

(162). In HiLpxH lipid X was captured between these two domains with its 

phosphate group facing the dinuclear metal Mn2+ centre and two acyl chains 

buried in the hydrophobic cavity (162). The reaction catalysed by LpxH 

orthologues features the enzymes from the Nudix family, which cleave the 

pyrophosphate bond of nucleoside diphosphates but the structure of HiLpxH 

revealed a conserved core architecture shared within the calcineurin-like 

phosphoesterase (CLP) family of metalloenzymes. Sequence alignment of 

LpxH orthologues with the members from CLP family revealed three 

conserved motifs homologous to the characteristic of the CLP family (Figure 

Helical insertion domain 

Catalytic domain 
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4.12) (164). The most conserved CLP family motif, DXH(X) GDXXDR(X) 

GNH(D/E), where X indicates any amino acid is clustered at the N-terminal 

region of LpxH (Figure 4.12, motif 1, yellow) (164). The middle region of the 

enzymes contains a motif of a highly conserved histidine followed by an 

aspartate (Figure 4.12, motif 2, green) (164). Finally at the C-terminus of 

LpxH is motif 3 coloured in red. Motif 3 contains hydrophobic residues at the 

start and was first characterized in a sub-class of CLP enzymes that are 

involved in DNA repair and polymerization (165, 166). Thus, the results from 

sequence alignment and MALDI TOF/TOF (Table 11.2) conclude that the 

Gene: 902659 codes for NmLpxH. 

 

 
 



  CHAPTER 4 
 

 
 

125 

 

Figure 4.12. Multiple sequence alignment of LpxH orthologues with members from CLP family. 
The alignment was performed using Clustalw2. * (asterisk) indicates fully conserved residues, : 
(colon) indicates conservation between groups of strongly similar properties, . (period) indicates 
conservation between groups of weakly similar properties. Residues highlighted represent conserved 
motifs in CLP family. Yellow represents motif 1, Green represents motif 2 and Red represents motif 3. 
Secondary structure was obtained from the HiLpxH; PDB file 5K8K and drawn using the computer 
program Aline (130). 
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The lack of diffraction of His6-NmLpxH protein crystals could be due 

to a high degree of structural flexibility. From the structural analysis of 

HiLpxH, it was identified that an extensive array of LpxH residues interact 

with every polar group of the glucosamine-1- phosphate headgroup. The 1- 

phosphate group in particular forms two salt bridges with R81 and D45 

(Figure 4.13 (B) (162). It is additionally recognised through hydrogen bonds 

with the manganese chelating residues N80 and H198 (Figure 4.13 (C) 

(162). Strategies like co-crystallisation of His6-NmLpxH with lipid X could be 

a starting point for obtaining diffracting His6-NmLpxH crystals. 

 

Crystallisation of PaLpxH in the absence of lipid X required 10 mM 

MnCl2 as an additive. Two Mn2+ metal ions can be identified within the 

catalytic site of the enzyme. The first ion (Mn2+ 1) is coordinated by the side 

chains D8, H10, and D41, with D41 bridging the di-manganese cluster 

(Figure 4.14 (B)) (163), while the second ion (Mn2+ 2) is coordinated by side 

chains of D41, N79, H114 and H195 (Figure 4.14 (A)) (163). Screening of 

divalent additives like Mn2+ is another strategy for obtaining better diffracting 

His6-NmLpxH crystals. 

 

Apart from trialling co-crystallisation experiments and additive 

screening, obtained His6-NmLpxH crystals should be tested for diffraction at 

room temperature. This should now be feasible as the structural biology lab 

at UWA is now equipped with a new diffractometer. If diffraction of His6-

NmLpxH crystals does not improve, crystal engineering technique should be 

employed. In this technique, residues on protein surface will be mutated to 

promote good crystal contacts.   
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 (B) 

 

 

 

 

 

 

 

 

 
 
 

(A)                                                                                                                                                     (C) 

 
Figure 4.13. Crystal structure of HiLpxH. (A) Ribbon representation of HiLpxH in complex with lipid X (represented in sticks), the 1- phosphate is coloured 
in orange. The two red coloured spheres are di-manganese ions. (B) Insight of the residues at active site that form salt bridges with 1- phosphate of lipid X. 
Black dashed lines indicates salt bridges. (C) Insight of the residues at active site that form hydrogen bonds with 1- phosphate of lipid X. Yellow dashed lines 
indicates hydrogen bonds.  
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          (A)                                                                                                                         (B) 
 
 
 
Figure 4.14. Coordination of the di-manganese cluster in PaLpxH. (A) Mn2+ 2 is co-ordinated by contacts to the side chains of D41, H114, N79 and H195. 
(B) Mn2+ 1 is co-ordinated by contacts to the side chains of D42, D9 and H11. Yellow dashed lines in (A) and (B) indicates hydrogen bonds. 
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By using the HiLpxH PDB file (5K8K) (162) crystal contacts of HiLpxH 

enzyme were determined. Some of the crystal contacts found are, hydrogen 

bonds between R131 of one HiLpxH and R131 of another HiLpxH molecule 

(Figure 4.15 (A, B)). Hydrogen bond led contacts were also found between 

E186 of one HiLpxH and L103 of another HiLpxH molecule (Figure 4.15 (C, 

D)). By carrying out mutations in NmLpxH at 131, 186 and 103, crystal 

contacts could be improved to obtain better diffracting crystals. 

 

 
 
 
 
 
 
 

   (A)                                                                                           (B) 
 

 
 
 
 
 
 
 
 
 
 
 

 (D) 
              (C) 
 
 
Figure 4.15. Crystal contacts of HiLpxH. (A) Two molecules of HiLpxH along the unit cell 
axis (black dashed line). The two red coloured spheres are di-manganese ions. (B) An 
insight of the area in the black square box of picture (A) showing hydrogen bonds (yellow 
dashed line) between two R131 residues of HiLpxH molecules. (C) Two molecules of 
HiLpxH along the unit cell axis (black dashed line) in different orientation. (D) An insight of 
the area in the black square box of picture (C) showing hydrogen bond (yellow dashed line) 
between E186 and L103 residues of HiLpxH molecules.  
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Furthermore, In the Lipid A biosynthetic pathway, LpxH and LpxB 

recognize the same substrate for their catalysis and the product of LpxH 

(lipid X) acts as a second substrate for LpxB. Reports that HiLpxH and 

PaLpxH co-purified and co-crystallized with lipid X raises the possibility that 

LpxB and LpxH may interact with each other for lipid X transfer. To test this 

hypothesis, a preliminary pull down assay experiment was performed to 

observe if complex formation occurred. In this experiment His6-NmLpxH 

(Figure 4.16 (B, Lane 1)) was loaded onto the nickel affinity column, onto 

which pre-purified NmLpxB (Figure 4.16 (A)) had been loaded and incubated 

for 1 hour. A linear gradient of increasing concentration of imidazole was 

applied onto the column and the absorbance at 280nm monitored. A sharp 

increase in the absorbance was observed at 250 mM imidazole 

concentration indicating protein elution. Eluted samples were collected and 

analysed by SDS-PAGE. A protein band was observed at a size of 70 kDa 

(Boxed red (Figure 4.16 (B)) which is approximately equal to the expected 

size of the NmLpxB and NmLpxH complex. No protein bands were observed 

at each protein’s individual molecular weight (Figure 4.16 (B)). The results 

observed were inconclusive, as the samples were resolved on a denaturing 

gel. Further analysis of the SDS-PAGE protein bands by MALDI is essential. 

Samples collected should also be resolved on a native gel for conformation 

of complex formation. 
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NmLpxB 
 

 
 His6-NmLpxH  

 

 

 

 

(A)                                                      (B) 

Figure 4.16. SDS-PAGE analysis of NmLpxB and NmLpxH complex. (A) SDS-PAGE of 
pre-purified NmLpxB. Lane 1) Sample of NmLpxB before loading on to the Ni+2 column. 
Lane 2) Molecular weight marker (kDa). (B) SDS-PAGE of His6-NmLpxH and possible 
complex. Lane 1) Sample of His6-NmLpxH before loading on to the Ni+2 column. Lane 2,3) 
Possible complex of NmLpxB and NmLpxH boxed in red. Lane 5) Molecular weight marker 
(kDa). 
 

In summary, NmLpxH expression and purification method has been 

optimized to give full length, folded enzyme to >90% purity. Biophysical 

characterization of the enzyme by circular dichroism resulted in secondary 

structure confirming its conformational stability. Studies on aggregation 

behaviour of the enzyme confirmed that it exists in solution as a monomer 

and is homogenous. Crystals of NmLpxH were obtained and I hope 

strategies detailed would help in better diffraction resolution and structure 

solution of the enzyme. Apart from HiLpxH crystal structure, Pei Zhou and 

colleagues also reported variations in activity of HiLpxH point mutants when 

compared to the wild type (162). Point mutations in HiLpxH were carried out 

in the conserved motifs but their structures were not elucidated. Crystal 
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structure of the functional orthologue, CcLpxI point mutant (D225A) was 

solved with the substrate UDP- DAGn bound and revealed a conformational 

switch of the catalytic domain (161). Though LpxH and LpxI are structurally 

not related, point mutations in NmLpxH (similar to HiLpxH) and their structure 

determination should be trialled to gain biological insight of enzyme activity 

and for development of new antibiotics. 

 

Additionally, I also think the pull-down experiment should be trialled by 

loading the proteins vice versa on to the Ni+2 column. Co-expression and 

purification is another strategy to check for complex formation. If complex 

formation occurs, ITC experiments should be carried out to determine the 

binding affinity and stoichiometry of the complex. 
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5.0  Introduction 

 
Glycosylation is an enzymatic process, which adds glycans site-

specifically to another molecule, generally proteins and lipids. It is of great 

biological importance in both prokaryotes and eukaryotes (167) and requires 

the action of enzymes known as glucosyltransferases (GTs) which recognize 

both the activated-sugar donor and the corresponding acceptor to form a 

new glycosidic bond between the sugar and the acceptor. In the Gram-

negative pathogen H. pylori, biological functions of cholesterol glycosylation 

relate to its modulation of the human immune system. 

 

H. pylori which does not have the enzymes necessary for de novo 

synthesis of cholesterol, can sense the presence of cholesterol and extract it 

from epithelial membranes, linked to cholesterol-rich lipid rafts (66). Upon 

extraction cholesterol is converted to cholesteryl α-D-glucopyranoside (CGP) 

(67, 68) and its derivatives cholesteryl-6-O-tetradecanoyl-α-D-

glucopyranoside (CAG) and cholesteryl-6-O-phosphatidyl-α-D-

glucopyranoside (CPG) (69, 70). The enzyme cholesterol α-

glycosyltransferase (CGT), which is encoded by HP0421, is responsible for 

transferring glucose from UDP-glucose to the hydroxyl group of cholesterol 

to form CGP (68). The enzymes for the biosynthesis of CAG and CPG are 

yet to be found. The cholesterol α-glucosides (CGP, CAG and CPG) were 

found to contribute approximately 25% of the total lipid content in H. pylori 

and are known to play an important role in immune evasion and the survival 

of H. pylori (71). α‐Glucosylation of cholesterol was found to help H. 
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pylori escape phagocytosis by the host and subsequent T cell activation (66). 

The importance of cholesterol glycosylation is further strengthened by the 

evidence, when a mutant lacking HP0421 was not able to colonize mice (66). 

In addition, α-CAG was recently shown to activate liver iNKT cells in a CD1-

dependent manner (168).  

 

 Upon infection H. pylori adheres to the surface of the gastric mucosa 

and is rarely found in the deeper portions of the gastric mucosa (72), where 

α-1,4‐N‐acetylglucosamine‐capped core 2‐branched O‐glycans are produced 

and act as a naturally occurring antibiotic against H. pylori. It was shown that 

mucin‐ type O‐ glycans specifically inhibited H. pylori CGT like those present 

in deeper portions of the gastric mucosa (73).  

 

Enzyme localization experiments using a polyclonal antibody specific 

to CGT showed that 66.3% of the total enzyme is localized in the cytoplasmic 

fraction while 29.7% (24.7% inner membrane, 5% outer membrane) is 

localized in the membrane fraction (71). Furthermore, activity assays of 

enzyme from both the fractions showed only the membrane bound enzyme 

to be active. It was also found that the N-terminal region of CGT is critical for 

its function as truncation of the N-terminal 18 amino acids resulted in an 

inactive enzyme (71). 
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5.1  CGT and glucosyltransferases 

CGT is a retaining glycosyltransferase; it transfers glucose using 

UDP-glucose as a substrate, through a retaining catalytic mechanism, to the 

3 beta position of cholesterol resulting in the formation of CGP (Figure 5.1) 

(67, 68). It is a member of the family GT4 based on the CAZY classification 

system (169-171). This family is one of the largest GT families with over 

3700 members and has the 3D fold denoted GT-B. The GT-B fold comprises 

of two similar domains, with a connecting linker region and a catalytic site 

located between the domains. The C-terminal nucleotide-binding domain is 

usually well conserved among members of the GT-B class while variations 

are widely found in the N-terminal domains as this allows for accommodation 

of different acceptor substrates. In all retaining GTs, the nucleotide sugar is 

forced to adopt a folded shape that brings the sugar glycosyl unit over the 

pyrophosphate. This special conformation facilitates the transfer by several 

means: the C-1 of the glycosyl unit is spatially accessible for the reactions, 

the anomeric bond is elongated and weakened and a hydrogen bond can be 

established between O-2 of the glycosyl sugar moiety and a phosphate, 

lowering the energy barrier of activation (108).  

 

Furthermore, although divalent cations may be required for full activity 

of GT-B enzymes there is no evidence of a bound metal ion associated with 

catalysis (172). Within the GT4 family, 64 structures have been determined 

to date and they consist of two // domains with a central active site cleft 

situated between the domains. Residues within each of the two domains 

have been proposed to be responsible for binding of the acceptor molecule 
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and the activated sugar moiety respectively. A BLAST search of the CGT 

amino acid sequence against proteins, for which structures have been 

determined, revealed limited homology with the highest sequence similarity 

(approximately 24% over 180 of the full 360 residues in the sequence) 

localized to the C-terminal region of the sequence, which has been 

demonstrated for other GT4 homologues to be responsible for binding of the 

substrate (173-175).  

 

Sang Jae Lee and colleagues in 2011 reported a 19 kDa structure of 

CGT from H. pylori strain 26695 (176). The reported structure consists of 

residues 201-359, which form the C-terminal domain of CGT excluding the 

active site. Their report also stated that the expressed full-length enzyme (7-

383 residues) degraded rapidly during expression and after purification 

(176). The low sequence similarity at the catalytic site and N-terminal region 

of CGT combined with its importance for H. pylori survival and host immune 

evasion, makes it vital for determining the full-length three-dimensional 

structure to understand the enzyme chemistry for future structure-based drug 

design.  In this chapter, I detail various expression and purification strategies 

that I have employed to obtain soluble full-length CGT. Basic bioinformatic 

results like molecular weight, pI, extinction co-efficient and predicted 

secondary structure (Figure 12.2, Appendix 5) of CGT are presented in 

Appendix 5. PDB BLAST search of CGT sequence showed 42% structural 

similarity to C-terminal domain of CGT (PDB entry 3QHP) with a sequence 

identity of 100.0% (Table 12.1). If CGT crystals could be obtained the crystal 

structure of CGT could be solved using C-terminal domain structure of CGT 
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as a model for molecular replacement. Furthermore, from MEMSAT-SVM 

(118) results (Figure 12.1, Appendix 4) it is predicted that CGT could be a 

peripheral membrane protein with the membrane interaction region (or) 

transmembrane helix present between the residues 91-106. 
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Figure 5.1. Reaction catalysed by cholesterol α-glycosyltransferase (CGT) in H. pylori. The glucose molecule at 3 beta position of CGP is shown in 
blue. 
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5.2 Materials & Methods 

 
 

Before I have joined the lab as a PhD student, a postdoc (Chris 

Wanty) working on this project has cloned the wild type CGT gene onto a 

pET28a vector and has optimised the expression and purification conditions. 

The optimised conditions detailed below yielded protein but did not stop the 

degradation of the enzyme during and after purification.  

 
5.2.1 Cloning 

 
The CGT gene consisting of 1167bp was amplified (forward and 

reverse primers used are listed in Appendix 1) from H. pylori 26695 strain 

genomic DNA for ligation onto a double digested pET28a vector. The 

amplified CGT gene was ligated into the pET28a vector such that the base 

pairs coding for the T7 promoter are at the start of the gene and the base 

pairs coding for the Tobacco etch virus (TEV) cleavage site and hexa-

histidine tag are at the end of the gene. The ligated vector was confirmed for 

the presence of the CGT gene by Sanger sequencing. 

 

5.2.2 Transformation and pre-culture 

 
Transformation of E. coli C41 (DE3) cells with the vector of choice 

containing the CGT gene was carried out gene was carried out as detailed in 

section 2.2.1.4 using the appropriate antibiotics. Pre-culture of the 
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transformed cells was setup using appropriate antibiotics as detailed in 

section 3.2.3. 

 

5.2.3 Small scale expression 

 

A total volume of 3 L LB media (500 mL in each baffled flask) was 

prepared and sterilised for the main culture. Ten millilitres of pre-culture 

(grown overnight) was used to inoculate each 500 mL LB medium flask 

containing 50 μg/mL of appropriate antibiotic. The cells were grown in a 

shaking incubator at 37 °C until the OD600 reached 0.6 to 0.8. Recombinant 

protein production was initiated by the addition of IPTG to final concentration 

of 0.25 mM. Protein expression was carried out for 5 hours at 20 °C and the 

cells were harvested by centrifugation for 15 minutes at 4000 rcf. The 

harvested cells were separated from the TB medium and resuspended in 

buffer A (20 mM Tris pH 8.0, 20 mM Imidazole, 500 mM NaCl, 10% (v/v) 

Glycerol) to give 20 mL of solution per gram of cell pellet.  

 

5.2.4 Small scale cell lysis 

 
 

All steps from the cell lysis through the purification procedure were 

carried out at 4 °C unless otherwise stated. After protein expression, the cells 

were harvested by centrifugation for 15 minutes at 4000 rcf. The harvested 

cells were separated from the LB medium and resuspended in buffer (A) to 

give 20 mL of solution per gram of cell pellet. The resuspended cells were 

lysed by passing the suspended cells 3 times through a high-pressure 
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homogenizer (Emulsiflex-C5 by Avestin). Lysed cells were then subjected to 

centrifugation for 1 hour at 24,000 rcf.  

 

5.2.5 Small scale protein purification 

 

The supernatant, after centrifugation, was passed through a 0.22 

micron filter. The sample was loaded onto a 1 mL NiNTA Histrap column 

(pre-equilibrated with buffer A using a peristaltic pump at a flow rate of 1 

mL/minute. After loading the supernatant, the 1 mL NiNTA Histrap column 

was attached to the AKTA FPLC and washed with 10 column volumes of 

buffer A at a flow rate of 1 mL/minute. Bound CGT-His6 protein was eluted 

with an imidazole gradient using buffer B (20 mM Tris pH 8.0, 500 mM 

Imidazole, 500 mM NaCl, 10% (v/v) Glycerol). Protein elution was monitored 

spectrophotometrically by measuring the absorbance at 280 nm and peak 

fractions at 125 mM Imidazole concentration were collected and further 

assessed by SDS–PAGE. 

 

5.2.6 SDS-PAGE 
 
 

SDS-PAGE of samples collected during the cell lysis and purification 

steps was carried out as detailed in section 3.2.7.  

 

5.2.7 Expression and purification of codon optimised 
gene 
 
 

The gene sequence of wild-type CGT consisting of 1167bp has been 

provided to Geneart for codon optimisation for expression in E. coli. The 
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successful codon optimised gene was provided by Geneart in a PMA vector 

(storage vector). Forward and reverse primers were designed based on the 

codon optimised gene sequence of CGT and the gene was amplified as 

detailed in section 2.2.2.1. The amplified codon optimised gene was ligated 

onto a double digested pET28a vector such that the base pairs coding for the 

Tobacco etch virus (TEV) cleavage site and hexa-histidine tag are at the end 

of the gene. The ligated vector was confirmed for the presence of the codon 

optimised CGT gene by Sanger sequencing. 

 

Transformation, expression and purification of codon optimised CGT 

gene was carried out as detailed in sections 5.2.2 to 5.2.5. Samples 

collected were subjected to SDS-PAGE as detailed in section 5.2.6. 

 

5.2.8 N-terminal sequencing 

 
Proteolytic by-products of CGT from the SDS-PAGE were treated as 

detailed in section 2.2.4.2 and sent for N-terminal sequencing. 

 

Strategies for expression and purification of full-
length CGT 

 

After I have taken up the project, I have employed the strategies 

detailed in Table 5.1 to obtain full-length, soluble enzyme for biophysical and 

structural characterisation. During all purification trials, buffer (A) and (B) 

contained 1 mM Phenylmethylsulfonyl fluoride (PMSF, protease inhibitor) 

and 2 mM DTT unless otherwise stated. 
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Table 5.1. Strategies employed for expression and purification of full-length, soluble CGT. 

Expression and 
purification strategy  

Plasmid 
construct 

Antibiotic 
concentration  

(μg/mL) 

Expression 
cell line 

Expression 
media 

Induced 
at OD600 

Culture  
temperatures 

(°C) 

Expression  
Time 

(hours) 

Expression and purification 
of codon optimised gene 

 

pET28a 50  
kanamycin 

C41 (DE3) LB 0.68 25.0 5.0  

Expression and purification 
of point mutants 

 

pET28a 50  
kanamycin 

C41 (DE3) LB 0.65 25.0 5.0  

Targeting recombinant CGT 
into periplasmic space 

 

pET22b 50  
ampicillin 

C41 (DE3) LB 0.62 25.0 5.0 

Purification with 10 mM UDP-
glucose 

 

pETM28a 50  
kanamycin 

C41 (DE3) LB 0.62 25.0 5.0  

Purification with 10 mM UDP-
glucose and 3XCMC Triton 

X-100 
 

pETM28a 50  
kanamycin 

C41 (DE3) LB 0.75 25.0 5.0  

Purification with 10 mM UDP-
glucose and 10 mM CHAPS 

pETM28a 50  
kanamycin 

C41 (DE3) LB 0.68 25.0 5.0  

Expression and purification 
as a fusion protein 

 

pMALX(E) 50  
kanamycin 

C43 (DE3) LB 0.65 25.0 5.0  
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5.2.9 Expression and purification of point mutants 

Forward and reverse primers were designed based on the known 

gene sequence and contained the mutated codons for point mutations. Gene 

amplification for site-directed mutagenesis was performed as detailed in 

section 2.2.2.3 and the gene products containing point mutants were ligated 

onto a double digested pET28a vector such that the base pairs coding for the 

Tobacco etch virus (TEV) cleavage site and hexa-histidine tag are at the end 

of the gene. The ligated vector was confirmed for the presence of the gene 

and point mutations by Sanger sequencing. 

 

Transformation, expression and purification of CGT with point mutants 

was carried out as detailed in sections 5.2.2 to 5.2.5. Samples collected were 

subjected to SDS-PAGE as detailed in section 5.2.6. 

 

5.2.10 Targeting recombinant CGT into periplasmic 
space  
 

Forward and reverse primers were designed based on the codon 

optimised gene sequence of CGT and the gene was amplified as detailed in 

section 2.2.2.1. The amplified codon optimised gene was ligated onto a 

double digested pET22b vector such that the base pairs coding for pelB are 

at the N-terminus of the CGT gene and the base pairs coding for hexa-

histidine tag are at the C-terminus of the CGT gene. Transformation of 

chemically competent E. coli C41 (DE3) cells with pET22b vector harbouring 

the pelB periplasmic signalling gene and codon optimised CGT gene was 

carried out as detailed in section 5.2.2. Expression and purification of pelB-
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CGT was carried out as detailed in sections 5.2.3 to 5.2.5. In this strategy, 

during transformation, pre-culture and expression 50 μg/mL of ampicillin was 

used instead of 50 μg/mL kanamycin, as the pET22b vector contained 

ampicillin resistance cassette. Samples collected were subjected to SDS-

PAGE as detailed in section 5.2.6. 

 

5.2.11 Purification with 10 mM UDP-glucose  

 
Previously transformed E. coli C41 (DE3) cells with pET28a vector 

harbouring the codon optimised CGT gene were subjected to expression as 

detailed in sections 5.2.3. Purification of the expressed protein was carried 

out as detailed in sections 5.2.4 and 5.2.5 with 10 mM UDP-glucose in 

purification buffers. Samples collected were subjected to SDS-PAGE as 

detailed in section 5.2.6. 

 
5.2.12 Purification with 10 mM UDP-glucose and 
3XCMC Triton X-100 
 

Previously transformed E. coli C41 (DE3) cells with pET28a vector 

harbouring the codon optimised CGT gene were subjected to expression as 

detailed in sections 5.2.3. Purification of the expressed protein was carried 

out as detailed in sections 5.2.4 and 5.2.5 with 10 mM UDP-glucose and 

3XCMC Triton X-100 detergent in purification buffers. Nickel eluted fractions 

free from proteolytic by-products were pooled and concentrated to 3.0 

mg/mL using an Amicon concentrator with a molecular weight cut off limit 50 

kDa. Concentrated CGT-His6 protein was further purified by SEC using a 
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HiLoad 16/60 SuperdexTM 200 preparative-grade gel filtration column pre-

equilibrated with buffer C (20 mM Tris pH 8.0, 500 mM NaCl, 10% (v/v) 

glycerol, 10 mM UDP-glucose and 3XCMC Triton X-100). Protein samples 

were collected at every stage and purity was assessed by SDS–PAGE. 

 

5.2.13 Purification with 10 mM UDP-glucose and 10 
mM 3-(3-cholamidopropyl) dimethylammonio-1-
propanesulfonate (CHAPS) detergent 
 
 

Previously transformed E. coli C41 (DE3) cells with pET28a vector 

harbouring the codon optimised CGT gene were subjected to expression as 

detailed in sections 5.2.3. Purification of the expressed protein was carried 

out as detailed in sections 5.2.4 and 5.2.5 with 10 mM UDP-glucose and 10 

mM CHAPS detergent in purification buffers. Nickel eluted fractions free from 

proteolytic by-products were pooled and concentrated to 2.5 mg/mL using an 

Amicon concentrator with a molecular weight cut off limit 10 kDa. 

Concentrated CGT-His6 protein was further purified by SEC using a HiLoad 

16/60 SuperdexTM 200 preparative-grade gel filtration column pre-

equilibrated with buffer D (20 mM Tris pH 8.0, 500 mM NaCl, 10% (v/v) 

Glycerol, 10 mM UDP-glucose and 10 mM CHAPS). Protein samples were 

collected at every stage and purity was assessed by SDS–PAGE. 

 

5.2.14 Transmission electron microscopy (TEM) 

 

CGT-His6 concentrated to 2.5 mg/mL for SEC purification was diluted 

to 50 µg/mL using buffer (C) and 2.5 mL of diluted sample was adsorbed to a 
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carbon-coated copper grid, washed with two drops of deionized water and 

stained with two drops of freshly prepared 0.75% uranyl formate. 

 

The sample prepared was imaged at 4 ˚C using a Titan G2 80-200 

electron microscope operated at an acceleration voltage of 80 kV. Images 

were taken on a Gatan ultrascan 2k x 2k CCD camera 

 

5.2.15 Expression and purification as a fusion protein 
 

The pMALX(E) vector, harbouring the Maltose binding protein (MBP) 

gene containing several mutations on solvent exposed regions 

(D82A/K83A/E172A/N173A/K239A) (177), was kindly donated by Lars C 

Pedersen. Forward and reverse primers were designed based on the codon 

optimised gene sequence of CGT and the gene was amplified as detailed in 

section 2.2.2.1. The amplified codon optimised gene was ligated onto a 

double digested pMALX(E) vector such that the base pairs coding for MBP 

are at the N-terminus of the CGT gene and the base pairs coding for hexa-

histidine tag are at the C-terminus of the CGT gene. Transformation of 

chemically competent E. coli C41 (DE3) cells with the pMALX(E) vector 

harbouring the MBP gene and codon optimised CGT gene was carried out 

as detailed in section 5.2.2. Expression of MBP-CGT-His6 was carried out as 

detailed in sections 5.2.3. Purification of expressed MBP-CGT-His6 was 

carried out as detailed in sections 5.2.4 and 5.2.5 using buffer E (20 mM Tris 

pH 8.0, 500 mM NaCl, 10% (v/v) Glycerol) and buffer F (20 mM Tris pH 8.0, 

50 mM Maltose, 500 mM NaCl, 10% (v/v) Glycerol). For purification by 

affinity chromatography 5 mL MBPTrap column was used instead of the 
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nickel column. MBP-CGT-His6 bound to MBPTrap was eluted using buffer 

(F) in a step gradient manner. MBP-CGT-His6 that eluted from the MBPTrap 

column was pooled and concentrated to 4 mL using an Amicon concentrator 

with a molecular weight cut off limit 50 kDa. Concentrated MBP-CGT-His6 

protein was further purified by SEC using a HiLoad 16/60 SuperdexTM 200 

preparative-grade gel filtration column pre-equilibrated with buffer G (20 mM 

Tris pH 8.0, 500 mM NaCl, 10% and (v/v) Glycerol). Protein samples were 

collected at every stage and purity was assessed by SDS–PAGE. 

 

5.2.16 Enzymatic assay 

 
The enzymatic assay for CGT was developed and carried out by our 

collaborator Keith Stubs. For the enzymatic assay below detailed stock 

solutions and developing stain were made and used when required.  

 

Stock solutions: 50 mM Tris pH 7.5, 4 mM cholesterol in ethanol and 

5 mM UDP-glucose in Tris buffer. 

 

Developing stain: To 12 gm of ammonium molybdite, 0.5 gm of ceric 

sulfate and 15 mL of concentrated sulfuric acid, 235 mL of distilled was 

added. The mixture was mixed gently by stirring and stored in a 250 mL wide 

mouth jar until use. 

 

Assay: The assay was carried out in a total volume of 100 µl mixture, 

which contained 20 µl of MBP-CGT-His6 (5.0 mg/mL), 65 µl of 50 mM Tris 
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pH 7.5, 5 µl of cholesterol in ethanol and 10 µl of UDP-glucose. Once all the 

components were added the mixture was incubated at 30 ˚C for 30 minutes 

to 1 hour, the reaction was terminated by addition of 0.45% NaCl solution. To 

the mixture 0.8 mL of ethyl acetate was added and vortexed. The vortexed 

mixture was centrifuged for phase separation; the top layer from phase 

separation was used for Thin layer chromatography (TLC). TLC on the 

sample was carried out by using methanol/chloroform 15:85 as a solvent 

running system. The TLC plate was developed by dipping the plate into the 

developing stain (Naphthol stain) and heating it with a heat gun until spots 

appeared. 

 

5.2.17 Crystallisation trials 

 

SEC purified soluble MBP-CGT-His6 was concentrated to 5.0 mg/mL 

using an Amicon concentrator with a molecular weight cut off limit 50 kDa. 

Freshly prepared 1 mM DTT was added to the concentrated MBP-CGT-His6 

and incubated for 5 minutes on ice prior to setting up crystallisation screens. 

Crystallisation screening plates of 96 well (Hampton Research) were setup 

with Index, PEG/ION and Crystal1/2 crystallisation screens (Hampton 

Research) as detailed in 2.2.4.9.1. 

Crystallisation conditions which showed promising leads were further 

optimised by hanging drop vapour diffusion methods as detailed in 2.2.4.9.2.  
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5.2.18 Crystal storage, X-ray diffraction and data 
collection 
 

Crystals of MBP-CGT-His6 were harvested from the sample drops 

and stored as detailed in section 3.2.13. X-ray diffraction datasets were 

collected on a micro focus beamline (MX2) at the Australian Synchrotron with 

an ADSC Quantum 315r detector. 

 
5.2.19 Data processing 

 

The XDS suite of software (178) was used for data processing and the 

data were merged and scaled using AIMLESS (179, 180)  as part of the 

CCP4 suite of software (181). 

 
5.2.20 Molecular replacement 

 

Trials to obtain phases were carried out by molecular replacement 

methods with PHASER (182) using the C-terminal domain of CGT (PDB 

entry 3QHP) (176) (or) MBP protein (PDB entry 1HSJ) (183) as the search 

model. The PDB files of search models were prepared by removing water 

molecules and pruning sidechains of amino acids using emacs text editor. 

 

5.2.21 Silver staining 

 

MBP-CGT-His6 crystals which were exposed to X-rays at the 

Australian Synchrotron were slowly brought to ambient temperature by 

evaporating liquid nitrogen.  Crystals in nylon loops were washed 3 times 
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gently in 1 µL drops of freshly prepared precipitant solution to remove any 

contamination. Washed crystals were prepared for SDS-PAGE by addition of 

5 µl 2X loading dye and were resolved on a 12% SDS-PAGE gel. 

 

Electrophoresed gels were developed using SilverQuestTM Silver 

Staining Kit as per the protocol detailed in section 4.2.13. 
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5.3 Results and discussion  

 
In theory, expression and purification of recombinant proteins is 

straightforward, where a gene of interest is cloned into an expression vector, 

transformed into the host of choice, induced and then purified for 

characterisation. But in practice, it requires optimisation of various variables 

to maintain target protein’s stability. CGT, an enzyme from the Gram-

negative pathogen H. pylori, was found to be highly unstable (degraded into 

proteolytic by-products) during expression and after purification and various 

strategies have been trialled to maintain its stability.  

 

The gene encoding CGT from H. pylori 26695 strain genomic DNA 

was amplified and ligated onto the double digested pET28a vector (Figure 

5.2). The cloned vector was confirmed to express CGT-His6 with no 

mutations by sequencing. The cloning work has been done by Chris Wanty 

(Postdoc in the lab). Before I have taken up the project, Chris had trialled 

various expression strains, promoter systems and buffer conditions to obtain 

CGT in full-length, but degradation of CGT was repeatedly observed.  

 

Out of various conditions tested, Chris found that expression of the 

enzyme in E. coli C41 (DE3) under the conditions; 5 hours post induction 

using 0.25 mM of IPTG at OD600 below 0.8 was optimum. His initial 

purification step was nickel affinity chromatography, where nickel bound 

CGT-His6 eluted at an imidazole concentration of 125 - 250 mM (Figure 5.3 

(A)). Fractions of CGT-His6 collected from the nickel column were resolved 



  CHAPTER 5 
 

 
 

154 

on a 12% SDS-PAGE which showed multiple bands (Figure 5.3 (B)). The 

molecular weight of CGT-His6 was estimated to be 45 kDa from the protein 

sequence in ExPASy ProtParam. Protein bands from SDS-PAGE boxed in 

red Figure 5.3 (B) were excised carefully and sent for identification by mass 

spectrometry (by Chris). MALDI TOF/TOF identified the protein band close to 

46 kDa as the full length CGT-His6 and the protein bands near 25 kDa as 

degraded by-products of CGT. 

 

 

Figure 5.2. Plasmid map of pET28a containing wild type CGT gene. NcoI and XhoI are 
the restriction sites digested for the insertion of CGT gene. The gene was inserted in 
between the lac UV5 promoter and the T7 terminator to include the expression of His6 and 
TEV cleavage site with CGT. pET28a contains a kanamycin resistance cassette. 
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    (A)                                                                                                                   (B) 
 
 
 
 

Figure 5.3. Purification of CGT-His6. (A) Nickel purification of CGT-His6. Blue profile indicates the elution of CGT-His6 from nickel column. Red profile 
indicates the concentration of imidazole in linear gradient. (B) SDS-PAGE of CGT-His6 samples collected from nickel purification. Lane 1) Supernatant 
loaded onto the nickel column, Lane 2) Flowthrough from nickel column, Lane 3,4,5) Eluted samples of CGT-His6 from nickel column, Lane 6) Molecular 
weight marker (kDa). 
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At this stage the project had two major problems. The first problem is 

the low yield of recombinant CGT-His6 in the E. coli expression system. The 

second problem is the proteolytic degradation of CGT-His6 during 

expression and purification. 

 

 For many years, E. coli expression systems have been a preferred 

choice for large scale production of recombinant proteins, due to the 

availability of an array of genetically engineered strains for specific 

expression needs and its unparalleled fast growth kinetics (121). Some E. 

coli BL21(DE3) derivatives like C41(DE3) and C43(DE3) were made 

deficient in proteases encoded by lon (cytoplasmic protease) and ompT 

(periplasmic protease) genes (184), use of C41(DE3) for expression of CGT 

did not stop proteolytic degradation. Therefore, to increase the protein yield 

and to stop proteolytic degradation two upstream strategies to modify the 

CGT gene have been planned. 

 

First among the two strategies is codon optimisation of CGT gene. 

The rationale behind codon optimisation is to modify the rare codons in the 

target gene to mirror the codon usage of the host, thereby increasing the 

yield of recombinant protein (120) . For this approach, CGT gene from H. 

pylori 26695 was provided to Geneart for codon optimisation. Geneart 

successfully carried out codon optimisation and provided us with the codon 

optimised CGT gene on a PMA storage vector. Forward and reverse primers 

were designed based on the codon optimised gene sequence of CGT and 

the gene was amplified from the PMA vector and ligated onto the double 
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digested pET28a vector (Figure 5.4). The cloned vector was confirmed to 

express CGT-His6 with no mutations by sequencing.  

 

Chris has expressed and purified CGT from codon optimised gene as 

per the procedure detailed in sections 5.2.3 to 5.2.5. Elution of nickel bound 

CGT-His6 was carried out by increasing the imidazole concentration in a 

step gradient manner in order to obtain full length CGT-His6. CGT-His6 

eluted from nickel column at 125 mM imidazole concentration (Figure 5.5 

(A)). Samples collected during purification were subjected to SDS-PAGE. 

High yields of CGT were obtained but proteolytic degradation was observed 

(Figure 5.5 (B)).  

 

Hereafter all the strategies implemented were carried out with the 

codon optimised CGT gene unless otherwise stated. 
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Figure 5.4. Plasmid map of pET28a containing codon optimised CGT gene. NcoI and XhoI are the restriction sites digested for the insertion of CGT 
gene. The gene was inserted in between the lac UV5 promoter and the T7 terminator to include the expression of His6 and TEV cleavage site with CGT. 
pET28a contains a kanamycin resistance cassette. 
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(A)                                                                                                                    (B) 

 

Figure 5.5. Purification of CGT-His6 expressed from the codon optimised gene. (A) Nickel purification of CGT-His6. Blue profile indicates the elution 
of CGT-His6 from nickel column. Red profile indicates the concentration of imidazole in a step gradient. (B) SDS-PAGE of CGT-His6 samples collected 
from nickel purification. Lane 1) Supernatant loaded onto the nickel column, Lane 2) Flowthrough from nickel column, Lane 3-5) Eluted samples of CGT-
His6 from nickel column, Lane 6) Molecular weight marker (kDa). 
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Since high yield of CGT was obtained from the codon optimised gene, 

an approach to carry out site directed mutagenesis to stop proteolytic 

degradation was planned. For this approach protein bands (boxed in blue 

and orange in Figure 5.5 (B)) from SDS-PAGE were carefully excised and 

sent to Monash proteomics facility for N-terminal sequencing by the Edman 

degradation method. The order of residues at N-terminus for protein band 

boxed in blue were identified as IVEEL and for protein band boxed in orange 

were identified  as AISNG. Residue isoleucine (I) from IVEEL was located at 

164 and residue alanine (A) from AISNG was located at 179 on the full-

length CGT protein sequence. The molecular weight of degraded by-

products from I164 to S389 was found to be 25.711 kDa and for A179 to 

S389 was found to be 23.896 kDa from the protein sequences in ExPASy 

ProtParam. 

 

Using the ExPASy PeptideCutter, various proteases have been 

identified to cleave CGT at sites 164 and 179. In order to stop proteolytic 

degradation of CGT by sequence specific proteases, point mutations have 

been carried out at sites 164 and 179. I164 was mutated to asparagine (N) 

(I164N) and A179 was mutated to serine (S) (A179S). Site directed 

mutagenesis work and cloning of the CGT gene containing double point 

mutants on to pET28a vector was carried out by Alice Vrielink. 

 

At this stage, I have joined the lab as a PhD student and have taken 

up the project with an aim to express and purify CGT in full-length. 
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As a starting point, I confirmed the presence of double point mutants 

on the CGT gene with no other mutations by sequencing. I have expressed 

and purified the double point mutant CGT gene as per the procedure detailed 

in sections 5.2.3 to 5.2.5. Elution of nickel bound CGT-His6 was carried out 

by increasing the imidazole concentration in a step gradient manner in order 

to obtain full length CGT-His6 free from proteolytic by-products. CGT-His6 

eluted from nickel column at 125 mM imidazole concentration (Figure 5.6 

(A)). Samples collected during purification were subjected to SDS-PAGE 

which showed degradation of CGT (Figure 5.6 (B)).  

 

Since site directed mutagenesis did not help in preventing degradation 

of CGT during expression and purification, secretion of CGT into the 

periplasmic space of E. coli host expression strain has been planned. 
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(A)                                                                                                                         (B) 

                      

Figure 5.6. Purification of double point mutant CGT-His6. (A) Nickel purification of CGT-His6. Blue profile indicates the elution of CGT-His6 from nickel 
column. Red profile indicates the concentration of imidazole in a step gradient. (B) SDS-PAGE of double point mutant CGT-His6 samples collected from 
nickel purification. Lane 1) Supernatant loaded onto the nickel column, Lane 2) Flowthrough from nickel column, Lane 3) Molecular weight marker (kDa), 
Lane 4,5) Eluted samples of double point mutant CGT-His6 from nickel column. 
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As H. pylori does not have the enzymes necessary for de novo 

synthesis of cholesterol, it extracts cholesterol from host’s epithelial 

membranes and makes it available for CGT (66). CGT localization 

experiments by Hitomi Hoshino and colleagues suggested 66.3% to be 

located in the cytoplasmic fraction while 29.7% (24.7% inner membrane, 5% 

outer membrane) to be located in the membrane fraction.  As E. coli are 

known to have 50% less proteases in the periplasm compared to the number 

of proteases in their cytoplasm (185),  I have planned and implemented an 

upstream strategy to secrete CGT into the periplasmic space of the E. coli 

host expression strain.  

 

To direct secretion of the gene product into the periplasmic space of 

the E. coli host expression strain an N-terminal signal sequence that can be 

cleaved by signal peptidases is required. pET22b vector harbouring the 

sequence for pectate lyase (pelB) leader and codon optimised gene of CGT 

was expressed and purified as detailed in sections 5.2.3 to 5.2.5. As pelB 

leader is assumed to be cleaved after secretion into the periplasm, elution of 

nickel bound CGT-His6 was carried out by increasing the imidazole 

concentration in a step gradient manner (Figure 5.8 (A)). Samples collected 

during purification were subjected to SDS-PAGE which showed degradation 

of CGT (Figure 5.8 (B)). As our last upstream strategy to secrete CGT into 

periplasmic space of E. coli host expression strain did not stop the 

degradation problem, it has become inevitable to overcome the proteolytic 

degradation during expression. Therefore, downstream strategies to stop the 

degradation have been planned. 
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Figure 5.7. Plasmid map of pET22b containing pelB-CGT gene. NcoI and XhoI are the restriction sites digested for the insertion of CGT gene. CGT gene 
was inserted in between the 3’ of pelB gene and the T7 terminator to include the expression of TEV cleavage site and His6 with pelB- CGT. pET22b consists 
of a ampicillin resistance cassette. 
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        (A)                                                                                                                    (B) 

 

 

Figure 5.8. Purification of CGT-His6 expressed from pET22b. (A) Nickel purification of CGT-His6. Blue profile indicates the elution of CGT-His6 from 
nickel column. Red profile indicates the concentration of imidazole in step gradient. (B) SDS-PAGE of CGT-His6 samples collected from nickel 
purification. Lane 1) Supernatant loaded onto the nickel column, Lane 2) Flowthrough from nickel column, Lane 3-6) Eluted samples of CGT-His6 from 
nickel column, Lane 7) Molecular weight marker (kDa). 
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Using the online secondary structure prediction tool Jpred 3 (186), the 

secondary structure of CGT has been estimated. Jpred 3 suggested a 

disordered region between residues 170-180 (black rectangular box in Figure 

5.9.). The predicted disordered region is in between residues I164 and A179 

(red boxes in Figure 5.9.), which were identified by N-terminal sequencing of 

the proteolytic by-products. 

 

Using Phyre2 (126) an online tertiary structure prediction tool, 

structure prediction was carried out on the CGT sequence, the close 

homology structure predicted was of E. coli glycogen synthase (PDB entry 

2QZS) with 17% sequence identity. The template model of CGT generated 

was with 100% confidence (it is the probability (from 0-100) between the 

sequence provided and the template homology).The predicted tertiary 

structure of CGT has the two β/α/β domains linked by a loop (Figure 5.10.), a 

structural characteristic of GT-B class of GTs. By mapping the disordered 

residues onto the predicted structure the proteolytic cleavage site was found 

to be at the end of N-terminal domain and close to the two-domain linking 

loop. The linking loop (or) cleft is known to be the active site for GT-B class 

of GTs. A crystal structure of a DNA modifying enzyme β-glycosyltransferase 

in complex with UDP-glucose showed UDP-glucose to be bound at the cleft 

between the two domains (187). The binding of UDP-glucose caused the 

movement of domains, facilitated by a hinge region between residues 166 

and 172, causing the structure to adopt a closed conformation (187). 

Purification of enzymes with their substrates (or) co-factors has proven to 

increase their stability as a consequence of conformational change (or) 
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conformational tightening. Therefore, our first downstream strategy has been 

to purify CGT in the presence of its substrate UDP-glucose.  
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Figure 5.9. Predicted secondary structure of CGT by Jpred 4. The cylinders and arrows indicate the predicted helices and strands. Blue and black colours 
indicate the secondary structure elements corresponding to the N-terminal domain. Red and orange colours indicate the secondary structure elements 
corresponding to the C-terminal domain. The black rectangular box between residues 170-180 indicates a predicted disordered region. Red boxes at 164 and 
179 indicate residues identified by N-terminal sequencing of the proteolytic products. The secondary structure was drawn using the computer program Aline 
(130). 
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Figure 5.10. Predicted structure of CGT from Phyre2. (A) Ribbon representation of CGT, showing two domains with a linking loop. 

Domain 2 Domain 1 

 Linking loop 
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For purification with UDP-glucose, a pET28a vector, harbouring the 

codon optimised CGT gene (Figure 5.4), was subjected to expression of 

CGT-His6 as detailed in sections 5.2.3. Purification of expressed CGT-His6 

was carried out as detailed in sections 5.2.4 to 5.2.5 except where the 

buffers contained 10mM UDP-glucose and elution of nickel bound CGT-His6 

was carried out by increasing the imidazole concentration in a step gradient 

manner (Figure 5.11 (A)). Samples collected during purification were 

subjected to SDS-PAGE (Figure 5.11 (B)). To our surprise two 1 mL fractions 

collected towards the end of the observed peak from nickel purification 

showed minimal proteolytic by-products  (Figure 5.11 (B) lane 5, 6). The 

concentration of each fraction was measured to be 0.8 and 0.76 mg/mL. 

 

As CGT was not stable with 10 mM UDP-glucose in purification 

buffers, Iw moved on with an aim to purify high yields of non-degraded CGT.  
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       (A)                                                                                                                  (B) 

 

Figure 5.11. Purification of CGT-His6 with 10 mM UDP-glucose in purification buffers. (A) Nickel purification of CGT-His6. Blue profile indicates the 
elution of CGT-His6 from nickel column. Red profile indicates the concentration of imidazole in step gradient. (B) SDS-PAGE of CGT-His6 samples 
collected from nickel purification. Lane 1) Supernatant loaded onto the nickel column, Lane 2) Flowthrough from nickel column, Lane 3) Molecular weight 
marker (kDa), Lane 4) Eluted sample of CGT-His6 from the nickel column with proteolytic by-products close to 25 kDa, Lane 5,6) Eluted samples of CGT-
His6 from nickel column with less proteolytic by-products. 
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Since CGT localization experiments suggested 66.3% of CGT to be 

located in the cytoplasmic fraction while 29.7% (24.7% inner membrane, 5% 

outer membrane) to be located in the membrane fraction (71), the use of 

detergents in purification buffers is optimal for extraction of membrane 

embedded CGT from the lipid bilayer of E. coli host expression strain. As 

there exists an iterative list of detergents that can be used, the use of non-

denaturing detergents like Triton X-100 and CHAPS is a starting point for 

detergent optimisation.   

 

pET28a vector harbouring the codon optimised CGT gene (Figure 5.4) 

was subjected to expression of CGT-His6 as detailed in sections 5.2.3. 

Purification of expressed CGT-His6 was carried out as detailed in sections 

5.2.4 to 5.2.5 except where the buffers contained 10mM UDP-glucose and 

0.1 %(v/v) Triton X-100 detergent. Elution of nickel bound CGT-His6 was 

carried out by increasing the imidazole concentration in a step gradient 

manner. To our surprise CGT-His6 eluted from the nickel column at 125 mM 

(1st peak), 225 mM (2nd peak) and 500 mM imidazole (3rd peak) 

concentrations (Figure 5.13 (A)). Samples were taken from fractions 

collected from the 1st and 2nd peaks and were subjected to SDS-PAGE. 

CGT-His6 that eluted in the 1st peak showed proteolytic by-products while 

the enzyme that eluted in the 2nd peak did not show any degradation (Figure 

5.13 (B)). 

 

As fractions collected from the 2nd peak appeared pure (as assessed 

by SDS-PAGE) theywere pooled together, concentrated to 3.0 mg/mL and 
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subjected the concentrated sample to SEC for oligomeric state determination 

in the presence of Triton X-100 detergent. Recombinant proteins that purify 

in the presence of detergents form a complex with the detergent micelles in 

the buffer and elute as protein detergent complex (PDC). The average 

molecular weight of Triton X-100  detergent micelle was found to be 80 kDa. 

Therefore, the calculated molecular weight for CGT-His6-Triton X-100 

protein detergent complex (PDC) is 124.96 kDa and the expected retention 

volume for PDC is between 55 to 60 mL for HiLoad 16/60 SuperdexTM 200.  

 

CGT-His6 eluted at a retention volume of 40 mL from HiLoad 16/60 

SuperdexTM 200 column (Figure 5.14). The elution profile of molecular 

weight standards has determined 40 mL of retention volume as void for 

HiLoad 16/60 SuperdexTM 200 column. Therefore, the SEC results suggest 

soluble aggregation of CGT-His6 in the presence of Triton X-100 detergent. 

In this project, I have overcome the hurdles of obtaining high yield non-

degraded CGT until now. Maintaining the solubility of purified non-degraded 

CGT has become our next challenge.  

 

Detergent solubilisation of membrane proteins does not always 

translate to give a native structure with high stability. Therefore, a detergent 

useful for extraction may not be compatible with purification and biochemical 

studies. Additionally, a detergent that works for one membrane protein may 

not be suitable for a different membrane protein. Therefore, understanding 

the physical and chemical properties associated with different classes of 
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detergents will be useful in deciding which detergent may work best for a 

particular protein. 

 

CHAPS, is a zwitter-ionic detergent derived from the bile salts. Due to 

its close structural similarity to cholesterol (Figure 5.12), high CMC value of 

0.5% and very small micelle size of 7 kDa, I have chosen to replace and 0.1 

%(v/v) Triton X-100 with 0.5 % (v/v) CHAPS in purification buffers. 

 

 

 

 

 

 

 

 

Figure 5.12. Structural comparison of Cholesterol and CHAPS detergent. (A) Structure 
of cholesterol. (B) Structure of CHAPS detergent. 

(A) 

(B) 
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   (A)                                                                                                                                  (B) 

 

Figure 5.13. Purification of CGT-His6 with 10 mM UDP-glucose and 3XCMC Triton X-100 detergent in purification buffers. (A) Nickel purification of 
CGT-His6. Blue profile indicates the elution of CGT-His6 from the nickel column. Red profile indicates the concentration of imidazole in a step gradient. (B) 
SDS-PAGE of CGT-His6 samples collected from nickel purification. Lane 1) Supernatant loaded onto the nickel column, Lane 2) Flowthrough from the 
nickel column, Lane 3-7) Samples from the 1st peak of the nickel column with full-length CGT-His6 and proteolytic by-products close to 25 kDa, Lane 8-13) 
Samples from 2nd peak of nickel column with full-length CGT-His6, Lane 14) Molecular weight marker (kDa). 
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Figure 5.14. SEC purification of CGT-His6 with 10 mM UDP-glucose and 3XCMC Triton 
X-100 detergent in purification buffers. SEC profile of CGT-His6 is shown in blue colour. 
Orange dashed line is the elution of molecular weight standards from the SEC column, 
Thyroglobulin (bovine) 670.0 kDa, globulin (bovine) 158.0 kDa, Ovalbumin 44.0 kDa, 
Myoglobin 17.0 kDa, Vitamin B12 1.35 kDa. 

 

 pET28a vector harbouring the codon optimised CGT gene 

(Figure 5.4) was subjected to expression of CGT-His6 as detailed in sections 

5.2.3. Purification of expressed CGT-His6 was carried out as detailed in 

sections 5.2.4 to 5.2.5 except where the buffers contained 10mM UDP-

glucose and 0.5 % (v/v) CHAPS detergent. Elution of nickel bound CGT-His6 

was carried out by increasing the imidazole concentration in a step gradient 

manner. CGT-His6 eluted from the nickel column at 125 mM (1st peak), 225 

mM (2nd peak) and 500 mM imidazole (3rd peak) concentrations (Figure 5.15 

(A)). Samples were taken from fractions collected from the 1st and 2nd peaks 

and were subjected to SDS-PAGE. CGT-His6 that eluted in the 1st peak 

showed less proteolytic by-products while the enzyme that eluted in the 2nd 

peak did not show any degradation (Figure 5.15 (B)). 
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As fractions collected from the 2nd peak appeared pure (as assessed 

by SDS-PAGE) they were pooled together, concentrated to 2.5 mg/mL and 

subjected the concentrated sample to SEC for oligomeric state determination 

in the presence of 0.5 % (v/v) CHAPS detergent. The average molecular 

weight of CHAPS micelle was found to be 7.0 kDa. Therefore, the calculated 

molecular weight for CGT-His6-CHAPS detergent complex (PDC) is 51.96 

kDa and the expected retention volume for PDC is between 60 to 70 mL for 

HiLoad 16/60 SuperdexTM 200. CGT-His6 eluted at a retention volume of 40 

mL (Figure 5.16), which was determined as the void volume for the HiLoad 

16/60 SuperdexTM 200 column. Therefore, the SEC results suggest soluble 

aggregation of CGT-His6 in the presence of CHAPS detergent.  

 

CGT-His6 which eluted in the void volume was negatively stained with 

0.75% uranyl formate and visualised under electron microscope as detailed 

in section 5.2.14. Image collected at 200nm resolution showed aggregates of 

CGT (Figure 5.17). 

 

A strategy to promote solubility of the target protein is to fuse it at the 

C-terminal of a highly soluble homologous (or) heterologous protein (185). 

Some popular fusion tags are maltose-binding protein (MBP), glutathione S-

transferase (GST), thioredoxin (Trx) and N-utilization substance protein A 

(NusA). Reasons why these fusion tags act as solubility enhancers remains 

unclear (120). In the case of MBP, it is shown that it possesses an intrinsic 

chaperone activity (188). MBP and GST can also be used to purify the fused 
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protein by affinity chromatography, as MBP binds to amylose-agarose and 

GST to glutathione-agarose (120). 
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(A) (B) 

 
Figure 5.15. Purification of CGT-His6 with 10 mM UDP-glucose and 0.5% (v/v) CHAPS detergent in purification buffers. (A) Nickel purification of 
CGT-His6. Blue profile indicates the elution of CGT-His6 from the nickel column. Red profile indicates the concentration of imidazole in step gradient. (B) 
SDS-PAGE of CGT-His6 samples collected from nickel purification. Lane 1) Flowthrough from the nickel column, Lane 2) Supernatant loaded onto the 
nickel column, Lane 3) Molecular weight marker (kDa), Lane 4-5) Samples from the 1st peak of the nickel column with full-length CGT-His6 and less 
proteolytic by-products close to 25 kDa, Lane 6-9) Samples from 2nd peak of nickel column with full-length CGT-His6 and no proteolytic by-products. 
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Figure 5.16. SEC purification of CGT-His6 with 10 mM UDP-glucose and 0.5% (v/v) 
CHAPS detergent in purification buffers. SEC profile of CGT-His6 is shown in blue 
colour. Orange dashed line is the elution of molecular weight standards from the SEC 
column, Thyroglobulin (bovine) 670.0 kDa, globulin (bovine) 158.0 kDa, Ovalbumin 44.0 
kDa, Myoglobin 17.0 kDa, Vitamin B12 1.35 kDa. 
 
 
 

 
 
 

Figure 5.17. Transmission electron microscopy image of SEC purified CGT-His6, in 
the presence of 10 mM UDP-glucose and 0.5% (v/v) CHAPS detergent. Image was 
collected at 200nm resolution. Dark black spots are of negative stain uranyl formate. 
Irregular shaped clusters were assumed to be aggregates of CGT-His6. 
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The codon optimised gene of CGT was amplified from the PMA vector 

and ligated onto the double digested pMALX(E) vector harbouring the 

Maltose binding protein (MBP) gene, such that CGT-His6 is encoded at the 

C-terminus of MBP upon expression (Figure 5.18). The cloned pMALX(E) 

vector was confirmed for presence of CGT gene with no mutations by 

sequencing with the help of CGT primers. Expression of MBP-CGT-His6 was 

carried out as per the procedure detailed in sections 5.2.3. As MBP binds to 

amylose-agarose, purification of MBP-CGT-His6 was carried out using an 

MBPTrap column as detailed in section 5.2.15. MBP-CGT-His6 eluted from 

the amylose column at 125 mM (1st peak), 225 mM (2nd peak) and 500 mM 

maltose (3rd peak) concentrations (Figure 5.19 (A)). Sample fractions 

collected from the 1st and 2nd peaks were pooled together, concentrated to 

5.0 mg/mL and subjected to SEC for further purification and oligomeric state 

determination. The concentrated sample eluted from SEC at three different 

retention volumes. 40 mL of retention volume is considered as void for 

HiLoad 16/60 SuperdexTM 200 therefore the first UV absorbance peak at 40 

mL suggests that the sample contains soluble aggregates (Figure 5.19 (B)). 

The second UV absorbance peak at 57 mL could be MBP-CGT-His6 as the 

expected retention volume for MBP-CGT-His6 is between 55 to 60 mL for 

HiLoad 16/60 SuperdexTM 200 (Figure 5.19 (B)). The third UV absorbance 

peak at 80 mL could be the elution of proteolytic by-products, considering 

their molecular weights and elution profile of standards (Figure 5.19 (B)). 

Sample collected from the amylose affinity and SEC purification procedures 

were subjected to SDS-PAGE. 
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The molecular weight of MBP-CGT-His6 was estimated to be 85 kDa 

from the protein sequence in ExPASy ProtParam. Samples from amylose 

affinity purification showed a protein band on SDS-PAGE between the 

molecular weight standards 158.0 kDa and 97.2 kDa, which is assumed to 

be the full length fusion protein (Figure 5.20). Protein bands were also seen 

close to the molecular weight standard 25.0 kDa which were assumed to be 

proteolytic by-products of CGT (Figure 5.20).  SEC purified sample was 

>90% pure and soluble with no degraded by-products (Figure 5.20). 
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Figure 5.18. Plasmid map of pMALX(E) containing MBP-CGT-His6 gene. NcoI and XhoI are the restriction sites digested for the insertion of CGT gene. 
CGT gene was inserted in between the 3’ of MBP gene and the T7 terminator to include the expression of His6 with MBP- CGT. pMALX(E) contains  a 
kanamycin resistance cassette.



  CHAPTER 5 
 

 
 

184 

 

 

   

(A)                                                                                                                                  (B) 

 

Figure 5.19. Purification profiles of MBP-CGT-His6. (A) Amylose affinity purification of MBP-CGT-His6. Blue profile indicates the elution of MBP-CGT-
His6 from an amylose column. Red profile indicates the concentration of maltose in step gradient. (B) SEC purification of MBP-CGT-His6. SEC profile of 
MBP-CGT-His6 is shown in blue colour. Orange dashed line is the elution of molecular weight standards from the SEC column, Thyroglobulin (bovine) 670.0 
kDa, globulin (bovine) 158.0 kDa, Ovalbumin 44.0 kDa, Myoglobin 17.0 kDa, Vitamin B12 1.35 kDa. 
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Figure 5.20. SDS-PAGE of MBP-CGT-His6 samples collected during purification. Lane 
1) Supernatant loaded onto the amylose column, Lane 2) Flowthrough from the amylose 
column, Lane 3) Molecular weight marker (kDa), Lane 4-6) Samples from the 1st peak of 
amylose column, Lane 7-9) Samples from the 2nd peak of amylose column, Lane 10)  
Sample from SEC purification. 

 

Since the purified fusion protein MBP-CGT-His6 was soluble and 

pure, I have concentrated the protein to a final concentration of 5 mg/mL and 

provided it to our collaborator Keith Stubbs for enzymatic assay. A Thin-layer 

chromatography (TLC) assay was performed as detailed in section 5.2.16. 

The developed TLC plate showed the purified fusion protein to be active with 

the appearance of a second band in lane 2, which is in line with the positive 

control Cholesterol α-D-glucoside in lane 3 (Figure 5.21). The second band 

in lane 2 is assumed to be cholesteryl α-D-glucopyranoside, which is a 

product of the reaction catalysed by CGT. 

 

Since the purified fusion protein is non-degraded, soluble, pure and 

active, it was subjected to crystallisation trials as detailed in section 5.2.17. 

One condition (100 mM Tris hydrochloride pH 8.5, 0.2 M Magnesium chloride 
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hexahydrate and 15% (w/v) polyethylene glycol 4000) resulted in square 

shaped crystals which measured up to a size of 0.5 mm. Crystals from 

sample drop were harvested using nylon loops mounted on a CrystalCap 

CopperTM base (Hampton Research) and flash frozen by rapid immersion 

into liquid nitrogen without the use of cryoprotectants, before being sent to 

the Australian Synchrotron to test for diffraction on microfocus (MX2) X-ray 

beamline. 

 

   

    

 

 

 

 

 

 

Figure 5.21. TLC plate of samples from enzymatic assay of CGT. Lane 1) Cholesterol 
(Negative control), Lane 2) Top band is MBP-CGT-His6, Bottom band is thought to be 
cholesteryl α-D-glucopyranoside, Lane 3) Cholesterol α-D-glucoside (Positive control). 
 
 
 

On exposure to X-rays crystals diffracted to 2.5 Å (Figure 5.22 (A), 

(B). A complete native dataset in the resolution range 46 – 2.5 Å was 

collected for MBP-CGT-His6 crystal, from the rotation of the crystal through 

360 ° of data in the resolution range, with a sec exposure per 1° rotation 

image. The crystal was indexed on a primitive lattice in space group P1 with 

unit cell parameters, a=93.48 Å, b=122.66 Å, c=136.77 Å, α =90.0°, β =90.0°, 

ˠ =110.0°. Data collection statistics are listed in Table 5.2. Data statistics 

    1           2         3   
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were acceptable indicating the data were of good quality with a high 

resolution limit of 2.5 Å.  

 

 

(A) 
 
 

 

          (B) 
 
Figure 5.22. Crystal and diffraction image of MBP-CGT-His6. (A) A single MBP-CGT-
His6 crystal held in the nylon loop for exposure to the microfocus (MX2) beamline of the 
Australian Synchrotron. (B) X-ray diffraction image of MBP-CGT-His6 crystal.  
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Table 5.2. MBP-CGT-His6 crystal data collection and processing statistics. 
 
Values correspond to data in the highest resolution shell. 
 
 

 

Molecular replacement method was used to obtain phase information, 

using the PDB file 3QHP (C-terminal domain of CGT) (176) as a search 

model. The log likelihood gain (LLG) of the solution gives an indication of 

how much better the solution is compared to a random solution, and was 

used to monitor the success of molecular replacement. A unique solution 

with an LLG of 40 or greater usually suggests a correct solution has been 

obtained, although the current version of PHASER aims for an LLG of 120. 

LLG score of -900.0 was obtained for search model 3QHP, suggesting no 

solution was found. Therefore, I have trialled molecular replacement with 

PDB file 1HSJ (MBP protein) (183) as a search model which also has given 

LLG score 0f -700.0.  

Space group P1 

Cell dimensions a, b, c (Å) 
 

93.48,122.66,136.77 
 

α, β, ˠ ( ° ) 90.00, 90.00,110.0 

Resolution (Å)  46.71-2.49 

Rmerge  0.13 (0.66) 

Rmeas  0.18 (0.93) 

Rp.i.m.  0.10 (0.52) 

Number of observations  380219 (17868) 

Number of unique reflections  194062 (9137) 

Half-set correlation CC1/2  0.98 (0.470) 

I/σI  6.3 (1.3) 

Completeness (%)  96.8 (91.2) 

Multiplicity  2.0 (2.0) 
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To check if I have crystallised the fusion protein MBP-CGT-His6, 

crystals which were exposed to X-rays at the Australian Synchrotron were 

slowly brought to ambient temperature by evaporating liquid nitrogen and 

were prepared for SDS-PAGE as detailed in section 5.2.21.  Electrophoresed 

samples on a 12% SDS-PAGE gel were silver stained as detailed in section 

4.2.13. Protein crystal band that appeared between the molecular weight 

standards 158.0 kDa and 97.2 kDa was excised carefully and sent to 

Proteomics International for identification by mass spectrometry. MALDI 

TOF/TOF identified the protein crystal band as Hydroperoxidase from E. coli 

(Table 12.2). Efforts have not been put in, to solve the structure of E. coli 

Hydroperoxidase. An investigation into how the contaminant was purified 

revealed a mutation in the gene sequence coding for MBP-CGT-His6. The 

mutation occurred by insertion of a nucleotide and was found to be in-frame 

coding (UGA) for termination of translation.  

 

As the sample subjected to crystallisation had activity, it could be 

possible that E. coli ribosomal machinery had read through (RT) the in-frame 

STOP codon (UGA) in the MBP-CGT-His6 mRNA. This postulation is further 

supported by preference of UAA stop codon over UAG and UGA for gene 

expression in E. coli, as the latter two stop codons are each only recognised 

by one release factor (189). Additionally, in both prokaryotes and eukaryotes 

the nucleotide following the stop codon was found to exert strong influence 

on RT efficiency, which led to the hypothesis that translation termination 

signal consists of a tetranucleotide sequence (190). 
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Due to time constraints further work was not carried out on this 

project. If this project was to continue I would first confirm that the fusion 

protein of interest is being expressed and purified from MBPTrap. If the 

purified sample is confirmed to be MBP-CGT-His6, an extra nickel affinity 

purification step after amylose affinity purification would enhance purity of the 

sample before SEC purification. Other solubility tags like GST and Trx should 

also be tested for soluble expression and purification of CGT. If expression 

and purification of CGT as fusion protein is vital to maintain its solubility, 

smaller tags like calcium binding protein (Fh8, 8-kDa) that have strong 

solubility enhancing effects (120) should be trialled, as use of smaller tags 

will not interfere in the biophysical characterisation of the target protein. 

 

Some new technologies like cell free protein synthesis (CFPS) have 

been advancing as an alternative method to produce membrane proteins in 

high amounts with reduced proteolytic degradation (191). With this 

technology, direct synthesis of membrane protein into detergent micelles (or) 

lipid bilayers is also possible for soluble expression and purification (191). 

Expression and purification of CGT without fusion tags should be trialled 

using CFPS. 

 

In summary, using various methods I was able to obtain high yields of 

non- degraded, insoluble CGT to >90% purity. Crystallisation trials of MBP-

CGT-His6 fusion protein, resulted in crystallisation of a contaminant from E. 

coli. Some strategies and further work has also been described in this 

chapter. 
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6.0 Introduction  

Structure-based drug design (SBDD) began over 35 years ago, with 

the increase in knowledge of the 3D structures of globins, enzymes and 

polypeptide hormones. The process of SBDD is an iterative one and involves 

multiple cycles before an optimized lead goes into clinical trials (192). The 

first cycle includes the cloning, purification and structure determination of the 

target protein (192). A particular area where SBDD has been struggling for 

many years is that of membrane proteins (193). This is due to the difficulty in 

expression, purification and crystallisation of these molecules due to the 

large hydrophobic areas normally embedded in a membrane environment 

(193). Indeed, the structural and functional integrity of these proteins is highly 

dependent on the membrane environment (193). Despite the problems in 

working with membrane proteins, they remain an important area of study due 

to their role in fundamental biochemical processes. In fact, membrane 

proteins constitute around 60% of approved drug targets (194). 

 

In the Lipid A biosynthetic pathway (known as the Raetz pathway), 

LpxB and LpxH are monotpic peripheral membrane proteins and their 

interaction with the membrane is known to occur at the inner leaflet of the 

inner membrane (195). In this thesis optimized expression and purification 

methods for NmLpxB and NmLpxH were described and biophysical 

characterization results discussed. Crystals of both the enzymes were also 

obtained and strategies to improve the crystal and diffraction quality have 

been discussed. Localization of CGT has not been conclusively ascertained 

but the enzyme is assumed to be a monotopic peripheral membrane protein 
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(71). Due to the instability of CGT, soluble enzyme has not been obtained 

but strategies trialled have resulted in obtaining full length non-degraded 

protein. 
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6.1 Conclusion on NmLpxB  

LpxB catalyzes the 5th step in the Lipid A biosynthetic pathway. Trials 

to express and purify E. coli and H. influenzae LpxB did not yield soluble 

protein (117). Characterization of the over-expressing E. coli C41(DE3) host 

by transmission electron microscopy showed the accumulation of 

intracellular membranes when EcLpxB is over expressed (117). In fact, no 

wild type LpxB enzyme from Gram negative bacteria had been purified (or) 

biophysically characterized to date.  

 

Due to LpxB’s interaction with the lipid bilayer, the enzyme has to be 

extracted into a more tractable environment which mimics the lipid 

environment and consists of a solubilizing component. Detergents are 

lipophilic molecules which have properties amenable to studies of membrane 

proteins and thus are used extensively in membrane protein research (196). 

Despite the wide range of detergents with varying structures and 

physiochemical properties, there is no universal detergent ideally suited for 

all membrane proteins and biochemical applications (196). Therefore, the 

type of detergent used and the required concentration of the detergent are 

important variables to be tested for protein biochemistry based research and 

to enable the target protein of interest to be extracted functional, folded and 

monodisperse (197).  

 

DSF experiments played a crucial role in determining the type and 

concentration of detergent required for obtaining milligram quantities of 

soluble NmLpxB. Since NmLpxB is a peripheral membrane protein there is a 
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need for its extraction from expression host’s membranes. Therefore, a 

condition with Triton X-100 detergent that resulted in high thermal stability 

was chosen and used for purification until the load step of nickel purification. 

The use of Triton X-100 was limited as the enzyme remained stable after 

nickel purification in high salt and glycerol concentrations. In the absence of 

detergent NmLpxB maintained its conformational stability as assessed by CD 

and was found to be homogenous by SEC-MALLS.  

 

Detergents not only help in solubilizing membrane proteins but also 

aid in their crystallisation. It is thought that detergents form smaller belts 

around the hydrophobic membrane embedded region of the protein 

potentially allowing more contacts between the exposed polar surfaces of the 

molecule (198). In fact, NmLpxB crystals could only be obtained in the 

presence of the detergent OG. Crystals obtained diffracted to 4.82 Å. As 

diffraction resolution and quality are some important variables for structure 

solution, some post-crystallisation treatments that could improve diffraction 

resolution of NmLpxB crystals include dehydration, annealing and 

cryoprotection.  

 

Crystal dehydration techniques re practiced by placing the crystal in 

the crystallisation droplet over a reservoir with a higher percentage of 

precipitant. Since membrane protein crystals have high solvent content, 

dehydration of NmLpxB crystals can aid in reduction of solvent content 

producing closely packed and better ordered crystals, extending the 

resolution of X-ray diffraction. Crystal annealing is another method for 
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improving diffraction resolution and is carried out in two approaches. The first 

and simplest is to block the cold stream temporarily so that the crystal thaws 

and then to unblock the cold stream so that the loop-mounted crystal 

refreezes (199). In the second approach the crystal from the mounted loop is 

moved into a drop of cryoprotecting mother liquor, then after sometime re-

looped and re-cooled (200). In a recent report, diffraction from a number of 

crystals was maximized by using second approach of annealing coupled with 

dehydration technique (201).  

 

A selection of a suitable cryoprotectant involves screening of various 

cryoprotectants with varying concentrations. During screening, it is to be 

noted that the concentration of cryoprotectant required to ensure the 

formation of an amorphous glass on flash-cooling is a lower limit to what may 

be appropriate for producing the best diffraction from the cooled crystal 

(202). Therefore, cryoprotectants suitable for NmLpxB crystals have to be 

screened carefully.  

 

By employing the above detailed techniques, I hope to see 

improvement in the diffraction resolution of NmLpxB crystals. A structure 

solution of NmLpxB will answer some important biological questions that 

could not be answered by the mutant EcLpxB structure, including the 

catalytic mechanism of the enzyme and the residues involved in substrate 

recognition.  
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From the enzymatic assay of mutant EcLpxB, it is clear that one of the 

residues among the seven is involved in catalysis (127). Therefore, 

designing and testing seven point mutants of NmLpxB for activity, 

crystallisation and structure solution of inactive point mutants as a complex 

with the substrate will provide rich biological insights into the enzyme 

chemistry.  

 

To date no inhibitors for LpxB orthologues have been reported. 

Crystal structures of wild-type and point mutant NmLpxB will provide a first 

glimpse about the mechanism of LpxB catalysis and sets a stage for 

development of novel inhibitors. 
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6.2 Conclusion on NmLpxH  

LpxH catalyses the 4th step in the Lipid A biosynthetic pathway. Trials 

to express and purify E. coli LpxH to near homogeneity have proven to be 

difficult (135). In this work, I have optimized the expression and purification 

method for NmLpxH. I have also biophysically characterized the enzyme and 

obtained crystals which did not diffract X-rays.  

 

Since LpxH from H. influenzae was characterized as a peripheral 

membrane protein. Expression and purification of NmLpxH was trialled in the 

similar conditions of NmLpxB. SDS-PAGE analysis of the purified enzyme 

showed two protein bands close to the theoretical molecular weight of 

NmLpxH. Further analysis of the SDS-PAGE protein bands by MALDI 

confirmed both the bands to be NmLpxH suggesting degradation of the 

enzyme. Degradation of NmLpxH during expression has been overcome by 

optimizing the IPTG concentration and post induction time of expression. 

Though full length protein was obtained from optimized conditions, it did not 

remain stable in the absence of imidazole. DSF experiments were performed 

varying the pH, salt and glycerol concentrations. Results from DSF 

suggested purification of the enzyme at higher pH. By changing the pH of the 

purification buffers and using the optimized expression conditions, NmLpxH 

of >90% purity was obtained.  

 

Biophysical experiments like CD and SEC-MALLS confirmed the 

conformational stability and homogeneity of the enzyme. Crystallisation trials 

yielded in NmLpxH crystals which did not diffract to X-rays. Crystals obtained 
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were confirmed to be of NmLpxH by silver staining and MALDI mass 

spectrometry. As lipids were assumed as detrimental contaminants their 

complete removal was considered before crystallisation trials (203). 

However, in time this was replaced by a view, which recognizes removal of 

structural lipids can have deleterious effects on crystallisation (203). An 

example of well-diffracting crystals which can be obtained only by adding 

phospholipids are crystals of cytochrome b6f (204). Rhodospin-transducin 

complex is another example which was found to be stable and functional 

only in the presence of phospholipids (205). LpxH from H. influenza (HiLpxH) 

and P. aeruginosa (PaLpxH) co-purified and co-crystallized with their product 

lipid X (162, 163). The structure of HiLpxH showed an extensive array of 

residues that interact with every polar group of the glucosamine-1- 

phosphate headgroup (162). Crystallisation of PaLpxH in the absence lipid X 

was only possible by addition of 10 mM of MnCl2 as an additive. The 

structure of PaLpxH with no lipid X showed co-ordination of active site 

residues with the di-manganese cluster (163).  

 

The lack of diffraction of NmLpxH crystals could be due to structural 

flexibility. Crystallisation trials in the presence of lipid X is a good starting 

point for obtaining diffracting NmLpxH crystals. Another strategy that can be 

trialled is the screening of additives especially divalent cations like Mn2+.  

 

Recently, a small molecule inhibitor (Sulfonyl piperazine (Figure 6.1)) 

for E. coli LpxH has been reported (206). Four resistance mutations to the 

inhibitor G48D, L84R, F141L and R149H in E. coli LpxH have been isolated 
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(206). The prevalence of antibiotic resistance demands novel therapeutic 

options that target enzymes such as LpxH.  

 

 

 
 

Sulfonyl piperazine 
 
 

Figure 6.1. A small molecule inhibitor of E. coli LpxH.  
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6.3 Conclusion on CGT  

 

CGT is a unique enzyme found only in H. pylori, and catalyses the 

glycosylation of a cholesterol molecule to produce cholesteryl-α-glucoside. 

The glycosylated cholesterol molecule and it’s three other derivatives 

contribute to approximately 25% of the total lipid content of H. pylori (71). 

The cholesteryl-α-glucoside molecule produced by CGT is known to protect 

H. pylori from phagocytosis (66). Due, to its importance it is vital to determine 

the structure of the protein for development of inhibitors.  

 

During expression and purification, CGT degrades into by-products up 

to a molecular size of 18.0 kDa. Out of many strategies employed to obtain 

full length, soluble CGT, purification of the enzyme with 10 mM UDP-glucose 

in purification buffers helped us overcome the degradation problem. To 

increase the yield of full length protein, Triton X-100 detergent to a 

concentration of 0.22 mM was used in purification buffers. The use of UDP-

glucose and Triton X-100 detergent together increased the yield of full length 

protein however the protein exhibited aggregation  as assessed by SEC. 

Replacement of the detergent Triton X-100 with CHAPS (due to close 

structural similarity to cholesterol) did not improve the yield of soluble protein. 

To obtain soluble protein, expression and purification of CGT as a fusion with 

MBP was attempted. During crystallisation trials of MBP-CGT fusion, a 

bacterial contaminant (E. coli Hydroperoxidase) was crystallized.  
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I still think expression and purification with MBP as a fusion should be 

pursued. Cloning, expression and purification as a fusion with other soluble 

proteins like GST and Trx could also be attempted. If successful in obtaining 

a full length soluble fusion protein, biophysical characterization experiments 

could be carried out. An MBP fusion version of CGT might also aid in 

crystallisation for structural characterization of the enzyme. In the case of 

failure in fusion protein strategy, a cell free protein expression system could 

also be trialled. In this method, protein synthesis occurs in cell lysates (or) 

extracts rather than within cultured cells (207). Therefore, cell lysates (or) 

extracts free from proteases which enhance protein folding and solubility 

could be chosen for expression of CGT.  
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6.4 Final conclusion and further work 

 

This thesis establishes the expression and purification conditions of 

two peripheral membrane proteins NmLpxB and NmLpxH. After expression 

both the proteins required the use of detergents for their extraction from 

membranes, but remained stable in the absence of detergents after 

purification. The CD results of both the enzymes suggest that they are 

conformationally stable in the purified condition. The thermal stability of the 

enzymes was also established by DSF experiments, which resulted in high 

melt temperatures. The monomeric state of NmLpxB is established by SEC-

MALS which is similar to HiLpxB but in contrast to the oligomeric state of 

EcLpxB. The oligomeric state of NmLpxH was also found to be monomer, 

similar to its other orthologues. Crystals of both the enzymes have been 

obtained and further work for obtaining better diffracting crystals has been 

discussed in their respective chapters. 

 

Bioinformatic analysis on NmLpxB sequence, suggested a possible 

membrane interaction region in the protein, similar to some functional 

orthologues which belong to GT-B family of glycosyltransferases. Similar 

analysis on NmLpxH sequence, revealed that the enzyme consists of three 

conserved motifs homologous to the characteristic of the CLP family.  

 

  Furthermore, reports that HiLpxH and PaLpxH co-purified and co-

crystallized with lipid X and the inability to obtain crystals of wild-type LpxB, 

raises the question if LpxB and LpxH interact with each other for lipid X 
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transfer. Preliminary experiments (pull down assay) have been carried out 

and were discussed at the end of chapter 4. Further experiments to conclude 

the complex formation of LpxB and LpxH have also been suggested. If the 

complex formation occurs, crystal structure of the complex would aid in drug 

design targeting the complex. In the absence of complex formation, LpxB 

and LpxH in the lipid A biosynthetic pathway can serve as good drug targets 

for future antibiotic development. During the attempts of inhibitor screening 

for lipid A biosynthetic enzymes, one compound L- 573,655 (Figure 6.2 (A) 

was identified by researchers at Merck laboratories (208). All nine enzymes 

in the pathway were assayed for sensitivity to the compound L-573,655 and 

only LpxC, the second enzyme in the Raetz pathway, was found to be 

inhibited at a concentration of 24 μM of the compound. Further analogs of 

the compound were synthesized and their inhibition constants quantified by 

disk diffusion assay. Compound L-161,240 (Figure 6.2 (B) resulted in an 

inhibition constant of 50 nM. L- 161,240 was an inhibitor for E. coli LpxC but 

could not inhibit LpxC from another species (208). Therefore, there is a high 

demand for design of novel inhibitor which could target the previously 

unexploited enzymes such as LpxH and LpxB in the lipid A biosynthetic 

pathway. Towards the goal of novel inhibitor design, this thesis lays down the 

foundational work for crystal structure elucidation of wild-type LpxB and LpxH 

from N. meningitidis. 
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(A)                                                                            (B) 

 

Figure 6.2. Small molecule inhibitors of E. coli LpxC. (A) Compound L-573,655, (B) 
Compound L- 161,240.  

 

 

In the case of CGT, from the extensive work carried out, a purification 

condition that could keep CGT stable from further degradation was found. 

Strategies detailed in section 6.3 could help in promoting the solubility of the 

protein for carrying out biophysical characterization and structure 

determination.  

 

Overall this thesis lays down the foundational work for structure 

determination of three virulent factors from Gram-negative pathogens. The 

structures of these virulent factors could aid in development of novel 

inhibitors for some dreadful diseases. 
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8. Appendix 1. Oligonucleotide sequences 

 
Table 8.1. Primers used for amplification of NmLpxB, NmLpxH and CGT genes. 

 
 

 
 
 
 

 
NmLpxB 
(pETM-11) 

 
 
 

 

GCATCGCCCATGGGTATGGGTATGGCTGATAAAAAAAGC 

 

GAATTCGGATCCTCAACATCCCGCCTC 

 
 
 
 
 

NmLpxH 
(pETM-11) 

 

 

ATACTACCCATGGGTATGAAACCCGCCTATTTC 

 

 

GAATTCGGATCCTCAGTATTTTTCCAGCGG 

 
 
 
 
 

H. pylori 
CGT 

(pETM-28a) 
 

 

GAATTCGTGGATAGCTTTAAAGATACCAG 

 

GCGATTTTAAAAATAATCCGCAC 



  APPENDIX 2 
 

 
 

225 

9. Appendix 2. Detergent properties 

Table 9.1. Properties of detergents used in this thesis. 

 
 

1) CMC: It is abbreviated as critical micelle concentration and defined as the concentration of detergent at which micelles begin to form. 
2) Micelle: Aggregation of detergent molecules in an aqueous solution 

 

Detergent 

 

Type 

 

CMC1 

 

Molecular Weight 

 

Aggregation number 

 

Micelle2 size (kDa) 

 

Triton X-100  

 

Non-ionic 

 

0.24 mM (0.155%) 

 

647.0 

 

75-165 

 

90 

 

DDM 

 

Non-ionic 

 

0.17 mM (0.0087%) 

 

510.6 

 

78-149 

 

72 

 

OG 

 

Non-ionic 

 

18-20 mM (0.53%) 

 

292.4 

 

27-100 

 

     25 

 

CHAPS 

 

Zwitterionic 

 

8-10 mM (0.5%) 

 

614.88 

 

10 

 

  7 
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10. Appendix 3. Bioinformatic results and additional biophysical characterisation data of 
NmLpxB 
 
1) Results of NmLpxB sequence from ExPASy ProtParam: 

 
 Amino acid sequence of NmLpxB:  

 
MADKKSPLIAVSVGEASGDLLGAHLIRAIRKRCPQARFTGIGGELMKAEGFESLYDQERLAVRGFVEVVRRLPEILRIRRGLVR
DLLSLKPDVFVGIDAPDFNLGVAEKLKRSGIPTVHYVSPSVWAWRRERVGKIVHQVNRVLCLFPMEPQLYLDAGGRAEFVGH
PMAQLMPLEDDRETARQTLGVDAGIPVFALLPGSRVSEIDYMAPVFFQTALLLLERYPAARFLLPAATEATKRRLAEVLQRPE
FAGLPLTVIDRQSETVCRAADAVLVTSGTATLEVALCKRPMVISYKISPLTYAYVKRKIKVPHVGLPNILLGKEAVPELLQSEAK
PEKLAAALADWYEHPDKVAALQQDFRALHLLLKKDTADLAARAVLEEAGC 
 
Number of amino acids: 384 
 
Molecular weight: 42419.64 Da 
 
Theoretical pI: 8.98 

 
Extinction coefficients are in units of M-1 cm-1, at 280 nm measured in water 
 
Extinction coefficient: 30160 
Abs 0.1% (=1 g/l) 0.711, assuming all pairs of Cys residues form cystines 
 

 Extinction coefficient: 29910 
Abs 0.1% (=1 g/l) 0.705, assuming all Cys residues are reduced. 
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2) PDB BLAST search of NmLpxB sequence: 
 
 
 Table 10.1. Results from PDB BLAST search of NmLpxB sequence. 
 

Search results Query cover (percentage) Sequence identity 
(percentage) 

Accession code 

 
Chain A, Lipid-A-disaccharide 

synthase (Escherichia coli BL21 
(DE3)) 

 

 
99% 
 

 
42.93% 

 

 
5W8S 

 
  

3) MEMSAT-SVM results on NmLpxB sequence:  
 

 
Figure 10.1. Predicted membrane interaction of NmLpxB. Residues coloured in white background are predicted to be facing the cytoplasm and residues 

coloured in grey background are predicted to interact with the membrane while residues coloured in yellow background are predicted to be extracellular. 
 
 

https://www.ncbi.nlm.nih.gov/protein/5W8S_A?report=genbank&log$=prottop&blast_rank=1&RID=HJTT1K95014
https://www.ncbi.nlm.nih.gov/protein/5W8S_A?report=genbank&log$=prottop&blast_rank=1&RID=HJTT1K95014
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 4)  PSIPRED 4.0 results on NmLpxB sequence: 
 

 
 

 
Figure 10.2. Predicted secondary structure of NmLpxB. Yellow coloured cylinders indicate -sheets. Pink coloured cylinders indicate -helices. Grey 

coloured lines between the -helices and -sheets indicate loops. Blue coloured bar graphs above the secondary structure indicate confidence in prediction.  
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 5)  DSF results of His6-NmLpxB 

 
 
 

  

  
 

(A)                                                                                                                             (B) 
 
 
 
Figure 10.3. DSF results of His6-NmLpxB from few test conditions listed in Table 3.1 according to their colour. (A) Melt curve amplification peaks of 
His6-NmLpxB in various test conditions. (B) Derivative profiles of the melt curve amplification peaks. 
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6) Mass spectrometry (MALDI TOF/TOF) results: 

 

Table 10.2. Mass spectrometry results of coomassie stained NmLpxB protein bands.  

 

 
 
 
 

Amino acid sequence of NmLpxB 

 
MADKKSPLIAVSVGEASGDLLGAHLIRAIRKRCPQARFTGIGGELMKAEGFESLYDQERL 
AVRGFVEVVRRLPEILRIRRGLVRDLLSLKPDVFVGIDAPDFNLGVAEKLKRSGIPTVHY 
VSPSVWAWRRERVGKIVHQVNRVLCLFPMEPQLYLDAGGRAEFVGHPMAQLMPLEDDRET 
ARQTLGVDAGIPVFALLPGSRVSEIDYMAPVFFQTALLLLERYPAARFLLPAATEATKRR 
LAEVLQRPEFAGLPLTVIDRQSETVCRAADAVLVTSGTATLEVALCKRPMVISYKISPLT 
YAYVKRKIKVPHVGLPNILLGKEAVPELLQSEAKPEKLAAALADWYEHPDKVAALQQDFR 
ALHLLLKKDTADLAARAVLEEAGC 

 
 

MS/MS peptide profile used 
against the MASCOT protein 

database.  
 

 
KVPHVG, RAVLE, RAADA, RVSEIDY, KISPLT, RDLLSLK, KDTADL, KAEGF 
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7)  Buffers used for optimisation and purification of His6-NmLpxB: 

 
Table 10.3. Buffers used for optimisation and purification of NmLpxB. 

 

  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

 
NmLpxB 

 
 
 
 

 

Buffer A 

 

50 mM Tris pH 7.0, 20 mM Imidazole, 500 mM NaCl, 10% (v/v) Glycerol 

 

Buffer B 

 

20 mM Tris pH 8.0, 500 mM Imidazole, 500 mM NaCl, 10% (v/v) Glycerol 

 
Buffer C 

 
20 mM Tris pH 7.0, 500mM NaCl 

 
Buffer D 

 
50 mM Tris pH 7.0, 20 mM Imidazole, 500 mM NaCl, 10% (v/v) Glycerol, 3XCMC 4-
(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol (Triton X-100) detergent) 

 

Buffer E 

 

20 mM Tris pH 7.0, 200 mM NaCl, 5% (v/v) Glycerol 
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11. Appendix 4. Bioinformatic results and additional biophysical characterisation data of 
NmLpxH 

 
1) Results of NmLpxH from ExPASy ProtParam 

Amino acid sequence of NmLpxH:  
 
MKPAYFISDLHLSEKHPELTALLLRFLRSSAAGQARAVYILGDLFDFWVGDDEVSELNTSVAREIRKLSDKGVAVFFVRGNRD
FLIGQDFCRQAGMTLLPDYSVLDLFGCKTLICHGDTLCTDDRAYQRFRKIVHRKRLQKLFLMLPLKWRTRLATKIRRVSKMEK
QVKPADIMDVNAAFTARQVRAFGAERLIHGHTHREHIHHENGFTRIVLGDWHNDYASILRVDGDGAVFVPLEKY 
 
Number of amino acids: 240 
 
Molecular weight: 27656.00 Da 
 
Theoretical pI: 9.41 

 
Extinction coefficients are in units of M-1 cm-1, at 280 nm measured in water 
 
Extinction coefficient: 25690 
Abs 0.1% (=1 g/l) 0.929, assuming all pairs of Cys residues form cystines 
 

 Extinction coefficient: 25440 
Abs 0.1% (=1 g/l) 0.920, assuming all Cys residues are reduced. 
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2) PDB BLAST search of NmLpxH sequence: 
 

 

Table 11.1. Results from PDB BLAST search of NmLpxH sequence. 

 

Search results Query cover 
(percentage) 

Sequence identity 
(percentage) 

Accession code 

Chain A, Udp-2,3-diacylglucosamine 
Hydrolase (Haemophilus influenza Rd 

KW20) 
 

 
95% 
 

 
58.70% 

 

 
5K8K 

Chain A, Udp-2,3-diacylglucosamine 
Hydrolase (Pseudomonas aeruginosa 

PAO1) 
 

 
96% 
 

 
44.26% 

 

 
5B49 
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3) MEMSAT-SVM results on NmLpxH sequence: 

 

 

 

 

 

Figure 11.1. Predicted membrane interaction of NmLpxH. Residues coloured in white background are predicted to be facing the cytoplasm and residues 

coloured in grey background are predicted to interact with the membrane while residues coloured in yellow background are predicted to be extracellular. 
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4) PSIPRED 4.0 results on NmLpxH sequence: 

 

 

Figure 11.2. Predicted secondary structure of NmLpxH. Yellow coloured cylinders indicate -sheets. Pink coloured cylinders indicate -helices. Grey 

coloured lines between the -helices and -sheets indicate loops. Blue coloured bar graphs above the secondary structure indicate confidence in prediction.   
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5) DSF results of His6-NmLpxH: 

 
 

  
 

(A)                                                                                                                             (B) 
 
 
 
 
Figure 11.3. DSF results of His6-NmLpxH from few test conditions listed in Table 4.1 according to their colour. (A) Melt curve amplification peaks of 
His6-NmLpxB in various test conditions. (B) Derivative profiles of the melt curve amplification peaks. 
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6) Mass spectrometry (MALDI TOF/TOF) results: 

 

Table 11.2. Mass spectrometry results of silver stained NmLpxH crystals.  

 
 
 

Amino acid sequence of NmLpxH 

 
MKPAYFISDLHLSEKHPELTALLLRFLRSSAAGQARAVYILGDLFDFWVGDDEVSELNTS 
VAREIRKLSDKGVAVFFVRGNRDFLIGQDFCRQAGMTLLPDYSVLDLFGCKTLICHGDTL 
CTDDRAYQRFRKIVHRKRLQKLFLMLPLKWRTRLATKIRRVSKMEKQVKPADIMDVNAAF 
TARQVRAFGAERLIHGHTHREHIHHENGFTRIVLGDWHNDYASILRVDGDGAVFVPLEKY 

 
 

MS/MS peptide profile used against 
the MASCOT protein database.  

 

 
KHPELT, RDFLIG, RVDGDG, KQVKP, KTLICH, RQAGM, REHIHH 
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7)  Buffers used for optimisation and purification of His6-NmLpxH: 

 
Table 11.3. Buffers used for optimisation and purification of NmLpxH. 

 
 

 

 

 

 

 

 

 
 
 
 
 

 
 

 
 
 
 

NmLpxH 
 

 
 
 

 

Buffer A 

 

50 mM Tris pH 7.0, 20 mM Imidazole, 500 mM NaCl, 10%(v/v) Glycerol, 3XCMC Triton X-100 

 

Buffer B 

 

50 mM Tris pH 7.0, 20 mM Imidazole, 500 mM NaCl, 10% (v/v) Glycerol 

 
Buffer C 

 
50 mM Tris pH 7.0, 500 mM Imidazole, 500 mM NaCl, 10% (v/v) Glycerol 

 
Buffer D 

 
20 mM Tris pH 7.0, 200 mM NaCl, 10%(v/v) Glycerol 

 

Buffer E 

 

20 mM Tris pH 8.0, 200 mM NaCl, 10%(v/v) Glycerol 
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12. Appendix 5. Bioinformatic results and additional biophysical characterisation data of 
CGT 

 
1) Results of CGT from ExPASy ProtParam 
 
Amino acid sequence of CGT from H. pylori:  
 
MVIVLVVDSFKDTSNGTSMTAFRFFEALKKRGHVMRVVAPHVDNLGSEEEGYYNLKERYIPLVTEISHKQHILFAKPDEKILRK
AFKGADMIHTYLPFLLEKTAVKIAREMQVPYIGSFHLQPEHISYNMKLGWFSWFNMMLFSWFKSSHYRYIHHIHCPSKFIVEEL
EKYNYGGKKYAISNGFDPMFRFEHPQKSLFDTTPFKIAMVGRYSNEKNQSVLIKAVALSKYKQDIVLLLKGKGPDEKKIKLLAQ
KLGVKAEFGFVNSNELLEILKTCTLYVHAANVESEAIACLEAISVGIVPVIANSPLSATRQFALDERSLFEPNNAKDLSAKIDWWL
ENKLERERMQNEYAKSALNYTLENSVIQIEKVYEEAIRDFKNNPHLFKTLS 
 
Number of amino acids: 389 
 
Molecular weight: 44965.10 Da 
 
Theoretical pI: 8.96 

 
Extinction coefficients are in units of M-1 cm-1, at 280 nm measured in water 
 
Extinction coefficient: 52955 
Abs 0.1% (=1 g/l) 1.178, assuming all pairs of Cys residues form cystines 
 

 Extinction coefficient: 52830 
Abs 0.1% (=1 g/l) 1.175, assuming all Cys residues are reduced. 
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2)  PDB BLAST search of CGT sequence: 
 

 

 Table 12.1. Results from PDB BLAST search of CGT sequence. 

 
 

 

3) MEMSAT-SVM results on CGT sequence: 

 

Figure 12.1. Predicted membrane interaction of CGT. Residues coloured in white background are predicted to be facing the cytoplasm and residues 

coloured in grey background are predicted to interact with the membrane while residues coloured in yellow background are predicted to be extracellular. 

 
 

Search results Query cover (percentage) Sequence identity 
(percentage) 

Accession code 

 
Chain A, Type 1 Capsular 

polysaccharide biosynthesis protein 
J (capi) (Helicobacter pylori 26695) 

 

 
42% 

 
100.0% 

 

 
3QHP 
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4) PSIPRED 4.0 results on CGT sequence: 

 

Figure 12.2. Predicted secondary structure of CGT. Yellow coloured cylinders indicate -sheets. Pink coloured cylinders indicate -helices. Grey coloured 

lines between the -helices and -sheets indicate loops. Blue coloured bar graphs above the secondary structure indicate confidence in prediction.   
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5) Mass spectrometry (MALDI TOF/TOF) results: 

 

Table 12.2. Mass spectrometry results of E. coli hydroperoxidase crystals. 

 
 
 
 
 
 

Amino acid sequence of 
hydroperoxidase from  E. coli 

 

 
MSTSDDIHNTTATGKCPFHQGGHDQSAGAGTTTRDWWPNQLRVDLLNQHSNRSNPLGEDF 
DYRKEFSKLDYYGLKKDLKALLTESQPWWPADWGSYAGLFIRMAWHGAGTYRSIDGRGGA 
GRGQQRFAPLNSWPDNVSLDKARRLLWPIKQKYGQKISWADLFILAGNVALENSGFRTFG 
FGAGREDVWEPDLDVNWGDEKAWLTHRHPEALAKAPLGATEMGLIYVNPEGPDHSGEPLS 
AAAAIRATFGNMGMNDEETVALIAGGHTLGKTHGAGPTSNVGPDPEAAPIEEQGLGWAST 
YGSGVGADAITSGLEVVWTQTPTQWSNYFFENLFKYEWVQTRSPAGAIQFEAVDAPEIIP 
DPFDPSKKRKPTMLVTDLTLRFDPEFEKISRRFLNDPQAFNEAFARAWFKLTHRDMGPKS 
RYIGPEVPKEDLIWQDPLPQPIYNPTEQDIIDLKFAIADSGLSVSELVSVAWASASTFRG 
GDKRGGANGARLALMPQRDWDVNAAAVRALPVLEKIQKESGKASLADIIVLAGVVGVEKA 
ASAAGLSIHVPFAPGRVDARQDQTDIEMFELLEPIADGFRNYRARLDVSTTESLLIDKAQ 
QLTLTAPEMTALVGGMRVLGANFDGSKNGVFTDRVGVLSNDFFVNLLDMRYEWKATDESK 
ELFEGRDRETGEVKFTASRADLVFGSNSVLRAVAEVYASSDAHEKFVKDFVAAWVKVMNL 
DRFDLL 
 

 
MS/MS peptide profile used 
against the MASCOT protein 

database.  
 

 
KCPFH, RSNPL, RMAWHG, KAPLGA, KTHGAG, RFAPL, REDVWE, RSPAGA, RFDP, 
KEDLIW, KVMNL, RADLV, KNGVF, KAASAA 

 

 

 

 



  APPENDIX 5 
 

 
 

243 

6)  Buffers used for optimisation and purification of CGT: 

Table 12.3. Buffers used for optimisation and purification of CGT. 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

CGT 
 

 
 
 

 

Buffer A 

 

20 mM Tris pH 8.0, 20 mM Imidazole, 500 mM NaCl, 10% (v/v) Glycerol 

 

Buffer B 

 

50 mM Tris pH 7.0, 20 mM Imidazole, 500 mM NaCl, 10% (v/v) Glycerol 

 
Buffer C 

 
20 mM Tris pH 8.0, 500 mM NaCl, 10% (v/v) glycerol, 10 mM UDP-glucose and 3XCMC  
Triton X-100 

 
Buffer D 

 
20 mM Tris pH 8.0, 500 mM NaCl, 10% (v/v) Glycerol, 10 mM UDP-glucose and 10 mM 
CHAPS 

 

Buffer E 

 

20 mM Tris pH 8.0, 500 mM NaCl, 10% (v/v) Glycerol 

 

Buffer F 

 

20 mM Tris pH 8.0, 50 mM Maltose, 500 mM NaCl, 10% (v/v) Glycerol 

 

Buffer G 

 

20 mM Tris pH 8.0, 500 mM NaCl, 10% and (v/v) Glycerol 
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