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ABSTRACT 
 

 i 

Abstract 

Neisserial spp. consists of two infectious diseases, Neisseria meningitidis and Neisseria 

gonorrhoeae.  N. meningitidis produces a potent inflammatory response through the 

binding of its endotoxin to the Toll Receptor complex.  The endotoxin of Neisserial spp. 

is a lipooligosaccharide (LOS) containing a lipid A moiety with varying phosphoforms. 

Inhibition of the enzymes involved in synthesis or modification of lipid A could provide 

new therapeutic approaches for treating Neisserial infections. 

Lipid A disaccharide synthase (LpxB), a peripheral membrane protein involved in the 

biosynthesis of lipid A, was purified from both membrane and soluble fractions.  

Conditions were found for expression and purification from the soluble fraction that 

produced folded, monomeric and non-aggregated protein, as judged by circular 

dichroism and Size-exclusion chromatography with inline multi angle light scattering.  

Crystallisation of the protein was trialed without success.  

LOS phosphoethanolaminetransferase A (LptA) is a membrane-bound enzyme with a 

soluble domain involved in modification of lipid A.  Soluble and full-length variants of 

LptA were purified and used to characterise binding for a small set of molecule 

fragment hits, previously obtained from Saturation Transfer Difference Nuclear 

Magnetic Resonance (STD-NMR) screening procedures with a 1137 fragment library.  

Diffracting crystals were obtained for the soluble variant of LptA and data sets were 

collected and processed for crystals soaked with 6 different fragments. Six structures 

were solved and refined; however, bound fragments were not observed. Differential 

Scanning Fluorimetry, Microscale Thermophoresis and Isothermal Titration 

Calorimetry data indicate that binding of some of the fragment hits may be non-specific.  
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The Toll receptor complex was expressed in insect cells using a baculovirus-insect cell 

expression system, and Myeloid Differentiation Protein (MD) 2 was identified using an 

optimised immunoblotting technique.  Expression constructs for Toll Like Receptor 

(TLR) 4 and MD2 with Green Fluorescent Protein (GFP) tags were also generated but 

did not appear to improve protein yield. 
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 1 

1 Literature Review 

1.1 Neisseria sp. 

1.1.1 Significance 

The genus Neisseria has two important human pathogens that cause disease, Neisseria 

meningitidis (N. meningitidis) and Neisseria gonorrhoeae (N. gonorrhoeae).  

N. meningitidis causes two types of infection; meningococcal meningitis where bacteria 

are localized to the cerebral spinal fluid in the brain, and septic shock where bacteria are 

present in the bloodstream. The exact mechanism of how N. meningitidis causes the two 

forms is unknown1. The largest cause of bacterial meningitis and fatal septic shock on a 

worldwide scale is N. meningitidis1. Meningitis or meningococcal meningitis, caused by 

N. meningitidis, causes major epidemics and contributes to bacterial meningitis being 

one of the top ten causes of death worldwide1. 

N. gonorrhoeae is the second most prevalent sexually transmitted infection (STI)2 and 

affects people in both developed and developing countries. The emergence of antibiotic 

resistant strains has caused significant problems worldwide3, 4. N. gonorrhoeae is 

predominantly seen in woman and children, causing pelvic inflammatory disease (PID), 

ectopic pregnancies, first trimester abortions, severe neonate eye infections and 

infertility in both men and women3. The World Health Organization (WHO) reported in 

2012-13 the significance of multi-drug resistant N. gonorrhoeae with 106 million cases 

of the total estimated 498 million cases of curable STIs globally, each year3.  

Both N. meningitidis and N. gonorrhoeae are closely related, however are transmitted 

differently and cause different symptoms.  
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1.1.2 Transmission 

Neisseria spp are Gram-negative diplococci bacteria with the human host as the only 

natural reservoir.  N. meningitidis is transmitted via respiratory droplets. Bacteria attach 

to non-ciliated nasopharyngeal epithelial cells in the upper respiratory tract and are 

internalized via endocytosis.  After entering mucosal cells N. meningitidis can migrate 

back to the cell surface and be transmitted to a new host. In susceptible individuals 

lacking host defenses, N. meningitidis spreads to adjacent cells, into the extracellular 

matrix and to the bloodstream where it undergoes replication and migration to the 

meninges, the site at which inflammation occurs5, 6.   

N. gonorrhoeae is transmitted sexually, and infects the urogenital tract.  Bacteria 

interact with non-ciliated epithelial cells, invading and then causing inflammation6.  N. 

gonorrhoeae is also becoming more resistant to antibiotic treatment.  Finding a new 

way to treat both species of Neisseria without using antibiotics would be beneficial. A 

first step in this process is to better understand the mechanisms of virulence in the 

bacterium. 

1.1.3 Virulence 

There are several components of the cell membrane that contribute to virulence. 

Different structures are involved in contributing to virulence in N. meningitidis (Figure 

1.1). In particular, cellular components important for virulence include the capsular 

polysaccharide (capsule), lipooligosaccharide (LOS), pilus and outer-membrane 

proteins.  The two most studied and important components are the capsular 

polysaccharide and LOS5, 7.  Capsular polysaccharides have been the basis of vaccine 

developments, which have been useful at decreasing the presence of infectious 

N. meningitidis strains8-10. The capsule also contributes to the ability of N. meningitidis 
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to evade the human immune system by changing the antigenic make up on the surface 

of the bacteria, faster than the immune system can recognise the change11. 

The LOS in Neisserial species is involved in binding to a receptor complex on the 

surface of immune cells, and inducing a signaling cascade that causes a potent immune 

response.  The severity of the response depends on the structure and any substitution 

groups that contribute to its structure. The structure varies between bacterial strains, 

therefore the severity of the response also differs. 

 

Figure 1.1 Cross section view of the meningococcal cell membrane. 

Taken from Rosenstein et al. (2001)12. 

 

1.1.4 Capsular Polysaccharides 

Capsular polysaccharides are only found in N. meningitidis strains and not in 

N. gonorrhoeae, which does not contain a capsule. Of the thirteen serogroups of 

N. meningitidis, only six are medically significant; A, B, C, W-135, X and Y.  

Serogroups A, B and C are more frequently present worldwide, with B and C the most 
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commonly found serogroups of N. meningitidis in regions such as the USA, Western 

Europe and Australia, and serogroups A and C the most significant in Eastern Europe, 

Asia and Africa (Figure 1.2).   

 

Figure 1.2 Infectious N. meningitidis serogroups distributed worldwide. 

The meningitis belt of sub-Saharan Africa is represented within the dotted area. Serogroup B 
outbreaks are shaded in purple. Figure adapted from review by Stephens, Greenwood and 
Brandtzaeg (2007)1. 

 

1.1.5 Prevalence 

Bacterial meningitis is found predominantly through sub-Saharan Africa along what is 

termed the meningitis belt from Senegal in the west to Ethiopia in the east (Figure 1.2)4, 

13. Before 2010, 80-85% of serogroup A outbreaks were estimated to be contained only 

within the meningitis belt, however, since the immunisation campaigns this proportion 

has dramatically decreased.  The 2014 epidemic in Africa reported 11,908 suspected 

cases of which 1,146 were deaths4.  These were the lowest numbers since 2004.  Since 

January 2015, more than 217 million people received the meningococcal A conjugate 

vaccine through Africa, specifically through the meningitis belt4. 
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More recently, N. gonorrhoeae has become a more significant health problem in 

developed countries, and is the second most common disease that is reported in the 

United States.  In 2005, 88 million of the estimated 448 million cases of curable STIs 

were caused by N. gonorrhoeae14.  By 2008, the number of cases jumped to 106 million 

cases that year, 21% higher in 3 years14.  In 2011, the number of cases per year was 

back to 88 million14. The number of cases due to multi-drug resistant strains of 

N. gonorrhoeae is increasing. For multi-drug resistant N. gonorrhoeae infections 

treatments consist of a cocktail of antibiotics, including tetracycline, macrolides and 

more recently quinolones, has traditionally been used to control the number of cases15. 

Unfortunately, further antimicrobial resistance is emerging and failures in treatments of 

N. gonorrhoeae infections using the most recent antibiotic treatment of cefixime (oral 

cephalosporin) have been reported in Japan, Norway, China and the United Kingdom15.   

1.1.6 Disease Treatment and Prevention 

Both N. meningitidis and N. gonorrhoeae are currently treated using antibiotics. For 

N. meningitidis, treatment consists of a high dose of penicillin delivered intravenously 

for 7-10 days16.  This treatment significantly decreases the mortality rate for N. 

meningitidis infection, however, if this infection is not treated quickly, before 

confirmation of diagnosis, it can result in a poor outcome17. N. gonorrhoeae is 

becoming a more significant health burden due to the recent emergence of strains 

resistance to cephalosporin and ceftriaxone antibiotics and is now being classified as a 

“super bug”18. Drug resistant strains of N. gonorrhoeae are increasing in developed 

countries as seen in France and Japan18-20. Due to this there are concerns that 

N. gonorrhoeae may become untreatable in the future. Antibiotic resistance is also 

becoming a significant problem for N. meningitidis with a cocktail of different 

antibiotics being used to address this problem21. A vaccine or drug target to prevent 
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outbreaks of both Neisserial strains and eliminate the need for antibiotic treatment 

would prevent poor outcomes of the disease. 

Polysaccharide vaccines have been developed to target the medically significant 

serogroups of N. meningitidis.  These vaccines are designed to mimic the 

polysaccharide component on the bacterial cell wall of N. meningitidis.  The most 

comprehensive vaccine developed is the quadrivalent polysaccharide vaccine, which 

provides protection against antigenic serogroups; A, C, Y, and W-13512 however it has 

only been licensed for use in the USA.  Other vaccines available include the A/C 

vaccine, with an 85% efficacy rate and good immunogenicity, and the Y/W-135 

vaccine, which generates immunity and aids in the production of antibodies22, 23.!!

Conjugate vaccines against serogroup B strains have proven ineffective as the capsule 

contains a polysialic acid group, which is structurally identical to one present in fetal 

neural tissues resulting in poor immunogenicity for this vaccine24. There are also reports 

that serogroup B can switch its capsule with serogroup C, which poses a significant 

problem if a treatment plan has already begun11.   

Vaccines targeting the serogroup B capsule have not been developed, however other 

bacterial cell wall targets are being used in attempt to target this serogroup.  The first 

vaccines developed for serogroup B were based on outer membrane vesicles and were 

shown to be effective only against specific epidemic strains25.  These vaccines also did 

not produce a significant immune response in young children.  In 2014 a four 

component meningococcal serogroup B vaccine was released4, based on genes encoding 

surface proteins.  This has shown positive outcomes with high immunogenicity, 

specifically in young children25. 

The current research project focuses on enhancing our understanding the structures and 

functions of enzymes involved in lipooligosaccharide (LOS) biosynthesis and the 
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interactions these molecules make with the host immune system.  As an alternative to 

vaccines targeting the capsular polysaccharide, developing a drug target that can inhibit 

the synthesis of LOS would be useful for the treatment of all strains of 

Neisserial species.  To do this, we need to understand how biosynthesis enzymes 

function, and how LOS binds and interacts with receptor proteins. 

1.2 The Endotoxin: LOS and Lipid A 

Endotoxin is a glycolipid, such as lipooligosaccharide (LOS) or lipopolysaccharides 

(LPS), which is present on the cell membrane of Gram-negative bacteria. LPS consists 

of a variable outer core of sugar residues attached to an O-antigen polysaccharide26, and 

a conserved inner core polysaccharide attached to lipid A (Figure 1.3). The inner core is 

conserved within a genus or family of bacteria26-29. The outer core residues are more 

variable and differ between Gram-negative bacterial strains.   

All Gram-negative bacteria, excluding Neisserial species, contain lipopolysaccharides 

(LPS) as endotoxins.  Neisserial spp. produce LOS, which is similar in structure to 

(LPS) produced by other Gram-negative organisms, except for the absence of the 

repeating O-antigen30.  The conserved inner core of LOS is made up of both heptose 

and 3-deoxy-D-2-ocutulonosonic acid (Kdo) groups that are attached to a lipid A 

moiety31.  
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Figure 1.3 Structure of LPS showing a representation of Lipid A, inner and outer core 
sugars and O-antigen repeat. 

Circles in red represent the 1 and 4’ positions on the di-glucosamine backbone of lipid A where 
substituent groups can form different phosphoforms.  The most common phosphoform present 
is a single phosphate. Taken from Maeshima and Fernandez (2013)32. 

 

The presence of endotoxin is essential for the growth of all Gram-negative bacteria, 

with the exception of N. meningitidis33.  Other components of the LPS such as the 

attachment of core sugars and O-antigen polysaccharide are not required for growth, but 

have an important role in protecting the bacteria from host defenses34.  Even though 

Neisserial species do not need LOS for growth, they still require its presence for 

virulence35. 

The lipid A is thought to be the toxic centre of LOS36. Neisserial lipid A has a 

symmetrical distribution of acyl chains that are attached to a di-glucosamine moiety 

(Figure 1.4).  Lipid A also has variable groups (phosphoforms) that can attach to both 

ends of the di-glucosamine backbone causing a variation in the toxicity.  The most 

common is bis-phosphorylation at both the 1 and 4’ positions of the di-glucosamine 
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moiety, however other substitutions are also present37.  The presence of positively 

charged phosphoethanolamine (PEA) attached at the 1 and 4’ positions of the lipid A 

structure (Figure 1.4) allows the bacteria to evade the host complement system and 

provides resistance to cationic antimicrobial peptides (CAMPs)38, 39. Lipid A is known 

to interact with two host immune cells receptors, Myeloid Differentiation Factor 2 

(MD2) and Toll-like Receptor 4 (TLR4). PEA is thought to be involved in enhanced 

binding of the acyl chains to the binding pocket on the host receptor TLR4-MD2 

complex, and one of the reasons proposed for an increase in the inflammatory immune 

response for Neisserial endotoxin40, 41.  Studies have shown that the binding of 

Escherichia coli (E. coli) lipid A induces dimerisation of the TLR4-MD2 complex42. 

E. coli lipid A lacks PEA phosphoform groups, which is thought to be the reason the 

endotoxin is less effective at creating an immune response. The details of how 

endotoxin binding differs and the mechanism by which the phosphoforms in 

N. meningitidis elicit a stronger inflammatory response are currently unknown. 
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Figure 1.4 Structure of lipooligosaccharide of N. meningitidis immunotype L3.   

Structure shows the outer core of sugars in green, Kdo groups in blue, and 
phosphoethanolamine (PEA) phosphoform groups (in red).  PEA substitution points are circled 
in dotted red lines. Ltp3 and Lpt6 add PEA at 3’ and 6’ positions of HepII respectively.  
Substitutions of PEA by LptA are attached to the N-acetyl glucosamine backbone at 1 and 4’ 
positions of lipid A.  Abbreviations: NeuNac (sialic acid), Gal (galactose), GlcNac (N-
acetylglycosamine), Glc (glucose), Hep (heptose).  Adapted from Diaz, Romero and Outschoorn 
(1994)43. 

 

1.2.1 LPS/LOS Biosynthesis 

Most research to date has outlined the biosynthesis of LPS, which is comparable to LOS 

biosynthesis37, 44.  The Raetz pathway, which is also known as the constitutive 

Kdo2-lipid A biosynthesis pathway, is the first step in the biosynthesis of LPS33 

(Figure 1.5).  In this process, N-acetylglucosamine is modified by a series of enzymes to 

produce Kdo2-lipid A33.  After synthesis, the Kdo2-lipid A is glycosylated by several 

glycosyltransferases, which add a series of core sugars to Kdo2-lipid A26.  This core 

sugar-lipid A structure is translocated from the inner-membrane to the periplasm by the 
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ATP-binding cassette (ABC) transporter and Lipid A export ATP-binding protein 

(MsbA)45.  Once on the periplasmic surface of the inner membrane, the O-antigen 

polysaccharide is attached to the modified lipid A by the WaaL O-antigen ligase to 

produce the newly synthesised LPS46.  Newly synthesised LPS is transported across the 

periplasm by LPS transporter proteins (LptA, LptB and LptC) to the outer membrane47.  

While being transported to the outer membrane the lipid A moiety is modified by 

specific enzymes.  The LptD/LptE complex is then involved in the final translocation of 

LPS onto the outer membrane (Figure 1.6)48.   

 

Figure 1.5 Biosynthesis pathway of Kdo2-lipid A from E. coli strain K-12.   

Taken from Raetz, Reynolds, Trent and Bishop (2007)33. 
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Figure 1.6 Model showing LPS synthesis and transportation.   

Adapted from Han et al. (2012)49. 

 

1.2.2 Kdo2-Lipid A Biosynthesis Pathway 

The enzymes involved in the biosynthesis of Kdo2-lipid A are highly conserved among 

all Gram-negative bacteria, and are all encoded by single copy genes (Figure 1.5)33.  

The first three enzymes in the pathway, LpxA, LpxC and LpxD50-52 are soluble enzymes 

whose molecular structures have been determined53-55.  The next two enzymes in the 

pathway, LpxB and LpxH behave as peripheral membrane proteins56, 57.  The last 4 

enzymes in the pathway, LpxK, KdtA, LpxL and LpxM are defined as integral 

membrane proteins58-60. 
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1.2.3 LpxH and LpxB: Formation of the Disaccharide 

LpxH (UDP-2,3-diacylglucosamine hydrolase) and LpxB (Lipid A disaccharide 

synthase) are two consecutive enzymes in the biosynthesis pathway of the Neisserial 

endotoxin catalysing the fourth and fifth steps in the lipid A biosynthesis pathway 

(Figure 1.6).  LpxH hydrolyses the pyrophosphate bond of UDP-2,3-diacylglucosamine 

to form 2,3-diaclyglucosamine 1-phosphate and UMP56.  LpxB then further catalyses 

the reaction of UDP-2,3-diacylglucosamine with product 2,3-diaclyglucosamine 1-

phosphate to form 2’,3’-diacylglucosamine-(β,1’-6)-2,3-diacylglucosamine-1-phosphate 

and UDP61.  Both enzymes are predicted to be peripheral membrane proteins33.  Crystal 

structures have not yet been determined. 

1.3 Lipid A Modification Enzymes and their Role  

As well as enzymes that are involved in the biosynthesis of LOS, there are also enzymes 

involved in LOS modifications. There are three enzymes that are involved in the 

addition of PEA to different points of attachment on lipid A.  Lpt3 (LOS 

phosphoethanolamine transferase 3) and Lpt6 (LOS phosphoethanolamine transferase 

6) are responsible for the addition of PEA at positions 3’ and 6’ of the second heptose 

(Hep II) respectively (Figure 1.4).  The presence or absence of these PEA additions 

determines the immunotype for characterisation of N. meningitidis62, 63. 

The third enzyme, LptA (LOS phosphoethanolamine transferase A), is responsible for 

the addition of PEA from phosphatidylethanolamine (PtdEtn) to positions 1 and 4’ of 

the glucosamine disaccharide backbone of lipid A67 (Figure 1.4). This addition of 

phosphoethanolamine (PEA) to lipid A that has been experimentally linked to virulence 

of the Neisserial spp.41.  This makes the LptA enzyme a target for drug design. If an 

inhibitor can be found to disrupt its function, virulence could be decreased. 

The structure of the soluble domain of LptA was solved to a resolution of 1. 7 Å64.  
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LptA is a member of the subfamily of the alkaline phosphatases and has highly 

conserved active site residues65.  Alkaline phosphatases are known to have two Zn2+ 

ions and one Mg2+ ion bound in the active site66. After observation of the crystal 

structure of LptA, a single Zn2+ ion was observed in the structure (Figure 1.7).  Further 

experimental work showed that if protein crystals of the soluble domain of LptA were 

soaked with ZnSO4, a second and third Zn2+ binding site at the same positions as the 

second Zn2+ and Mg2+ ion sites of alkaline phosphatase were present67. 

 

Figure 1.7 Dimer of the soluble domain of the Neisserial LptA with a single Zn2+ bound in 
the active site. 

 

Residue Thr280 in the structure of the soluble domain was shown to be phosphorylated 

and was involved in the coordination of Zn2+ ions.  Results showed that sNMLptA was 

able to cleave phosphoethanolamine (PEA) from the para-nitrophenyl 

phosphoethanolamine (p-NPPE) substrate used, however was not able to detect transfer 

of PEA to lipid A67. 

Cocrystallisation trials of sNMLptA with phosphatidylethanolamine (PtdEtn) were 

unsuccessful suggesting the full-length enzyme was required for efficient binding of the 
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substrate. Acyl binding regions were not observed in the crystal structure of sNMLptA 

and it was concluded that this region was in the transmembrane domain.  Since then, the 

wtNMLptA structure has been solved showing the transmembrane domain, and how 

each of the transmembrane helices are positioned relative to one another and the soluble 

fraction of the protein (results not published).  

To find inhibitors that bind to LptA, Saturation transfer difference nuclear magnetic 

resonance (STD-NMR) was used to screen a library of small molecules. 42 compounds 

were selected based on screening by M. Scanlon (Monash University).  5 compounds 

were found to have some affinity with LptA.  These 5 compounds were used to design 

analogues based on their structures.  Structural studies using X-ray crystallography were 

performed with these compounds to establish the location of binding to the soluble 

domain of the protein.  

1.3.1 The Toll Like Receptor Family and its Role in Recognition of 

Foreign Pathogens 

The Toll Like Receptors (TLRs) are type I transmembrane glycoproteins with three 

regions that make up their structure; an extracellular domain, a transmembrane region 

and an intracellular signaling domain68.  Humans express ten TLRs (Table 1.1).  The 

extracellular domain of the receptor contains a leucine rich repeat (LRR) sequence that 

is involved in binding to pathogen associated molecular patterns (PAMPs)69, 70.  Each of 

the different TLRs recognise different pathogens based on the PAMPs they are 

associated with70-72.  TLR2 in complex with TLR1 or TLR6 recognises lipoproteins or 

lipopeptides respectively, TLR3 recognises double stranded viral RNA, TLR4 

recognises LPS or LOS produced by Gram-negative bacteria and TLR5 recognises 

flagellin72.  Table 1.1 shows the pathogen recognised by each of the different TLRs and 

which cells they are expressed in. 
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Table 1.1 Human TLRs and pathogens they recognise (table taken from Doan et al 200872) 

TLR Expressed on Recognizes and Binds Found on 

TLR1 Monocytes/Macrophages 

B-lymphocytes 

Multiple tri-acyl lipopeptides Bacteria 

TLR2 Monocytes/Macrophages 

Subset of dendritic cells 

Mast cells 

Multiple glycolipids 

Multiple lipopeptides 

Multiple lipoproteins 

Lipoteichoic acid 

Peptidoglycan 

HSP70 

Zymosan 

Numerous other molecules 

Bacteria 

Bacteria 

Bacteria 

Bacteria 

Gram-positive Bacteria 

Host cells 

Fungi 

TLR3 Dendritic cells 

B-lymphocytes 

Viral DNA (double stranded) Viruses 

TLR4 Monocytes/Macrophages 

Dendritic cell subset 

Mast cells 

Intestinal epithelium 

LPS 

Several heat shock proteins 

Fibrinogen 

Heparin sulfate fragments 

Hyaluronic acid fragments 

Numerous other molecules 

Gram-negative bacteria 

Bacterial and host cells 

Host cells 

Host cells 

Host cells 

TLR5 Monocytes/Macrophages 

Dendritic cell subset 

Intestinal epithelium 

Flagellin Bacteria 

TLR6 Monocytes/Macrophages 

Mast cells 

B-lymphocytes 

Multiple lipopeptides Mycoplasma 

TLR7 Monocytes/Macrophages 

Dendritic cell subset 

B-lymphocytes 

Imidezoquinoline 

Loxoribine 

Bropirimine 

Synthetic compound 

Synthetic compound 

Synthetic compound 

TLR8 Monocytes/Macrophages 

Mast cells 

Unknown Unknown 

TLR9 Monocytes/Macrophages 

B-lymphocytes 

CgG motif of bacterial DNA Bacteria 

TLR10 Monocytes/Macrophages 

B-lymphocytes 

Unknown Unknown 

 

1.3.2 Signaling Cascade Pathway Leads to an Immune Response 

TLR4 is known to specifically recognise Gram-negative LPS or LOS in the case of 

Neisserial spp. Most research to date has outlined the binding of LPS to the TLR4-MD2 

complex, which is believed to be highly comparable to that of the binding of LOS.  
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TLR4 recruits other proteins that are involved in its binding to LPS, and activates the 

intracellular signaling domain of TLR4 causing a signaling cascade pathway.  The 

binding of LPS to allow dimerisation of the TLR4-MD2 complex involves several other 

recruiting proteins, which are also involved in the activation of additional signaling 

molecules in the cascade pathway causing an immune response to occur.  After bacteria 

release LPS, it forms aggregates which are recognised and bind to cell associated 

proteins called lipopolysaccharide binding proteins (LBPs)73.  LPS monomers are then 

transferred to a surface glycoprotein called CD14.  LPS forms a complex with CD14 

making it soluble as the LPS chains are protected by the hydrophobic pocket present on 

CD1474-76.  Recognition of the LPS carbohydrate chains by CD14 also activates the 

production of MyD88-independent signaling with LBP77.  CD14 is then required for the 

transfer of LPS monomers to MD2 either in its soluble form, or already in association 

with the ectodomain of TLR4.  The formation of the LPS:MD2:TLR4 complex 

activates the recruitment of adapter proteins and triggers a signaling cascade73.   

Data has shown that the meningococcal lipid A is a potent inducer of the inflammatory 

response compared to other Gram-negative bacteria78.  Results showed that lipid A was 

able to produce higher quantities of two cytokines: Tumour Necrosis Factor (TNF)-α 

and Macrophage Inflammatory Protein (MIP)-3α.  It has been predicted that the 

arrangement and length of the acyl chains along with the presence of PEA in the 

Neisserial lipid A is what causes it to bind with a higher affinity to the MD2 pocket, 

therefore enabling this increased inflammatory response. 

1.3.3 The Crystal Structure of the TLR4-MD2 Complex Bound with E. coli 

LPS 

The extracellular domain of TLR4 forms a unique horseshoe-like structure due to the 

leucine-rich repeats that contain a conserved sequence with the following amino acid 
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motif pattern; “LxxLxLxxN”.  It is the extracellular region of TLR4 that is involved in 

LPS binding42. 

MD2 is a secreted protein that forms a complex with TLR4, and enables TLR4 to 

produce an immune response in the presence of LPS79.  MD2 has a cup-like structure, 

composed of two antiparallel β-sheets, which forms a large hydrophobic pocket that 

contains a ligand-binding site.  Crystallographic studies of LPS complexes with MD2 

have shown that the Lipid A portion of LOS binds in this hydrophobic pocket within the 

MD2 structure42, 80 and coordinates the complex formation.   

TLR4 and MD2 associate to form a heterodimeric complex. E. coli LPS bound to the 

hydrophobic pocket present in MD2, mediates the dimerisation of two TLR4-MD2 

complexes arranged in a symmetrical manner (notated as TLR4-MD2 and TLR4*-

MD2* for the two heterodimers in the heterotetramer complex, respectively)42.  One 

LPS group interacts with TLR4 and MD2* while the other LPS group interacts with 

TLR4* and MD2, thus the LPS group acts as a bridge between the two complexes to 

form the heterotetramer.  Five of the six lipid chains of lipid A were buried deep in the 

MD2 pocket and the last chain was found to interact with conserved phenylalanines 

present in TLR4.  Binding of LPS to the two TLR4-MD2 complexes caused a structural 

change allowing the LPS phosphoforms to contribute to dimerisation.  This occurred 

due to ionic interactions formed between the LPS phosphate moieties and positive 

residues in TLR4-MD2.  Dimerisation also causes a structural change in the TIR 

domain of TLR4, allowing a signaling cascade to occur and the recruitment of immune 

cells. 
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1.4 Research Aims 

Three main aims of this thesis relate to a better understanding of how the binding of the 

Neisserial endotoxin is able to elicit a stronger inflammatory response, and steps that 

can be taken to inhibit this response. 

1. To purify and characterise the enzyme LpxB; one of the enzymes in the 

biosynthesis pathway of the Neisserial endotoxin, to better understand 

the protein for future structural studies. 

2. Investigate inhibitory molecules that have been shown to bind with some 

affinity to LptA; one of the phosphoethanolamine transferase enzymes, 

which cause the bacteria to be more virulent. 

3. Expression and purification of TLR4 and MD2 proteins using a 

baculovirus-insect cell expression system to work towards 

crystallography and structural determination of the protein complex 

bound with the Neisserial endotoxin. 

The following schematic shows how LpxB, LptA and the TLR4-MD2 receptor complex 

are involved in the biosynthesis of the endotoxin and the endotoxin’s binding. 
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Figure 1.8 Schmatic of the biosynthesis of the Neisserial endotoxin and it’s binding to the 
TLR4-MD2 complex. 
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2 Materials and Methods 

2.1 General Materials  

2.1.1 Cell Lines 

For all cloning purposes, DH5-α E. coli cells were used.  For recombinant protein 

expression of LpxB, different cell lines were tested (Chapter 3).  For recombinant 

protein expression of the truncated soluble form of LptA (sNMLptA) and the full-length 

protein including the transmembrane domain (wtNMLptA), BL21 (DE3) pLysS E. coli 

cells were used.  For the TLR4-MD2 complex Sf9 insect cells were used for viral 

replication, and HighFive insect cells were used for recombinant protein expression 

trials. 

2.1.2 Expression Constructs 

For the recombinant expression of LpxB, the gene encoding the protein sequence was 

cloned into the pETM11 expression construct81.  The LPXB gene was also cloned into 

pOPIN vectors82 (specifically pOPINE, pOPINF and pOPINE-3C-eGFP).  Appendix B 

outlines the primers used, schematic drawings of all empty vectors, and vectors 

generated specifically for this study.  Established methods were used for cloning82.   

Recombinant expression of LptA made use of bacterial expression vectors that were 

previously designed for this purpose by C. Kahler.  PCMK527 was used for the 

expression of sNMLptA64, and PCMK526 was used for the expression of wtNMLptA83. 

For the recombinant expression of TLR4 and MD2 proteins, TLR4 and MD2 genes were 

cloned into the pAcGP67-A Baculovirus transfer vector.  This was used in conjunction 

with viral DNA for the creation of viable virus particles and protein was then expressed 
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using insect cells.  TLR4 and MD2 were also cloned into pOPIN vectors pOPINE-3C-

eGFP and pOPINF for protein expression. 

2.1.3 Media and Buffers 

See Appendix A for all media, buffers and solutions used. 

2.2 Protein Techniques 

2.2.1 SDS-Polyacrylamide Gel Electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)84 was used for 

the separation of denatured proteins based on size, to assess protein purity after affinity 

and Size-exclusion chromatography.  SDS sample buffer was added to samples before 

heating at 95°C for 10 minutes and loading samples onto 12% 

bisacrylamide-acrylamide (w/v) gels. Electrophoresis was carried out using current and 

voltage settings of 50 mA/120 V for 1 hour or until the sample dye front was at the 

bottom of the gel.  Gels were then stained using coomassie stain solution for 1 hour and 

destained using coomassie destain solution for 1-2 hours.  Recipes for stacking and 

resolving gels are below: 

Resolving gel:      Stacking gel: 

12 % bisacrylamide-acrylamide    5 % bisacrylamide-acrylamide 

0.1 % SDS (w/v)     0.1 % SDS (w/v) 

0.1 % ammonium persulfate     0.1 % ammonium persulfate 

400 mM Tris-HCl (pH 8.8)    200 mM Tris-HCl (pH 6.8) 

Polymerisation of both stacking and resolving gels was caused by the addition of 

12 mM TEMED.   
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2.2.2 Immunoblotting 

Immunoblotting was used specifically for the detection of protein from crude insect cell 

supernatant expression trials.  The technique enabled the detection of nanogram 

quantities of protein in order to establish conditions required for the highest expression 

levels before upscale using a fermentor system.   

After gel electrophoresis was performed, proteins from the gel were transferred to a 

nitrocellulose membrane using a current of 170 mA .  The transfer blotting apparatus 

used was the Invitrogen semi-wet XCell II Blot Module.  Transfer time was based on 

the percentage of the gel; 12% gels took approximately 45 minutes, 15% gels took 

approximately 60 minutes. Protein transfer efficiency was monitored based on transfer 

of a pre-stained protein marker from the gel to the membrane.  After protein transfer, 

the membrane was incubated in 20 mL of blocking solution for 60 minutes at room 

temperature. The membrane was then incubated in primary antibody solution at a 

dilution of 1/1000 and left rocking overnight at 4°C.  Antibodies were diluted using a 

5% skim milk powder solution made up in TBS-Tween buffer.  The membrane was 

further washed with TBS-Tween buffer and left rocking for 10 minutes and this step 

was repeated 4 times to remove any non-specifically bound antibody.  If a secondary 

antibody was required, the membrane was incubated in the secondary antibody solution 

at a dilution of 1/2000 for 60 minutes at room temperature.  If a primary antibody 

conjugated to horseradish peroxidase was used, the previous step was omitted. The 

membrane was washed vigorously 3 times by shaking in a container with 5-10 mL 

TBS-Tween buffer to clean the membrane, and left to shake on a rocker in 15 mL TBS-

Tween buffer for 10 minutes.  This step was repeated 4 times.  Most of the wash 

solution was removed and the ECL detection reagent (GE Healthcare) was prepared 

according to manufacture’s instructions.   Membrane was incubated with ECL reagent 
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and allowed to develop for 5, 10, 20 and 30 minutes and detection was made using the 

LAS1000 instrument (Fujifilm). 

2.3 Expression and Purification Techniques 

2.3.1 Cloning of Genes into Expression Vectors 

LpxB was previously cloned into pETM1185.  Primers were also designed for LpxB to 

be cloned into pOPIN vectors; pOPINF, pOPINE and pOPINE-3C-eGFP using the 

infusion enzyme (Clonetech Laboratories) and established protocols82.   

The cloning of sNMLptA and wtNMLptA was previously established in the Kahler 

Laboratory (Department of Microbiology and Immunology, UWA) creating two vectors 

for protein expression; PCMK52764 and PCMK52683 for each protein respectively.  

These constructs were used for recombinant protein expression. 

The TLR4 and MD2 genes were amplified from the pEFBOS mammalian vectors 

acquired from the Kahler Laboratory.  Two constructs for each gene were amplified; 

one encoding the protein with the addition of a Tobacco Etch Virus (TEV) cleavage site 

and N-terminal hexahistidine (His6) tag for selection via nickel affinity 

chromatography, and one for encoding the protein without a tag.  Design with and 

without tags for each gene was based on previous cloning and expression of the 

TLR4-MD2 receptor complex42.   

PCR primers used for the amplification of TLR4, His6-TEV-TLR4, MD2 and His6-TEV-

MD2 are shown in Appendix Table 9.1.  Primers were designed to include an 

N-terminal His6 tag and TEV cleavage site where stated.  Primers also included specific 

restriction enzyme sites for cloning of the genes into the multiple cloning site (MCS) of 

the pAcGP67-A vector for the expression of the protein complex.  Thermocycler 

conditions for gene amplification are shown in Appendix Table 9.3.  For gene 

amplification via Polymerase Chain Reaction (PCR), the polymerase of choice was 
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Phusion ® High-Fidelity DNA Polymerase (Finnzymes) as this enzyme has an error 

rate of 50-fold less than that of Thermus aquaticus (Taq) DNA polymerase.  Accuracy 

in DNA replication is required to ensure correctly translated protein for expression and 

crystallisation studies.  For PCR mastermix used for amplification, refer to the Phusion 

® High-Fidelity DNA Polymerase data sheet (Finnzymes). 

Both gene PCR products and pAcGP67-A vector were digested using 2 units of the first 

restriction enzyme required and incubated for 3 hours in a water bath at 37°C.  PCR 

products and vectors were purified through a High Pure PCR Cleanup Micro Kit 

(Roche) and eluted in 30 µL elution buffer before incubating for a further 2 hours in a 

water bath at 37°C with the second restriction enzyme.  PCR products and vectors were 

again purified through a High Pure PCR Cleanup Micro Kit (Roche) and eluted in 

30 µL elution buffer a second time before checking digests via gel electrophoresis, 

estimating concentrations from the gel and setting up an overnight ligation at room 

temperature.  Ligation mixtures were transformed into freshly prepared competent 

DH5-α E. coli cells before being transferred to agar plates containing 50 µg/mL 

Ampicillin.   

Single colonies were selected and tested via colony PCR and restriction digests.  Once 

confirmed positive via restriction digests, plasmids were sent to the Australian Genome 

Research Facility Ltd. (AGRF) for sequencing.  Primers for sequencing included part of 

the vector sequence to ensure that the gene was inserted into the MCS at the correct 

location with no frame shifts or mutations (Appendix Table 9.5). The MD2 construct 

was shown to have a frame shift mutation and therefore only TLR4, His6-TEV-TLR4 

and His6-TEV-MD2 were used for protein expression (Appendix D). 
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2.3.2 Transformation into E. coli Cell Lines 

A tube of competent E. coli cells was taken from freezer storage at -80°C and thawed 

on ice for 15 minutes. The cell strain used for cloning was DH5-α; strains used for 

expression differed depending on the protein, see specific methods for each protein in 

chapters 3-5.  Plasmid DNA was added at a volume of no more than 10% of the volume 

of cells.  1-2 µL was used for transformations.  Cells were incubated on ice for at least 

30 minutes.  Cells were heat shocked at 42°C for 90 seconds before placing on ice 

immediately and were left on ice for 2 minutes to recover.  800 µL Luria-bertani (LB) 

media was added to the cells.  Cells were incubated at 37°C with gentle shaking 

(150 rpm) for 1 hour, spun at 5,000 rpm for 5 minutes and supernatant was removed.  

Cells were resuspended in 100 µL LB media and plated onto agar containing antibiotics 

for selection (Appendix A).  Plates were incubated overnight at 37°C to allow growth of 

positive colonies containing transformants. 

2.3.3 Protein Expression and Purification of Soluble LpxB and LptA 

2.3.3.1 Protein Expression 

The expression of the soluble fractions of both LpxB and LptA were very similar and 

are therefore methods are presented together.  Any differences are stated in the text.  

After plasmid transformation, a single colony from the transformation plate was 

selected and used to grow a 50 mL starter culture at 37°C overnight with shaking in LB 

media with specific antibiotics (Appendix A). The starter cultures were used to 

inoculate 1 L of expression media with the same antibiotics used in the starter cultures 

for a starting absorbance at 600 nm (OD600) of 0.1. Expression media trialed for LpxB is 

outlined in Chapter 3.  Expression media used for LptA was Terrific Broth (TB) media.  

Cells were grown at 37°C with shaking until the OD600 reached 0.5-0.6.  Protein 

expression was induced by the addition of Isopropyl β-D-1-thiogalactopyranoside 
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(IPTG) and left to incubate for a further 20 hours.  The concentration of IPTG used for 

induction of LpxB expression was 0.5 mM unless stated otherwise.  The concentration 

of IPTG used for induction of sNMLptA and wtNMLptA was 0.25 mM and 0.4 mM 

respectively.  Cells were then harvested by centrifugation at 4,500 rpm for 30 minutes at 

4°C, snap frozen in liquid nitrogen and stored at -80°C.  Harvested cells were 

resuspended in lysis buffer (Appendix A) at 4°C.  Approximately 20-30 mL of buffer 

was used per gram of pellet for resuspension.  Lysis was performed with the Emulsiflex 

C5 high-pressure homogenizer (Avestin) by passing lysate through 4 times or via 

sonication using a microtip Sonifier B-12 (Branson) at an amplitude of 40% for 30 

seconds. This was repeated four times with inversion of the sample in between 

sonication cycles.  The Emulsiflex homogenizer was used unless sonication was 

specified as the method used for lysis.  The lysate was centrifuged at 21,000 rpm for 1 

hour, and supernatant filtered using an Acrodisc syringe 0.2 micron filter (Pall 

Corporation).   

2.3.3.2 Nickel Affinity Chromatography 

All purification steps were carried out at 4°C or on ice, unless stated otherwise.  Filtered 

cell lysate was applied to a NiNTA affinity column (GE Healthcare) equilibrated with 

binding buffer (Appendix A) using an AKTA purifier FPLC system (GE Healthcare).  

Any unbound protein was washed from the column using binding buffer until the 

absorbance at 280 nm reached a stable baseline.  Any bound protein was then eluted 

using an increasing gradient of elution buffer containing a high concentration of 

imidazole .  Any peaks eluted were analysed using SDS-PAGE before pooling samples 

and dialysing into buffer without imidazole. 
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At this point, LpxB was concentrated using a 30,000 molecular weight cut off (MWCO) 

concentration filter, before further purifying using analytical Size-exclusion 

chromatography. 

sNMLptA was of a high enough purity that the protein did not need to be further 

purified using analytical Size-exclusion chromatography.  sNMLptA was partially 

digested using trypsin at 37°C overnight, before crystallisation. 

2.3.3.3 Analytical Size-exclusion Chromatography 

Nickel affinity purified LpxB was applied to the analytical Size-exclusion column in the 

appropriate buffer (Appendix A).  Protein was then analysed by SDS-PAGE.  The 

purest protein was then concentrated using a 30,000 Da MWCO concentrator. 

2.3.4 Protein Purification of the Membrane Fraction of  

LpxB and wtNMLptA 

Protein was expressed in the same way as soluble LpxB except instead of discarding the 

pellet the pellet is kept.  The pellet was resuspended in lysis buffer and the membranes 

solubilised in 1% detergent (or 2% if Cymal6 was used) at 4°C.  The time used for 

membrane protein solubilisation varied (see Chapter 3 for details of LpxB 

solubilisation).  wtNMLptA was solubilised for 3 hours at 4°C.  The resuspended 

sample was ultracentrifuged at 41,000 rpm for 1 hour at 4°C.  The supernatant was 

collected and filtered using an Acrodisc syringe 0.2 micron filter (Pall Corporation). 

The supernatant was applied onto a NiNTA affinity column (GE Healthcare) 

equilibrated with binding buffer (Appendix A) using an AKTA purifier FPLC system 

(GE Healthcare).  Any unbound protein was washed off the column using binding 

buffer until the absorbance at 280 nm reached a stable baseline.  Any bound protein was 

then eluted using an increasing gradient of elution buffer containing a high 
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concentration of imidazole.  Any peaks eluted were analysed using SDS-PAGE before 

pooling samples and dialysing into buffer without imidazole.  Size-exclusion 

chromatography was performed as stated above. 

2.3.5 Protein Expression using a Baculovirus Expression System 

Baculovirus-insect cell gene expression of proteins has been used since the early 1980s 

after establishment of insect cell lines and the isolation of the baculovirus species 

Autographica californica multi-nucleopolyhedrovirus (AcMNPV) was adapted from the 

Alfalfa looper86, 87.  Baculovirus-insect cell expression systems have been shown to be 

useful for the expression of recombinant proteins42, 88-91 and have the added advantage 

of having eukaryotic protein processing capabilities such as important post-translational 

modifications, which can be important for correct protein folding.  This method is 

useful for the expression of human proteins. 

The system can produce high levels of protein expression and be used for the expression 

of complex multidomain proteins.  One limitation of using this system is that 

procedures can be time consuming compared to bacterial protein expression systems92-

95. 

Different cell lines have been modified and designed specifically for viral amplification 

and expression. Spodoptera frugiperda Sf9 or Sf21 cell lines are generally used for 

initial cotransfection and viral amplification experiments as cells generate high titre 

stocks and are able to grow well in monolayers94, 96.  HighFive insect cells were 

designed specifically for protein expression as the cells are able to double in less than 

24 hours, grow well in suspension cultures, and therefore can be scaled up to provide a 

5-10 fold higher expression (in some cases) for secreted proteins compared to 

expression using Sf9 insect cells97.   
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A baculovirus expression system was chosen for the expression of the human 

TLR4-MD2 protein complex as this system allows for N-linked glycosylation and 

therefore correct protein folding.  Co-expression of the protein using a baculovirus 

expression system with one of the two proteins tagged for purification was designed 

since the protein had been shown to co-elute as a complex42.  Unlike protein expression 

using a bacterial expression system where protein is expressed directly from the 

expression vector in media, additional steps are required.  

The baculovirus expression system used was a commercial system compatible with the 

pAcGP67-A transfer vector called the BaculoGOLD expression system (BD 

Biosciences).  Before expression, the baculovirus transfer vector, pAcGP67-A 

containing the gene of interest is cotransfected into Sf9 insect cells with linear 

Autographica californica multiple nucleopolyhedrovirus (AcMNPV) DNA in the 

presence of a cationic liposome.  The CellFECTIN ® reagent (Invitrogen) was used as 

the liposome for cotransfection.  The liposome acts by encasing the vector and DNA, 

and fusing with the negatively charged insect cell wall allowing entry of the vector and 

DNA into cells.  Once inside the insect cell, the vector and linear viral DNA can 

undergo recombination, allowing viable virus with gene insert to replicate. Linear viral 

DNA alone contains a lethal deletion in its sequence not allowing replication of wild 

type virus, therefore only recombination with the transfer vector can remove this 

deletion allowing viral replication. 99% of all virus particles generated after 

cotransfection of insect cells with linear viral DNA and the vector containing the gene 

of interest will contain the clone.  Details of cotransfection can be found in the 

Invitrogen Life Technologies instruction manual online 

(https://tools.lifetechnologies.com/content/sfs/manuals/bevtest.pdf).  The virus can then 

be harvested from the cells and amplified. The Sf9 insect cell line was developed for 

transfections and generating high titre viral stocks and therefore is used for this 
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reason94.  The titre of the virus can be determined to be of a high enough concentration 

by using an End Point Dilution Assay (EPDA).  

2.3.6 End Point Dilution Assay (EPDA) 

An End Point Dilution Assay is a simple way to determine if the titre of the working 

virus is high enough before infecting cells for expression98.  If the virus titre is not high 

enough, the amount of protein expressed will be significantly lower than if the titre is 

high.  This is important, as expression of protein using insect cells is generally in the 

range of micrograms rather than milligrams that can be obtained using a bacterial 

expression system. 

When using a 12 well EPDA, all wells were initially incubated with the same amount of 

insect cells, allowing time for cells to attach to the bottom of wells.  Wells were then 

inoculated with different amounts of viral supernatant (0, 1, 10 or 100 µl).  A positive 

control virus was also used.  Infection was determined by comparing the cells visually 

to the cells that were not infected with any virus after five days incubated at 27°C.  If 

cells appeared enlarged and growth had been inhibited compared to the negative control 

in all infection samples (1, 10 and 100 µl), the titre was considered high enough for 

protein expression. 

The specific detail of the protocol used for the EPDA is from BD Biosciences and can 

be found with their protocols online 

(http://www.bdbiosciences.com/sg/resources/baculovirus/protocols/dilution.jsp). 

2.4 Protein Characterisation 

2.4.1 Circular Dichroism (CD) 

Circular dichroism (CD) spectroscopy measures the differences in absorption of left 

handed versus right handed polarized light99.  With no regular structure of a molecule, 
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there is zero CD intensity unlike with ordered structures that can contain both positive 

and negative signals.  Particular secondary structures in proteins exhibit different CD 

spectra99.  The CD spectra can strongly indicate that the protein is folded with a 

particular conformation, however this method provides less detail than X-ray 

crystallography or NMR.  It is a useful method however to show that the protein is well 

folded and suitable for further structural studies.  This method is also quick, requires 

very little analysis, is inexpensive and does not require milligram quantities of protein.  

The secondary structure of proteins can be determined by analysing the “far-UV” 

spectral region; between 190-250 nm.  The chromophore in this spectral region is the 

peptide bond.  The signal generated occurs in the presence of regular folded molecules. 

The far UV spectra were measured at 20°C.  The CD spectrophotometer that was used 

was a Jasco J-720 with a 200 µm path length quartz cuvette.  Data was collected in 

1 nm intervals from 180-320 nm with an integration time of 5 seconds per step.  The 

CD spectra were measured between 260 and 190 nm and three buffer corrected 

replicates were averaged.  Protein samples were used at 0.2 mg/mL in 100 mM KF. 

2.4.2 Differential Scanning Fluorimetry (DSF) 

Differential scanning fluorimetry (DSF) provides useful information about a proteins 

melting temperature or denaturation point allowing for the assessment of the proteins 

stability in different buffer, pH and salt conditions. Protein stability has been shown to 

correlate with successful crystallisation of proteins.  Membrane proteins can also be 

assessed for stability in different detergents100. 

DSF was used to assess the stability based on the melting temperature of LpxB in 

different purification buffers to see if the stability of the protein could be increased.  If 

the protein is able to behave as a soluble protein without the presence of detergents, it 

should also be present in monomeric form. 
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The method involves the detection of a fluoroprobe when the protein unfolds with a 

change in temperature, in this case SYPRO Orange101.  For soluble proteins in an 

aqueous environment, the fluoroprobe is quenched therefore inhibiting any fluorescence 

signal.  When the protein unfolds exposing it’s hydrophobic core in the presence of the 

fluoroprobe, the fluorescence signal will increase allowing the melting temperature of 

the protein to be determined102.  For membrane proteins that are purified in a 

hydrophobic environment however, a different method of detection is required.  A thiol 

specific fluorochrome, N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide 

(CPM) reacts with cysteine residues within the core of the protein103.  CPM is not 

fluorescent in its unbound form, however with the unfolding of the protein due to an 

increase in temperature, once bound to any buried cysteine residues, shows an increase 

in the fluorescence intensity103. 

The melting temperature (Tm) is defined as the midway point between the proteins 

unfolded state; when the number of protein molecules folded equals the number 

unfolded.  Plotting the derivative of the fluorescence intensity (dF/dt) against melting 

temperature (°C), allows a simple representation in which the maximum peak represents 

the Tm of the protein.  The melting temperature has been shown to correlate with other 

biophysical measurements of protein melting temperature measurements100. 

Purified protein at suitable concentrations for crystallisation is used with the relevant 

dye and protein buffers that are to be tested.  Each condition is set up in triplicate.  

Control samples of protein with buffer alone, and buffer with dye alone are also tested 

to account for any variation in fluorescence signals.  Experiments were performed using 

a real-time PCR machine (Bio-Rad) and fluorescence readings at the correct emission 

and excitation were taken depending on the dye used.  Readings were taken from 

4-95°C measuring fluorescence for every degree to generate a melt curve.  A derivative 
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curve was plotted for simple visualisation to show the melting temperature of the 

protein104. 

2.4.3 Size-exclusion Chromatography Multi Angle Light Scattering 

(SEC-MALS) 

This method involves using Size-exclusion chromatography with light scattering to 

determine the absolute molecular mass of a molecule or protein105.  The method was 

developed in the 1980s making measurements of several angles simultaneously.  MALS 

measurements calculate the amount of scattered light at several angles detected at the 

same time.  A model was developed to determine the light scattering at an angle of zero.  

It is this angle that can be used to calculate the hydrodynamic radius of the scattering 

particle and ultimately the molecular mass.   

The size estimate and oligomeric state of the protein was measured using Size-exclusion 

chromatography along with in line multi angle light scattering (MALS).  The light 

scattering detection was made using the Viscotek TDA 305 detector (Malvern), and UV 

measurements were made using the NV-PDA detector (Malvern).  Raw data output was 

analysed using the OmniSEC software for calculation of absolute molecular mass. 

2.5 Binding Assays 

2.5.1 Microscale Thermophoresis (MST) 

Microscale Thermophoresis is a relatively new technology that is designed to follow the 

movement of biomolecules based on a temperature gradient that is applied and 

removed.  A secondary molecule that is thought to bind is titrated with the first 

molecule, and any change in the structure due to binding, results in a change in 

movement along the temperature gradient.  This is then used to determine the binding 
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affinity between the two molecules.  Affinity can be measured between any kind of 

biomolecules such as proteins, DNA, RNA, peptides or small molecules. 

In an MST experiment, an infrared laser is used to induce a temperature gradient.  The 

movement of molecules is detected by using covalently attached or intrinsic 

fluorophores.  Ideally the smaller of the two binding partners should be labeled, as the 

change in movement will be greater and therefore more easily detected.  These changes 

can be plotted to create a binding curve and in turn a binding affinity. 

2.5.2 Isothermal Titration Calorimetry (ITC) 

Isothermal Titration Calorimetry is a useful quantitative technique that can be used for 

the determination of thermodynamic interactions between two binding partners.  It is 

generally used to study the binding of small molecules to larger macromolecules such as 

proteins106.  Not only does this technique calculate the binding affinity between two 

partners, but also provides additional thermodynamics information about the interaction 

including the enthalpy of binding (ΔH).  The free energy and entropy of binding can 

also be determined from the association constant.  ITC measures the change in the heat 

of interaction between the two binding partners after titrating one with the other.  As it 

is the heat of interaction measured between the two binding partners, there is no need 

for labeling.   

The macromolecule of a known concentration is injected into a sample cell and 

calibrated before titrating in a ligand (or small molecule).   The heat that is absorbed 

during the titration is proportional to the amount of bound ligand.  As a result, it is very 

important to know accurately the concentrations of both the macromolecule and ligand 

to determine ΔH and binding affinity (Kd).  If the molecules do bind to one another, 

initial injections show that all or most of the ligand titrated binds to the macromolecule 

by a large endothermic or exothermic signal, depending on the type of interaction.  Both 
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protein and ligand need to be in the same buffer conditions, as any differences in buffer 

can cause a change in the heat of interaction which can skew results.   

2.6 Crystallography 

2.6.1 Initial Crystallisation Trials 

After purification of LpxB, the protein concentration required for crystallisation was 

tested using a Pre-Crystallisation Test (PCT) (Hampton Research).  Concentrations 

above and below estimated protein concentration were also trialed with crystallisation 

screen kits; Index (HT), Crystal and Crystal 2 (Hampton Research).  Trays were set up 

using the Phoenix crystallization robot (Art Robbin Instruments) in Greiner 

CrystalQuick 96-well Sitting Drop Plates (Hampton Research). 

sNMLptA was crystallised using previously described methods64.  A partial tryptic 

digest of protein was required to improve crystal quality by removing the disordered 

N-terminal portion of the protein construct.  Crystal trays were set up using a 24-well 

hanging drop format using the vapour-diffusion method107. 

 

2.6.2 Crystal Storage 

sNMLptA crystals were looped from hanging drops using CryoLoops (Hampton 

Research) and flash frozen in liquid nitrogen with no cryoprotectant.  Crystals were 

stored in liquid nitrogen until ready to be shipped to the Australian Synchrotron 

(Melbourne).  Crystals were shipped in a dry dewer previously charged with liquid 

nitrogen. 
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2.6.3 X-ray Diffraction and Data Collection 

Data collection was undertaken using the MX2 beamline at the Australian Synchrotron 

equipped with an ADSC Quantum 315r detector.  Data was collected on single crystals 

by rotating them in the X-ray beam for a minimum of 180 degrees in steps of 1 degree.  

Several crystals for each of the soaks with fragments identified by STD-NMR were 

used for X-ray diffraction and data collection.  The best data sets were used for 

structural refinement. 

2.6.4 Structure Refinement 

Data collected was processed using the XDS software108.  Data reduction structure 

solution and crystallographic refinement were carried out using REFMAC and other 

programs that are part of the CCP4 suite of crystallographic software109.  All refined 

density maps were visualized using the graphics software COOT, and final structures 

were evaluated using Ramachandran plots, through either COOT or Pymol.   
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3 Recombinant Expression, Purification and Biophysical 

Characterisation of LpxB 

3.1 Introduction 

LpxH (UDP-2, 3-diacylglucosamine hydrolase) and LpxB (Lipid A disaccharide 

synthase) are two consecutive enzymes in the biosynthesis pathway of the lipid A of 

N. meningitidis catalyzing the fourth and fifth steps in the lipid A biosynthesis pathway. 

Both enzymes behave as peripheral membrane proteins57 involved in the joining of the 

two glucosamine rings in the backbone of the lipid A structure. Cloning, expression and 

some purification of these two enzymes was optimized by UWA Honours student, 

Martin Rokkonen85 using the pETM11 vector for protein expression and purification.  

Work previously undertaken involved the purification of LpxB from the cytosol.  Based 

on previous work, it has been shown that LpxB is subdivided to both the cytosol and the 

membrane after ultracentrifugation57, 110.  In this chapter, further purification using 

different techniques and characterisation of LpxB is reported with the aim of obtaining 

highly purified stable protein, required for downstream crystallographic studies. 

3.2 Experimental Procedure 

LpxB is expressed and purified as outlined in the methods section of this thesis 

(Chapter 3).  Expression and purification was investigated used different expression 

constructs, media, and purification methods.  Results were tabulated to show how 

differences affected the yield of the protein obtained.  Since LpxB may associate with 

the membrane, attempts to purify the protein as a soluble and a membrane protein were 

undertaken in order to establish which method would better stabilise the protein for 

future crystallisation studies.  
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Additional constructs were designed using the pOPIN vector suite82.  The vectors 

chosen for the cloning of LpxB included pOPINF82 (for expression of a N-terminal 

hexahistidine tagged LpxB), pOPINE82 (for expression of a C-terminal hexahistidine 

tagged LpxB) and pOPINE-3C-eGFP111 (for expression of a C-terminal hexahistidine 

tagged enhanced Green Fluorescence Protein (eGFP) fusion with LpxB) to facilitate 

purification and protein detection.  

Biophysical characterisation was undertaken on freshly purified protein.  Assays 

included differential scanning fluorimetry (DSF), circular dichroism (CD), and 

Size-exclusion chromatography multi angle light scattering (SEC-MALS). 

3.3 Results 

3.3.1 Expression and Purification of Soluble LpxB in pETM11 Expression 

Construct 

The enzyme LpxB has not been worked on extensively.  Cloning of LPXB into 

expression vector pETM11 was used to create an N-terminal Tobacco Etch Virus (TEV) 

-cleavable hexahistidine tagged construct.  This was used for initial recombinant 

expression and purification of the protein to determine the optimal protein production 

and purification conditions required for expression from the cytosol85. 

Several bioinformatics tools were used to predict features of the protein, and two 

methods (GlobPlot and PSIPRED) both predicted high levels of disorder at the N-

terminal of the proteins sequence112, 113 (Appendix C).  A hydropathy plot was also 

generated using the amino acid sequence of Neisserial LpxB, and showed that no 

specific regions of the protein were transmembrane regions (using a window size of 19) 

and that there were several regions of the protein that would be considered hydrophillic 

(using a window size of 9) and observing the highly negative regions in the graphical 
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representation114.  This however doesn’t mean LpxB does not associate with the 

membrane.  More specific detail of the hydropathy of the protein is described in 

Appendix C. 

Initial experiments were performed to replicate expression of the protein using the 

pETM11 vector in LB medium.  Additional expression and purification trials were 

performed comparing expression in different media, volume of innoculant culture, 

density of cells before induction and lysis method, as well as the volume of culture used 

for purification.  The yield of protein obtained was compared using these different 

conditions.   

Differences were observed in protein yield using the pETM11 vector when using 

varying conditions for expression and/or purification (Table 3.1).  Based on conditions, 

the highest expression of soluble protein was obtained when 3 L was expressed in 

Terrific Broth (TB) and purified after expression without freezing the pellet using liquid 

nitrogen and storing it at -80°C.  Cells were lysed using a microtip Sonifier B-12 

(Branson) at amplitude of 40% for 30 seconds.  This was repeated four times with 

inversion of the sample in between sonication cycles.  7 mg/L could be purified by 

nickel affinity chromatography.   
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The high quantities of protein obtainable via purification were favourable for 

crystallisation, however when more than 3 L of culture was purified, both purification 

via nickel affinity chromatography and Size-exclusion chromatography had their own 

challenges.  Protein purified after nickel affinity chromatography eluted as two peaks; 

the first peak eluted at 92 mM imidazole and was shown to be highly impure via sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis. The 

purification gel (Figure 3.1.B) shows that after nickel affinity chromatography most of 

the contaminating proteins are removed in the first step gradient at the lower imidazole 

concentration.  The second peak eluted at 308 mM imidazole with a left shoulder and 

contained significantly less protein than the first peak, however was shown to contain a 

higher purity of LpxB protein (Figure 3.1.B). Purity is seen to increase at the tail of the 

second peak. Protein of the highest purity after nickel affinity chromatography (samples 

88-100) was concentrated using a 30,000 Da molecular weight cut off (MWCO) 

centricon ® concentrator and further purified by Size-exclusion chromatography using a 

Superdex-200 (GE Healthcare) column. 

The Size-exclusion chromatography chromatogram showed that the protein was present 

as a monomer as well as a higher order species, in this case, possibly a tetramer. The 

protein after Size-exclusion chromatography purification eluted as two discrete peaks 

(Figure 3.2), one at 50 mL elution volume corresponding to a molecular weight of 158 

kDa, and one at 81 mL elution volume corresponding to the size of the LpxB monomer 

(42 kDa).  The first peak eluted at 50 mL is eluted after the void volume of the column 

(40 mL) suggesting that the protein is not aggregated.  
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Figure 3.1 Nickel affinity chromatography purified LpxB. 

A. Chromatogram showing peaks of eluted protein from the Nickel column using an imidazole 
gradient. The absorbance at 280 nm is shown in blue and the imidazole concentration is shown 
in red.  B. SDS-PAGE analysis of 1 mL fractions collected from the Nickel affinity column. M: 2-
212 kDa protein marker.  LpxB protein is expressed using the pETM11 expression vector. 

 

 

 
Figure 3.2 Size-exclusion chromatography purified LpxB. 

A. Chromatogram of peaks eluted from the Size-exclusion column. Molecular weight standards 
were injected onto the column in a previous purification step in the same purification buffer as 
LpxB (buffer), and used to generate a standard curve to determine molecular size of eluted 
peaks.  Molecular weight standards are Thyroglobulin (bovine) 670 kDa, γ-globulin (bovine) 158 
kDa, Ovalbumin (chicken) 44 kDa, Myoglobin (horse) 17 kDa and Vitamin B12 1.35 kDa.  B. 
SDS-PAGE analysis of 1 mL LpxB fractions eluted from the Size-exclusion column. Void 
volume of this column is 40 mL. 

 

A fresh expression of LpxB was performed, and only 2 L of protein was purified, to see 

if purifying smaller quantities in larger volumes of lysis buffer would result in higher 

purity.  Results showed that at lower concentrations of protein, the first eluted peak at 

92 mM imidazole becomes less significant compared to the second eluted peak at 

308 mM imidazole (Figure 3.3.A).  As all other constructs of the experiment were kept 

the same, this strongly suggests the effect of concentration on oligomerisation of the 

protein.  This was again further supported when the second peak eluted was collected, 
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and without concentrating the protein was further purified using Size-exclusion 

chromatography (Figure 3.4).   

 
Figure 3.3 Nickel affinity chromatography purification of LpxB. 

A. Chromatogram showing Nickel affinity purification of LpxB using GE healthcare 5mL NiNTA 
column.  An imidazole gradient was used to elute bound protein.  B. SDS-PAGE analysis 
showing expression and purification of LpxB. To: Time before induction, Tf: Time after induction 
with 0.5 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG), CL: Cell lysate, FT: Flow through 
from NiNTA column, NiNTA purified: samples taken from peak 1 at 20 mL and peak 2 at 37 mL 
of chromatogram.  M: 2-212 kDa protein marker. LpxB protein was expressed using the 
pETM11 expression vector. 

 

 
Figure 3.4 Chromatogram and SDS-PAGE analysis of NiNTA purified LpxB further 
purified using Size-exclusion chromatography. 

A. Chromatogram of Size-exclusion chromatography of LpxB using GE Healthcare Superdex 
200 16/60 HiLoad Size-exclusion column.  B. SDS-PAGE analysis of Size-exclusion purified 
protein of different eluted fractions.  M: 2-212 kDa Protein marker. Void volume of this column is 
40 mL. 

 

Size-exclusion chromatography purification of LpxB at a lower concentration also 

confirmed the affect of concentration on the oligomerisation state of the protein, if the 
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protein is present at a lower concentration, more of the protein is present as a monomer.  

As monodispersed protein is desirable for crystallisation, further characterisation of 

LpxB was carried out taking this into consideration. The purest protein from 

Size-exclusion chromatography was collected and used for biophysical analysis.  

3.3.2 Differential Scanning Fluorimetry 

Differential scanning fluorimetry was used to assess the stability based on the melting 

temperature of LpxB in different purification buffers to see if the stability of the protein 

could be increased. 

The melting temperature (Tm) is defined as the midway point between the protein’s 

fully folded and fully unfolded states; when the number of protein molecules folded 

equals the number unfolded.  Plotting the derivative of the fluorescence intensity (dF/dt) 

against melting temperature (°C), allows a simpler representation in which the 

maximum peak represents the Tm of the protein.  The melting temperature has been 

shown to correlate with other biophysical measurements of protein melting temperature 

measurements101, 115. 
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Figure 3.5 DSF fluorescence intensity of positive first derivative data of LpxB in the 
presence of different buffers. 

A. Control samples showing no fluorescence signal. B. The effect pH on LpxB.  C. The effect of 
different buffers on LpxB under different pH and salt conditions, and in the presence or absence 
of glycerol. 

 

The thermal shift assays showed that the protein purification buffer currently used 

(50 mM Tris pH 7.0, 500 mM NaCl, 10% glycerol) was able to allow the protein to stay 

folded at the highest melting temperature in comparison to all other buffers tested 

(Figure 3.5).  The melting temperature of the protein in this buffer was 54°C. 

Tris buffers with the same concentration of NaCl at different pHs were compared.  A 

pH above or below 7.0 caused the melting temperature of the protein to drop.  The 

temperature change was not as significant for a pH of 6.1 as it was for a pH just above 

7.0 (pH of 7.25). 

A range of different buffers was tested with different concentrations of salt, in the 

presence and absence of glycerol at different pHs.  No other buffer showed it had the 

capability of keeping the same or increasing the melt temperature of the protein. 
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3.3.3 Circular Dichroism Spectropolarimetry 

Circular Dichroism showed that LpxB contains secondary structure making it evident 

that the protein is folded.  Based on the result spectrum, data showed that LpxB is 

folded due to the presence of both α-helices and β-sheets in the structure at a protein 

concentration of 0.2 mg/mL. Proteins with different secondary structures exhibit 

different CD spectra.  α-helices have negative bands at 222 and 208 nm, and a positive 

band at 193 nm while β-sheets have a negative band at 218 nm and a positive band at 

195 nm.  After examination of the CD spectra for LpxB, a combination of both sets is 

observed (Figure 3.6).  The helix and sheet content was predicted from the CD data 

using an online prediction program: K2D3.  The program uses already known structural 

and CD data to predict % helices and sheets by matching the data you input with the 

closest matched information in the database116.  K2D3 predicts that LpxB has 23.11% 

α-helices and 23.44% β-sheets based on the CD spectra (Appendix C).  This 

information was compared to PSIPRED: a predictive program that uses pairwise 

localised alignment to predict secondary structure of proteins112.  This program predicts 

LpxB to contain 48.5% α-helices and 8.3% β-sheets. 

 

Figure 3.6 CD spectra of LpxB at a concentration of 0.2 mg/mL in KF. 

Data was baselined using a buffer control and smoothed using a Savitzky-Golay filter. 
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3.3.4 Size-exclusion Chromatography Multi Angle Light Scattering 

(SEC-MALS) 

Recombinant expressed and purified LpxB was analysed by Size-exclusion 

chromatography combined with multi angle light scattering (SEC-MALS)117 in order to 

establish the aggregation behaviour of the protein.  A protein concentration of 2 mg/mL 

of LpxB was passed through the GE Healthcare high load 10GL300 Superdex S200 

column at a temperature of 37°C.  Measurements for refractive index (RI), ultraviolet 

(UV), right angle light scattering (RALS), low angle light scattering (LALS) and 

intrinsic viscosity (IV-DP) were taken. Figure 3.7 shows at a concentration of 2 mg/mL, 

the protein is present only as a monomer, and that it is not aggregated.  Using MALS, 

the molecular weight was calculated and compared to the estimated molecular weight 

based on SEC using Biorad protein standards.  The polydispersity index (PDI) was also 

calculated.  A PDI of 1-1.1 indicates the sample is monodispersed while a PDI of 

1.1-2.0 or more indicates the sample is polydispersed.  Based on the result for LpxB 

(Figure 3.7.B), it was concluded that the protein was monodispersed. 
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A. 

 

B. 

LpxB Da 
Theoretical MWt  42,420 
SEC Calculated MWt 48,776 
MALS Calculated MWt 32,538 
Polydispersity Index (PDI) (Mw/Mn) 1.062 

 

Figure 3.7 SEC-MALS analysis of LpxB at a concentration of 2 mg/mL. 

 A. The refractive index (red line) and light-scattering (black line) are shown for LpxB.  Molecular 
weight data was generated using OmniSEC software (Malvern) after calibration with a BSA 
standard.  B. Summary of the theoretical monomeric molecular weight calculated using 
ProtParam, the SEC calculated molecular weight using SEC and BioRad molecular weight 
standards, MALS calculated weight and the polydispersity index of LpxB.  LpxB. Bio-Rad 
molecular weight standards were detected using UV spectra for bovine thyroglobulin (670 kDa), 
bovine γ-globulin (158 kDa), chicken ovalbumin (44 kDa), horse myoglobulin (17 kDa), and 
vitamin B12 (1.35 kDa). 

 

3.3.5 Membrane Fraction Purification of LpxB 

The pETM11 construct of LpxB was expressed as described in Chapter 2, section 2.3.4 

with the exception that IPTG induction was increased from 0.5 mM to 1 mM (Table 

3.2).  After cell lysis, the membranes were extracted by ultracentrifugation, solubilised 

in 1x PBS buffer containing 1% Triton X100 detergent for 3 hours and purified in Tris 

buffer containing 3 times the critical micelle concentration (3 x CMC) of the detergent 

n-Dodecyl-β-D-maltopyranoside (DDM). (Appendix Table 9.9). 
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The quantity of protein solubilised from the 3 L culture for the soluble and membrane 

fractions were compared by SDS-PAGE (Figure 3.8).   

 
Figure 3.8 Visualisation of LpxB purified from both soluble and membrane fractions after 
protein expression in Terrific Broth. 

SDS-PAGE analysis was used to show Nickel affinity purified His6-LpxB by coomassie staining.  
M: Protein marker; PS: Protein purified from the soluble fraction; PM: Protein purified from the 
membrane fraction. 

 

Purification results of both the soluble and membrane fractions from the same 

expression of cells showed that more protein could be extracted from the soluble 

fraction compared to the membrane fraction after solubilisation for 3 hours.  Purified 

protein showed more than one band indicating proteolysis.  1 mM 

phenylmethanesulfonylfluoride (PMSF) protease inhibitor was used in lysis and 

purification buffers.  PMSF is a serine protease inhibitor, however does not effectively 

inhibit all serine proteases or other proteases that might cause protein degradation.   

Different media (MDA-5052 and TB-ONEX, Chapter 2, section 2.1.3) was trialed with 

expression constructs from the pOPIN vector suite, to see if the yield of the membrane 

fraction of LpxB could be improved.  
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3.3.6 Expression and Purification of Membrane LpxB using pOPIN Vector 

Constructs 

Three additional constructs using the pOPIN vector suite were created for the 

expression of LpxB and the protein was purified as a membrane protein.  The pOPIN 

vectors used were pOPINE-3C-eGFP, pOPINE and pOPINF82 producing a C-terminal 

enhanced GFP fusion protein of LpxB with a hexahistidine tag located at the 

C-terminus of the GFP protein and a 3C protease site for tag cleavage, a C-terminal 

hexahistidine tagged LpxB and an N-terminal hexahistidine tagged LpxB respectively.  

Different constructs were used to see if the protein would behave differently based on 

location of purification tags.  The GFP fusion construct was selected so protein could be 

detected via fluorescence as well as absorbance at 280 nm. 

Auto induction media was used for protein expression rather than standard IPTG 

induction (Table 3.2).  This was used to examine if induction of cells using lactose 

instead of IPTG, in the presence of rhamnose, which is used to control problems 

associated with proteins that may be toxic to the cells expressing them by tightly 

regulating expression118.  Additionally, different detergents were trialed to estimate the 

efficiency of protein solubilisation.  The results of these trials showed that using an auto 

induction media and purifying LpxB from the membrane fraction increased protein 

yield by up to 3 times, depending on the detergent used and length of solubilisation time 

allowed.  

As sufficient protein was obtained after solubilisation in the detergent Cymal6, the 

pOPINE-3C-eGFP LpxB construct was used for purification screening using different 

detergents to determine the best purification buffer for protein stability and no other 

constructs were further evaluated.   
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The highest quantity of protein was obtained using the pOPINE-3C-eGFP construct for 

protein expression.  Forty milligrams of LpxB-3C-eGFP-His6 was purified using 

immobilised metal affinity chromatography (IMAC) on a gravity column, by washing 

bound protein with PBS buffer containing 20 mM imidazole followed by PBS buffer 

containing 30 mM imidazole to remove any non specifically bound protein.  Nickel 

beads were used for affinity chromatography on the gravity column.  Protein was eluted 

using PBS buffer containing 250 mM imidazole.  Absorbance readings at 280 nm were 

used to determine where protein was eluted.  The protein was cleaved overnight using 

3C protease at 4°C.  Reverse - IMAC was then performed to obtain cleaved protein, and 

remaining protein was eluted using 20 mM Tris buffer containing 500 mM imidazole.  

A total of 8 mg of cleaved protein was recovered.  Protein was aliquoted into 2 mg 

quantities, for four SEC purifications, using different detergents. Regardless of the type 

of detergent, all purifications showed similar results; a component of the protein eluted 

at the void volume of the column followed by several other peaks eluted (Figure 3.9.A). 

All peaks eluted were analysed by SDS-PAGE, however nothing was seen with 

coomassie staining for any of the peaks except for one peak in each of the 

chromatograms (shown by the arrows in Figure 3.9.A).  Protein was of the correct 

molecular weight (Figure 3.9.B).  Different detergents affect the protein purification 

differently, by changing the overall molecular weight of the protein.  Therefore LpxB is 

seen to elute differently based on the presence of the different detergents used as would 

be expected.  
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Figure 3.9 Chromatogram and SDS-PAGE analysis of Size-exclusion purified LpxB from 
the membrane fraction. Protein was purified using different detergents in Tris buffer. 

A. Chromatogram of GE Healthcare Superdex 200 10GL300 HiLoad column purification of 
LpxB.  Different colours denote different detergents/additives in purification buffers.  Bio-Rad 
molecular weight standards for bovine thyroglobulin (670 kDa), bovine γ-globulin (158 kDa), 
chicken ovalbumin (44 kDa), horse myoglobulin (17 kDa), and vitamin B12 (1.35 kDa) are 
shown by the dotted black line.  Arrows refer to where protein was eluted and shown on figure 
(B), for each of the detergent purifications where protein was detected via coomassie stained 
gels.  B. SDS-PAGE analysis of LpxB purified protein before and after Size-exclusion 
chromatography purification in buffers containing different detergents.  M: 2-212 kDa protein 
marker; R_I: Reverse-IMAC purified LpxB before Size-exclusion chromatography.  All samples 
were purified in 3xCMC of each detergent. 
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3.3.7 Protein Crystallisation Screens 

For successful crystallisation, the protein needs to be of the highest purity attainable. 

General laboratory practices call for at least 90% purity as judged by SDS-PAGE.  In 

relation to soluble proteins, a study was performed showing that protein purity greater 

than 95% yielded crystals in 59% of cases, while a purity of less than 95% only yielded 

crystals with a 37% success rate121.  General findings show that protein purity is the 

contributing factor for failed crystallisation of proteins. In addition to a high level of 

purity, the protein must be folded, non aggregated and conformationally 

homogeneous121. 

Size-exclusion purified LpxB purified from the soluble fraction using the pETM11 

expression vector was concentrated to approximately 2 mg/mL in 50 mM Tris buffer, 

pH 7.0.  Three commercial screens from Hampton Research were used with this protein 

(Index HT, Crystal Screen 1 and Crystal Screen 2) to ascertain whether suitable lead 

crystallisation conditions could be identified. Inspection of the trays after 14 days 

showed that, for all screens used, more than half of the conditions contained clear drops 

and the remainder of the conditions only showed light precipitate.  Crystals were 

observed on a weekly basis for up to 2 months with no change in the crystallisation 

drops.  In-situ proteolysis crystallisation was not performed, however is something that 

could be done in the future to see if crystallisation can be achieved.  Higher protein 

concentrations (5 mg/mL and 10 mg/mL) were also used in crystallisation screens with 

protein present in identical buffer.  The extent of precipitate in all crystallisation screens 

increased however crystals or crystalline precipitate was not observed.   

3.4 Discussion 

LpxB is an enzyme of interest, as it is one of the proteins involved in the biosynthesis of 

the Neisserial endotoxin.  To date, no current work has been pursued on the expression, 
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purification and characterisation of the Neisserial LpxB.  Results showed the protein 

could be purified from the soluble fraction and remained monodispersed and stable at 

low concentrations, however could also be purified from the membrane fraction.  Based 

on the results obtained, it could be concluded that there are different states of the 

protein, some soluble and some of which may be in or associated with the membrane.  

To date, the structure of LpxB has not been solved from any bacterial strains.  

Bioinformatics tools were used before optimisation of expression and purification of 

LpxB for additional information to predict structural characteristics of the protein.  Two 

of the methods used (GlobPlot and PSIPRED)112, 113 both predicted a high level of 

disorder at the N-terminal domain of the protein (Appendix C).  This disorder can cause 

protein aggregation, which is seen at high concentrations.  Several expression trials 

using different conditions were examined to determine what would yield sufficient 

quantities of purified protein required for crystallisation.  At low concentrations, the 

soluble protein was shown as folded by CD, and is monodisperse as shown by the 

calculated PDI.  DSF also shows that the protein has a thermal melt temperature of 

54°C, which strongly indicates stability of protein for crystallisation experiments at 

room temperature.  When the protein is at high concentrations, it is shown to present in 

two different oligomeric states (Figure 3.2.A). 

Crystallisation of proteins has been considered an art, and therefore is a bottleneck 

associated with protein expression for X-ray crystallography.  Knowing if the protein is 

pure enough, the ability to grow protein crystals, obtaining high enough resolution for 

the generation of electron density maps, and the limited information of the natural 

processes that occur in vivo all contribute to the difficulty associated with protein 

crystallography. 

Initial experiments replicated work already performed by expressing His6-LpxB in 

C41 (DE3) E. coli cells using the pETM11 expression vector85.  The protein was 
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expressed for 8 hours in LB media.  TB medium was trialed as an alternative as it is 

generally more successful at yielding higher levels of protein expression since cells are 

able to grow in this media to a higher density than in LB.  Glycerol acts as the source of 

carbon in TB and potassium phosphate is included in the media to buffer any pH 

changes that may occur, allowing cells to lyse more slowly and therefore more protein 

expressed122.  The results showed that generally the amount of protein expressed was 

higher in TB grown cultures.   

Even though high quantities of protein were expressed, the ability to keep the protein 

from aggregating seemed to be a challenge.  When large quantities of expressed protein 

were purified at concentrations of more than 5 mg/mL, Size-exclusion chromatography 

showed two peaks of protein eluting instead of only a single peak (Figure 3.2.A). For 

nickel affinity chromatography, non-specifically bound protein was eluted at an 

imidazole concentration of 92 mM followed by a peak of pure protein eluted at an 

imidazole concentration of 308 mM.  This was performed using a FPLC purification 

system. After SDS-PAGE analysis, the tail of the peak was shown to be of a higher 

purity and therefore was used for characterisation (Figure 3.1.B).  Comparisons couldn’t 

be made to show if elution as two peaks was also the case for membrane purified LpxB 

since IMAC was used instead of FPLC.  This involved binding protein to nickel beads 

on an immobilized column and washing with buffer containing 20, 30 and 500 mM 

imidazole for elution. 

Size-exclusion chromatography showed that when the soluble protein was at high 

concentrations, two peaks were present, the first peak eluting just after the void volume 

of the Size-exclusion column suggesting a different oligomeric state of the protein.  The 

second peak corresponded to a size of 42 kDa, the correct molecular weight for the 

LpxB monomer.  This second peak of monomeric LpxB protein was used for further 

biophysical assays to characterise the protein, and determine whether it could be used 
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for crystallisation.  LpxB seemed to behave as a monomeric protein when assessed as a 

soluble protein. Protein injected onto the Size-exclusion column that was not first 

concentrated showed no significant aggregation at lower concentrations (Figure 3.4.A). 

Elution of LpxB in two peaks was also seen in nickel affinity chromatography and 

could be due to protein exhibiting two conformations, both with different affinities for 

the nickel beads.  This was seen in both nickel affinity purification chromatograms 

(Figure 3.1.A and Figure 3.3.A).  Aggregation of protein could also explain this, 

particularly if predictive regions of disorder of the protein are correct; these disordered 

regions may be the cause of the aggregation.  Elution of two peaks from Size-exclusion 

chromatography may indicate the protein has more than one oligomeric state.  This is 

not desirable for protein crystallography.  If the first peak is eluted at the void volume 

of the column, this indicates protein aggregation. 

Expression of LpxB from the membrane fraction was also compared using different 

constructs, and different expression media.  Compared to the 10 mg/L after expression 

and affinity purification of His6-LpxB (pETM11), 40 mg/L was obtained after 

expression and affinity purification of LpxB-GFP-His6  (pOPINE-3C-eGFP) and 31 

mg/L His6-LpxB (pOPINF).  As the same construct of LpxB is expressed using 

pETM11 and pOPINF, it can be concluded that the change from IPTG induction media 

(TB) to auto induction media (TB-ONEX) may be the cause for increased protein 

expression.  The cell line used for expression was also changed from C41 (DE3) pLysS 

to LEMO21, which is also a factor that may have affected protein expression.  

Expression and affinity purification of LpxB-GFP-His6 however produced the highest 

protein yield.  This was expressed using a different cell line again, BL21 (DE3), 

different auto induction media (MDA-5052), and was different construct, all which may 

have been factors allowing high yield after expression and affinity purification.  The 

amount of protein obtained after cleaving the protein from the GFP-His6 tag was not 
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efficient and only yielded 10 mg/mL.  This however was alliquoted and used for Size-

exclusion purification to assess the proteins state in different detergents. 

The advantage of using auto-induction media is the final optical density (OD) of cells is 

generally higher, therefore more protein can be expressed.  The detergent and time for 

solubilisation is protein dependent.  Triton X-100 is a harsh detergent and for this 

reason is not generally recommended for solubilisation or purification, however due to 

affordability, was the first detergent trialed.  Another variable is the construct used for 

expression.  Different constructs can affect the level of expression of certain proteins 

based on the position of purification tags (either N or C-terminal) and can also affect the 

purification and stability of the protein expressed.  pOPIN vectors were used to create 

additional constructs that could be trialed to see if this would make any difference to the 

expression and purification of LpxB from the membrane.   

Three pOPIN expression vectors (pOPINE-3C-eGFP, pOPINE and pOPINF) were used 

to design different LpxB constructs, all of which contained hexahistidine tags for nickel 

affinity purification.  pOPINE-3C-eGFP contained a hexahistidine tagged GFP fusion 

for easy detection throughout the expression and purification stages, and a 3C protease 

cleavage site to remove the GFP from the fusion construct once purified.  Initial results 

showed that using these constructs as well as expressing the protein using auto-

induction media resulted in an increased yield of the protein by up to 3 fold depending 

on the detergent used for solubilisation.  All detergents were compared, for the 

purification of LpxB-GFP-His6 (pOPINE-3C-eGFP), and all showed similar results, no 

one detergent was seen to be better than another.  There was also no correlation between 

solubilisation time in detergent and yield purified.  Nickel affinity purified protein was 

used to assess the state of the protein in different detergents by further purifying using 

Size-exclusion chromatography.  Size-exclusion chromatograms for each detergent 

tested showed protein aggregation and several non-uniform peaks.  SDS-PAGE analysis 



CHAPTER 3 

 61 

was used to assess if protein of monomeric LpxB was present, and it was shown that 

only one “peak” from each purification contained protein of the correct size (depicted 

by arrows in Figure 3.9.A). Based on the SEC chromatograms obtained, using 

detergents seems to increase the aggregation and instability of the protein.   

Protein purified from the soluble and membrane preparations showed some differences.  

Comparisons in protein expression from the membrane and soluble fractions were made 

using the pETM11 expression vector in TB medium.  Soluble expression of His6-LpxB 

after nickel affinity chromatography yielded a maximum of 7 mg/L after 8 hours 

expression, compared to the membrane expression after nickel affinity, which only 

yielded 10 mg/L after 18 hours expression.  The protein yield may also be affected by 

presence of detergent in the membrane purification.  What can be seen is that more 

protein is expressed from the soluble fraction in a shorter period of time, it can be 

purified and remains in a useable state if kept at low concentrations, while expression 

and purification from the membrane fraction indicate LpxB is not a membrane protein. 

LpxB appears to be more stable purified as a soluble protein at low concentrations.  

Biophysical characterisation and crystalisation trials were carried out using this protein.  

Differential Scanning Fluorimetry was used to determine whether alternative 

purification buffers could be used to increase the stability of the protein, and by doing 

so potentially stop aggregation of the protein.  The results showed that the best quality 

protein as assessed by having the highest thermal melt temperature was attained using 

50 mM Tris buffer containing 500 mM NaCl and 10% glycerol as the purification 

buffer. Any decrease in the NaCl concentration showed a significant decrease in the 

melting temperature of the protein by at least 4°C.  The melting temperature of LpxB in 

this optimal buffer was 54°C, which shows the protein will not unfold until heated to 

this temperature.  A high melt temperature of the protein is also a strong indicator of 

well folded stable protein104. 
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Circular dichroism was used to determine whether the protein was folded and if it 

contained secondary structure.  Different spectral profiles of polarized light were 

exhibited for different secondary structures of biological molecules.  Proteins 

containing α-helices had negative bands at 222 and 208 nm, and positive bands at 193 

nm, while antiparallel β-sheets had negative bands at 218 nm and positive bands at 

195 nm99.  Based on the spectra obtained for LpxB, the protein appears to contain both 

α-helices and β-sheets.  The scale used measured molar elipticity [θ], which takes into 

consideration the concentration of the protein.  LpxB was used at a low concentration 

for this measurement (0.2 mg/mL). Even though this shows if the protein is folded or 

not, it does not give any information about the aggregation state. 

Size-exclusion chromatography multiangle light scattering was used to determine with 

confidence whether the results seen from the Size-exclusion purification after nickel 

affinity chromatography was aggregated or not.  Measurements taken were UV, RI, 

RALS, LALS and the IV-DP.  At a concentration of 2 mg/mL of LpxB, light scattering 

calculated molecular mass indicated the protein was monomeric and there was no 

aggregation.  This result was surprising, as it was shown that the protein tended to 

aggregate when initially purified after expression of large cultures.  It was discovered 

however that the protein tended to aggregate at higher concentrations (> 5 mg/mL), 

while at low concentrations, the protein behaved as a stable monomer that did not 

aggregate.  This suggested that soluble LpxB could be used for crystallisation but only 

at low concentrations.  Investigations were first made into purifying LpxB as a 

membrane protein, and if the protein was stable at higher concentrations when purified 

in the presence of detergents. 

Since LpxB purified as a soluble protein was shown to be stable and monodispersed at 

low concentrations (2 mg/mL) crystallisation trials were undertaken at low 

concentrations.  Index HT Screen, Crystal Screen 1 and Crystal Screen 2 kits 
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(Hampton Research) were used with protein at concentrations of 2, 5 and 10 mg/mL.  

Unfortunately, none of the conditions produced crystals or crystalline precipitates.  The 

screens with the low concentration of LpxB showed more than half of the conditions 

with clear drops, indicating the protein concentration is not high enough for 

crystallisation, however high concentration of protein only showed aggregation.  Other 

possibilities that could be trialed that could lead to successful crystallisation, would be 

to try a range of different screen kits, use protein in different states, for example as well 

as fresh protein, aged protein, snap frozen and thawed protein, protein aged at 4°C over 

a period of a week, or by adding different proteases.  Another possibility would be to 

partially digest the protein with protease, enough to remove any proteins that are 

causing instability of the protein64.  All the work performed to date can be used for 

further efforts towards the aim of successful LpxB crystallisation.   
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4 Crystallisation, Inhibitor Soaks and Binding Assays of 

LptA 

4.1 Introduction 

LOS phosphoethanolamine transferase A (LptA) is one of the enzymes involved in the 

modification of lipid A or endotoxin of N. meningitidis.  The enzyme adds 

phosphoethanolamine from phosphatidylethanolamine (PtdEtn) to lipid A64.  The 

enzymes in the biosynthesis pathway are targets for drug design. It has been suggested 

that disruption of the synthesis of lipid A will decrease its virulence123.  Saturation 

transfer difference nuclear magnetic resonance (STD-NMR) was used to screen a 

library of 1137 small molecules to identify interactions with LptA.  These studies, 

carried out by M. Scanlon (Monash University) identified 42 compounds.  Further 

analysis of the 6 top hit compounds and their interaction with LptA involved structural 

studies of complexes with LptA was pursued.  

4.2 Experimental Procedure 

The soluble periplasmic domain of LptA protein without the membrane anchor 

(sNMLptA) was expressed and purified64.  Since crystallisation of membrane proteins is 

more challenging, efforts were focused on solving the structure of the soluble domain 

alone as this could provide some insight into the structure and the catalytic domain of 

the protein.  Purified protein was then used for protein crystallisation. Crystals of 

recombinant sNMLptA were grown64 and soaked with six of the top fragment 

compounds at concentrations of 10 and 20 mM for 24 hours.  Crystallisation 

experiments were also performed in the presence and absence of ZnSO4.  X-ray 

diffraction data was collected using the microfocus beamline at the Australian 
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Synchrotron and structures were solved by molecular replacement using the structure of 

the soluble domain of LptA determined in our laboratory as the search model.   

The full length LptA protein including the membrane domain (wtNMLptA) was 

expressed and purified using already established methods (unpublished).  Several 

analogues of a fragment hit were found to inhibit N. gonorrhoeae growth in an LptA-

dependent manner, based on micro dilution bacterial assays (data not yet published; 

personal communication from Charlene Kahler) and were screened using DSF with 

both sNMLptA and wtNMLptA. 

MST and ITC experiments were performed to establish if binding affinities could be 

determined for any fragment analogues.   

4.3 Results 

4.3.1 Cloning and Previous Crystallisation of Truncated and Full Length 

LptA 

Initial design of the constructs pCMK527 and pCMK526 for the expression of 

sNMLptA and wtNMLptA respectively was done in the School of Pathology and 

Laboratory Medicine, UWA.  Expression, purification and crystallisation of both the 

truncated and full length protein was optimised at the Protein Production and Structure 

Facility, School of Chemistry and Biochemistry, and led to the structure determination 

of both constructs of LptA64. A selenomethionine (SeMet) variant form of the enzyme 

had been used to solve phases of sNMLptA using multiple wavelength anomalous 

diffraction (MAD)70. 

Initial work using sNMLptA showed this form of the protein was able to cleave PEA 

from the p-NPPE substrate used, however was unable to detect transfer PEA to 

lipid A67.  The structure of sNMLptA showed the presence of a metal binding site 
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tetrahedrally coordinating a Zn2+ atom, even though no Zn2+ was present in any 

purification or crystallisation buffers67.  The presence of two additional Zn2+ binding 

sites were determined with lower affinity based on fewer coordination residues67.  

Comparisons were made to the alkaline phosphatase enzyme of the same subfamily, 

which showed two Zn2+ and one Mg2+ binding site, however even after soaking MgSO4 

with LptA crystals, no Mg2+ ions were shown to bind to the protein.  The LptA structure 

was shown to only support a three metal Zn2+ catalytic binding site. 

4.3.2 Protein Expression, Purification and Crystallisation of Soluble LptA 

Expression and purification of sNMLptA, using the pCMK527 vector was performed to 

obtain milligram quantities of pure protein64.  Chromatogram and SDS-PAGE analysis 

results are shown (Figure 4.1).  Protein from fractions 53 to 60 were pooled and 

concentrated to 5 mg/mL before dialysed into HEPES-NaOH buffer.  LptA was then 

partially digested using trypsin before protein crystallisation64.  Purified protein was 

also used for DSF experiments. 

 

Figure 4.1 Nickel affinity chromatography purified sNMLptA. 

A. Chromatogram showing peaks of eluted protein from the Nickel column using an imidazole 
gradient. The absorbance at 280 nm is shown in blue and the imidazole concentration is shown 
in red.  B. SDS-PAGE analysis of 1 mL fractions collected from the Nickel affinity column. M: 
2-212 kDa protein marker.  LptA protein is expressed using the pCMK527 expression vector. 
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4.3.3 Structure Refinement of Soluble LptA Crystals with Fragment Soaks 

sNMLptA was expressed, purified and crystallised using already established methods64.  

Six compounds from the forty-two fragment hits identified by M. Scanlon (Monash 

University) via STD-NMR were used for soaks with crystals.  The stock concentration 

of fragment hits (200 mM in 100 % DMSO) was diluted to 20 mM and 10 mM (10 % 

and 5 % DMSO respectively) using a mother liquor (ML) solution of 100 mM 

Hepes-HCl buffer pH 8.0 and 100 mM ammonium sulphate with polyethylene glycol 

(PEG) 8K of 2 % higher than the well concentration.  The compounds tested with 

sNMLptA crystals were; 2F12, 5E1, 3H2, 3H4, 2D12, and 9F3.  2D12 had similarities 

to compound 2F12.  Data were collected and refined for six of these compounds 

(Table 4.1). 

Table 4.1 Data reduction and refinement statistics for truncated LptA with fragment hit 
soaks.  Chemical structures of each of the fragment hits used are shown. 

 

After modeling of the protein and crystallographic refinement of the model, inspection 

of the electron density maps failed to show any residual difference electron density that 

suggested the presence of the fragment hits bound to the enzyme active site.  Figure 4.2 
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shows a representative structure of the active site residues and bound Zn2+ after 

refinement and Figure 4.3 shows the electron density of the same representative 

structure at the active site.  This data set was taken from a crystal of sNMLptA after 

soaking with 10 mM of fragment hit 3H4.  The rest of the density map was searched to 

see if the fragment hits had bound elsewhere in the protein.  However, no positive 

electron density large enough to account for a ligand was evident suggesting that the 

fragment molecules had not bound to the sNMLptA crystals significantly enough to be 

observed.  Positive density was only shown to account for water molecules bound to the 

protein. 

 

Figure 4.2 Ball and stick representation of the active site of sNMLptA 

Residues in the active site are shown in ball and stick representation and include the protein 
side chains that coordinate to the Zn2+ atom (orange sphere).  
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Figure 4.3 Electron density representation in the region of the active site for crystals of 
sNMLptA soaked in fragment 3H4. 

2Fo-Fc density map contoured at 1.0σ shown in blue where electrons are present based on 
current model.  The Fo-Fc difference density map is shown in green contoured at +3σ. 

4.3.4 Differential Scanning Fluorimetry 

Differential scanning fluorimetry (DSF) was used to assess the stability based on the 

melting temperature or Tm of both sNMLptA and wtNMLptA, in the presence and 

absence of fragment compounds. Differences in Tm of the protein in the presence and 

absence of additional Zn2+ were also observed.   

Further work was done to refine the selection of binding compounds, using analogues of 

the fragment hits in the original screen.  The STD-NMR used to screen 1137 

compounds with sNMLptA, also ranked the compounds based on their signal intensities.  

STD-NMR was then used to screen analogues of the top compounds for binding to 

wtNMLptA (work carried out by Martin Scanlon, Monash University).  Additionally, a 

micro dilution bacterial assay was used to further rank these compounds based on their 

sensitisation of N. gonorrhoeae to Polymyxin B (work carried out by Charlene Kahler, 

UWA).  
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The Tm of the two constructs of LptA (sNMLptA and wtNMLptA) were compared. 

sNMLptA and wtNMLptA had slightly different Tm values based on DSF, with a Tm of 

59 °C for sNMLptA, and a Tm of 54 °C for wtNMLptA (Figure 4.4.B).  It is worth 

noting that a different fluorescent dye is required for DSF with membrane proteins.  Tm 

values for sNMLptA, the soluble domain of the protein, were detected using Sypro 

Orange, while Tm vaules for wtNMLptA were detected using 7-diethylamino-3- (4'-

maleimidylphenyl)-4-methylcoumarin (CPM).  There was also seen to be a difference in 

the fluorescence intensity between the two proteins detected with the different dyes.  

CPM produced a weaker signal-to-noise ratio, making it difficult to detect changes in 

temperature when in the presence of fragments.  
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Figure 4.4 DSF fluorescence intensity positive of first derivative data showing 
temperature of denaturation (Tm) of LptA at the maximum, in the presence and absence 
of additives. 

A. Positive first derivative of fluorescence intensity showing sNMLptA in the presence and 
absence of Zn2+.  B. Positive first derivative of fluorescence intensity showing control samples 
for both sNMLptA using Sypro Orange for fluorescence detection and wtNMLptA using CPM for 
fluorescence detection.  C. Positive first derivative of fluorescence intensity showing sNMLptA 
alone, or in the presence of fragments 1631, 1636 or 1756.  D. Positive first derivative of 
fluorescence intensity showing wtNMLptA alone, or in the presence of fragments 1631, 1636 or 
1756. 

 

The Tm of the protein corresponds to the maximum point of the peak of the positive first 

derivative of fluorescence intensity (Figure 4.4).  In the presence of Zn2+ the Tm of 

sNMLptA decreased by 4 °C (Figure 4.4.A). sNMLptA in the presence of fragment 

analogue compounds, however, did not show any change in Tm (Figure 4.4.C).   

wtNMLptA in the presence of compounds 1631, 1636 and 1756 showed a change in the 

Tm from 54°C, however the fluorescence signal present was too weak, to draw any 

conclusions (Figure 4.4.D).  This change was seen when compounds 1631 and 1636 

were at a concentration of 0.5 mM and 1756 was at a concentration of 1 mM.  In 

contrast, no change in Tm was observed when sNMLptA was in the presence of these 
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three compounds (Figure 4.4.C).  Due to the inconclusive results using DSF, other 

binding assays were pursued to determine if these fragments were binding to the full-

length protein. 

Fragment 1636 and 1756 are analogues of 2F12 and 2D12, as they both contain an 

amino benzothiozole structure (Figure 4.5).  Fragment 1631 contains a pyrozole ring, 

but the overall shape of its aromatic moiety is similar to the benzothiozole structure of 

2F12, 2D12 and 5E1 (Figure 4.5).  Slight variations in the chemical structures of these 

fragments may improve or impede binding to LptA. 

 

Figure 4.5 Structures of compounds used for DSF experiments and crystallographic 
binding studies. 

A. Initial compounds screened for soaks with sNMLptA for crystallography experiments.  B. 
Fragment 1631 (analogue of 3H4), fragment 1636 (analogue of 2F12) and fragment 1756 
(analogue of 2F12), shown to increase the melting temperature of wtNMLptA. 
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4.3.5 Expression and Purification of Full Length LptA 

Expression and purification of wtNMLptA, using the pCMK526 vector was performed 

to obtain milligram quantities of pure protein.  Specific methodology is explained in 

Section 2.3.4.  Figure 4.6 shows nickel affinity purified wtNMLptA.  Fractions 50 to 60 

were pooled and concentrated to 7 mg/mL before being loaded onto the Superdex 200 

10/300 GL Size-exclusion column (GE Healthcare) for further purification.  Size-

exclusion purified protein and corresponding chromatogram are shown (Figure 4.7).

 

Figure 4.6 Nickel affinity chromatography purified wtNMLptA. 

A. Chromatogram showing peaks of eluted protein from the Nickel column using an imidazole 
gradient. The absorbance at 280 nm is shown in blue and the imidazole concentration is shown 
in red.  B. SDS-PAGE analysis of 1 mL fractions collected from the Nickel affinity column. 
M: 2-212 kDa protein marker.  LptA protein is expressed using the pCMK526 expression vector 
in the presence of 0.023% DDM detergent. 
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Purified protein was then concentrated to pooled and concentrated to 5 mg/mL and used 

for DSF, MST and ITC experiments. 

 

Figure 4.7 Chromatogram and SDS-PAGE analysis of NiNTA purified wtNMLptA further 
purified using Size-exclusion chromatography. 

A. Chromatogram of Size-exclusion chromatography of LptA using GE Healthcare Superdex 
200 10/300 GL Size-exclusion column.  B. SDS-PAGE analysis of Size-exclusion purified 
protein of different eluted fractions.  M: 2-212 kDa Protein marker. Void volume of this column is 
8 mL. 

 

4.3.6 Microscale Thermophoresis 

Microscale thermophoresis (MST) follows the movement of biomolecules based on a 

temperature gradient that is applied. Any change in the structure due to binding of 

molecules to one another results in a change in movement along the temperature 

gradient.  The movement of molecules is detected by the covalent attachment of 

intrinsic fluorophores which are detected and changes are measured to create a binding 

curve and affinity measurements.  In this experiment, RED fluorescent dye NT-647-

NHS (MonolithTM Protein Labeling Kit) was used to label wtNMLptA protein at their 

amines (e.g. surface lysine residues).  MST was used with these three compounds 

(1631, 1636 and 1756) to determine binding affinities to wtNMLptA.  MST was initially 

trialed with a protein concentration of 50 nM in 50 mM Hepes-HCl pH8.0 buffer with 

0.01% Tween20, and a starting concentration for the dilution series of fragment 
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compounds at 200,000 nM (0.2 mM), diluted in a 1:2 ratio over 16 samples.  The 

concentration ratio was estimated initially assuming the fragments could bind with 

micromolar affinity.  Measurements were made at 20, 40, 60 and 80% of the power of 

the infrared laser power and 95% LED power in standard treated capillaries and laser on 

and off times were set at 30 s and 5 s respectively (Figure 4.8). All results indicated no 

binding (Figure 4.8).  Concentration of protein and fragment 1756 were altered to 

attempt to see binding and determine affinities in the millimolar range by using a 

protein concentration of 50 nM and starting concentration of fragment of 50 mM.  Even 

with the increased molar ratio between protein and ligand, no binding was shown to be 

present (Figure 4.8.B).  If any binding was present, it was not strong enough to create a 

signal.  No solid conclusions could be made from the data. If any trends were present, 

the Hill method would have been used to fit the data.  Due to no trends in the data, the 

binding affinity of the fragments to the protein could not be calculated. 
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Figure 4.8 MST data of wtNMLptA titrated with increasing fragment concentrations. 

A.  Normalised fluorescence data at 80% MST power of 50 nM wtNMLptA with fragments 1631, 
1636 and 1756 titrated from a concentration range of 6.1 nM to 200,000 nM.  B. Normalised 
fluorescence data at 80% MST power of 50 nM wtNMLptA with fragment 1756 titrated from a 
higher starting concentration of 1525 nM to 50,000,000 nM. 
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4.3.7 Isothermal Titration Calorimetry 

Another method used for determining protein-ligand interactions, by using the change 

in the heat of interaction is isothermal titration calorimetry (ITC).  It can be used for the 

determination of thermodynamic interactions between two binding partners such as 

information about the interaction including the enthalpy of binding (ΔH). 

Fragments 1631, 1636 and 1756 were all used with wtNMLptA, to see if the binding 

affinity of any of these compounds to wtNMLptA could be determined.  Both a negative 

control with protein alone, and a positive control with Ca2+/EDTA were used.  1 mM of 

each of the compounds in the identical buffer as the protein, was titrated into 0.05 mM 

of wtNMLptA, and the heat of interaction was measured.  The buffer used for ITC was 

50 mM Na2PO4, 300 mM NaCl with 0.023% DDM.  The diluted inhibitor was injected 

into the protein solution.  This involved 19 injections at a volume of 2 µL injection 

volumes, with a stir speed of 1000 rpm, and held at a constant temperature of 25°C.  

Each injection was set for 4 seconds, and spacing between injections was 150 seconds.  

Data was analysed using the MicroCal Analysis Launcher within the ITC200 program.  

Each of the fragments only showed a heat change based on the dilution with the 

fragments, and no binding between protein and the fragments was observed 

(Figure 4.9).   
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Figure 4.9 ITC thermoprofile of wtNMLptA titrated with fragment compounds. 

Measurements were made at 25°C with a stir speed of 1,000 rpm over 19 x 2 µL injections.  
First injection of 0.4 µL was disregarded. A. ITC data of wtNMLptA alone, negative control.  B. 
ITC data of Ca2+/EDTA positive control (using a concentration of 5 mM EDTA titrated into 0.4 
mM CaCl2).  C. ITC data of 0.05 mM wtNMLptA titrated with 1 mM fragment 1631.  D. ITC data 
of 0.05 mM wtNMLptA titrated with 1 mM fragment 1636.  E. ITC data of 0.05 mM wtNMLptA 
titrated with 1 mM fragment 1756. 

 
Fragment 1756 was further used to investigate protein-compound binding using a 

higher concentration of compound.  Protein at 0.05 mM was titrated with 100 mM of 

fragment 1756 to see if binding would occur (Figure 4.10).  Even with this increased 

molar ratio of fragment to protein, no binding was seen to be present, and therefore a 

binding affinity for this compound to the protein could not be determined. 
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Figure 4.10 Isothermal titration calorimetry thermoprofile of 0.05 mM wtNMLptA titrated 
with 100 mM fragment 1756 at 25°C. 

1756 was injected in 4 µL volumes over 12 injections.  First injection of 0.4 µL was disregarded. 
Other injections of 4 µL each were used to plot change in heat. 

 

4.4 Discussion 

sNMLptA was expressed, purified and crystallised64 and crystals of sNMLptA were 

soaked with 6 fragment hits identified by the original STD-NMR screen.  Crystal soaks 

of the fragment hits were performed rather than co-crystallisation because the former is 

generally the simplest method to use for determining the binding mode of small 

molecules when there are already established crystallisation protocols124.  Data sets 

were collected and the highest resolution data set for each of the 6 fragment hits was 

processed (Table 4.1).  After model building and crystallographic refinement, 

examination of electron density maps indicated that none of the fragments were bound 

to the soluble construct of the protein.  It is possible that wtNMLptA is required for 

fragments to bind significantly enough for visualisation in the crystal structures.  
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Electron density maps of solved structures of sNMLptA  soaked with the fragment hits 

showed the presence of one to three Zn2+ atoms coordinated by residues in the active 

site (Figure 4.3).  The homology of the LptA active site to that of alkaline phosphatase, 

strongly suggested the importance of Zn2+ for protein catalysis and stabilising specific 

residues in the structure64.  Surprisingly, DSF results indicate the addition of excess 

Zn2+ to sNMLptA causes the Tm of the protein to decrease by 4°C, indicating a decrease 

in protein stability (Figure 4.4.A).  One of the Zn2+ binding sites was occupied in all six 

structures solved in this study, even though no Zinc salt was present in purification, and 

it was absent in all crystallisation buffers.  Previous work showed two additional Zn2+ 

binding sites in sNMLptA when crystals were soaked with ZnSO4.  These Zn2+ binding 

were shown to have half to a third of the binding strength of the first Zn2+ atom binding 

site67. Further investigation with wtNMLptA, rather than sNMLptA is required for full 

understanding of the importance of Zn2+. 

Three analogues of the original fragment hits (1631, 1636 and 1756) appeared to affect 

the Tm of wtNMLptA; however, due to the low signal-to-noise these results were 

inconclusive.  The protein in the presence of all fragments, showed a decrease in the 

fluorescence intensity signal, making it difficult to determine if there was an increase in 

the Tm of the protein.  When the three fragments were tested with sNMLptA for 

comparison, results showed there was no change in Tm and the signal fluorescence 

intensity remained the same (Figure 4.4.C).  The loss of the fluorescence signal 

intensity could be due to interactions between the fluorescent dye used for membrane 

proteins (CPM) and the fragments. This set of data highlights some of the challenges in 

comparing DSF data between membrane proteins and DSF data for their soluble 

domain.  

MST and ITC were used to determine if a binding affinity for each could be determined 

for the set of fragment analogues.  Most biologically active compounds are able to bind 
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to enzymes with micromolar to nanomolar affinity; so initial MST experiments using 

the three compounds were designed assuming a micromolar binding affinity.  This 

required a 1:4000 molar ratio of protein to inhibitor. MST didn’t show any trend 

indicative of binding with any of the three fragments.  The ratio of protein to fragments 

was re-calculated for an estimated binding affinity in the millimolar range.  The molar 

ratio used was 1:1,000,000 of protein to fragment.  The increased concentration of 

compound used did not show the molecule was able to bind even in the millimolar 

range (Figure 4.8B and Figure 4.10).  The reason for not being able to see a change 

using MST could be due to the way the measurement was taken.  When using MST, 

differences are measured by looking at the heat of change in the labeled molecule.  

Being able to label the smaller molecule is more advantageous as you are likely to see a 

greater rate of change.  Unfortunately, the fragments could not be labeled without 

redesigning them to include fluorescent tags.  Due to this, wtNMLptA was labeled, and 

therefore if any changes did occur they were too small to detect and therefore were lost 

in the background noise produced by the instrument.   

Using fluorescent tags on either the protein or the fragment has certain disadvantages.  

Making modifications to a biomolecule or fragment compound, such as attaching a 

fluorescent tag can significantly alter the properties of the protein or compound.  

Membrane proteins tend to be particularly sensitive which may explain the results seen.  

The fluorescent label used could change the affinity of a ligand to protein, or even cause 

protein precipitation and cause false negatives.  False positive results may also occur if 

there is non-specific binding of the compounds to the fluorophore. Protein labeled with 

a fluorophore could also produce a false positive result, as there is additional surface 

area on the protein for compounds to bind. 

Using a complimentary experimental measurement technique such as ITC, was useful, 

as ITC is inherently a label-free technique and thus MST artifacts associated with 
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labeling protein are avoided.  Initial estimations of binding affinities in the micromolar 

range with ITC showed the same result as MST, that there was no binding of the 

inhibitors to the protein.  The experiment was repeated estimating a binding affinity in 

the millimolar range, however no binding curve was seen, therefore binding affinity, 

heat of interaction or any other binding parameters could not be determined.  If an even 

higher ratio of compound to protein was used, the protein would be saturated with 

compound causing non-specific binding of the fragment to the protein, and therefore 

any result would be biologically irrelevant and suggest that these fragments may not be 

useful starting points for further elaboration towards drug design. 

False positives from STD-NMR, may explain poor results from MST and ITC shown 

for the three analogues of fragment hits. Non-specific binding of the compounds to 

protein or protein aggregation can generate false positives. However, it is surprising that 

these fragments show no evidence of binding LptA due to the results from the micro 

dilution bacterial assay, which seemed to indicate the fragments impact on LptA in the 

bacterial cell. Further investigation of the other fragment hits may lead to alternative 

starting points for drug design. Even though soaking protein crystals with the inhibitors 

is sometimes sufficient for inhibitor binding modes, co-crystallisation should also be 

tested, as inhibitor binding may cause a structural change to the protein resulting in a 

change in the molecular packing within the crystals.   
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5 Recombinant Expression of TLR4 and MD2 using a 

Baculovirus Expression System 

5.1 Introduction 

TLR4 is a large transmembrane glycoprotein that is highly expressed in a variety of 

different immune cells. The protein is a pattern recognition receptor; it uses pattern 

recognition to target and bind bacterial lipopolysaccharides (LPS) to produce an 

immune response125, 126.   

MD2 is a secreted protein that forms a complex with TLR4, enabling TLR4 to produce 

an immune response causing a cascade pathway in the presence of LPS79.  The structure 

of MD2 is made up of a β cup fold, containing two antiparallel β-sheets forming a large 

hydrophobic pocket that acts as a ligand-binding site.  Crystallographic studies of LPS 

complexes with MD2 have shown that the lipid A portion of LPS binds in this 

hydrophobic pocket within the MD2 structure.   

TLR4 and MD2 form a heterodimeric complex.  E. coli LPS bound to the hydrophobic 

pocket present in MD2, was shown to mediate the dimerisation of two TLR4-MD2 

complexes arranged in a symmetrical manner42. An LPS group interacts with each of 

the TLR4-MD2 complexes acting as a bridge between two complexes to form the 

dimer.  Five of the six lipid chains of the E. coli LPS were shown to be buried deep in 

the MD2 pocket and the last chain was found to interact with conserved phenylalanine 

residues present in TLR4.  Binding of LPS to the two TLR4-MD2 complexes caused a 

structural change allowing the LPS phosphate groups to contribute to multimerisation.  

This occurred due to ionic interactions formed between the LPS phosphate moieties and 

positive residues in TLR4-MD2. 
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Studies directed towards understanding the binding of the Neisserial endotoxin to the 

TLR4-MD2 complex will provide insights into the differences in binding to that of the 

E. coli endotoxin, and why the Neisserial endotoxin is able to illicit a stronger 

inflammatory response.  Different constructs were designed to provide easy affinity 

based purification of the proteins making work novel compared to the initial constructs 

that were designed42.   

This chapter outlines the initial protein expression of the complex using a baculovirus 

expression system.  This can be used as a basis for further purification and 

crystallisation of the complex in the presence of the Neisserial endotoxin. 

5.2 Experimental Procedure 

Genes for TLR4 and MD2 were amplified out of the human pEFBOS vector using 

designed primers, and cloned separately into a baculovirus transfer vector, pAcGP67-A.  

Vectors were then co-transfected with linear viral DNA into Sf9 insect cells and only 

recombined virus and vector within cells were able to form viable virus particles, which 

could be used for infection of insect cells.  Viral particles were collected from the 

supernatant fraction and used for protein expression trials in HighFive insect cells.  

Three sets of transfer vectors were designed for co-transfection with linear viral DNA: 

pAcGP67-A vector constructs, with an N-terminal hexahistidine tag and a TEV 

cleavage site, pOPINF vector constructs containing an N-terminal hexahistidine tag 

with a 3C cleavage site, and pOPINE-3C-eGFP vector constructs containing a C-

terminal hexahistidine tagged enhanced GFP fusion also with a 3C cleavage site for 

removal of the GFP.  The main results in this chapter outline the recombinant 

expression of the proteins using the pAcGP67-A constructs. 
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5.3 Results 

5.3.1 Cloning of TLR4 and MD2 Genes into pAcGP67-A Baculovirus 

Transfer Vector 

The TLR4 and MD2 genes were obtained from the laboratory of Dr. Charlene Kahler 

(Microbiology and Immunology, UWA), and primers were designed to enable proteins 

to be produced both with and without a TEV cleavable N-terminal hexahistidine tag.  

Primers also included restriction enzyme sites that were used for cloning into the 

multiple cloning site of the pAcGP67-A vector.  Agarose gel electrophoresis showed 

bands corresponding to the correct size of the PCR products (Figure 5.1). 

 
Figure 5.1 Agarose gel electrophoresis showing the products of PCR amplification of 
TLR4 and MD2 constructs. 

1% TAE agarose gel stained with Ethidium Bromide (EtBr) and visualised by UV light. Lane 1: 
New England Biolabs (NEB) 1kb ladder; Lane 2: TLR4 amplified gene; Lane 3: TLR4 with 
hexahistidine tag and Tobacco Etch Virus (TEV) cleavage site amplified gene; Lane 4: MD2 
amplified gene; Lane 5: MD2 with hexahistidine tag and Tobacco Etch Virus (TEV) cleavage 
site amplified gene; Lane 6: Negative control. 

 
The expected size for the TLR4 construct in the presence and absence of tags is 1905 

base pairs (bp) and 1866 bp respectively, while the MD2 construct in the presence and 

absence of tags is 471 bp and 432 bp respectively.  Amplified PCR products all 

corresponded to the expected size in terms of base pairs (Figure 5.1).  A negative 
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control with no DNA was included to verify that no other components of the PCR 

reaction could cause non-specific amplification. 

After genes were amplified from the pEFBOS vector, the amplified products were 

digested with restriction enzymes and ligated into the pAcGP67-A baculovirus transfer 

vector (Appendix Table 9.2).  Restriction digests were used to verify the presence of the 

insert in each of the plasmids after transformation into bacteria, growth and colony 

selection (Figure 5.2).  Two positive samples from restriction digest testing for each 

construct were sent to the Australian Genome Research Facility Inc. (AGRF) for 

sequencing. 

 
Figure 5.2 Restriction double digestion using BamHI and NotI for TLR4 constructs and 
SmaI and EcoRI for MD2 constructs. 

1% TAE agarose gel stained with EtBr and visualised by UV light.  Lane 1: Axygen broad range 
marker (250-800bp); Lane 2-8: MD2 gene present in pAcGP67-A vector; Lane 9-12: His6-TEV-
MD2 gene present in pAcGP67-A vector; Lane 13: His6-TEV-TLR4 gene present in pAcGP67-A 
vector; Lane 14-15: TLR4 gene present in pAcGP67-A vector.  Lane 16: His6-TEV-TLR4 gene 
present in pAcGP67-A vector. 
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Based on the sequencing results, only 3 of the 4 constructs that were sent for sequencing 

were in the correct frame for translation of the proteins.  Construct MD2 was shown by 

sequencing to be missing a single base, causing a frame shift mutation and was not used 

for further work (Appendix D).   

5.3.2 Co-transfection of Virus into Sf9 Insect Cells for Protein Expression 

Two of the constructs were initially co-transfected with linear viral DNA into 

Spodoptera frugiperda (Sf)9 insect cells.  Before using the virus obtained from co-

transfections, end point dilution assays (EPDAs) were used to determine if the 

amplification of the viruses allowed a high enough titre for initial expression trials 

(Figure 5.3-Figure 5.4). 

 

Figure 5.3 EPDA of P2 viral stock of TLR4 virus at various concentrations. 

A. 3x10-2 virus particles B. 3x10-3 virus particles, C. 3x10-4 virus particles.  D. Negative control. 

 

Figure 5.4 EPDA of P2 viral stock of His6-MD2 virus at various concentrations. 

A. 3x10-2 virus particles, B. 3x10-3 virus particles, and C. 3x10-4 virus particles.  D. Negative 
control. 

 

Results showed that with even a 10-4 concentration of virus particles, there is enough 

virus to cause the same rate of infection as with higher quantities of virus.   



CHAPTER 5 

 90 

Identifying the presence of recombinant expressed protein was more difficult than 

anticipated.  After protein expression trials, NiNTA beads were used to concentrate 

protein before applying to SDS-PAGE gels to establish if sufficient protein had been 

produced.  Unfortunately since protein was not highly over expressed, and non-specific 

binding to nickel beads occurred, the recombinant proteins could not be identified via 

SDS-PAGE. 

Time course assays were used to test for the presence of the proteins from 2-7 days post 

infection (p.i.).  Time course assays involved the collection of samples of supernatant at 

daily intervals to determine time of maximum protein expression. After time course 

assays, samples were analysed via SDS-PAGE.  Due to the same issues as stated above, 

recombinant TLR4 or MD2 protein could not be detected with certainty.  Methods of 

protein detection via SDS-PAGE were disregarded, and immunoblotting was used as a 

more sensitive alternative to detect protein using an anti-histidine antibody, targeted to 

the hexahistidine tag present on MD2.   

5.3.3 Immunoblotting Development and Optimisation 

Immunoblotting methods were optimised for more specific detection of His6-MD2.  

Positive controls of two peptides (C3 and R2) containing both a hexahistidine tag and 

GFP protein for detection were obtained from C.K. Liew (Victor Chang Cardiac 

Research Institute).  Through both fluorescence and immunoblotting methods, protein 

expression was seen to be successful, however with poor sensitivity using the 

immunoblot detection system (Figure 5.5).  Fluorescence results were also recorded to 

give an indication of how much protein was present compared to a negative control of 

uninfected cells (Table 5.1). 
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Figure 5.5 Immunoblot using a colorimetric detection method with 3, 3'-diaminobenzidine 
(DAB). 

A. D5 and D6 p.i. samples were concentrated using NiNTA beads and analysed bySDS-PAGE 
before transfer to nitrocellulose and detection. B. Dilute samples from supernatant were 
analysed by SDS-PAGE before transfer and detection. All samples were collected from 25 mL 
shaking cultures in HighFive insect cells, from P2 viral stocks. 

 

Table 5.1 Fluorescence readings of expressed control peptides C3 and R2. 

           Media   Cells   GFP_C3 GFP_R2 
   Negative control    Negative control 

D3 p.i.  31534   29028   33747  33796 

D3 p.i.  28818   30954   36390  31942 

D5 p.i.  28818   30954   36390  31942 

D5 p.i.  30139   28501   65000  57712 

 

Further optimisation of the immunoblotting technique included varying a number of 

experimental parameters to determine the highest sensitivity obtainable.  Detection of 

nanogram quantities of protein was optimised using a control protein (His6-LptA) and 

anti-histidine horseradish peroxidase (HRP) conjugated antibody (Figure 5.6).   

 
Figure 5.6 Hexahistidine tagged LptA control protein, showing different quantities of 
protein per well (µg). 

A. Coomassie stained SDS-PAGE.  B. Nitrocellulose membrane immunoblot, detection using 
monoclonal anti-polyhistidine HRP conjugated antibody (Sigma-Aldrich). Viewed using 
chemiluminescence method. Lane 1: 2µg; Lane 2: 1µg; Lane 3: 0.5µg; Lane 4: 0.2µg; Lane 5: 
0.1µg; Lane 6: 0.05µg; Lane 7: 0.01µg. 
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5.3.4 Time Course Assays and Protein Expression 

After optimisation of immunoblotting was established, a time course assay was used to 

determine the time of highest protein expression.  This was established by expression of 

each protein subunit (TLR4 and His6-MD2) separately as well as co-expression using 

different ratios of the two viruses in HighFive insect cells.  His6-TLR4 and His6-MD2 

were also trialed for expression, together and separately.  Not only were different ratios 

of two viruses for co-expression used, but a time assay was also carried out comparing 

protein expressed from 2-8 days p.i. to determine the point of highest expression.  The 

general trend for expression runs showed the highest expression of protein at 5-6 days 

p.i. 

Control samples of LptA at known concentrations were used in each blot to compare 

results and give an indication of the quantity of protein expressed.  Negative controls 

were also used to establish that no non-specific binding of the antibody to the 

nitrocellulose membrane had occurred.  Volumes of 20, 40 and 80 µL of a P2 viral 

stock of His6-MD2 virus was used with varying volumes of a P2 stock of either TLR4 

or His6-TLR4 virus (volumes varying from 80-200 µL). Detection was made using the 

anti-His6 HRP conjugated antibody.  His6-MD2 expression was seen via immunoblot 

for all results (Figure 5.7-Figure 5.9). The highest expression of His6-MD2 occurred 

with 20 µL His6-MD2 virus and 100 µL His6-TLR4 virus for co-expression.  His6-

MD2 virus in the absence of His6-TLR4 virus showed a low level of protein expression. 

When co-expressed with His6-TLR4 virus, expression of His6-MD2 increased 

significantly (Figure 5.7).   

Though bands at the corresponding size for His6-MD2 were present for all results 

including co-expression results, the His6-TLR4 protein could not be detected using the 

anti-His6 HRP conjugated antibody.   
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Figure 5.7 Immunoblot of HighFive insect cell supernatant samples from 
cotransfection.Day 4 p.i. with His6-TLR4 and His6-MD2 P2 virus stock. 

3 mL samples were concentrated to 60 µL and 15 µL was loaded onto a 12% SDS 
polyacrylamide gel.  Samples were visualised via Chemiluminescence after SDS-PAGE (12% 
gel) and nitrocellulose membrane transfer of proteins. Antibody used for protein binding: anti-
His6 HRP conjugated antibody. 

 

 
Figure 5.8 Immunoblot of HighFive insect cell supernatant samples from cotransfection 
of 40 µL His6-MD2 with varying volumes of His6-TLR4. 

Day 6 p.i. with His6-TLR4 and His6-MD2 P2 virus stock.  3 mL samples were concentrated to 
60 µL and 15 µL was loaded onto a 12% SDS polyacrylamide gel.  Samples were visualised via 
Chemiluminescence after SDS-PAGE (12% gel) and nitrocellulose membrane transfer of 
proteins. Antibody used for protein binding: anti-His6 HRP conjugated antibody. 
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Figure 5.9 Immunoblot of HighFive insect cell supernatant samples from cotransfection 
of 80 µL His6-MD2 with varying volumes of His6-TLR4.Day 6 p.i. with His6-TLR4 and 
His6-MD2 P2 virus stock. 

3 mL samples were concentrated to 60 µL and 15 µL was loaded onto a 12% SDS 
polyacrylamide gel.  Samples were visualised via Chemiluminescence after SDS-PAGE (12% 
gel) and nitrocellulose membrane transfer of proteins. Antibody used for protein binding: anti-
His6 HRP conjugated antibody. 

 

Since His6-TLR4 protein couldn’t be detected using an anti-His6 HRP conjugated 

antibody, an anti-TLR4 HRP conjugated antibody (Abcam, Sapphire Biosciences Pty. 

Ltd.) was purchased and used as a more specific detection system to see if TLR4 was 

being expressed.  This was then used for screening of His6-TLR4 co-expressed with 

20 µL His6-MD2 using a time assay between day 2-5 p.i. (Figure 5.10).  Immunoblot 

results showed some non-specific binding, but nothing to strongly indicate the presence 

of TLR4. 
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Figure 5.10 Immunoblot of HighFive insect cell supernatant samples from cotransfection 
of 20 µL His6-MD2 with 100µL His6-TLR4. 

Lane 1: Negative control; Lane 2: Prestained NEB marker (175-7kDa); Lane 3: D2p.i. 
cotransfection supernatant sample; Lane 4: D3p.i. cotransfection supernatant sample; Lane 5: 
D4p.i. cotransfection supernatant sample; Lane 6: D5p.i. co-transfection supernatant sample. 

 

5.3.5 Cloning and Expression of TLR4 and MD2 using pOPIN Vectors 

Since TLR4 and MD2 could not be detected as expressed together using the 

BaculoGOLD expression system and pAcGP67-A construct, TLR4 and MD2 from the 

pAcGP67-A vector were amplified and cloned into two pOPIN vectors: pOPINF and 

pOPINE-3C-eGFP (Figure 5.11).  Both constructs are hexahistidine tagged, pOPINF 

contains the histidine tag at the N-terminus of the protein, and pOPINE-3C-eGFP on the 

C-terminus of the GFP fusion protein.  pOPINE-3C-eGFP also contains a GFP fusion 

for ease of protein detection. 
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Figure 5.11 1% agarose gel electrophoresis analysis showing PCR products of TLR4 and 
MD2 genes, using pOPIN vector compatible primers. 

M: 2-log NEB DNA Ladder.  p_F: PCR products obtained using pOPINF compatible primers.  
p_GFP: PCR products obtained using pOPINE-3C-eGFP compatible primers. 

 

After amplification, colony PCR was used to screen for potential colonies containing 

plasmids with the gene of interest (Figure 5.12). PCR confirmation of extracted purified 

plasmids using the T7 forward primer was used to confirm the presence of genes 

(Figure 5.13).  These samples were sent for sequencing to check for any frame shift 

mutations before beginning expression trials. 

 
Figure 5.12 1% agarose gel electrophoresis analysis of colonies screened using PCR. 

M: 2-log NEB DNA ladder; TLR4_pOPINF: PCR amplification from ‘TLR4 in pOPINF vector’ 
colonies;  MD2_pOPINF: PCR amplification from ‘MD2 in pOPINF vector’ colonies; 
MD2_pOPINE-3C-eGFP: PCR amplification from ‘MD2 in pOPINE-3C-eGFP’ colonies; 
TLR4_Popine-3C-eGFP: PCR amplification from ‘TLR4 in pOPINE-3C-eGFP’ colonies. 
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Figure 5.13 1% agarose gel electrophoresis analysis of PCR amplification using T7 
forward sequence primer for confirmation of TLR4 or MD2 gene presence in vector 
constructs. 

Two constructs were tested for each of the genes present in each pOPIN vector construct. M: 2-
log NEB DNA Ladder. 

 
Amplification of the virus was performed in the same way as with the pAcGP67-A 

vector, using flashBAC linear viral DNA (BioNovus Life Sciences), which is similar to 

BaculoGOLD but is compatible for use with the pOPIN vectors. Protein expression of 

the pOPINE-3C-eGFP construct showed no expression using either the anti-TLR4 HRP 

or anti-His6 HRP conjugated antibodies at day 5 p.i. 

 

Figure 5.14 Immunoblot of P2 viral stock infection using pOPINE-3C-eGFP vector 
constructs of TLR4 and MD2. 

Detected using A. Anti-His6 HRP conjugated antibody and B. anti-TLR4 HRP conjugated 
antibody. M: NEB 7-175 kDa pre-stained marker. 
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The best way to proceed for the expression of the TLR4-MD2 complex would first be to 

upscale the expression using the pAcGP67-A constructs to determine if any TLR4 is 

being produced at all, purify His6-MD2 and characterise the protein to make sure that it 

useful for crystallisation.  If TLR4 is still not expressed, creating constructs that are 

exactly the same as when the protein was first expressed and crystallised should be 

attempted42, to see if the construct itself is causing the lack of TLR4 expression.  

Purification and crystallisation trials should then be attempted. 

5.4 Discussion 

All the work presented in this chapter was pursued for the expression and purification of 

the TLR4-MD2 receptor complex so that structural studies could be undertaken of the 

protein bound to the Neisserial endotoxin.  Both the TLR4 and MD2 genes were cloned 

into the pAcGP67-A transfer vector, for baculovirus protein expression.  The vector 

chosen contained a signal sequence that was used to secrete the protein into the media, 

allowing for easy collection of the protein via purification, from the supernatant 

fraction.  Insect cell expression was chosen to allow the protein to be expressed with 

correct glycosylation for folding and stability of the protein.  This is important for 

protein purification and crystallisation.  Having the protein folded will allow for further 

studies showing exactly how the Neisserial endotoxin is able to bind in comparison to 

the binding of the E. coli endotoxin.  These studies may provide insights into the 

mechanism by which the Neisserial endotoxin is able to elicit a stronger inflammatory 

response.   

Insect cell expression specifically allows for N-linked glycosylation127.  This is where 

an oligosaccharide sugar molecule or glycan is attached to the amide nitrogen atom of 

asparagine or arginine residues within a protein.  Glycosylation is a post-translational 

modification important for structure and function in membrane and secreted proteins.  
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Some proteins will not fold correctly if they are not glycosylated properly.  The 

molecular weight of glycosylated proteins also increases to account for the additional 

sugars attached to the protein. 

After the recombinant virus is formed, protein expression trials can begin.  From 

experiments, it was found that the easiest method of detection for proteins was using 

immunoblotting techniques.  SDS-PAGE analysis by itself was not useful, and many 

proteins were expressed.  No one protein was over expressed in comparison to any 

other, making it difficult to differentiate between samples.  Concentrating protein using 

nickel beads also proved to be difficult due to non-specific binding.  Initial 

immunoblotting was trialed in the laboratory of Dr. Charlene Kahler using established 

methods, however the sensitivity was similar to that of SDS-PAGE analysis, and with 

such low quantities of protein being expressed, could not be detected.  Further 

optimisation of the protocol was carried out to increase sensitivity of immunoblots.  

Control samples of viruses expressing two peptides tagged with green fluorescent 

protein (GFP) and a hexahistidine tag were used for optimisation experiments, and 

supernatant samples were taken from 3-6 days post infection (p.i.).  All samples were 

analysed by immunoblotting using a colorimetric detection method.  Only samples that 

were concentrated using nickel beads could be seen, even though fluorescence results 

showed that protein was expressed in the supernatant, and nothing could be seen in the 

diluted samples.   

Immunoblotting using chemiluminescence for detection was also trialed and was able to 

produce a stronger signal for detection of proteins.  This was then used for all other 

blots.  Another method of protein detection for immunoblotting is the use of X-ray 

films.  This method was not trialed as reagents and supplies were not available and 

more expensive for use, and as large quantities of protein was required for further work, 

was not considered to be useful for applications.  Chemiluminescence was the method 
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of choice for all work presented in this thesis that was used for detection of protein 

expression of TLR4 and MD2. 

Optimisation of immunoblotting procedures were tested using an anti-his HRP 

conjugated antibody, allowing detection without needing a secondary antibody.  This 

reduced difficulties associated with binding of a secondary antibody to the primary one, 

as well as discrepancies between immunoblots.  The different incubation steps were 

also trialed as a means of varying the blotting time.  Additionally different temperatures 

for the blocking step were trialed.  Incubation with the conjugated antibody was trialed 

at both room temperature and 4°C for 1, 2, and 4 hours and overnight.  Detection was 

performed using the Fuji LAS-1000 Plus Chemiluminescence Imager and exposed for 

5, 10, 20 and 30 minutes.  It was found that the temperature of blocking didn’t make a 

significant difference.  It was observed that the longer the antibody was incubated with 

the membrane, the higher the level of sensitivity.  Additionally, incubation at 4°C 

seemed to show the best results.   

Longer time at a cooler temperature was found to preserve the binding capability of the 

antibody and give it a longer amount of time to bind efficiently increasing the 

sensitivity of detection. Antibodies are proteins and will degrade over time if not kept at 

an appropriate temperature.  Detection limits were compared to a coomassie stained gel 

of purified protein of known quantities and showed that after optimisation of the 

technique, the sensitivity of detection was in the nanogram range, while coomassie 

staining only was sensitive in the microgram range.  

When choosing to co-express the proteins, different ratios of each virus encoding for 

each protein was trialed.  Finding an optimal balance between the two viruses is crucial 

to allow for protein to be expressed at it’s highest level.  All immunoblots showing the 

expression of His6-MD2 showed that the highest expression of the protein was 
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consistent and was present after 5-6 days p.i. It was shown that if no TLR4 virus was 

used in expression trials, significantly less His6-MD2 was detected using the anti-His6 

antibody, however with the TLR4 virus present, a much greater quantity of His6-MD2 

protein was detected.   

TLR4 protein was not detected in any of the expression trials, using either construct 

with or without a hexahistidine tag.  One reason for the absence of TLR4 could be that 

the tag attached to the protein is occluded and therefore the antibody does not have 

access to bind.  Another potential reason for the absence of TLR4 could be that for 

some reason the tag has been cleaved, and therefore if not attached to the protein, 

cannot be detected.  Due to the inability to see TLR4, a more specific antibody targeting 

part of the sequence of TLR4 was purchased in the hope that the protein could be 

detected. 

The TLR4 antibody was used for blots using the same conditions as before with a time 

course assay to account for any differences between MD2 and TLR4 expression.  Using 

the TLR4 antibody failed to show the presence of the protein.  With such a specific 

antibody, protein present should have been detected even in the smallest quantity.  

Some bands at approximately the right size were present, but nothing that clearly 

showed high expression of one protein over another.   

A simple explanation for the absence of TLR4 is that it may not be expressed at a high 

enough level for detection. Increasing the volume of protein expression cultures would 

be the best way to determine if any protein is being expressed.  If this still shows the 

absence of protein, designing constructs that are already known to express TLR4 with 

MD2 would show with certainty that the protein can be expressed, or whether there is 

another factor in the viral amplification methods or protein expression in insect cells 

which is the cause of the lack of protein expression.   
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Future work that can be done to further what was achieved here would firstly be to 

attempt to replicate the work done by Park et al. 200942 by designing and purifying the 

same vectors they used to express and purify the protein.  Expressing the protein in 

larger volumes using a bioreactor would also be a significant part of the process that 

would need to be assessed to improve protein yield.   
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6 Conclusion 

Investigation of the enzymes and the protein receptor discussed in this thesis are used to 

gain a better understanding of how the Neisserial endotoxin works and different ways to 

alter its synthesis.  A better understanding of lipid A binding to the TLR4-MD2 

complex may allow for more targeted treatments. A way to treat all Neisserial strains 

will eliminate the need for several different treatments.  In N. meningitidis, regardless of 

the virulent serogroup, capsular switching will no longer be a concern as the target will 

no longer be against the capsular polysaccharides as is the current vaccine treatments.  

Specifically, being able to alter the synthesis of lipid A, effecting its binding, should 

decrease the potency of the endotoxin.  This can be done by targeting enzymes involved 

in lipid A modification (LptA) or biosynthesis (LpxB).   

For LpxB, the next step in the process would be to make more attempts at protein 

crystallisation to gain more insight based on the structure of the protein and how it 

functions.  With an understanding of function, inhibiting the enzyme by the addition of 

inhibitory molecules, such as those being trialed with LptA would disrupt the synthesis 

of LOS and therefore act as a method of treatment for all strains and serogroups. 

We are closer to reaching the point of disrupting the function of LptA, as both the 

soluble construct and full length protein structures have been solved and provided 

insight into the proposed active site, which is the centre of catalytic activity in the 

enzyme.  Trials of inhibitor binding using the soluble fraction only of the LptA protein 

has strongly indicated the need for the full length protein for binding, however 

inhibitors tested, have provided false positive results for DSF experiments.  Further 

inhibitory molecules need to be tested, by more specific binding methods such as MST 

using fluorescently labeled inhibitors, and ITC to calculate binding affinities of these 

molecules, and then additional crystallography experiments to show the exact location 
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of inhibitor binding.  Once this can be determined, a better understanding of how these 

inhibitors function can be used for further inhibitor design that can be used in drug trials 

and potentially as therapeutic treatments for Neisserial infections.  Being able to inhibit 

LptA from adding PEA groups to the 1 and 4’ positions of lipid A will reduce the 

resistance the bacteria has against CAMPs and therefore aid in treatment.  This will also 

contribute to decreasing the potency of the endotoxin. 

Recombinant expression of milligram quantities of the TLR4 and MD2 receptor 

complex required for purification and crystallization proved difficult in insect cells.  

Further work to increase protein expression to determine the presence of TLR4 is the 

first step before purification, and in turn crystallisation trials of the protein complex can 

be undertaken.  Once the protein complex can be crystallised, comparisons of binding 

affinities of TLR4-MD2 with the E. coli and Neisserial lipid A can be made, as well as 

structural differences and similarities.  This will be useful to establish how the different 

arrangement and length of acyl chains affects the binding to the MD2 pocket, how the 

presence of different phosphoforms affects binding so as to explain why the Neisserial 

lipid A is able to produce such a potent inflammatory response.  It will also show if the 

binding of the Neisserial endotoxin is able to change the structure of the TLR4-MD2 

complex upon binding, and if this could also have an effect on the signaling cascade 

that then follows. 

This information could be used to determine if there are other enzymes that are involved 

in modification or synthesis of LOS that are also important for lipid A binding that 

could be targeted for drug design.  Being able to see how lipid A is able to bind will 

open up a series of new questions that could be answered to treat this disease.   
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8 Appendix A: Media, Buffers and Solutions  

for Chapter 3, 4 and 5 

 

Luria-Bertani medium (LB)              10 g/L tryptone 

5 g/L yeast extract 

10 g/L NaCl 

LB agar                10 g/L tryptone 

5 g/L yeast extract 

10 g/L NaCl 

15 g/L bacto-agar 

Terrific Broth                12g/L tryptone 

24g/L yeast extract 

4ml/L glycerol 

Adjust volume to 1000ml with 100ml of a filter sterilized solution of 0.17 M KH2PO4 

and 0.72 M K2HPO4. 

Terrific Broth Overnight Expression Media             12g/L tryptone 

(TB-ONEX)                     24g/L yeast extract 

4ml/L glycerol 

0.05% glucose 
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0.2% α-lactose 

2 mM MgSO4 

250 µM Rahmnose 

Adjust volume to 1000 ml with 100 ml of a filter sterilized solution of 0.17 M KH2PO4 

and 0.72 M K2HPO4.This media was designed for auto induction expression, without 

the need to add an inducing agent such as Isopropyl β-D-1-thiogalactopyranoside 

(IPTG).   

MDA-5052 auto-induction media128 

To make 10 ml                Composition 

9.20 ml H2O        25 mM Na2HPO4  

20 µl 1M MgSO4          25 mM KH2PO4  

2 µl 1000x metals             50 mM NH4Cl  

200 µl 50x5052             5 mM Na2SO4  

100 µl 25% aspartate             2 mM MgSO4  

200 µl 50xM          0.2x metals = 10 µM Fe 

200 µl 17aa (10 mg/ml ea)                  0.5 % glycerol = 54 mM  

80 µl Met (25 mg/ml)                  0.05% glucose = 2.8 mM  

0.2 % α-lactose = 5.6 mM  

0.25% aspartate = 18.8 mM  

200 µg/ml ea of 18aa (no C,Y) 
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50x5052 (1x5052 = 0.5% glycerol, 0.05% glucose, 0.2% α-lactose)128 

To make 100 ml  

25 g glycerol (weigh in beaker)  

73 ml H2O  

2.5 g glucose  

10 g α-lactose monohydrate 

50xM (1xM = 50 mM PO4, 50 mM NH4Cl, 5 mM Na2SO4)128 

To make 100 ml   MW   50x   1x 

80 ml H2O  

17.75 g Na2HPO4   142.0   1.25 M  25 mM  

17.0 g KH2PO4   136.1    1.25 M  25 mM  

13.4 g NH4Cl    53.49   2.5 M   50 mM  

3.55 g Na2SO4   142    0.25 M  5 mM  

pH of 50-fold dilution should be ~6.7.  Occasionally has showered crystals, which re-

dissolve in microwave. 

 

17aa (no C,Y,M) (10 mg/ml each)128 

To make 100 ml  

To 90 ml H2O stirred in beaker add 1 g each:  

MW   Concentration  
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1 E Na Glu   169.1    59 mM  

2 D Asp   133.1    75 mM  

3 K Lys-HCl   182.6    55 mM  

4 R Arg-HCl   210.7    47 mM  

5 H His-HCl-H2O  209.6    48 mM  

6 A Ala   89.09    112 mM  

7 P Pro   115.1    87 mM  

8 G Gly   75.07    133 mM  

9 T Thr   119.1    84 mM  

10 S Ser   105.1    95 mM  

11 Q Gln   146.1    68 mM  

12 N Asn-H2O  150.1    67 mM  

13 V Val   117.1    85 mM  

14 L Leu   131.2    76 mM  

15 I Ile   131.2    76 mM  

16 F Phe   165.2    61 mM  

17 W Trp   204.2    49 mM  

Everything was stirred until dissolved. Solution was heated in a microwave if needed.  

Buffer was filter sterilized and stored in the refrigerator. 
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Insect cell media 

Sf900II serum free media (SFM) was used as the media for Sf9 insect cells and 

ExpressFive serum free media (SFM) was used as the media for High Five insect cells.  

Both types of media were purchased from Life Technologies (ThermoFisher Scientific). 

Fetal Bovine Serum (FBS) was also purchased for initial cell growth of cells taken out 

of storage.   

Antibiotics 

Different antibiotics were used for the selection of bacterial colonies containing 

transformants for protein expression.  The pETM11 construct designed with LPXB was 

selected using 30 µg/mL Kanamycin, which was also added to expression media.  The 

pOPIN vectors designed with LPXB were selected using 50 µg/mL Ampicillin.  The 

PCMK527 and PCMK526 constructs for the expression of sNMLptA and wtNMLptA 

respectively, were selected using 50 µg/mL Ampicillin and 34 µg/mL Chloramphenicol 

to select for the pLysS plasmid, present in E. coli BL21(DE3)pLysS strain.   

 

SDS-PAGE gel reagents 

Coomassie destaining solution     20 % ethanol (v/v) 

10 % acetic acid (v/v) 

Coomassie stain solution              40 % methanol (v/v) 

10 % acetic acid (v/v) 

5 g/L Coomassie brilliant blue 

SDS running buffer          5 % bisacrylamide-acrylamide 
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0.1 % SDS (v/v) 

0.1 % ammonium persulfate 

200 mM Tris-HCl (pH 6.8) 

5 x SDS sample buffer         60 mM Tris-HCl 

25 % glycerol (w/v) 

2 % SDS (v/v) 

14.4 mM betamercaptoethanol 

0.1 % bromophenol blue 

Protein purification buffers 

Different purification buffers were used for the purification of LpxB, however the best 

buffer for the purification of soluble LpxB is listed below, and was used for most 

experiments.  Any different buffers used are noted as used. 

 

Soluble LpxB lysis, binding and elution buffers  

(for affinity chromatography)           50 mM Tris-HCl pH 7.0 

500 mM NaCl 

10% glycerol 

20 mM imidazole (lysis/binding) 

500 mM imidazole (elution) 

1.5% β-mercaptoethanol (BME) (lysis) 
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Soluble lpxB Size-exclusion purification buffer        50 mM Tris-HCl pH 7.0 

500 mM NaCl 

10% glycerol 

sNMLptA lysis buffer             50mM Na2PO4 pH8.0 

300mM NaCl 

10mM imidazole 

1mM PMSF 

sNMLptA NiNTA binding and elution buffers         50mM Na2PO4 pH8.0 

300mM NaCl 

20mM imidazole (binding) 

500mM imidazole (elution) 

sNMLptA Phosphate Dialysis buffer           50mM Na2PO4 pH 8.0 

50mM NaCl 

sNMLptA HEPES Dialysis buffer              50mM HEPES-NaOH pH 8.0 

50mM NaCl. 

wtNMLptA lysis buffer           50 mM Na2PO4 pH 7.5 

300 mM NaCl 

 

wtNMLptA membrane lysis buffer          50 mM Na2PO4 pH 7.5 
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300 mM NaCl 

1 mM PMSF 

1% DDM 

wtNMLptA NiNTA binding and elution buffers        50 mM Na2PO4 pH 7.5 

300 mM NaCl 

20 mM imidazole (binding) 

500 mM imidazole (elution) 

0.023% DDM 

wtNMLptA dialysis and              50 mM Na2PO4 pH 7.5 

Size-exclusion purification buffer               300 mM NaCl 

0.023% DDM 

Circular Dichroism (CD) solution               100 mM KF 

 

Immunoblot Buffers 

Blocking solution (20mL)      1 g skim milk powder (Diploma brand) 

20 mL TBS-Tween buffer 

Tris buffered saline (TBS)          6.05 g Tris base 

8.76 g NaCl 
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pH was adjusted to 7.5 with 1 M HCl and made to a final volume of 1 L with H2O. TBS 

is stable at 4°C for 3 months.  TBS-Tween was made by adding 1 mL of 50% Tween 20 

to 1 L of TBS buffer.   

25x Transfer Buffer           18.2 g Tris base 

90 g glycine 

Reagents were dissolved in 500 mL milliQ water.  Dilute to 1x for use as follows: 

1x Transfer Buffer       40 mL 25x buffer 

200 mL methanol 

760 mL milliQ H2O 

 

Crystallisation Buffers 

sNMLptA crystallisation buffer    100mM HEPES-NaOH pH 7.5-8.0 

100mM (NH4)2SO4 

23-26% PEG 8K 

0.2uL of 80mM DDAO added to drops 
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9 Appendix B: Primers, Restriction Enzymes and PCR 

Protocols 

Table 9.1 PCR primers for pAcGP67-A vector constructs 

Gene  Primer  Sequence      

TLR4  Forward  5’- cc atg GAG CCC TGC GTG GAG GTG GTT -3’ 

TLR4*  Forward  5’- cc atg gga CAT CAC CAT CAC CAT CAC GAA AAT CTT  

TAT TTT CAA GGT GAG CCC TGC GTG -3’ 

TLR4  Reverse  5’- gcggccgc TCA CTT ATT CAT CTG ACA GGT GAT ATT  

CAA ACT CAG CAC AGG -3’ 

MD2  Forward  5’-gga att cAG AAG CAG TAT TGG GTC TGC AAC TCA -3’ 

MD2*  Forward  5’- gga att cAT CAC CAT CAC CAT CAC GAA AAT CTT TAT  

TTT CAA GGT CAG AAG CAG TAT -3’ 

MD2  Reverse  5’- agatct TCA ATT TGA ATT AGG TTG GTG TAG GAT GAC  

AAA CTC CAA GC -3’ 

*A hexahistidine tag with TEV cleavage site is included in the primer sequence.  Restriction enzyme sites 
for cloning into pAcGP67-A baculovirus transfer vector are included in sequence and highlighted in bold 

 

Table 9.2 Restriction enzymes used for cloning into the pAcGP67-A construct 

Gene  Primer  Restriction enzyme  Recognition sequence 

TLR4  Forward         BamHI   5’…G^GATC_C…3’ 
  Reverse          NotI   5’…GC^GGCC_GC…3’ 
MD2  Forward         SmaI   5’…CCC_^GGG…3’ 
  Reverse         EcoRI   5’…G^AATT_C…3’ 

 

Table 9.3 Thermocycler conditions for PCR of TLR4 and MD2 for pAcGP67-A constructs 
using pEFBOS template DNA 

     Temperature       Time 

Initial denaturation         98°C    30 seconds 

35 cycles of: Denaturation        98°C    10 seconds 

  Annealing        55°C    20 seconds 

  Extension        72°C    15 seconds 

Final extension                72°C    10 minutes 

Hold             4°C                  - 



APPENDIX B 

 125 

Amplified genes for TLR4, His6-TEV-TLR4, MD2 and His6-TEV-MD2 were observed 

by 1% agarose gel electrophoresis.  The size of each of the genes amplified is shown in 

Table B4. 

Table 9.4 Size of constructs in base pairs and molecular weight of unglycosylated and 
glycosylated proteins. 

     bp Unglycosylated MW (kDa) Glycosylated MW (kDa) 

His6-TEV-MD2    471  18    22 

His6-TEV-TLR4  1905  71    90 

TLR4   1866  69    85 

 

Table 9.5 Sequencing primers for pAcGP67-A vector constructs 

Gene  Primer  Sequence      

TLR4  Forward  5’-CAG GTG CAT TTA AAG AAA TTA GGC T -3’ 

  Reverse  5’- GGT TTT AAC ATT ACG GAT TTC CTT GAA G-3’ 

MD2  Forward  5’- ACA CAC AAG CAA GAT GGT AAG CGC T-3’ 

  Reverse  5’- GGT TTT AAC ATT ACG GAT TTC CTT GAA G-3’ 

 

Table 9.6 PCR primers for pOPINE-3C-eGFP vector constructs 

Gene  Primer  Sequence      

TLR4  Forward  5’- GG AGA TAT ACC ATG GAG CCC TGC GTG GAG GTG  
                                                                      GTT CC -3’ 

  Reverse  5’- CAG AAC TTC CAG TTT CTT ATT CAT CTG ACA GGT  
                                                GAT ATT CAA ACT CAG CAC AGG -3’ 

MD2  Forward  5’- GG AGA TAT ACC ATG CAG AAG CAG TAT TGG GTC  
                                                                      TGC AAC TCA TCC G -3’ 

  Reverse  5’- CAG AAC TTC CAG TTT ATT TGA ATT AGG TTG GTG  
                                                               TAG GAT GAC AAA CTC CAA GC -3’ 

 

Table 9.7 PCR primers for pOPINF vector constructs 

Gene  Primer  Sequence      

TLR4  Forward  5’- AAG TTC TGT TTC AGG GCC CGG AGC CCT AGT C -3’ 

  Reverse  5’- GGT CTA GAA AGC TTT ACT TAT TCA TCT GAC AGG  
                                                   TG -3’ 

MD2  Forward  5’- AAG TTC TGT TTC AGG GCC CGC AGA AGC AGT ATT  
                                                              GGG TCT GCA ACT -3’ 

  Reverse  5’- GGT CTA GAA AGC TTT AAT TTG AAT TAG GTT GGT  
                                                               GTA GGA TGA CAA ACT CCA AGC -3’ 
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Table 9.8 Cloning primers for LpxB85 

Gene  Primer  Sequence      

lpxB  Forward  5’- GCA TCG Ccc atg gGT ATG GCT GAT AAA AAA AGC-3’ 

  Reverse  5’- GAA TTC gga tcc TCA ACA TCC CGC CTC -3’ 

 

Table 9.9 Detergent properties129. 

Detergent  MW  CMC  ~Micelle  Ionic 
   (Da)  (mM)  size (Da)  property 
OG   292  18a-23b 20,000   Nonionic 
DM   483  1.8f  33,000   Nonionic 
DoDM   511  0.17f  58,000   Nonionic 
LDAO   229  1-2i  17,000   Zwitterionic 
FC-12   351  1.5f  19,000   Zwitterionic 
 

Table 9.10 Plasmids generated for this study 

Plasmid Restriction 
Enzymes used 

Protein 
produced 

Antibiotic 
Resistance and 
concentration 
used for protein 
expression 

Affinity tag 
location 

pAcGP67A_TLR4 BamHI/NotI TLR4 27-631 
(Ectodomain) 

Ampicillin 
50 µg/mL 

none 

pAcGP67A_H6TLR4 BamHI/NotI His6-TLR4 27-631 
(Ectodomain) 

Ampicillin 
50 µg/mL 

N-terminal 
TEV cleavable 
His6 

pAcGP67A_MD2 EcoRI/SmaI MD2 Ampicillin 
50 µg/mL 

none 

pAcGP67A_H6MD2 EcoRI/SmaI His6-MD2 Ampicillin 
50 µg/mL 

N-terminal 
TEV cleavable 
His6 

pOPINE-3C-
eGFP_TLR4 

NcoI/PmeI TLR427-631 -3C-
eGFP-His6 

Ampicillin 
50 µg/mL 

C-terminal 3C 
cleavable GFP 
His6 construct 

pOPINE-3C-
eGFP_MD2 

NcoI/PmeI MD2-3C-eGFP-
His6 

Ampicillin 
50 µg/mL 

C-terminal 3C 
cleavable GFP 
His6 construct 

pOPINF_TLR4 KpnI/HindIII His6-TLR427-631 Ampicillin 
50 µg/mL 

N-terminal 
His6  

pOPINF_MD2 KpnI/HindIII His6-MD2 Ampicillin 
50 µg/mL 

N-terminal 
His6  
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Table 9.11 Additional plasmids used for this study 

Plasmid Protein produced Antibiotic Resistance 
and concentration 
used for protein 
expression 

Affinity tag location 

pETM11_LpxB LpxB Kanamycin 30 µg/mL N-terminal TEV 
cleavable His6 

pOPINF_LpxB LpxB Ampicillin 50 µg/mL N-terminal His6 
pOPINE_LpxB LpxB Ampicillin 50 µg/mL C-terminal His6 
pOPINE-3C-
eGFP_LpxB 

LpxB-3C-eGFP-His6 Ampicillin 50 µg/mL C-terminal 3C 
cleavable GFP His6 
construct 

pCMK527 sNMLptA Ampicillin 50 µg/mL C-terminal His6 
pCMK526 wtNMLptA Ampicillin 50 µg/mL C-terminal His6 
 

Figure 9.1 Vector maps showing all vectors used in this study 

pAcGP67-A 
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pOPINF 

 

pOPINE-3C-eGFP 
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pOPINE 

 
pETM11 
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pCMK527 

 

pCMK526 
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10 Appendix C: Bioinformatics Data for Chapter 3 

GlobPlot 

GlobPlot is a web service that allows the user to plot the tendency within the query 

protein for order/globularity and disorder113. 

 
Figure 10.1 GlobPlot prediction of protein disorder in LpxB 

Based on the output from the prediction made, LpxB is globular with only a very small 

region of disorder at the beginning of the sequence (seen in blue). 
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PSIPRED 

PSIPRED is a predictive program that uses pairwise localised alignment using PSI-

BLAST to predict secondary structure of proteins.  The program uses iterated profiles to 

enhance the sensitivity of the PSI-BLAST search112.  From the prediction PSIPRED 

predicts that LpxB contains 48.5% α-helices and 8.3% β-sheets.   

 
Figure 10.2 Amino acid sequence disorder prediction using PSIPRED for LpxB. 

 

 
Figure 10.3 Probability of disorder for LpxB based on PSIPRED predictions 

Like GlobPlot, this predictive method also indicates there is a high level of disorder at 

the N-terminal of the protein structure.
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K2D3 Online Programs for the prediction of the α-helix and β-sheet content from 

CD data 

K2D3 is an online program that can be used to predict the content of α-helicies and β-

sheets from a CD spectrum based on a data base of known structures116.  The program 

finds the most similar spectrum that it matches to the data that is input and uses this 

information to predict the secondary structure of the unknown data116.  From the data 

input, LpxB is predicted to have 23.11% α-helicies and 23.44% β-sheets. 

 

Figure 10.4 K2D3 Percentage prediction of α-helicies and β-sheets from CD data 
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Kyte-Doolittle Hydropathy Plot 

A hydropathy plot can give you an indication on the structure of the protein, whether it 

has transmembrane regions or is globular by using the specific scores associated with 

each amino acid side chain114.  Each amino acid is scored based on how hydrophobic or 

hydrophilic it is, and then information can be predicted based on the window size of 

amino acids taken for the prediction.  Surface regions of the protein are identified as 

peaks below the mid line shown in red.  A window size of 9 has been shown to be best 

for identification of these regions114.  Transmembrane regions of proteins generally span 

over distances of 18-20 hydrophobic amino acids, therefore the window size is adjusted 

to 19 and peak scores greater than 1.6 indicate the presence of transmembrane region114.  

Figure 10.4 indicates that with no peaks above a score of 1.6, there are no 

transmembrane regions present within the structure or the protein.  This does not mean 

however that the protein does not associate with the membrane or is peripheral.   

 

Figure 10.5 Hydropathy plot showing regions the presence or absence of predicted 
transmembrane regions.  Set parameters: Window size: 19 
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Figure 10.5 shows that most of the proteins regions are below the mid line, indicating 

that the protein is highly hydrophilic, which does not entirely agree with the globular 

predictions made by GlobPlot. 

 

Figure 10.6 Hydropathy plot showing negative hydropathy scores associated with 
protein hydrophobicity.  Set parameters: Window size: 9 
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11 Appendix D: Sequencing Results for Chapter 5 

TLR4_F 
TTTTTAGTATTCGCTACGCATGGGCGGCGGCGGCGCATTCTGCCTTTGCGGC|GGATCC|AGAGCCCTGCGTGGAGGTG
GTTCCTAATATTACTTATCAATGCATGGAGCTGAATTTCTACAAAATCCCCGACAACCTCCCCTTCTCAACCAA
GAACCTGGACCTGAGCTTTAATCCCCTGAGGCATTTAGGCAGCTATAGCTTCTTCAGTTTCCCAGAACTGCAG
GTGCTGGATTTATCCAGGTGTGAAATCCAGACAATTGAAGATGGGGCATATCAGAGCCTAAGCCACCTCTCTA
CCTTAATATTGACAGGAAACCCCATCCAGAGTTTAGCCCTGGGAGCCTTTTCTGGACTATCAAGTTTACAGAA
GCTGGTGGCTGTGGAGACAAATCTAGCATCTCTAGAGAACTTCCCCATTGGACATCTCAAAACTTTGAAAGAA
CTTAATGTGGCTCACAATCTTATCCAATCTTTCAAATTACCTGAGTATTTTTCTAATCTGACCAATCTAGAGCA
CTTGGACCTTTCCAGCAACAAGATTCAAAGTATTTATTGCACAGACTTGCGGGTTCTACATCAAATGCCCCTAC
TCAATCTCTCTTTAGACCTGTCCCTGAACCCTATGAACTTTATCCAACCAGGTGCATTTAAAGAAATTAGGCTT
CATAAGCTGACTTTAAGAAATAATTTTGATAGTTTAAATGTAATGAAAACTTGTATTCAAGGTCTGGCTGGTTT
AGAAGTCCATCGTTTGGTTCTGGGAGAATTTAGAAATGAAGGAAACTTGGAAAAGTTTGACAAATCTGCTCTA
GAGGGCCTGTGCAATTTGACCATTGAAGAATTCCGATTAGCATACTTAGACTACTACCTCGATGATATTATTGA
CTTATTTAATTGTTTGACAAATGTTTCTTCATTTTTCCCTGGTGAGTGTGACTATTGAAAGGGTAAAAGACTTTTCTT
ATAATTTCGGATGGCAACATTTAAAATAGTTAACTGTAAATTTGGACAGTTTCCCACAATTGAAAACTCAAATCTTCT
TCAAGCTTACTTTCCACTTTCAACCAATGGTGGGTAATGCCTTTTTTCAGACGTTGAATCTACCAAAGCCCTTGATTTC
TAGATTTCTCAATTAGAAATGGGCTTTGAGTTTCAAGATTGCTGATCTCAAGTGACTTGGGACAACAGCCTAAGTATT
TAGATTCGGAGCTTCATTGGTTCATTTACCCGGACGTCACATACTTTGACCTTAACCTCACTTACAGACAACTCTACG
CGACC 

TLR4_M 
TTGACAAATGTTTCTTCATTTTCCCTGGTGAGTGTGACTATTGAAAGGGTAAAAGACTTTTCTTATAATTTCGG
ATGGCAACATTTAGAATTAGTTAACTGTAAATTTGGACAGTTTCCCACATTGAAACTCAAATCTCTCAAAAGGC
TTACTTTCACTTCCAACAAAGGTGGGAATGCTTTTTCAGAAGTTGATCTACCAAGCCTTGAGTTTCTAGATCTC
AGTAGAAATGGCTTGAGTTTCAAAGGTTGCTGTTCTCAAAGTGATTTTGGGACAACCAGCCTAAAGTATTTAG
ATCTGAGCTTCAATGGTGTTATTACCATGAGTTCAAACTTCTTGGGCTTAGAACAACTAGAACATCTGGATTTC
CAGCATTCCAATTTGAAACAAATGAGTGAGTTTTCAGTATTCCTATCACTCAGAAACCTCATTTACCTTGACAT
TTCTCATACTCACACCAGAGTTGCTTTCAATGGCATCTTCAATGGCTTGTCCAGTCTCGAAGTCTTGAAAATGG
CTGGCAATTCTTTCCAGGAAAACTTCCTTCCAGATATCTTCACAGAGCTGAGAAACTTGACCTTCCTGGACCTC
TCTCAGTGTCAACTGGAGCAGTTGTCTCCAACAACATTTAACTCACTCTCCAGTCTTCAGGTACTAAATATGAG
CCACAACAACTTCTTTTCATTGGATACGTTTCCTTATAAGTGTCTGAACTCCCTCCAGGTTCTTGATTACAGTC
TCAATCACATAATGACTTCCAAAAAACAGGAACTACAGCATTTTCCAAGTAGTCCTAGCTTTTCTTAAATCTTACT
TCAGATGACTCTTGCCTGGTACTTGGTGACCACCCAAAGTTTTCCTGCCAATGGATCAAAGACCAAAGGCCAGCTCCT
TGCTGAAGATGACGAATGGAATGTGCAACCACATCGATAGACAGGGCATGCCTGTGCCTGAAGTTGAAACATCCACC
CGGTCGAAATGAATAAGGTGAACG 

TLR4_R 
GGGGGTGAGTTTTGGTTCTTGCCGGGTCCCAGGAAGGATCAGATCTGCA|GCGGCCGC|TCACTTATTCATCTGACA
GGTGATATTCAAACTCAGCACAGGCATGCCCTGCTTATCTGAAGGTGTTGCACATTCCATTCGTTCAACTTCCA
CCAAGAGCTGCCTCTGGTCCTTGATCCATTGCAGGAAACTCTGGTGTTCACAAGTACAAGCAAAGTCATTCTG
AGTAAGATTTAAGAAAGCTAGACTACTTGGAAAATGCTGTAGTTCCTGTTTTTTGGAAGTCATTATGTGATTGA
GACTGTAATCAAGAACCTGGAGGGAGTTCAGACACTTATAAGGAAACGTATCCAATGAAAAGAAGTTGTTGTG
GCTCATATTTAGTACCTGAAGACTGGAGAGTGAGTTAAATGTTGTTGGAGACAACTGCTCCAGTTGACACTGA
GAGAGGTCCAGGAAGGTCAAGTTTCTCAGCTCTGTGAAGATATCTGGAAGGAAGTTTTCCTGGAAAGAATTGC
CAGCCATTTTCAAGACTTCGAGACTGGACAAGCCATTGAAGATGCCATTGAAAGCAACTCTGGTGTGAGTATG
AGAAATGTCAAGGTAAATGAGGTTTCTGAGTGATAGGAATACTGAAAACTCACTCATTTGTTTCAAATTGGAAT
GCTGGAAATCCAGATGTTCTAGTTGTTCTAAGCCCAAGAAGTTTGAACTCATGGTAATAACACCATTGAAGCT
CAGATCTAAATACTTTAGGCTGGTTGTCCCAAAATCACTTTGAGAACAGCAACCTTTGAAACTCAAGCCATTTC
TACTGAGATCTAGAAACTCAAGGCTTGGTAGATCAACTTCTGAAAAAGCATTCCCACCTTTGTTGGAAGTGAA
AGTAAGCCTTTTGAGAGATTTGAGTTTCAATGTGGGAAACTGTCCAAATTTACAGTTAACTAATTCTAAATGTTGCCA
TCCGAAATTATAAGAAAAGTCTTTTACCCTTTCAATAGTCACACTCACCAGGGAAAATGAAGAAACATTTGTCAAAC
AATTAAATAAGTCATAATATCATCGAGGTAGTAGCTCTAAGTATGCTAATCGGATTCTTCATGGTCAAATTGCACAGG
CCCTTCTAGAGCAGATTGTCAACTTTTCCAGTTTCTCATTCTAAATCTCCAGATCAACGATGACTCCTAACAGCGAAC
CTTGAATCAGTTCATTACTAACTATCCAATTATTCTTAAAGTCAGCTTAGTGAGAAGCCTAAGTCT 

 

|Restriction enzyme site|, His6, Gene sequence, primer. 
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H6TLR4_F 
CTGCCTTGCAGTCGCTAAGCACGGAGCGGCGGCGGCGCATTCTGCCTTTGCGGC|GGATCC|ACATCACCATCACCATCAC
GAAAATCTTTATTTTCAAGGTGAGCCCTGCGTGGAGGTGGTTCCTAATATTACTTATCAATGCATGGAGCTGAATT
TCTACAAAATCCCCGACAACCTCCCCTTCTCAACCAAGAACCTGGACCTGAGCTTTAATCCCCTGAGGCATTTA
GGCAGCTATAGCTTCTTCAGTTTCCCAGAACTGCAGGTGCTGGATTTATCCAGGTGTGAAATCCAGACAATTG
AAGATGGGGCATATCAGAGCCTAAGCCACCTCTCTACCTTAATATTGACAGGAAACCCCATCCAGAGTTTAGC
CCTGGGAGCCTTTTCTGGACTATCAAGTTTACAGAAGCTGGTGGCTGTGGAGACAAATCTAGCATCTCTAGAG
AACTTCCCCATTGGACATCTCAAAACTTTGAAAGAACTTAATGTGGCTCACAATCTTATCCAATCTTTCAAATT
ACCTGAGTATTTTTCTAATCTGACCAATCTAGAGCACTTGGACCTTTCCAGCAACAAGATTCAAAGTATTTATT
GCACAGACTTGCGGGTTCTACATCAAATGCCCCTACTCAATCTCTCTTTAGACCTGTCCCTGAACCCTATGAAC
TTTATCCAACCAGGTGCATTTAAAGAAATTAGGCTTCATAAGCTGACTTTAAGAAATAATTTTGATAGTTTAAA
TGTAATGAAAACTTGTA 

 

H6TLR4_M 
TTCAAGGTCTGGCTGGTTTAGAAGTCCATCGTTTGGTTCTGGGAGAATTTAGAAATGAAGGAAACTTGGAAAA
GTTTGACAAATCTGCTCTAGAGGGCCTGTGCAATTTGACCATTGAAGAATTCCGATTAGCATACTTAGACTACT
ACCTCGATGATATTATTGACTTATTTAATTGTTTGACAAATGTTTCTTCATTTTCCCTGGTGAGTGTGACTATTG
AAAGGGTAAAAGACTTTTCTTATAATTTCGGATGGCAACATTTAGAATTAGTTAACTGTAAATTTGGACAGTTT
CCCACATTGAAACTCAAATCTCTCAAAAGGCTTACTTTCACTTCCAACAAAGGTGGGAATGCTTTTTCAGAAGT
TGATCTACCAAGCCTTGAGTTTCTAGATCTCAGTAGAAATGGCTTGAGTTTCAAAGGTTGCTGTTCTCAAAGTG
ATTTTGGGACAACCAGCCTAAAGTATTTAGATCTGAGCTTCAATGGTGTTATTACCATGAGTTCAAACTTCTTG
GGCTTAGAACAACTAGAACATCTGGATTTCCAGCATTCCAATTTGAAACAAATGAGTGAGTTTTCAGTATTCCT
ATCACTCAGAAACCTCATTTACCTTGACATTTCTCATACTCACACCAGAGTTGCTTTCAATGGCATCTTCAATG
GCTTGTCCAGTCTCGAAGTCTTGAAAATGGCTGGCAATTCTTTCCAGGAAAACTTCCTTCCAGATATCTTCACA
GAGCTGAGAAACTTGACCTTCCTGGACCTCTCTCAGTGTCAACTGGAGCAGTTGTCTCCAACAGCATTTAACT
CACTCTCCAGTCTTCAGGTACTAAATATGAGCCACAACAACTTCTTTTCATTGGATACGTTTCCTTATAAGTGT
CTGAACTCCCTCCAGGTTCTTGATTACAGTCTCAATCACATAATGACTTCCAAAAAACAGGAACTACAGCATTT
TCCAAGTAGTCTAGCTTTCTTAAATCTTACTCAGAATGACTTTGCTTGTACTTGTGAACACCAGA 

 

H6TLR4_R 
CCCAGTGAGTTTTGGTTCTTGCCGGGTCCCAGGAAGGATCAGATCTGCA|GCGGCCGC|TCACTTATTCATCTGACAGGT
GATATTCAAACTCAGCACAGGCATGCCCTGCTTATCTGAAGGTGTTGCACATTCCATTCGTTCAACTTCCACCAA
GAGCTGCCTCTGGTCCTTGATCCATTGCAGGAAACTCTGGTGTTCACAAGTACAAGCAAAGTCATTCTGAGTA
AGATTTAAGAAAGCTAGACTACTTGGAAAATGCTGTAGTTCCTGTTTTTTGGAAGTCATTATGTGATTGAGACT
GTAATCAAGAACCTGGAGGGAGTTCAGACACTTATAAGGAAACGTATCCAATGAAAAGAAGTTGTTGTGGCTC
ATATTTAGTACCTGAAGACTGGAGAGTGAGTTAAATGCTGTTGGAGACAACTGCTCCAGTTGACACTGAGAGA
GGTCCAGGAAGGTCAAGTTTCTCAGCTCTGTGAAGATATCTGGAAGGAAGTTTTCCTGGAAAGAATTGCCAGC
CATTTTCAAGACTTCGAGACTGGACAAGCCATTGAAGATGCCATTGAAAGCAACTCTGGTGTGAGTATGAGAA
ATGTCAAGGTAAATGAGGTTTCTGAGTGATAGGAATACTGAAAACTCACTCATTTGTTTCAAATTGGAATGCTG
GAAATCCAGATGTTCTAGTTGTTCTAAGCCCAAGAAGTTTGAACTCATGGTAATAACACCATTGAAGCTCAGAT
CTAAATACTTTAGGCTGGTTGTCCCAAAATCACTTTGAGAACAGCAACCTTTGAAACTCAAGCCATTTCTACTG
AGATCTAGAAACTCAAGGCTTGGTAGATCAACTTCTGAAAAAGCATTCCCACCTTTGTTGGAAGTGAAAGTAA
GCCTTTTGAGAGATTTGAGTTTCAATGTGGGAAACTGTCCAAATTTACAGTTAACTAATTCTAAATGTTGCCAT
CCGAAATTATAAGAAAAGTCTTTTACCCTTTCATAGTCACACTCACCAGGGAAAATGAAGAAACATTTGTCAAACAA
TTAAATAAGTCAATAATATAATCGAGGTAGTAGGTCTAAGTATGCTAATCGGAAATTCTTCATGGTCAATTGCCACCA
GGCCCTCTAGAGCGAATTTGTCAAACTTTTTCCAGCTTCATCATTCTAATTCTCTCGAGAACCAAGCGATGGACCTTCT
ATCCAGCAGAACTGGAATTACAGATTTTCATTACATTTATACTTATC 

 

|Restriction enzyme site|, His6, Gene sequence, primer. 
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MD2_F 
TCTGCTACTGTCTGTCGGCGGCGGCGGCGCATTCTGCCTTTGCGGCGGATCCC|*CCGGG|CAGAAGCAGTATTGGGTCT
GCAACTCATCCGATGCAAGTATTTCATACACCTACTGTGATAAAATGCAATACCCAATTTCAATTAATGTTAACC
CCTGTATAGAATTGAAAGGATCCAAAGGATTATTGCACATTTTCTACATTCCAAGGAGAGATTTAAAGCAATTA
TATTTCAATCTCTATATAACTGTCAACACCATGAATCTTCCAAAGCGCAAAGAAGTTATTTGCCGAGGATCTGA
TGACGATTACTCTTTTTGCAGAGCTCTGAAGGGAGAGACTGTGAATACAACAATATCATTCTCCTTCAAGGGA
ATAAAATTTTCTAAGGGAAAATACAAATGTGTTGTTGAAGCTATTTCTGGGAGCCCAGAAGAAATGCTCTTTTG
CTTGGAGTTTGTCATCCTACACCAACCTAATTCAAATTGA|GAATTC|GGGTACCTTCTAGAATTCCGGAGCGGCCGCTG
CAGATCTGATCCTTTCCTGGGACCCGGCAAGAACCAAAAACTCACTCTCTTCAAGGAAATCCGTAATGTTAAACCCG
ACACGATGAAGCTTGTCGTTGGATGGAAAGGAAAAGAGTTCTACAGGGAAACTTGGACCCGCTTCATGGAAGACA 

*The sequencing data is clean, and convincingly indicates the missing C base where starred.  Cannot use for sequencing since the 
sequence will be out of frame. 

MD2_R 
GCCGTGAGTTTTGGTTCTTGCCGGGTCCAGGAAGGATCAGATCTGCAGCGGCCGCTCCGGAATTCTAGAAGGTACCC|
GAATTC|TCAATTTGAATTAGGTTGGTGTAGGATGACAAACTCCAAGCAAAAGAGCATTTCTTCTGGGCTCCCAGAAA
TAGCTTCAACAACACATTTGTATTTTCCCTTAGAAAATTTTATTCCCTTGAAGGAGAATGATATTGTTGTATTCA
CAGTCTCTCCCTTCAGAGCTCTGCAAAAAGAGTAATCGTCATCAGATCCTCGGCAAATAACTTCTTTGCGCTTT
GGAAGATTCATGGTGTTGACAGTTATATAGAGATTGAAATATAATTGCTTTAAATCTCTCCTTGGAATGTAGAA
AATGTGCAATAATCCTTTGGATCCTTTCAATTCTATACAGGGGTTAACATTAATTGAAATTGGGTATTGCATTT
TATCACAGTAGGTGTATGAAATACTTGCATCGGATGAGTTGCAGACCCAATACTGCTTCTG|CCCGGG|GGATCCGC
CGCAAAGGCAGAATGCGCCGCCGCCGCCAAAAGCACATATAAAACAATAGCGCTTACCATCTTGCTTGTGTGTTCCT
TATTGAAGCCTTGGTGTGACTGATTTACTAGTAGCATAGATCCGCGCCCGATGGTGGGACGGTATGAATAATCCGGA
ATATTTATAGGTTTTTTTATTACAAAACTGTTACGAAAACAGTAAAATACTTATTTATTTGCGAGATGGTTATCATTTT
AATTATCTCCATGATATCAGCAACTATATATTGATAGACATTTCCAGTTTGTGATATTAGTTTGTGCGTCTCATTACAA
TGGCTGTTATTTTTAACAACAAACAACTGCTCGCAGACAATAGTATAGAAAAGGGAGGTGAACTGTTTTTGTTTAACG
GTTCGTACACATTTTGGAAAGTTATGTTAATCCGGTGCTGCTAAAAATGGTTGTAATTGAACTAGAAGAAGCTGCGTA
CTATGCCGGCCACATATTGTACAAAACCGACGATCGCAAATTCATTGATTATATAATTTAATAATTAAAGCACACACT
CCGAAGACTACCAGAAATAGCACTGTTGTAAATTACAGAAACTATGCCGCAGCGGTACTATACACCCCATAAAAGGA
CATATATATTTTATGGACAACAAAAACTTTACTCTTATACGATGGATACATATACTGAAATCCGATATACTATGGTTA
ATTTTATGAGGCACAGGCACGGACAGGATATCACCAGTAACAGACACGA 

H6MD2_F 
ATTAGTAGCCCTCGCTGCAGTCTTGTGGCGGCGGCGGCGCATTCTGCCTTTGCGGCGGATCCC|CCCGGG|CATCACCATCA
CCATCACGAAAATCTTTATTTTCAAGGTCAGAAGCAGTATTGGGTCTGCAACTCATCCGATGCAAGTATTTCATACACCT
ACTGTGATAAAATGCAATACCCAATTTCAATTAATGTTAACCCCTGTATAGAATTGAAAGGATCCAAAGGATTA
TTGCACATTTTCTACATTCCAAGGAGAGATTTAAAGCAATTATATTTCAATCTCTATATAACTGTCAACACCAT
GAATCTTCCAAAGCGCAAAGAAGTTATTTGCCGAGGATCTGATGACGATTACTCTTTTTGCAGAGCTCTGAAG
GGAGAGACTGTGAATACAACAATATCATTCTCCTTCAAGGGAATAAAATTTTCTAAGGGAAAATACAAATGTG
TTGTTGAAGCTATTTCTGGGAGCCCAGAAGAAATGCTCTTTTGCTTGGAGTTTGTCATCCTACACCAACCTAATTCA
AATTGA|GAATTC|CGGAGCGGCCGCTGCAGATCTGATCCTTTCCTGGGACCCGGCAAGAACCAAAAACTCACTCTCTT
CAAGGAAATCCGTAATGTTAAACCCGACACGATGAAGCTTGTCGTTGGATGGAAAGGAAAAGAGTTCTACAGGGAA
ACTTGGACCCGCTTCATGGAAGACAGCTTCCCCATTGTTAACGACCAAGAAGTGATGGATGTTTTCCTTGTTGTCAAC
ATGCGTCCCACTAGACCCAACCGTTGTTACAAATTCCTGGCCCAACACGCTCTGCGTTGCGACCCCGACTATGTACCT
CATGACGTGATTAGGATCGTCGAGCCTTCATGGGTGGGCAGCAACAACGAGTACCGCATCAGCCTGGCTAAGAAGGG
CGGCGGCTGCCCAATAATGAACCTTCACTCTGAGTACACCAACTCGTTCGAACAGTTCATCGATCGTGTCATCTGGGA
GAACTTCTACAAGCCCATCGTTTACATCGGTACCGACTCTTGCTGAAGAGGAGGAAATTCTCCTTGAAGTTTCCCTGG
TGTTCAAAGTAAAGAAGTTTGCACCAGACCGCACCCTCTGTTTCACCTGGTCCGCGGTATTAAAAACACGAATACATT
GTTAATTAGTACATTTATTCAGGCGGCTAGGATTCTGGTGCGTGTTGGATTACAGACCAATCTGCTTGTAACGTTATTT
TAAATAGTTCCATGAATTTAGATTCGTTAAGGTGTGCATGTTAAGAAGGCGAAATCCAACGTAATTTTTACGGCGCCG
CCTCTTACTA 

H6MD2_R 
CTCAGTGAGTTTTGGTTCTTGCCGGGTCCAGGAAGGATCAGATCTGCAGCGGCCGCTCCG|GAATTC|TCAATTTGAATT
AGGTTGGTGTAGGATGACAAACTCCAAGCAAAAGAGCATTTCTTCTGGGCTCCCAGAAATAGCTTCAACAACACA
TTTGTATTTTCCCTTAGAAAATTTTATTCCCTTGAAGGAGAATGATATTGTTGTATTCACAGTCTCTCCCTTCAG
AGCTCTGCAAAAAGAGTAATCGTCATCAGATCCTCGGCAAATAACTTCTTTGCGCTTTGGAAGATTCATGGTG
TTGACAGTTATATAGAGATTGAAATATAATTGCTTTAAATCTCTCCTTGGAATGTAGAAAATGTGCAATAATCC
TTTGGATCCTTTCAATTCTATACAGGGGTTAACATTAATTGAAATTGGGTATTGCATTTTATCACAGTAGGTGT
ATGAAATACTTGCATCGGATGAGTTGCAGACCCAATACTGCTTCTGACCTTGAAAATAAAGATTTTCGTGATGGTGA
TGGTGATG|CCCGGG|GGGATCCGCCGCAAAGGCAGAATGCGCCGCCGCCGCCAAAAGCACATATAAAACAATAGC
GCTTACCATCTTGCTTGTGTGTTCCTTATTGAAGCCTTGGTGTGACTGATTTACTAGTAGCATAGATCCGCGCCCGATG
GTGGGACGGTATGAATAATCCGGAATATTTATAGGTTTTTTTATTACAAAACTGTTACGAAAACAGTAAAATACTTAT
TTATTTGCGAGATGGTTATCATTTTAATTATCTCCATGATATCAGCAACTATATATTGATAGACATTTCCAGTTTGTGA
TATTAGTTTGTGCGTCTCATTACAATGGCTGTTATTTTTAACAACAAACAACTGCTCGCAGACAATAGTATAGAAAAG
GGAGGTGAACTGTTTTTGTTTAACGGTTCGTACAACATTTTGGAAAGTTATGTTAATCCGGTGCTGCTAAAAAATGGT
GTAATTGAACTACGAAGAAGCTGCGTACTATGCCCGGCAACATATTGTACAAAACCGACGATCCCAAATTTCATTGA
TTATATAAATTTAATAATTTAAGCAACACACTTCGAGACTACCAGAAAATAGCACTGTTGTAATTACAGAAAACTTAT
GCGCAGCGTACTATACACCCATAGAGGACTTATAATTTTATGACACAAAACTACTCTATACGAATGATACTTAATTGG
CATATCGAATTAATTAACCCTATGT 

 

 


