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ABSTRACT 

 

Coxiella burnetii, the causative agent of Q fever, is a versatile, highly infectious 

select agent. Due to the immunogenic nature of its LPS-linked O-antigen, and 

this conveying the main determinant of virulence, a synthetic biology approach 

is being applied to study this molecule, with a view towards glycoconjugate 

vaccine design. 

This thesis presents a dual approach to study of the C. burnetii O-antigen: direct 

characterisation of O-antigen biosynthetic enzymes, and the design of a phenol-

free method by which to extract LPS material. For the former, studies focussed 

on characterisation of CBU_1838 as a dTDP-sugar isomerase proposed to be 

involved in the biosynthesis of DHHS, an O-antigen component, and a sugar 

unique to Coxiella. Characterisation through spectrophotometric assays, 

analysis of solvent exchange, and structural studies were run in parallel with 

another uncharacterised dTDP-sugar isomerase, StrM from Streptomyces 

griseus. From both kinetic assays coupled to the E. coli rhamnose-biosynthetic 

enzymes, and studies of solvent exchange, it is shown here that both of these 

query dTDP-sugar isomerases catalyse double-epimerisation of dTDP-4-keto-6-

deoxy-glucose at positions 3″ and 5″. Additionally, structural studies of 

CBU_1838 revealed a single amino acid difference in the active site, compared 

to a panel of reference dTDP-sugar isomerases. From analysis of dTDP 

binding, and the docking of substrate-analogs, it is clear that this single residue 

could allow stabilisation of the hypothesised true substrate of CBU_1838, 

dTDP-4-keto-6-hydroxy-glucose.  

Surreptitiously, preparative experiments for studies of dTDP-sugar isomerase-

catalysed solvent exchange led to a novel discovery about the dTDP-glucose 

4,6-dehydratase, RmlB: whilst the overall reaction is irreversible, enzyme-

mediated solvent exchange at position C5″ occurs when EcRmlB is incubated 

with its product, dTDP-4-keto-6-deoxy-glucose.  

The second approach taken to O-antigen studies, a novel method for LPS 

extraction, unfortunately did not yield tangible results. However, methods for 

growth of the Nine Mile II strain of C. burnetii were optimised, and areas for 

extraction improvement have been highlighted.  
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1 INTRODUCTION 

1.1 COXIELLA BURNETII, THE CAUSATIVE AGENT OF Q 

FEVER 

1.1.1 Discovery and relevance to public health 

Coxiella burnetii was first discovered as an unidentified agent causing disease 

in abattoir workers in Queensland, Australia across 1933-19359. The febrile 

‘abattoir fever’ became known as ‘Q’, or query fever, due to the unusual 

features of the unidentified viral/Rickettsia-like causative agent. Around the 

same time, in Montana, USA, a Rickettsia-like tick-borne infective agent was 

isolated by Herald Cox, and deemed immunologically identical to the causative 

agent of the Australian Q fever. The work on isolating the agent of Q fever in 

Australia was carried out by Frank Burnet10. When it was discovered that this 

Rickettsia-like agent was indeed a new species of bacteria, an amalgamation of 

the names Cox and Burnet led to the nomenclature ‘Coxiella burnetii’11. The 

fascinating story of the discovery of Q fever, and how the enigmatic causative 

agent intrigued and baffled researchers, is elegantly recounted by Hirschmann 

in his 2019 review11. 

As the symptoms of Coxiella burnetii infection often present as an 

undifferentiated febrile illness, the causative agent of which appears culture-

negative, through history Q fever has hidden amongst records of 

undifferentiated febrile illnesses. Initially the Queensland ‘abattoir fever’ was 

hidden among the ‘Queensland fevers’12, and more recently, efforts to identify 

illnesses faced by military troops have identified Q fever as the ‘Balkan grippe’ 

faced by German troops in the Balkans in 194113, and also as one of the 

‘Helmand fevers’ facing military troops in Afghanistan from 200114. However, an 

outbreak of zoonotic disease in the Netherlands between 2007-2010 brought Q 

fever into the headlines as a serious pathogen4. The culling of 50,000 dairy 

goats, combined with over 4,000 confirmed human infections and 74 fatalities 

directly linked to Q fever sparked political awareness and updated vaccination 

strategies15-18.  
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The ease of transmission, low infectious dose, and environmental stability of C. 

burnetii furthermore bring relevance to increasing the knowledge-base of this 

this pathogen due to concern over weaponisation19-21. 

1.1.2 Bacterial transmission and Q fever as a disease 

C. burnetii is an intriguing pathogen: its difficulty to culture and its sub-micron 

size (0.4-1.2 µm by 0.2-0.4 µm)12 originally led to description as a viral agent, 

before being confirmed as a Gram-negative bacterium9,10. While an obligate 

intracellular pathogen, C. burnetii has the ability to adopt a spore-like state 

when outside a host cell22. Bacteria can then remain viable, and retain virulence 

even after years of exposure to an extracellular environment23. Furthermore, C. 

burnetii is a highly versatile pathogen, and is promiscuous in the hosts it infects. 

While known mainly as a disease of small ruminants (e.g. sheep, cows and 

goats), across the globe C. burnetii has been found to infect many wild and 

domestic mammals across diverse climates, including polar bears and northern 

fur seals24-26. In ruminants especially, C. burnetii is linked to malaise in 

pregnancy, colonisation of placenta, and miscarriage. Where pregnancies of 

infected ruminants do come to term, infected animals have been shown to shed 

C. burnetii cells into the environment during the birth process27.  

In humans, Q fever is most often transmitted through inhalation of aerosolised 

bacteria. As C. burnetii does not solely colonise the lungs, there is a 

transmission risk from ingestion of bacteria, sexual transmission, and even from 

surgical implantation of contaminated prosthetics28-30. As few as 1-10 bacteria 

are enough to cause disease through inhalation, therefore humans at highest 

risk of infection are those with occupational roles involving contact with infected 

animals31. This is most often farmers, vets and abattoir workers, and sometimes 

researchers. Additionally, C. burnetii exposure has been reported for medical 

professionals aiding in surgical operations11,30. As viable bacteria can be shed 

in ruminant milk, raw milk and raw-milk products can also pose a risk for 

transmission to humans32. Furthermore, ingestion of C. burnetii poses a risk for 

disease transmission not only from traditional meats, but also from alternative 

food sources (e.g. edible insects33).  

The incubation period for human disease is most often 2-3 weeks34, after which 

acute Q fever presents as a severe flu-like febrile disease, with high fever, 
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headaches and chest pains35,36. While it is estimated that ~ 60% of exposure 

events are asymptomatic, persistent focalised infections can result in the 

delayed onset of life-threatening disease. C. burnetii can colonise heart tissue 

and valves, leading to valve lesions/abnormalities (in 2% of persistent focalised 

infections)37-39. After the development of such valve lesions/abnormalities, 30-

60% of cases lead to endocarditis within two years37.  

The review paper ‘Zoonoses under our noses’4 (Chapter 2) further discusses 

risk factors for disease transmission, epidemiology, and “One Health” 

approaches to combatting Q fever. However, while raising awareness of C. 

burnetii as a globally endemic pathogen and demonstrating quick responses to 

infection can significantly reduce health burdens, currently the key component 

to Q fever control is missing: an effective, safe and reliable vaccine.  

1.1.3 Pathogenesis of C. burnetii infection 

C. burnetii cells exhibit a biphasic lifecycle. They transition between a spore-

like, metabolically inactive state, known as the small-cell variant (SCV), and a 

metabolically active large-cell variant (LCV)40,41. The SCV state conveys the 

extreme environmental stability displayed by C. burnetii cells when outside a 

host. Upon inhalation of contaminated aerosols, these metabolically inactive 

bacteria enter the lungs, where resident alveolar macrophages become the 

primary targets for infection. Within five minutes after internalisation, SCV C. 

burnetii begin establishing a unique replicative niche in a parasitophorous 

vacuole (PV)40. During the first two hours of maturation the morphological 

transition to a predominantly LCV population occurs40.  

A key role of tissue-resident macrophages is to recognise external pathogens 

and initiate an immune response through pro-inflammatory cytokine release and 

activation of microbicidal activity42. They internalise these external pathogens 

through phagocytosis43. The endocytic vesicles acidify, and mature to 

phagolysosomes upon fusion with other vesicles that deliver antimicrobial 

peptides and hydrolytic enzymes44,45. Generally these neutralise the threat: in a 

worst-case scenario macrophages initiate apoptotic/autophagic protocols, 

destroying the pathogen in the process. While this should in theory provide 

protection from external pathogens, obligate intracellular pathogens often hijack 

this process. They initially subvert mechanisms for phagosomal acidification, 
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and later inhibit apoptosis and inflammation initiation to establish their 

replicative niche and avoid host immune stimulation46. C. burnetii hijacks 

mammalian host cells in a manner unique among all known bacterial 

pathogens. Initial acidification events are merely paused, rather than blocked, 

before active recruitment of host organelles from the usual programme to 

destroy internal threats40. This species modulates the phagolysosome to such 

an extent that the PV environment is thought to be indistinguishable from a 

secondary lysosome, with the strikingly low lumen pH of 4.547. Indeed, it is 

acidification of the phagosomal compartment that triggers C. burnetii to activate 

its secretion system. This system translocates so-called ‘effector’ proteins 

across the bacterial membrane. C. burnetii uses a Dot/Icm (‘defect in organelle 

trafficking genes/intracellular multiplication’) type 4 secretion system 

(T4SS)47,48. The C. burnetii Dot/Icm effectors then manipulate the host cell at 

multiple levels. Key effects on the host are transcription modulation, exploitation 

of host machinery for apoptosis, autophagy and vesicular trafficking machinery, 

and promotion of vesicle-fusion with the membranes of Coxiella-containing 

vesicles (CCVs)49,50. Furthermore, innate immune signalling pathways are 

interrupted51, and inflammasome activation is prevented52. It has also been 

demonstrated that host cell mechanisms for autophagy do not combat C. 

burnetii infection, but rather are critical to PV establishment and C. burnetii 

replication53. 

The exploitation of autophagy starts at the stage of cell entry. C. burnetii enter 

professional phagocytes, such as alveolar macrophages, through a passive, 

actin-dependent mechanism54. C. burnetii triggers passive cell entry through the 

αvβ3 integrin54, a protein usually involved in phagocytosis of apoptotic cells55. It 

is also possible for C. burnetii to enter non-phagocytic cells through an active 

zipper mechanism56, facilitated by C. burnetii Outer Membrane Protein A 

(OmpA)57. This has been observed for both epithelial and endothelial cell 

infection 58.  

Once internalised, CCVs mature passively through fusion with early and late 

endosomes, lysosomes and autophagosomes. PV formation occurs from the 

most mature CCV within 6-24 hours after internalisation (Figure 1.1). 

Approximately 8 hours post-infection, acidification triggers SCV to LCV 

differentiation and secretion of Dot/Icm effectors48,59. Then, a mixture of C. 
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burnetii effectors and recruited host proteins signal for homotypic fusion of 

further CCVs within a cell to fuse with the PV. These also signal for recruitment 

of specialist host vesicles to bring the required lipid bilayer components for 

vacuole expansion. As such, the PV then grows and expands, and can 

eventually dominate the cytoplasmic space of the host cell. An LCV-SCV 

transition occurs late in infection, such that both morphological forms of C. 

burnetii are maintained within the PV. This protects the organism in the case 

that cell lysis causes environmental exposure 60. A further example of proactive 

preparation for bacterial dissemination is the moderation of the caspase-11 

mediated pyroptotic inflammatory cell death pathway, through ‘inhibition of 

caspase activation protein’ A (IcaA, CBU_1823)52. IcaA is indeed the first 

discovered bacterial effector for pyroptotic interference, and the authors note a 

reversible role in regulation could aid in escape of C. burnetii at stages of late 

infection. 
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Figure 1.1 Development of the replicative niche of C. burnetii.  

Metabolically inactive SCV C. burnetii enter primary immune cells in a passive 

manner, aided by LPS binding to TLR4 to induce membrane-ruffling. 

Phagocytosis proceeds via interactions with αvβ3 integrin on the target cell 

membrane (e.g. alveolar macrophage). CCVs mature through fusion with 

lysosomes, autophagosomes and late endosomes, resulting in the formation of 

a large PV. Incremental acidification events lead to the activation of SCV cells, 

catalysing a morphological transition into the LCV state where Dot/Icm systems 

become active. Effectors of this T4SS then act to subvert immune detection, 

hijack host vesicle trafficking pathways and promote fusion events between the 

PV and further CCVs. Figure generated with Inkscape v0.91. 
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Many of the identified C. burnetii effector proteins are involved in PV biogenesis 

through recruitment of host vesicles from various endosomal pathways. The first 

vesicular trafficking effector to be identified was revealed in 201361. C. burnetii 

vacuolar protein A (CvpA) interacts with host adaptor-related protein complex 2 

(AP2) and clathrin (heavy chain)61. Depletion of either of these two host factors 

was shown to significantly inhibit C. burnetii replication, revealing the 

importance of clathrin-coated vesicle trafficking to PV biogenesis, growth and 

maintenance61. The second effector to be identified, CvpB (also referred to as 

Cig2), also plays a key role in CCV and PV biogenesis through interactions with 

phosphatidylinositol 3-phosphate (PI(3)P) and phosphatidylserine (PS)62. CvpB 

has been shown to localise both at host early endosomes and also at CCVs. It 

catalyses PI(3)P enrichment in endosomes and facilitates fusion of these 

membrane, protein, and lipid-rich compartments with maturing CCVs62. The 

most recent effector to be identified, CvpF, has also been shown to localise to 

both vesicles with autolysosomal features as well as CCVs. It manipulates 

endosomal trafficking and autophagy mechanisms for PV biogenesis63. 

Cholesterol has also been identified as an important component of the PV. 

However, the specific mechanisms by which this is enriched and why it is 

required remain to be determined64. 

Until recently PV biogenesis has been poorly defined, largely due to the 

difficulties with C. burnetii growth and genetic manipulation. The study of C. 

burnetii pathogenesis has been aided notably by use of transposon mutant 

libraries62. Legionella pneumophila has been used as a surrogate host for 

suspected Cox T4BSS substrates52,56,65-71 (as L. pneumophila and cox share a 

homologous Dot/Icm T4SS72). The use of models for infection, notably the SCID 

mouse model73 and Galleria mellonella62 has also facilitated study of C. burnetii. 

The first C. burnetii effector proteins were identified in 200874; within eight years 

this rose to an estimated 143 effector candidates 75. 
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1.2 BACTERIAL LIPOPOLYSACCHARIDES AND O-

ANTIGENS, SPECIFICALLY THAT OF C. BURNETII  

1.2.1 A note on terminology 

In 1956, Stoker and Fiset were the first to observe a phenomenon in C. burnetii 

that they termed ‘phase variation’76. However, in the case of C. burnetii, the 

correct terminology for what they observed is in fact a smooth-to-rough 

lipopolysaccharide (LPS) transition caused by the loss of one or more sections 

of the genomic DNA. Bacterial LPSs are known to come in two forms: ‘smooth’ 

LPS contains an O-antigen, and ‘rough’ LPS lacks this polymorphic, highly 

variable set of polysaccharide repeats77. This terminology comes from the 

appearance of bacterial colonies on agar plates78. For many Gram-negative 

bacteria, extracellular LPS molecules are employed not only to aid host cell-

entry, but as defence against innate immune responses, and are estimated to 

represent 75% of the total bacterial surface79. As such, LPS is highly energy-

costly for bacteria to maintain. When in an immuno-deficient, or immuno-

compromised host, there is no selection pressure to maintain the DNA for non-

essential, energy-costly antigenic polysaccharide and polypeptide biosynthetic 

proteins77,80.  

Classical phase variation is indeed similar to LPS smooth-to-rough mutations, in 

so much as energy is conserved when organisms are axenic (outside of a host 

cell) and immune evasion strategies are not required for survival. However, 

unlike smooth-to-rough mutations, phase variation is a reversible process. C. 

burnetii does indeed exhibit phase variation through SCV-LCV transitions, as 

discussed in Section 1.1.3, however, this was not the phenomenon observed 

by Stoker and Fiset. It was even highlighted that the aforementioned ‘phase 

variation’ phenomenon in C. burnetii was similar to that of the well-characterised 

smooth-to-rough mutations found in Enterobacteriaceae81. Nevertheless, phase 

variation terminology has stuck in the literature when describing the loss of DNA 

from C. burnetii isolates after serial passaging. Therefore, this terminology will 

be used throughout this thesis, in order to maintain consistency with published 

literature. 
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The most widely used strain for C. burnetii research is known as the Nine Mile 

strain, isolated from a Montana tick, near Nine Mile Creek11. It was with this 

strain that Stoker and Fiset first observed phase variation on serial passaging76, 

leading to the designation of the low-passage-number isolate as Nine Mile 

phase I (NMI) and the high-passage mutant as Nine Mile phase II (NMII). Whole 

genome sequencing of clonal NMII in 2003 revealed a 26 kbp chromosomal 

deletion compared to NMI72. It is also important to note the link between phase 

variation and virulence (discussed further in Section 1.3.1): phase I C. burnetii 

remain virulent, whereas after serial passaging, phase II mutants are avirulent76. 

1.2.2 Coxiella LPS and O-antigen composition 

Lipopolysaccharide (LPS), and LPS moieties are a key component of the outer 

membranes of Gram-negative bacteria. They contribute to physical composition 

of outer membranes, and support virulence and immune evasion79. LPS 

molecules are arranged into three distinct domains, attached to Lipid A 

molecules anchored within the membrane. The three LPS domains are: the 

inner core, outer core and O-antigen (Figure 1.2). The membrane-distal O-

antigen region shows the greatest variation between and within species. This 

provides bacteria with the species specific and strain specific surface variability 

needed to subvert host immune mechanisms82. More specifically, a complete, 

full-length O-antigen is required for both immune evasion and the ability to infect 

new host cells76,83-89. 

The LPS of C. burnetii differs from the standard form of enterobacterial LPS by 

two main features. It firstly has a non-canonical Lipid A structure, and secondly 

its O-antigen contains two rare monosaccharides: virenose (Vir, 6-deoxy-3-C-

methyl-gulose) and dihydrohydroxystreptose (DHHS, 3-C-(hydroxymethyl)-L-

lyxose; Figure 1.2)90.  
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Figure 1.2 Proposed sugar arrangement for phase I C. burnetii LPS.  

The inner core region with repeats of mannose (Man), 3-deoxy-D-manno-

octulosonic acid (Kdo) and heptose (Hep), is common across Gram-negative 

bacteria. The outer core consists of variable repeating units of Man and Hep. 

Following this, most distal to the bacterial cell wall is the O-antigen region. This 

is species-specific and contains rare sugars in most bacteria. For C. burnetii 

these are dihydrohydroxystreptose (DHHS; blue) virenose (Vir; pink). Figure 

made using Microsoft PowerPoint 2013, adapted from ‘Coxiella burnetii: Recent 

Advances and New Perspectives in Research of the Q Fever Bacterium’91. 

 

1.2.2.1 C. burnetii Lipid A 

Early studies in the 1980s concluded that structural similarity was shared 

between the Lipid A molecules of both Salmonella and C. burnetii due to 

identical activation in a Limulus test for endotoxicity92. However, it has now 

been determined that there are significant structural differences between the 

Lipid A of C. burnetii (conserved across strains93) and the typical Lipid A for 

enterobacteria93-96. After more careful consideration of the structural 

requirements for clotting-cascade activation, Limulus test results have been 

deemed irrelevant to the toxicity of endotoxin preparations95. Lipid A from all 

studied C. burnetii strains exhibits low endotoxicity compared to the classical 

enterobacterial Lipid A which is highly endotoxic93-96. These results have been 

rationalised as being a consequence of the fine structure of the C. burnetii LPS. 

Although it does show immunomodulatory activity, the angle between the D-

glucosamine disaccharide ring plane and the membrane plane is substantially 

lower than the 45° angle for the highly endotoxic Lipid A from E. coli. The C. 

burnetii Lipid A also has a lower packing density95. Studies on the Lipid A from 
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Crazy (RSA 514), Priscilla (MSU Goat Q177), Henzerling (RSA 331) and S 

(Q217) strains of C. burnetii have been published93-95, with further verification 

needed for the Lipid A from CbNMII80.   

1.2.2.2 Virenose and DHHS 

Amano and Williams first identified the unusual 3-C-methyl-6-deoxy-hexose 

(virenose) in CbNMI LPS in 198481. Later, in 1998, Toman et al. performed 

NMR analysis on Vir and DHHS isolated from phase I bacteria97. From this it 

was clear that these sugars are very unusual; DHHS seems to be unique to C. 

burnetii, however, it appears that two other bacteria produce virenose: 

Streptomyces albaduncus 98 and Bacillus cereus, where virenose is referred to 

as cereose99. Despite this, Vir is considered a biomarker for virulent C. 

burnetii100. Figure 1.3 depicts the structures of DHHS and Vir.  

   

 

Figure 1.3 Monosaccharide structures of DHHS and Vir.  

DHHS is shown with a deoxy-thymidine dinucleotide phosphate linkage (dTDP), 

and Vir with an undetermined nucleotide phosphate linkage (NDP). Chemical 

structures drawn using BIOVIA Draw v16.1. 

 

Nucleotide-activated monosaccharides such as GDP-mannose, UDP-glucose or 

even CDP- or dTDP-linked hexose sugars provide the starting point for the 

biosynthesis of many plant, animal and bacterial unusual sugars101. Nucleotide 

linkages aid in metabolic trafficking and provide activation for the assembly of 

monosaccharides into polysaccharide chains by glycosyltransferases. The 

enzymes involved in sugar manipulation for LPS-biosynthetic pathways are 



 Introduction 

   39 
 

usually highly specific for a particular nucleotide linkage to monosaccharide 

substrates. The most likely nucleotide link for DHHS is thymidine. It is proposed 

that a thymidine linkage to DHHS is more likely than a CDP or GDP linkage due 

to proposed paralogy with the biosynthetic pathways of structurally similar 

sugars (see Section 1.4.3 ). The nucleotide carrier for virenose biosynthesis 

has not been confirmed, with both GDP- and TDP-linked routes proposed102,103.  

The biosynthetic pathways for the rare sugars in phase I C. burnetii O-antigen 

have not been fully characterised yet. However, predictions for biosynthetic 

routes have been made from bioinformatic analysis and proteomic searches, 

and paralogy to well-characterised pathways97,102-104. Such predictions have 

been made for Vir biosynthesis, albeit with slight contention over conformational 

aspects; Toman et al. propose a D-gulo enantiomer with the 4C1 ring 

conformation97, however, Schramek et al. report a conflicting L-form with 1C4 

conformation104a. However, there is little published material on the route to 

DHHS biosynthesis. These are discussed in detail in Section 1.4.  

There is slight variation in the O-antigen composition across strains of C. 

burnetii, with links to differences in virulence66,105. NMI, Henzerling and S strains 

all retain Vir and DHHS94,106. In contrast, the Crazy strain retains DHHS, but 

does not contain Vir66,93, and NMII lacks not only an O-antigen region containing 

Vir and DHHS, but also the outer-core107. This places Vir as arguably the more 

immunologically relevant monosaccharide, despite both rare monosaccharides 

evidenced to be immunologically relevant in Q fever, and the main determinants 

of strain virulence106. 

1.3 COMBATTING COXIELLA 

1.3.1 Virulence and phase variation in C. burnetii 

It is agreed in the field that LPS is the main determinant of virulence in C. 

burnetii. The link between LPS and virulence was observed initially by Amano 

and Williams reporting morphological changes in the LPS of phase II C. burnetii 

in the 1980s81,108, almost 30 years after Stoker and Fiset first observed C. 

                                            
a These analyses were performed on virenose isolated from phase I strains of C. burnetii with 
different isolation/treatment methods, which in themselves could alter the chemistry of the 
sugar. 



Introduction 

40 
 

burnetii ‘phase variation’ in 195676. Since then, the 2003 whole-genome 

sequencing data from the two Nine Mile strains (CbNMI and CbNMII)72 revealed 

that many of the twenty genes within the 26 kbp chromosomal deletion are 

carbohydrate-acting-enzymes, and assumed to be required for O-antigen 

biosynthesis73,109,110. 

The correlation between virulence and LPS morphology of C. burnetii is 

apparent across strains105,106,111. Only genomic group I strains which express 

LPS containing a complete O-antigen cause the most severe disease105.While 

the link between full-length LPS and virulence of C. burnetii is undisputed, the 

molecular mechanisms by which this is portrayed are poorly understood. There 

are, however, a handful of areas where LPS truncation due to phase variation 

can be directly linked to virulence through cellular pathogenesis, subversion of 

microbicidal activity and immune evasion. 

Firstly, there is a link between full-length LPS and effective uptake of C. burnetii 

into host cells. In 1999 it was demonstrated that the necessary membrane-

ruffling required for effective entry of C. burnetii into host cells was linked to LPS 

composition112. Indeed, purified LPS from phase I bacteria alone is enough to 

induce actin-remodelling membrane-ruffling through the downstream effects of 

interactions with host Toll-like receptor 4 (TLR4)113.  

Secondly, it has been proposed that the presence of full-length LPS on the 

surface of C. burnetii NMI (CbNMI) physically shields antigenic molecules (such 

as lipoproteins) from host pathogen recognition receptors, notably TLR2114. As 

such, CbNMI do not trigger the maturation of dendritic cells (DCs), compared to 

the potent induction of DC maturation by C. burnetii NMII (CbNMII). This has 

been hypothesised to be linked to the ability of C. burnetii to form persistent 

infections114.  

1.3.2 The case for a subunit vaccine 

Effective approaches to reducing the risk to human health from zoonotic 

pathogens generally require a “One Health approach” (see Chapter 2). An 

effective One Health cascade of therapy will include both antimicrobial 

therapeutics and vaccines for prophylaxis. As discussed in ‘Zoonoses under our 

noses’ (Chapter 2), the primary treatment recommended for acute fever in 
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humans is intravenous doxycycline, and while there is no human vaccine 

currently licenced in the UK/EU/US this broad-spectrum antibiotic is the main 

therapeutic measure. However, there are concerns over the emergence of 

antibiotic-resistant strains115-117. Despite these concerns, antimicrobial therapies 

remain important in the case of Q fever, due to the potential for (and history of) 

epidemic outbreaks of zoonotic disease and the documented attempts to 

weaponize C. burnetii19-21. Rather than using broad-spectrum antibiotics for Q 

fever, as LPS is the main determinant of C. burnetii virulence, it would be apt to 

target LPS and O-antigen synthesis with specific inhibitory compounds. Only 

very recently have breakthroughs been made in identifying a handful of 

candidate genes for which, as the authors speculate, inhibitors could have 

potential to resolve persistent focalised infections66.  

In order for effective control of C. burnetii in concordance with the One Health 

principles, an effective vaccination strategy across humans and animals is 

required4. While an animal vaccine, Coxevac is available in Europe15, only a 

single vaccine is available to humans: Q-Vax, licensed only in Australia118. Q-

Vax has proven 98% effective for ‘at-risk’ workers, but this requires pre-

vaccination screening due to cases of over-reactive IgG responses. This 

vaccine is not considered suitable as a strategy for public health; indeed, it 

would be very unlikely to be licensed in the EU or USA25. Furthermore, both 

Coxevac and Q-Vax are formulated from formalin-killed whole cells. Subunit 

vaccines are preferable to these as whole-cell vaccines can lead to more side-

effects and give less well-defined immune responses. Finally, the use of 

glycoconjugate vaccines over antibacterial therapies, even those blocking 

polysaccharide synthesis, has recently been championed as an effective 

approach to pathogen management119. 

Subunit vaccines generally contain either protein antigens, or polysaccharides 

from the infectious agent. Glycomic and proteomic analysis of C. burnetii is 

being used to compare phase I and phase II bacteria, to find key antigenic 

epitopes as vaccine candidates120-123. Due to the importance of phase I C. 

burnetii LPS to virulence and protective immune responses, an effective 

vaccine for Q fever must contain immunogenic LPS epitopes100,106,124-126. 

Section 1.3.3 explores further the potential for a glycoconjugate vaccine for Q 

fever.  
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1.3.3 Towards a glycoconjugate vaccine for Q fever 

The loss of the O-antigen is sufficient to reduce both the infectivity of C. burnetii, 

and the potential of killed C. burnetii to act as a vaccine. Virulent phase I C. 

burnetii express a long-chain LPS, and in a killed form also make an effective 

vaccine81,127. By comparison, phase II bacteria, which produce a truncated LPS, 

are avirulent and less effective as killed vaccines81,125,127. Purified LPS from 

phase I bacteria has been shown to provide high levels of protection against Q 

fever in mice128. In contrast, Lipid A-linked material purified from phase II 

bacteria did not elicit toxicity responses when compared to that from phase I 

(which would include an O-antigen)129. These data provide strong evidence that 

the LPS, and more specifically, the O-antigen, is amongst the strongest vaccine 

candidates for C. burnetii. The maintenance of the O-antigen in wild 

populations, in view of its high metabolic cost, further increases its likely 

significance. These data suggest that an isolated O-antigen could act as a 

protective antigen, either alone or as part of a conjugate vaccine100,106,124-127. 

Based on our current knowledge of the antigenic parts of the C. burnetii O-

antigen, a candidate vaccine against this organism would need the following. 

Firstly, the O-antigen sugars that are unique to Coxiella, Vir and DHHS will be 

an essential component. Furthermore, their structural arrangement within O-

antigen repeating units remains to be characterised. There are three ways in 

which Vir and DHHS could be generated for glycoconjugation; extraction from 

virulent bacteria expressing full-length LPS, chemical synthesis of each 

monosaccharide, and a synthetic biology approach using sugar biosynthesis in 

a heterologous bacterium. Extraction of Vir and DHHS-containing LPS material 

is not unlikely to be feasible at the scale required. Key challenges are the 

virulence of phase I bacteria31 and the effect of passaging on LPS 

phenotypes66. Chapter 7 discusses methods to improve extraction of LPS 

material from C. burnetii. For application to vaccine production this approach 

would likely not be approved on safety grounds. Secondly, the approach of 

chemical synthesis is highly challenging, therefore not a feasible method of 

antigen production. Substantial O-antigen fragments would require a 

complicated synthetic route due to the complexity of the polysaccharide 

arrangements and the large number of reactive groups in each 

monosaccharide. For production of a vaccine candidate at the scale required for 
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use in animals, the most viable approach to glycoconjugate synthesis would be 

recombinant expression of sugar-biosynthetic genes. These could be used to 

assemble a glycan fragment using technology such as protein-glycan coupling 

technology (PGCT)130. 

In order to assemble a recombinant O-antigen biosynthetic operon, the genetics 

and biochemistry of O-antigen biosynthesis needs to be elucidated. So far, 

despite genomic, glycomic and proteomic efforts to analyse C. burnetii O-

antigen biosynthesis, understanding of C. burnetii virulence determinants has 

not yet reached the point where a glycoconjugate vaccine can be designed to 

include immunogenic LPS epitopes66,105,109,120-123.  

1.4 DHHS BIOSYNTHESIS AND THE STUDY OF DTDP-

SUGAR ISOMERASES 

1.4.1 Genetic clues to C. burnetii O-antigen 

biosynthesis: analysing phase II genomic DNA 

lesions 

Within the 26 kbp of genomic DNA lost in NMI to NMII phase variation are many 

carbohydrate-acting-enzymes, members of the short-chain 

dehydrogenase/reductase (SDR) protein family131. The structures of SDR family 

members contribute to sugar metabolism through nucleotide-sugar binding 

domains, and often shared Rossman folds. SDRs have a wide range of 

functionality, yet generally only share 20-40% sequence identity, even where 

function is identical between members. While this limits ability to determine the 

specific function of an SDR member from sequence alone, the identification of a 

gene product as an SDR through sequence homology does aid in searching for 

LPS-biosynthetic genes in bacteria such as C. burnetii.  

As mentioned above, LPS composition analysis across a range of strains of C. 

burnetii with varying LPS phenotypes (phase I, intermediate, and phase II) 

correlates LPS truncation with genetic variations66,73,93,94,102,108-110,120,132,133. 

Sequence-based homology methods (focussing on DNA lost to phase II 

bacteria), and more recently, methods for knock-out generation by site-directed 



Introduction 

44 
 

mutagenesis, have been used to assign function to a handful of the genes 

contained within genomic DNA lesions66,102. Where single gene mutants lead to 

a phenotype, the genes are clearly identified as contributing to O-antigen 

biosynthesis. However, where knock-outs are unavailable, the contribution of 

each gene to phenotype within a lesion is less clear. Bioinformatic identification 

of carbohydrate related genes within annotated regions of genomic lesions 

provides clues as to which ORFs are most likely to be relevant to O-antigen 

biosynthesis. While homology cannot predict a specific function, SDRs present 

in genetic lesions that results in phase II C. burnetii are likely to be involved in 

the synthesis of phase I LPS components, potentially including the O-antigen 

sugars Vir and DHHS. 

The lesion in genomic DNA in the phase II Crazy strain encompasses ORFs 

CBU_0676-0700. This lesion includes the largest deletion in the NMII strain. As 

both strains lack Vir, this suggests that this region contains one or more genes 

essential for Vir biosynthesis66,110,132. However, CbNMII is missing DHHS in 

addition to Vir, while Crazy retains DHHS66,93. Apart from the four single ORFs 

identified by Beare et al. in 201866, the specific role of each ORF in LPS 

truncation remains to be fully characterised. Further lesions identified in DHHS-

deficient phase II bacteria are the regions of CBU_0825-856, and CBU_1831-

1838. The former has been linked as key to DHHS, without specific functionality 

identified, whilst the latter is annotated as ‘enriched in O-antigen synthesis’ 

genes66. Within that latter lesion lies the gene CBU_1838. The CBU_1838 

protein shares 48.4% sequence identity with the dTDP-sugar isomerase for 

rhamnose biosynthesis in E. coli. This forms the basis of further discussion in 

this section, and also results Chapter 5 and Chapter 6.  

1.4.2 The dTDP-sugar isomerase family 

1.4.2.1 Biochemical relevance of dTDP-sugar isomerases 

One way in which bacteria can make their LPS sugars unusual, in order to 

evade immune detection, is to use L-sugars rather than the D-enantiomers more 

commonly found in nature’s building blocks134. In order to invert the 

stereochemistry of a sugar, a carbohydrate epimerase is required which can 

break and re-make carbon-hydrogen, carbon-oxygen/nitrogen, or carbon-

carbon bonds135. The main mode of activation of nucleotide-sugars for 
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carbohydrate epimerases involves the introduction of keto groups to the sugar 

by oxidation or dehydration136. The keto groups facilitate chemical steps such 

as enantiomer-selective or full-epimerisation, the addition of other chemical 

groups (e.g. CH3), or transformations such as transaminations137. After the 

necessary chemistry has taken place, the nucleotide-linked monosaccharide is 

reduced to leave a stable substrate for glycosyltransferase enzymes. 

Carbohydrate epimerases have recently been classified into 14 families, based 

on protein structure, sharing catalytic residues and mechanism of reaction 

within each family138. CEP6 contains dTDP-sugar isomerases; enzymes 

catalysing epimerisation at either the 3″, 5″ or both positions of activated dTDP-

glucose (dTDP-4-keto-6-deoxy-glucose). Out of these, the best-studied in 

bacteria (and plants) is the dTDP-sugar isomerase for rhamnose biosynthesis, 

dTDP-4-keto-6-deoxy-α-D-glucose 3″,5″-epimerase. 

This dTDP-sugar isomerase is more commonly known as ‘RmlC’, for its 

involvement as the third committed enzyme to the rhamnose biosynthetic 

pathway, along with its cognate thymidyl transferase, dTDP-glucose 

dehydratase and reductase, RmlA, RmlB and RmlD139. RmlC catalyses the 

epimerisation of dTDP-4-keto-6-deoxy-glucose at C3 and C5 of the hexose ring, 

through the succession of deprotonation on one face of the ring, followed by 

reprotonation at the opposite face, for both the C3 and C5 positions140.  

1.4.2.2 Structural/function classifications for dTDP-sugar 

isomerases 

Online databases are essential when investigating proteins of interest. The 

Basic Local Alignment Search Tool (BLAST)141 is often a first port-of-call for 

analysing the coding sequences of ORFs, such as those in the lesions of phase 

II C. burnetii. In combination with this, the Kyoto Encyclopaedia of Genes and 

Genomes (KEGG) database can be used to map biochemical pathways and 

derive areas of homology, linked to functionality142. For brevity, here the dTDP-

sugar isomerase family will be discussed in terms of structural classification as 

provided by the protein databases SCOP (Structural Classification of Proteins) 

and Pfam (database of protein families)143. 

SCOP describes itself as ‘a comprehensive ordering of all proteins of known 

structure according to their evolutionary, functional and structural 
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relationships’144. While the last update for this database was in 2009, the 

categorisation is simple and clear to interpret. SCOP assigns four different 

protein domains to the dTDP-sugar isomerase family, each representing 

enzymes which carry out a specific isomerisation of a dTDP-linked sugar: 

dTDP-4-keto-6-deoxy-glucose-3,5-epimerase, dTDP-4-keto-6-deoxy-glucose-5-

epimerase, dTDP-4-keto-6-deoxy-glucose-3-epimerase, and dTDP-6-deoxy-

3,4-keto-hexulose isomerase. Table 1.1 provides information available from 

SCOP for the dTDP-sugar isomerase family, with protein domain classifications 

and the names, PDB IDs and species of family members with published 

structures (data last updated by SCOP on 3.6.2009). Additionally, ‘EC’ 

numbers, as assigned by the Enzyme Commission list are shown.  

The Enzyme Commission list classifies enzymes according to function, rather 

than just protein structural elements. This was collated by BRENDA 

(BRaunschweig ENzyme Database, www.brenda-enzymes.org), ‘the world’s 

main repository on enzyme properties’145. In 2018, BRENDA was selected to 

appear in the European ELIXIR list of Core Data Resource databases and is a 

key resource to protein bioinformatics. The first branches of the Enzyme 

Commission tree separate enzymes into 7 families: 1 - oxidoreductases, 2 - 

transferases, 3 - hydrolases, 4 - lyases, 5 - isomerases, 6 - ligases and 7 - 

translocases. Unfortunately, this more comprehensive database does not 

provide the grouping of dTDP-sugar isomerases within a single class. As would 

be expected, dTDP-sugar isomerases occur within the fifth family (isomerases), 

however, SCOP dTDP-sugar isomerase domain 4 (dTDP-6-deoxy-3,4-keto-

hexulose isomerase) is classified as an intramolecular oxidoreductase, and 

therefore appears in the class EC 5.3., whereas domains 1 and 3 are instead in 

class 5.1., as racemases and epimerases. It appears that the activity of SCOP 

dTDP-sugar isomerase domain 2 (dTDP-4-keto-6-deoxy-glucose-5-epimerase) 

is not yet classified within BRENDA.

http://www.brenda-enzymes.org/


 Introduction 

   47 
 

Table 1.1 The SCOP dTDP-sugar isomerase family: protein domains, EC ID’s, enzyme activity and example members.  

Information generated by scop database 1.75 with scopm 1.101 on 3.6.2009. EC ID obtained from BRENDA (www.brenda-enzymes.org). 

Protein 

Domain 

Enzyme activity Enzyme Commission 

identification number 

Common 

name 

PDB 

ID 

Species 

1 dTDP-4-keto-6-deoxy-

glucose 3,5-epimerase 

EC 5.1.3.13 RmlC 

 

2IXC Mycobacterium tuberculosis  

2IXH Pseudomonas aeruginosa 

1NYW S. suis 

1EPO Archaeon Methanobacterium 

thermoautotrophicum 

1DZR Salmonella typhimurium 

1WLT Archaeon Sulfolobus tokodaii 

2 dTDP-4-keto-6-deoxy-

glucose-5-epimerase 

N/A EvaD 1OI6 Amycolatopsis orientalis 

3 dTDP-4-keto-6-deoxy-

glucose-3-epimerase 

EC 5.1.3.27 ChmJ 4HN0 Streptomyces bikiniensis 

NovW 2COZ Streptomyces caeruleus 

4 dTDP-6-deoxy-3,4-keto-

hexulose isomerase 

EC 5.3.2.3 FdtA 2PA7 Aneurinibacillus thermoaerophilus 

http://www.brenda-enzymes.org/
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In contrast, despite being the more modern database, Pfam is not as specific as 

SCOP when describing the dTDP-sugar isomerases. The EMBL-EBI entry for 

Pfam Family: dTDP_sugar_isom (PF00908) does not classify dTDP-sugar 

isomerases by specific activity. Instead, rather misleadingly, only a single 

Enzyme Commission identification number is cited for PF00908: EC 5.1.3.13 

(dTDP-4-keto-6-deoxy-glucose 3,5-epimerase activity), and yet AoEvaD, 

SbChmJ and ScNovW are annotated within thisb. 

Therefore overall, despite not having been updated for a decade, SCOP 

provides the clearest structural/function classification for members of the dTDP-

sugar isomerase family. Thus SCOP provided a clear platform on which to build 

up analysis of the different enzyme activities within the dTDP-sugar isomerase 

family.  

1.4.3 Use of knowledge about rhamnose biosynthesis 

to investigate streptose and DHHS biosynthesis 

dTDP-rhamnose is the most well-known nucleotide 6-deoxyhexose. It is present 

in extracellular polysaccharides of pathogenic bacteria such as Mycobacterium 

tuberculosis, Salmonella enterica serovar Typhimurium, and Streptococcus suis 

serotype 2146. In 1960, Okazaki first discovered dTDP-rhamnose in 

Lactobacillus acidophilus, and proposed this deoxynucleotide as a means of 

sugar-activation for bacterial polysaccharide biosynthesis147. By then it was 

known already that deoxy-sugars such as rhamnose are key constituents of 

antigenic bacterial polysaccharides. Around the same time, dTDP-rhamnose 

was also discovered in E. coli148, S. griseus149 and Pseudomonas 

aeruginosa139. In the years following this, the pathway for dTDP-rhamnose 

biosynthesis from α-D-glucose-1-phosphate and TTP was elucidated through 

the identification of intermediates such as dTDP-glucose and dTDP-4-keto-6-

deoxyglucose in both E. coli and P. aeruginosa139,150. However, the genetics for 

dTDP-rhamnose biosynthesis weren’t elucidated until ~ 30 years later, through 

studies of various serovars of S. enterica LT2151. Four gene-products were 

identified as responsible for transforming glucose-1-phosphate into dTDP-

rhamnose. There were termed RfbA-D; the ‘rf’ refers to the fact that mutants in 

                                            
b Pfam 32.0, http://pfam.xfam.org  

http://pfam.xfam.org/
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this region have ‘Rough’ LPS forms, the ‘b’ comes from the separation of rough-

mutant loci to that of rough A – core LPS synthesis, rough B – synthesis of O-

antigen units, and rough C – O-antigen polysaccharide polymerisation.  

Later, terminology for LPS-synthetic genes was modified to reflect more 

specifically the role of loci and operons. This was due to both the discovery that 

in fact genetic loci for each stage of ‘Smooth’ LPS assembly do not remain 

distinct regions across bacterial strains and species, and also the realisation 

that simple ‘rf’ terminology conveyed a limitation to descriptions of novel O-

antigen sugars in the limited availability of alphabetical symbols. Thus the 

cluster of RfbA-D was re-named RmlA-D, to reflect dTDP-rhamnose 

biosynthesises, and for another example, RfbM and RfbK were re-named ManC 

and ManB, to reflect GDP-mannose biosynthesis78,152. 

Through further studies it became clear that the elements of the rhamnose 

biosynthetic pathway are conserved across many species of Gram-negative 

bacteria, for the synthesis not just of rhamnose, but also for other O-antigen 

monosaccharide units. From the product of RmlC or a paralogous dTDP-sugar 

isomerase, dTDP-4-keto-6-deoxy sugars are intermediates in the synthesis of a 

variety of carbohydrate moieties, for example, the antibiotics vancomycin, 

tylosin and streptomycin146,153. Streptose is the sugar moiety of the antibiotic 

streptomycin, produced by soil-derived Actinomycetes (e.g. Streptomyces 

griseus, S. glaucescens and S. bikiniensis)154-156. In the 1970s Wahl et al. 

proposed that for the synthesis of streptose by S. griseus, a rhamnose-like 

pathway is utilised, requiring an RmlC-like epimerase 154,155. The authors set out 

to characterise this RmlC-like activity from cell-free extracts of S. griseus and E. 

coli Y10 (RmlD absent), using radio-assays based on the method of Gaugler 

and Gabriel157. From Wahl et al.’s original efforts it has now been determined 

that for the streptose biosynthesis pathway, as with that for rhamnose, there is 

an initial thymidyl transferase step (RmlA/StrD), then an oxidoreductase 

(RmlB/StrE)158. Genetic analysis revealed indeed that SgStrM, within the 

streptose operon, has 33.5% id with EcRmlC, and is thus identified as a dTDP-

sugar isomerase153.  

It is at the final reduction step that the processes diverge between streptose and 

rhamnose biosynthesis; in addition to the reduction at C4″ catalysed by the 

dTDP-rhamnose synthase, RmlD, the streptose synthase is hypothesised to 
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break the C-C bond between C4″ and C3″ and re-form the ring with a new bond 

between C4″ and C2″ (Figure 1.4). The streptose synthase is hypothesised to 

be encoded by the gene StrL, however, confirmation of this has not been 

publishedc.  

The hexose sugars streptose and DHHS differ only by the groups on the C6 

carbon of the sugar ring (Figure 1.4). It is perhaps the similarity in chemical 

structure between DHHS and streptose that has led to consensus in literature 

that the biosynthetic pathways of these two sugars are likely to be very close, 

indeed, DHHS is even referred to as ‘streptose’ in some literature describing C. 

burnetii O-antigen composition. In DHHS the C6-OH group is retained from the 

sugar precursor, therefore it is hypothesised that for DHHS synthesis instead of 

an RmlB/StrE-like dehydration step from dTDP-glucose, an oxidation step 

introduces a keto-group at C4, whilst preserving the C6-OH. The following 

isomerisation and reduction steps to dTDP-linked DHHS are proposed to be 

analogous to those for streptose biosynthesis. Therefore, as there is no 

evidence of C. burnetii producing either rhamnose or streptose, here the 

hypothesis is that CBU_1838 is the dTDP-sugar isomerase required for DHHS 

biosynthesis. This hypothesis is tested in Chapter 5 and Chapter 6. The 

pathways for dTDP-rhamnose, streptose and DHHS biosynthesis are described 

in Figure 1.5. 

                                            
c Expression and purification of SgStrL was attempted in this project, however, no soluble 
protein was recovered. 
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Figure 1.4 Chemical structures of the hexose sugars rhamnose, streptose 

and DHHS, with dTDP links.  

Colour coding for dTDP-sugar biosynthesis will be maintained throughout this 

thesis: red for rhamnose, green for streptose and purple for DHHS. Figure 

generated using Microsoft PowerPoint and BIOVIA Draw v16.1.  
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Figure 1.5 Biosynthetic pathways for rhamnose, streptose and DHHS. 

Red text relates specifically to DHHS biosynthesis. Routes to both dTDP-

rhamnose and dTDP-streptose start with dehydration of dTDP-glucose to 

dTDP-4-keto-6-deoxy-glucose (Compound 1), catalysed by RmlB/StrE. For 

DHHS biosynthesis, however, it is proposed that an oxidation step occurs and 

the 6″-OH is retained (depicted by purple asterisk), resulting in dTDP-4-keto-6-

hydroxy-glucose (Compound 4). Epimerisation follows, catalysed by 

RmlC/StrM/CBU_1838. The RmlC 3″,5″-double epimerisation is shown here, 

with relevant hydrogens in blue for clarity. Finally, the 4″-keto group is reduced. 

For streptose/DHHS biosynthesis this also involves ring re-arrangement. Image 

generated using Microsoft PowerPoint and BIOVIA Draw v16.1.
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1.4.4 Methods to assess CBU_1838 as a dTDP-sugar 

isomerase: mono or di-epimerisation? 

RmlD, the rhamnose synthase, requires a substrate isomerised at both C3″ and 

C5″. Epimerisation of dTDP-4-keto-6-deoxy-glucose at position C5 is proposed 

as essential for streptose biosynthesis (therefore also for DHHS biosynthesis), 

but due to the proposed C-C bond breaking and reforming at the final reduction 

step, chirality at C3″ need not be determined previously. It follows that the 

streptose/DHHS-biosynthetic dTDP-sugar isomerases may only carry out a 

single epimerisation, compared to RmlC. 

Mono-epimerases of the dTDP-sugar isomerase family have been 

characterised from various bacteria. Here, in order to aid in SgStrM and 

CBU_1838 characterisation, the 5’-mono-epimerase from Aeruginosa orientalis 

(AoEvaD)159-161, and the 3’-mono-epimerase from Streptomyces bikiniensis 

(SbChmJ)162, have been selected as example mono-epimerases of dTDP-linked 

sugars. The five dTDP-sugar isomerases studied in this thesis display close 

sequence and structural similarity. SbChmJ and SgStrM are most closely 

related to each other by sequence (53.3% seq id), followed by EcRmlC and 

CBU_1838 (48.4% seq id). Table 1.2 presents the sequence identity between 

the dTDP-sugar isomerases studied here.  

 

Table 1.2 Percent identity matrix for dTDP-sugar isomerases.  

Accession numbers for sequences used: EcRmlC – Q5DIF1, AoEvaD – 

O52806, SbChmJ – Q5SFD1, SgStrM – P29783, CBU_1838 – Q83AP3.  Table 

created with data from Clustal2.1. 

 EcRmlC AoEvaD SbChmJ SgStrM CBU_1838 

EcRmlC 100.00 27.02 29.51 33.52 48.37 

AoEvaD 27.02 100.00 43.88 42.00 30.11 

SbChmJ 29.51 43.88 100.00 53.33 31.52 

SgStrM 33.52 42.00 53.33 100.00 30.05 

CBU_1838 48.37 30.11 31.52 30.05 100.00 
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The investigation of LPS sugar biosynthesis via comparison to the rhamnose 

biosynthetic pathway is a common approach, with work similar to this being 

performed for example for Burkholderia thailandensis. This work started with 

genetic analysis and proceeded to enzyme characterisation and the discovery 

of novel enzyme activity (enzyme-mediated C4 epimerization of a 

nucleotidylated 6-deoxysugar)163. Here, it is proposed that the activity of 

EcRmlC can be complemented by CBU_1838, allowing the E. coli rhamnose-

biosynthetic RmlD to act as a coupling enzyme. This proposal is summarised in 

Figure 1.6. 
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Figure 1.6 Schematic to visualise in vitro complementation of RmlC activity by CBU_1838. 

3″,5″-double epimerisation activity can be assayed through coupling a dTDP-sugar isomerase to RmlD. RmlB can also be used to 

generate dTDP-4-keto-6-deoxy-glucose (Compound 1) from dTDP-glucose. RmlD will only reduce dTDP-4-keto-rhamnose (Compound 

2), the product of 3″,5″-double epimerisation from Compound 1. The specific isomerisation activity of CBU_1838 is unknown, however, if 

this enzyme displays 3″,5″-double epimerisation activity then RmlD will reduce the product and the assay can be followed 

spectrophotometrically through NAD(P)H oxidation. Figure generated using Microsoft PowerPoint and BIOVIA Draw v16.1.
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1.5 SUMMARY OF AIMS 

DHHS, a sugar unique to C. burnetii, is a desirable target to include in 

glycoconjugate vaccine design for Q fever. It is proposed that the route to 

DHHS biosynthesis is similar to that of the well-characterised rhamnose 

biosynthetic pathway, and less-well characterised streptose biosynthetic 

pathway. CBU_1838 has been identified bioinformatically as a potential dTDP-

sugar isomerase, analogous to EcRmlC. While EcRmlC is a known double-

epimerase, the exact activities of the analogous CBU_1838 and SgStrM are 

unknown. In order to aid in characterisation, the known mono-epimerases 

AoEvaD and SbChmJ can be used for biochemical comparisons.  

Furthermore, if any C. burnetii O-antigen biosynthetic enzymes have activities 

which can be complemented by enzymes already coded for in the genome of 

the host for recombinant O-antigen production, for example, E. coli, then the 

operon size could be reduced, to encode only the unique C. burnetii enzymes 

essential for its specific O-antigen composition. Additionally, due to their 

involvement in O-antigen biosynthesis across many genera of bacteria, dTDP-

sugar isomerases present a possible target for drug development. Therefore 

study of kinetics, structural biology, and further development of means by which 

to study members of this family could lead to tractable antimicrobial drug 

design. 

Additionally, an updated method for LPS isolation from Gram-negative bacteria 

provides the opportunity to update Coxiella burnetii LPS isolation procedures to 

reduce the use of toxic chemicals, and potentially improve yield and quality of 

isolated material.  

Therefore this thesis presents the following aims:  

1. To recombinantly express and purify genes of interest from CbNMI in E. coli 

2. To characterise the protein products using a range of biochemical methods 

3. To develop current methodology for dTDP-sugar isomerase activity analysis 

4. To analyse the structure-function relationship of dTDP-sugar isomerases 

5. To develop and adapt a new method for LPS isolation from CbNMII, in order 

to better characterise its composition, with a view to extrapolating this 

method to CbNMI 
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1.6 SUMMARY OF RESULTS CHAPTERS 

 

Chapter 4: Protein Production and Purification 

Genetic material for enzymes with which to analyse dTDP-sugar isomerase 

activity was isolated and cloned into E. coli for recombinant protein expression. 

Protein products were then purified and assessed by SDS-PAGE. Additional to 

this, a range of ORFs from CbNMI were also expressed recombinantly in E. coli 

for protein purification. When over-expressed proteins appeared insoluble, 

methods for expression optimisation were trialled. The following final set of 

proteins was purified for use in Chapter 5 and Chapter 6: the rhamnose 

biosynthetic enzymes from E. coli (RmlB, RmlC, RmlD), the mono-epimerases 

to be used as references in dTDP-sugar isomerase studies (AoEvaD and 

SbChmJ), and the proposed dTDP-sugar isomerases for DHHS biosynthesis by 

C. burnetii, and for streptose biosynthesis by S. griseus (CBU_1838 and StrM). 

  

Chapter 5: Development of assays to characterise dTDP-sugar 

isomerases, and concurrent observations of EcRmlB 

Spectrophotometric assays coupled to the rhamnose biosynthetic enzymes 

from E. coli were designed and optimised such that dTDP-sugar isomerase 

activity could be assessed. The substrate for dTDP-sugar isomerases, dTDP-4-

keto-6-deoxy-glucose, was both produced enzymatically and sourced 

commercially, with data from the two sources compared. Deuterium 

incorporation analysis through 1H-NMR and GC-MS was also employed to 

characterise dTDP-sugar isomerase activity directly. From these combined 

analyses it was clear that SgStrM acts as an RmlC enzyme, that SbChmJ 

(studied for the first time in isolation) acts as expected, and that CBU_1838 

displays kinetic properties which would correlate with a non-natural substrate 

being used. 
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Chapter 6: Protein crystal structures of SgStrM and CBU_1838 

The structure of SgStrM crystallised in the absence of substrate analogs was 

determined to 1.33 Å resolution, and further structures determined to 1.90 Å 

and 1.35 Å when dTDP and dTDP-glucose were soaked into the crystals.  

CBU_1838 was crystallised in the apo form, and in the presence of the 

substrate analogues dTMP (1.76 Å), dTDP (1.87 Å), xylose (1.45 Å), ribose 

(1.98 Å) and rhamnose (2.00 Å). Monosaccharides were also soaked into 

CBU_1838 apo crystals, to give glucose and xylose-bound structures (both at 

1.45 Å), in the presence also of the small molecule citrate, used in crystal 

formation and cryo-protection.  

Structure-based sequence alignments, combined with analysis of the active site 

of CBU_1838 led to determination that a single methionine residue 

(phenylalanine in other dTDP-sugar isomerases), could be responsible for C6″ 

hydroxyl stabilisation in dTDP-4-keto-6-hydroxy-glucose (Compound 4, see 

p25). Therefore further mutational studies were highlighted that could confirm 

CBU_1838 as the dTDP-sugar isomerase for DHHS biosynthesis.  

 

Chapter 7: Growth of C. burnetii NMII and Design of Phenol-Free LPS 

Extraction Protocol 

While tracking C. burnetii growth in order to determine when to add CaCl2, it 

was discovered both that cultures can be grown in static environment-controlled 

incubators (allowing for increased reliability in growth, and growth of much 

larger volumes of culture), and OD is not representative of viable cell count. 

Through employing developed static growth procedures, a phenol-free LPS 

extraction protocol was trialled from a 7 L culture of CbNMII. While it was hinted 

from silver-stained SDS-PAGE that Lipid A components could be present in this 

preparation, this was not confirmed by mass spectrometry. The pathway for 

future experiments is highlighted, to determine more exactly the composition of 

C. burnetii LPS and how it varies with phase variation, in order to inform vaccine 

design.  

  



 Zoonoses under our noses 

59 
 

2 ZOONOSES UNDER OUR NOSES 

2.1 DECLARATION OF AUTHORSHIP AND CONTRIBUTIONS 

‘Zoonoses under our noses’4 was commissioned by Prof David M. Ojcius, 

Editor-in-Chief of the journal Microbes and Infection. VMB, AEL and JLP 

provided advice and suggestions for reference material in relation to anthrax, 

brucellosis and tularaemia, respectively. All authors provided advice on the 

document as a whole and the story, with overall contributions as follows: 

Concept and structure   ARC, SR, JLP, NH  

Assembly and interpretation of data ARC 

Drafting of manuscript   ARC, NH 

Critical revision    ARC, SR, AEL, VMB, JEP, NH 
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2.2 ‘ZOONOSES UNDER OUR NOSES’ AS PUBLISHED IN 

MICROBES AND INFECTION. 
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3 MATERIALS AND METHODS 

3.1 GENERAL CHEMICALS 

All chemicals used were from Sigma Aldrich and all commercially available 

enzymes were from New England Biosciences, unless stated otherwise. All 

solutions were made up with Milli-Q water, and filtered for sterility using either a 

vacuum pump or syringe, with a 0.22 µm filterd. Virkon was used for 

decontamination of E. coli, and chloros was used for decontamination of C. 

burnetii. The following antibiotic concentrations were used when relevant: 

ampicillin at 100 µg/mL, kanamycin at 50 µg/mL, and chloramphenicol at 35 

µg/mL. 

3.2 GENE SYNTHESIS AND PLASMID CLONING 

Genetic material for protein expression was obtained through one of three 

means: isolation of genes of interest from genomic DNA (rhamnose biosynthetic 

genes: RmlB, RmlC, RmlD), ordering synthesised gene fragments for use in 

PCR (C. burnetii O-antigen biosynthetic enzymes: CBU_0676, CBU_0677, 

CBU_0681, CBU_0688, CBU_0689, CBU_0691, CBU_0829, CBU_1834, 

CBU_1838 and CBU_1837), or through ordering synthesised genes within 

plasmids of choice (other dTDP-sugar dehydratases, isomerases and 

reductases: SgStrE, SgStrM, SgStrE, AoEvaD and SbChmD in pET28b, with an 

additional SUMO tag, and SbChmJ in pET21a).  

Short sequences of DNA were ordered from IDT, and synthetic plasmid 

constructs were ordered from Twist Bioscience. For the latter, plasmid 

screening and sequencing was performed by the company. 

3.2.1 E. coli genomic DNA isolation 

3 mL Luria-Bertani medium (LB) was inoculated with E. coli DH5α (NEB) and 

incubated overnight at 37 °C, with shaking. Genomic DNA was isolated from 

800 µL of the overnight broth, using the GeneJET Genomic DNA Purification Kit 

(Thermo Scientific) according to the manufacturer’s instructions. The final 

                                            
d Except while at the Dstl laboratories, where TC distilled water (Life Technologies) was used. 
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elution volume was 200 µL. This genomic DNA was used to isolate the genes 

RmlB, RmlC and RmlD by PCR, using primers 1-6 (Table 3.2). 

3.2.2 PCR amplification of genes  

PCR reactions were set up according to Table 3.1, using the relevant primers 

from Table 3.2. Negative controls were performed using either water or a 

suitable DNA sample as the template. 0.1 µL Phusion polymerase (Thermo 

Scientific) was added to each reaction just before the samples were placed into 

a T100 Thermal Cycler (BioRad). The cycling parameters used were: 30 s melt 

at 98 °C; 35 cycles of: 10 s at 98 °C, 10 s at 55 °Ce, and 30 s/kb at 72 °C (1 min 

total); a final elongation stage of 5 min at 72 °C. 

 

Table 3.1: Generic PCR reaction set-up.   

Reagent Volume per reaction (µL) 

Water 11.3 

PCR reaction buffer 4.0 

10 mM dNTPs (2.5 mM of each)  1.6 

Forward primer (10 µM) 1.0 

Reverse primer (10 µM) 1.0 

Template DNA 1.0 

DNA polymerase 0.1 

 

                                            
e This temperature was optimised via gradient PCR reactions if necessary. 
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Table 3.2 Primers used for gene cloning into pNIC28-Bsa4, and for SDM of RmlD.  

Applications for each primer are listed as either ligation-independent cloning (LIC), or site-directed mutagenesis (SDM).  

Primer 
number  

Primer name Application Size 
(bp) 

Sequence (5’ to 3’) 

1 RmlB_F LIC 41 TACTTCCAATCCATGAAAATACTTGTTACTGGTGGCGCAGG 

2 RmlB_R LIC 47 TATCCACCTTTACTGTTACTGGCGGCCCTCATAGTTCTGTTCAATCC 

3 RmlC_F LIC 46 TACTTCCAATCCATGAATGTGATTAGAACTGAAATTGAAGATGTGC 

4 RmlC_R LIC 43 TATCCACCTTTACTGTCATGCAATTAATTTTAATCTGATAAGC 

5 RmlD_F LIC 41 TACTTCCAATCCATGAATATCCTCCTTTTTGGCAAAACAGG 

6 RmlD_R LIC 49 TATCCACCTTTACTGTTAAATTGCTGTAGTCGTAAATAATTCATTGAGC 

7 RmlD_insC_F SDM 35 GCAAAGCAGGCATTCCCCTTGCACTCAACAAGCTC 

8 RmlD_insC_R SDM 35 GAGCTTGTTGAGTGCAAGGGGAATGCCTGCTTTGC 

9 StrL_F LIC 33 TACTTCCAATCCATGTCACCGTATCCGCGCCCG 

10 StrL_R LIC 39 TATCCACCTTTACTGTTAACGTGGACCAGGAACTGGACG 

11 CBU_1838_F LIC 39 TACTTCCAATCCATGCCGTTTGAATTTCAAAAAATGCTC 

12 CBU_1838_R LIC 36 TATCCACCTTTACTGTTAAGAGCCATGATACTGCGC 

13 CBU_1837_F LIC 47 TACTTCCAATCCATGATTATGGAAACCGTACTGGTTACCGGTGCGGG 

14 CBU_1837_R LIC 54 TATCCACCTTTACTGTTATTTGATATTCAGGATACCGTCGTATTTGATTACCGG 
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3.2.3  Agarose gel electrophoresis and PCR purification 

DNA samples were assessed by agarose gel electrophoresis after PCR 

amplification. 0.8% (w/v) agarose was dissolved in 50 mL Tris-acetate-EDTA 

(TAE) buffer containing 3 µL Midori Green Advance DNA stain (Geneflow). Cast 

gels were covered with TAE buffer. 8 µL of each PCR product was mixed with 2 

µL 5x loading buffer (10 mM Tris-HCl pH 8.0, 0.03% (w/v) bromophenol blue, 

0.03% xylene cyanol FF, 60% (v/v) glycerol, 60 mM EDTA)164 and then loaded 

into the gel, alongside 5 µL Hyperladder 1 kb reference markers (BioLine). 

Electrophoresis was performed at 100 V for ~25 min and visualised under a UV 

transilluminator in a Gel Doc EZ gel imager (BioRad). A comparison between 

the migration of samples and that of the reference markers was used to 

estimate the size of each PCR product. PCR purification was then performed 

using a QiaQuick PCR purification kit (Qiagen), according to the manufacturer’s 

instructions.  

3.2.4  Insertion of genes of interest into expression 

plasmids 

3.2.4.1  Ligation-independent cloning (LIC) 

Ligation-independent cloning was performed following the methods of Savitsky 

et al.165. 5 µg of pNIC28-Bsa4 (RRID: Addgene_26103, gift of Opher Gileadi, 

SGC Oxford) plasmid was added to 10 µL ‘buffer 3’ (NEB), 1 µL BSA (100 

mg/mL), and 3 µL BsaI in 100 µL, and incubated for 2 h at 50 °C. The product 

was PCR purified (Section 3.2.3). To generate LIC cohesive ends in both the 

plasmid and sample to be inserted, a mixture of 1 µL water, 5 µL BsaI-digested 

plasmid/PCR-pure DNA, 2 µL 5X T4 DNA polymerase buffer (Fermentas), 1 µL 

25 mM dGTP (insert) or dCTP (plasmid), 0.5 µL 100 mM DTT, 0.5 µL T4 DNA 

polymerase (Fermentas) was prepared, and incubated at 22 °C for 30 min, then 

20 min at 75 °C. 2 µL of treated DNA product was added to 1 µL of treated 

plasmid. This was incubated at room temperature for 10 min, then transferred to 

ice prior to transformation into chemically competent bacteria.  
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3.2.5 Plasmid transformation into E. coli  

Plasmid transformation was performed according to the protocol from the 

provider of the chemically-competent cells (NEB): 1 µL of gene-containing 

plasmid at ~ 100 ng/µLf (or 3 µL plasmid-PCR product LIC construct) was 

added to a 50 µL aliquot of the relevant straing of competent cells (NEB), and 

incubated on ice for 30 min. A heat-shock was then performed for exactly 30 s 

in a 42 °C water-bath. 950 µL SOC (NEB) was added, and samples were 

incubated with shaking at 37 °C for 1 hr, to allow expression of antibiotic-

resistance proteins. 100 µL of the out-growth was then plated onto the relevant 

LB-agar selection plateh for the plasmid construct. Both positive and negative 

controls were run for plasmid transformations as follows: a positive control 

transformation was achieved by adding 1 µL BTH II 1631 (NEB) to cells, and a 

negative control was achieved for LIC through 1 µL LIC-ready plasmid, before 

plasmid-PCR product construct generation (plasmid without a gene inserted). 

3.2.6 Assessment of cloning: plasmid screening 

Following the growth of bacterial colonies on selection plates, ~ 5 colonies were 

selected for screening and spread out each onto a fresh selection plate and 

incubated again overnight. Furthermore, the spreading pick from each re-plating 

was used to inoculate 6 mL LB (with appropriate selection antibiotic). These 

were incubated overnight with shaking at 37 °C, before performing a plasmid 

mini-prep, using kits either from Qiagen or NEB, following the manufacturer’s 

instructions. Plasmids were screened by colony PCR and restriction digest 

(assessed by agarose gel electrophoresis (Section 3.2.3), and sequenced with 

T7-forward and T7-reverse primers. 

3.2.6.1 Plasmid/colony PCR 

Plasmid PCR reactions were assembled as per Section 3.2.2. The source of 

the template DNA was either a selected bacterial colony dissolved in 50 µL 

                                            
f Synthesised plasmids were diluted to 100 ng/µL, plasmids cloned in-house were at ~80-150 
ng/µL after mini-prep purification, therefore the volume added to cells for transformation was 
adjusted appropriately. 
g E. coli 5α for downstream cloning and plasmid DNA preparations, or BL21(DE3) for protein 
expression 
h Plasmids from LIC were transformed onto LB-agar plates containing 5% (w/v) sucrose 
additional to selection antibiotics. 
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water, or plasmid DNA from mini-prep isolation. Additionally as negative 

controls the template DNA was replaced with either 0.5 µL original plasmid 

(before gene insertion), or 0.5 µL water. 

3.2.6.2 Restriction digest analysis 

For each reaction 5 µL plasmid DNA was added to 3 µL water, 1 µL NEBuffer 2, 

with 0.5 µL each of two restriction enzymesi. A positive control sample (BTH II 

A, provided with competent cells) was also run in order to release a different 

sized product. The reactions were incubated at 37 °C for 1 h before assessment 

by agarose gel electrophoresis (Section 3.2.3).  

3.2.6.3 DNA sequencing 

DNA sequencing was performed by Source Bioscience with their in-house 

primers (T7-forward and T7-reverse). 

3.2.7 Site-directed mutagenesis of RmlD in pNIC vector 

Site-directed mutagenesis (SDM) was performed using the QuikChange 

Lightening method (Agilent), using primers 7 (forward) and 8 (reverse) from 

Table 3.2. Primers were designed using the QuikChange online tool from 

Agilent (https://www.agilent.com/store/primerDesignProgram.jsp). The control 

reaction contained 5 µL of 10X reaction buffer, 5 µL (25 ng) pWhitescript 4.5 kb 

control plasmid (5 ng/µL), 1.25 µL (125 ng) control primer #1, 1.25 µL (125 ng) 

control primer #2, 1 µL dNTP mix, 1.5 µL QuikSolution reagent, 1 µL 

QuikChange Lightning Enzyme, and 34 µL water (to bring the final reaction 

volume to 50 µL). The SDM reaction was set-up with either 10 ng or 100 ng 

dsDNA template (as generated in Sections 3.2.1 and 3.2.4.1), and 5 µL 10X 

reaction buffer, 1 µL (125 ng) forward primer, 1 µL (125 ng) reverse primer, 1 µL 

dNTP mix, 1.5 µL QuikSolution reagent, 1 µL QuikChange Lightning Enzyme, 

and water to bring the final volume to 50 µL. The reactions were added to a 

T100 Thermal Cycler (BioRad) with the following program: 2 min at 95 °C; then 

18 cycles of: 20 s at 95 °C, 10 s at 60 °C, 30 s/kb at 68 °C; then a 5 min final 

extension at 68 °C. 2 µL DpnI was then added to each sample, with a 5 min 

                                            
i NdeI paired with either and XhoI or HindIII were chosen as appropriate for pNIC28 plasmid 
digestion. 

https://www.agilent.com/store/primerDesignProgram.jsp
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incubation at 37 °C, before plasmid transformation into XL10-Gold ultra-

competent cells, following the manufacturer’s instructions. 

3.3 GENE EXPRESSION, CELL LYSIS AND LYSATE 

CLARIFICATION 

3.3.1 Testing and optimising gene expression 

Starter cultures were grown overnight in 10 mL LB broth at 37 °C (18 h, 250-

300 rpm). When necessary, a sample of the starter-culture was assessed for 

pre‐induction (leaky) expression; an optical density (OD) reading was taken, 

and a volume equivalent to 1 mL of cells at OD = 0.8. (0.8 ÷ OD = x mL) was 

transferred to a clean 1.5 mL tube and centrifuged at 14,000 g in a bench‐top 

centrifuge for 2 min. The media (supernatant) was removed and the cell pellet 

stored in at -20 °C for assessment.  

Protein expression was performed using ZYM-5052j auto-induction media for 

proteins that supported high expression levels166. For proteins with lower 

solubility, LB media was used with expression induced by the addition of IPTG. 

Media volume when using ZYM-5052 was restricted to one-quarter the total 

volume of the flask used, and when using LB, to one-half, in order to minimise 

growth and expression being limited by the availability of oxygen, and to 

maximise overall yield. Starter cultures were used to inoculate expression 

media at a 1:100 dilution, and then grown initially at 37 °C, shaking at 180 rpm. 

Once cultures had grown to an OD600 of 0.4-0.6, (if necessary) IPTG was added 

to 2-500 µM IPTG, as determined for the protein, and then the temperature was 

lowered to 20 °C for overnight protein expression (18 h, 180 rpm). When using 

LB media, once cultures had grown to an OD600 of 0.4-0.6. If required, duration 

and temperature of expression were subject to optimisation. 

                                            
j The name ZYM-5052 indicates the growth medium contents, as stated in Studier 2005; Z 
indicates 1% N-Z-amine, Y indicates 0.5% yeast extract, M indicates 50 mM phosphate, 5052 
indicates: 0.5% glycerol, 0.05% glucose, and 0.2% lactose. 
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3.3.2 Cell harvesting 

Cells were harvested via centrifugation at 4,750 g for 30 min at 4 °C. Cell pellets 

were resuspended in 20 mM Tris-HCl, pH 8.0 with 0.5 M NaCl, and then either 

stored at -20 °C, or lysed immediately. 

3.3.3 Cell lysis and lysate clarification 

Immediately prior to lysis, EDTA-free protease inhibitors (Pierce) were added to 

resuspended cell pellets, according to the manufacturer’s instructions. Cells 

were lysed either chemically, or via sonication on ice using a Vibra-Cell VCX 

130 sonicator (Sonics) with a 10 s pulse, 20 s rest at 80% amplitude for 4 min 

total pulse time. Chemical lysis was achieved either by the use of BugBuster 

Protein Extraction Reagent (Novagen) according to the manufacturer’s 

instructions, or by the use of home-made lysis buffer (50 mM Tris-HCl pH 7.5, 

0.5 M EDTA, 0.1% Triton X-100, with lysozyme added fresh for each use to final 

concentration of 20 mg/mL). Chemical lysis was performed either at room 

temperature with shaking/rolling for 20-45 min, at 37 °C for 15 min, or at 4 °C for 

1 hour depending on the sample’s sensitivity to temperature/degradation. When 

using chemical lysis, BaseMuncher DNase (Expedeon) was also added 

according to the manufacturer’s instructions (25 U/mL), adjusting to 10X this in 

the presence of EDTA. Clarification of soluble lysate was achieved via 

centrifugation at 24,000 g at 4 °C for 30 min.  

3.4 PROTEIN PURIFICATION AND ASSESSMENT BY SDS-

PAGE AND WESTERN BLOT 

3.4.1 Small-scale assessment of expression and 

protein solubility  

3.4.1.1 Small-scale sample preparation 

For assessment of expression and protein solubility on a small-scale, bacterial 

culture volumes of 25 mL were used. Methods for gene expression were trialled 

as in Section 3.3.1. Small samples of overnight cultures were taken to assess 

expression, again normalising the amount to the equivalent of 1 mL of cells at 



Materials and Methods 

78 
 

OD = 0.8, harvested as in Section 3.3.2. Samples were then analysed using 

SDS-PAGE and Western-blot methodsk. The remainder of each 25 mL culture 

was also clarified, and cell pellets stored at -20 °C, or kept on ice for potential 

follow‐on lysis. Chemical lysis was performed (as in Section 3.3.3), re-

suspending cell pellets in 1 mL lysis buffer. 

3.4.1.2 Small-scale protein purification 

Proteins of interest were purified from clarified small-scale lysates using an 

electronic pipette (E4 Pipette Multi E12-1200XLS+, Rainin), and pipette tips 

containing 20 µL IMAC resin (PS Tips 1000/20 µL IMAC 12-pk PT-10-N20, 

Rainin). Purification was performed in a 96-deepwell plate over ice, following 

the manufacturer’s instructions, with 20 mM Tris-HCl, pH 8.0, 10 mM imidazole, 

0.5 M NaCl as the binding and wash buffers (500 µL), and 20 mM Tris-HCl, pH 

8.0, 250 mM imidazole, 0.5 M NaCl for elution (60 µL). Samples were then 

analysed using SDS-PAGE and Western-blot methods. 

3.4.2 Large-scale protein purification 

All proteins were purified on a large-scale at 4 °C utilising both ÄKTApure and 

ÄKTAxpress FPLC systems (GE Healthcare). Purification was performed using 

an IMAC capture/purification step (1 mL HisTrap crude FF, GE Healthcare), 

followed by a SEC polishing step (16/60 200 pg Sepharose, GE Sepharose). 

IMAC was performed using a single step elution (binding/wash buffer: 20 mM 

Tris-HCl, pH 8.0, 10 mM imidazole, 0.5 M NaCl; elution buffer: 20 mM Tris-HCl, 

pH 8.0, 250 mM imidazole, 0.5 M NaCl). IMAC elution fractions were pooled, 

concentrated, and injected onto the SEC column and eluted isocratically in 

either 10 mM HEPES pH 7.5, 0.5 M NaCl, or 10 mM Na-phosphate pH 7.5, 0.5 

M NaCl. SEC elution fractions were analysed using SDS-PAGE and Western-

blot methods. 

3.4.3 SDS-PAGE and Western blot 

Samples for SDS-PAGE were mixed with 2X SDS sample buffer (100 mM Tris-

HCl pH 6.8, 4% (w/v) SDS, 0.2% (w/v) bromophenol blue, 20% (w/v) glycerol, 

                                            
k 50 µL water was added to all pellet samples, before the addition of 50 µL 2X SDS buffer to all 
samples (pellet & supernatant). The procedure as outlined in Section 3.4.3 was then followed. 
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2% (v/v) β-mercaptoethanol)164, and then boiled for 5 min. 1-15 µL of each 

sample was loaded into 4-20% or 4‐12% pre-cast ExpressPlus polyacrylamide 

gel (GenScript), along with 5 µL Spectra Multicolor Broad Range Protein Ladder 

(Thermo Scientific) added to at least one lane per gel. Gels were run for 60 min 

at 150 V, in 1X MOPS running buffer, using Tetra Cell gel running equipment 

(BioRad). Gels were stained using InstantBlue Protein Stain (Expedeon) 

following the manufacturer’s instructions. Stained gels were imaged using Gel 

Doc EZ gel imager (BioRad). 

Western blots were prepared by washing the gel in water. A sandwich was 

prepared with filter papers and nitrocellulose membrane equilibrated in Transfer 

Buffer (Thermo Scientific). A Thermo Scientific™ Pierce™ Fast Blotter was 

used for the transfer (15 min at 25 V, 1.3 A). The blot was probed using an 

iBind™ Western System (Invitrogen) and reagents were used according the 

manufacturer’s instructions. The blot was probed with mouse anti-penta-His 

(Qiagen) and IRDye 680RD Goat anti-Mouse IgG (LI-COR), used at 1:1,000 

dilution and 1:4,000 dilution respectively in iBind buffer. Blots were visualised on 

a LI-COR Odyssey CLx system, and processed in the corresponding Image 

Studio Software. 

3.4.4 Protein quantification, concentration and storage 

The concentration of pure protein samples was analysed by a Nanodrop 2000c 

nanospectrophotometer (Thermo). The extinction coefficients were calculated 

by ProtParam (ExPasy server)167 from the amino acid sequence of each 

construct.  

If required, proteins were concentrated using Vivaspin ultrafiltration devices 

(Vivascience), with the appropriate model selected for the sample volume and 

protein Mw. For Vivaspin10 ultrafiltration devices, a force of 3,650 xg was used 

for 10 min intervals. If not used immediately, samples were either flash-frozen in 

liquid nitrogen and stored at -80 °C, or stored at -20 °C in 20% glycerol.  

3.5 DETERMINATION OF KINETIC CONSTANTS 

All substrates and reagents were prepared in 10 mM HEPES pH 7.5. Steady-

state kinetic parameters for RmlB and dTDP-sugar isomerases were 
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determined in a coupled assay using the rhamnose biosynthetic enzymes 

(RmlB-D) from E. coli for coupling as necessary. Absorbance at 340 nm (ΔA340 

nm) was measured in a microtiter plate (Greiner). Spectrophotometric assays 

were conducted at 37 °C in an M200Pro plate reader (Tecan), with readings 

taken over ~20 min. Blank readings to account for absorption by plastics were 

subtracted from all results. Data were analysed using GraphPad Prism v8.1.2. 

Raw data were transformed from AU to NAD(P)H concentration using the 

derived standard curve. Linear regression analysis was performed in order that 

only data within steady-state approximations were utilised for kinetic analysis. 

The slope values from linear regression analysis (rates, in µM NAD(P)H 

oxidation per s) were plotted against the concentration of dTDP-glucose utilised. 

The error in data is depicted by the standard deviations from experiments 

conducted in triplicate. Application of Michaelis-Menten non-linear regression 

analysis to this data resulted in the approximation of steady-state apparent 

kinetic constants. The apparent kinetic constants KM, Vmax, and kcat were 

determined where appropriate, and are expressed with the standard error of the 

mean (SEM) generated for each. Assays were repeated varying the range of 

substrate concentrations until data were obtained to fit a Michaelis-Menten 

curve with ~ 3 data points both above and below the value of the KM. 

3.5.1 Standard curve 

Standard curves for both NADH and NADPH were obtained from serial dilutions 

made in triplicate of each nicotinamide cofactor in the reaction buffer (50 mM 

HEPES pH 7.5 with 20 mM MgCl2 and 5 µM NAD+). Spectrophotometric 

readings at 340 nm were recorded at 37 °C both at the addition of the buffer, 

and also after 30 min, in order to determine any ΔA340 nm due to NAD(P)H 

degradation.  

3.5.2 Assessing RmlB kinetics 

Serial dilutions of dTDP-glucose (Carbosynth) in 50 mM HEPES pH 7.5 were 

added to 100 µL reaction mixture to give the following final concentrations in 

200 µL final volume: 20 mM MgCl2, 350 µM NADPH, 4 µM NAD+, 0.4 µM RmlB, 

2 µM RmlC/D.  
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3.5.3 Assessing dTDP-sugar isomerase kinetics 

Initial tests and assay optimisations were run using dTDP-4-keto-6-deoxy-

glucose generated enzymatically, from dTDP-glucose incubated with RmlB and 

NAD+ in 50 mM HEPES pH 7.5, 20 mM MgCl2. RmlC, RmlD and NADH in 50 

mM HEPES pH 7.5 were mixed and then added 1:1 with the RmlB reaction mix 

to the final concentrations: 0.4 µM RmlC, 350 µM NADH, 0.4 µM RmlD, 250 µM 

substrate. The concentration of coupling enzymes, substrate, and enzyme of 

interest were then varied between reactions as necessary.  

Final measurements of dTDP-sugar isomerase kinetics were undertaken using 

commercial dTDP-4-keto-6-deoxy-glucose (Carbosynth). The relevant dTDP-

sugar isomerase was used with 1 µM RmlD, 350 µM NADPH, and varying 

substrate concentrations, all in 50 mM HEPES pH 7.5 to a final 200 µL volume.  

3.6 DEUTERIUM-INCORPORATION ANALYSIS 

3.6.1 By 1H NMR 

3.6.1.1 Preparation of reaction of RmlB with dTDP-glucose 

1 mg dTDP-glucose was dissolved in 100 mM phosphate buffer pD 7.0 

containing 10 mM MgCl2, and RmlB and NAD+ added to give a final 

concentration of 2.38 mM dTDP-glucose, 0.78 µM RmlB and 8 µM NAD+ in a 

final volume of 690 µL deuterated phosphate buffer.  

3.6.1.2 Preparation of reaction of RmlB with dTDP-4-keto-6-

deoxy-glucose 

0.5 mg dTDP-4-keto-6-deoxy-glucose (Carbosynth) was dissolved in 100 mM 

phosphate buffer pD 7.0 containing 10 mM MgCl2, and RmlB and NAD+ added 

to give a final concentration of 3.39 mM dTDP-glucose, 0.78 µM RmlB and 8 

µM NAD+ in a final volume of 250 µL deuterated phosphate buffer.  

3.6.1.3 Preparation of reaction of dTDP-sugar isomerases with 

dTDP-4-keto-6-deoxy-glucose 

0.5 mg dTDP-4-keto-6-deoxy-glucose (Carbosynth) was dissolved in 225 µL 

100 mM phosphate buffer pD 7.0, and a 0 time point spectrum recorded. dTDP-
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sugar isomerases were added as 25 µL of a dilution in 100 mM phosphate pD 

7.0, to make the final substrate concentration 3.39 mM in 250 µL final volume. 

Epimerase dilution was based on an estimation of approximately 15% substrate 

conversion over 40 min. given the kcat of each enzyme determined in Chapter 5 

(EcRmlC, SgStrM, CBU_1838, AoEvaD), or from published data (SbChmJ162). 

The concentrations used were: 38 nM RmlC, 46 nM SgStrM, 177 nM 

CBU_1838, 530 nM AoEvaD, 33 nM ChmJ. 

3.6.1.4 Collection of 1H-NMR spectra 

All data were collected on a Bruker Neo 600 MHz spectrometer equipped with 

TCI cryoprobe. Standard Bruker proton experiments were carried out at 298 K 

(25 °C) in buffers prepared in D2O. Periodic 1H NMR experiments (64 scans) 

were carried out in 3 mm NMR tubes with a final volume of 250 µL. The first 

spectrum (zero time point) series composed of the starting material (without 

enzyme) dissolved in deuterated buffer immediately prior to spectrum recording. 

Enzymes were then added and 1H NMR spectra were recorded every 10 min 

over a 90 min period, set using the Topspin multi_zgvd command. Later 

intervals were set manually to record at 2h, 4h, 8h, 18h and 24h, as 

appropriate. 

3.6.1.5 Analysis of periodic 1H-NMR 

TopSpin 4.0.6 was used for data processing using command ‘efp’ followed by 

automatic phase correction (‘apk’) and automatic baseline correction (‘abs’). 

The residual water peak at  4.7058 ppm was used as reference for spectra 

calibration. A set of selected diagnostic signals from no-enzyme control 

samples was integrated for calibration of the relative abundance of each signal. 

An integral of H-6 thymidine peak (1 H) was used for peak intensity calibration 

of the rest of integrals of diagnostic signals. This set of integral regions was 

then imported to each spectrum in the periodic series of enzyme action, and the 

final list of integral values for each peak was then imported into GraphPad 

Prism v8.1.2 in order to plot the change in peak integration values over time, 

and compare these between experiments. 
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3.6.2 By GC-MS 

3.6.2.1 Preparation of dTDP-4-keto-6-deoxy-glucose control 

and enzyme-generated products for analysis of 

deuterium incorporation by GC-MS 

0.5 mg dTDP-4-keto-6-deoxy-glucose (Carbosynth) was incubated in 

deuterated buffer alone, or with the addition of either EcRmlB, EcRmlC, 

SgStrM, CBU_1838, AoEvaD or SbChmJ. This was prepared as in 3.6.1.3, with 

each enzyme at 1 µM in 250 µL final volume. After 18 h deuterium incorporation 

was assessed by recording 1H-NMR spectra and analysing the integration 

values of diagnostic peaks, as in Section 3.6.1.4 and Section 3.6.1.5. Enzyme 

inactivation and removal was achieved by ethanol precipitation, with the 

resultant suspension clarified by centrifugation at 14,000 xg for 10 min. 

3.6.2.2 Preparation of alditol acetates for GC-MS analysis 

The following protocol for preparation of samples for GC-MS analysis was 

designed using the work of York 1986168, Stern 1999169, and Kirkpatrick 

2000170.  

The supernatant from ethanol precipitation (85 µL) was harvested after 

centrifugation and transferred to a clean glass tube. The keto-moiety was then 

reduced by addition of sodium borohydride (~2 mg) to each sample, followed by 

incubation at room temperature for 2 h, with shaking at 120 rpm. 

The reduction reaction was terminated by addition of a few drops of glacial 

acetic acid, followed by 20 µL 10% (v/v) acetic acid in methanol. After 

termination, solvents were evaporated under reduced pressure using GeneVac, 

for 1 h at 35 °C. 25 µg myo-inositol was then added as an internal standard to 

each sample. Hydrolysis of the sugar-nucleotide bond was achieved by addition 

of 250 µL 2 M trifluoroacetic acid (TFA) followed by incubation at 100 °C for 1.5 

h in a tightly closed glass tube. The mixture was cooled for 30 min, solvents 

were evaporated again, and 100 µL isopropanol was added before a final 

evaporation in order to remove traces of TFA (1 h). 

Following this, a second reduction was achieved by addition of 250 µL 1 M 

ammonia, containing 10 mg/mL sodium borohydride, allowing the reduction to 

proceed for 1 h before addition of 250 µL acetic acid-methanol (1:9, v/v). The 
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sample was then dried under reduced pressure (GeneVac, 1h at 40 °C) and the 

addition of acetic acid-methanol followed by drying was repeated once again. 

This was followed by addition of 250 µL methanol (without acetic acid) twice 

with evaporating the solvent off each time (20 min each). The resulting sample 

was acetylated by incubation at 120 °C for 20 min in a mixture of 100 µL acetic 

anhydride and 100 µL pyridine. After this, ~ 200 µL toluene was added, and the 

mixture was concentrated under reduced pressure. The addition of toluene and 

evaporation was repeated at room temperature.  

Next, the alditol acetates were separated by partition between methylene 

chloride (0.5 mL) and water (0.5 mL). After partition the methylene chloride 

layer was transferred to a clean tube, and left to slowly evaporate at room 

temperature. Finally, samples were dissolved in acetone (70 µL, 1 µL per µg of 

polysaccharide in the original sample), and analysed by gas chromatography-

mass spectrometry (GC-MS). 

3.7 CRYSTALLISATION AND STRUCTURE DETERMINATION 

3.7.1 Protein crystallisation 

Pure, concentrated protein was crystallised by the microbatch under-oil method, 

using an Oryx 8.0 crystallisation robot (Douglas Instruments). A 1:1 mixture of 

paraffin oil and silicon oil (“Al’s oil”) was used to cover wells (Molecular 

Dimensions). For SgStrM, CBU_1838 and CBU_1837, crystals of the same 

morphologies could be obtained from both fresh and snap-frozen protein.  

All crystallisation experiments were set up in 96-well microbatch plates 

(Douglas Instruments). Hydrophobic plates (VB-SILVER-1/1) were used for 

initial screens, and hydrophilic plates (VB-GOLD-1/1) were used for crystal 

optimisation, as suggested by Douglas Instruments. All experiments were 

incubated at 18 °C and changes over time recorded regularly, with at recordings 

taken at least: initially, after 24 h, after 1 week, and immediately prior to 

harvesting. Co-crystallisation with ligands was achieved through incubation of 

the ligand with the protein sample prior to setting the crystallisation screen 

plates.  
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Crystallisation conditions were surveyed initially using conditions screens from 

Molecular Dimensions (JCSG+, Morpheus, PACT Premier, SG1). Unless stated 

otherwise, a ratio of 1:1 protein:precipitant was used for initial crystallisation 

screens. Crystal optimisation initially employed the random Microseed Matrix 

Screening (rMMS) approach recommended by the manufacturers of the 

crystallisation robot (Douglas instruments).The seed stock was made according 

to their protocol171, and as recommended a dilution series was made and stocks 

were stored at -80 °C if not used immediately. For rMMS a ratio of 3:2:1 

protein:screen:seeds was used, with 0.3 µL protein, 0.2 µL screen, 0.1 µL, and 

the experiment was set-up using the Oryx 8.0 robot.  

Where further optimisation was performed around a single screen condition, the 

X-step optimisation program (Douglas Instruments) was employed to design 

screening experiments around given precipitant/buffer pH/protein concentration 

values. Prior to setting up crystallisation experiments, all solutions were syringe-

filtered through 0.22 μm PVDF-filtration devices (Millipore). 

Crystal cryoprotection was achieved through design of a cryoprotectant solution 

based on the mother liquor, containing at least 30% (w/v) carbohydrate. Single 

crystals were then placed in this cryo-protectant solution and soaked for up to 2 

min for equilibration before cryo-cooling in liquid nitrogen. Ligand soaking into 

pre-formed crystals was achieved through preparation of a cryoprotectant 

solution based on the mother liquor, containing the required ligand. Where 

ligands were included in cryoprotectant solution, the crystal equilibration step 

was increased to up to 20 min. The specifics of crystal cryoprotection are 

discussed in Chapter 6. 

3.7.2 X-ray Data Collection 

Crystals were harvested in loops and plunged into liquid nitrogen. The crystals 

were then stored and transported in liquid nitrogen. High-resolution X-ray data 

sets were collected at Diamond Light Source (DLS), Harwell, UK, at 100 K, 

controlled by the in-house software suite available. A standard strategy was 

applied to collect a complete single-wavelength anomalous diffraction (SAD) 

dataset from the crystal, after screening crystals for diffraction. This involved 

capturing 900 non-overlapping images with exposure <0.1 s at 0.2° Ω 

oscillations. X-ray data collection statistics are listed in Chapter 6. 
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3.7.3 X-ray data processing and model refinement 

Automatic processing was employed at the beamline using the ISPyB system. 

The X-ray data sets were processed with initial auto-processing (as detailed in 

Chapter 6) and then the CCP4 suite of software was used for model-building 

and refinement, with i2 interface172. Each integrated, scaled and merged 

dataset was cut at a resolution based on assessment of the mean I/σ above 1 

and a cross correlation of the two halves of the dataset (CC1/2 above 0.5 in the 

highest resolution shell). Molecular replacement was used to provide initial 

phases for datasets, employing either jsCoFe173 or Phaser174, with MolRep175 to 

build the initial models. The models were rebuilt with Coot176 and refined with 

REFMAC5177. When refining, a ratio of Rfree:resolution of ~ 1:7-10 was aimed 

for. Model validation was carried out with internal modules of CCP4i2 and Coot, 

employing MolProbity calculations178. Refinement statistics are listed in Chapter 

6. 

3.8 GROWTH OF COXIELLA BURNETII NINE MILE II AT 

ACDP CONTAINMENT LEVEL 2 

3.8.1 General growth of C. burnetii Nine Mile II 

Cultures of CbNMII were grown and harvested at containment level 2, using the 

following safety procedures: live cells were handled in microsafety cabinets or 

sealed incubators (BioMAT1 – Class I Microbiological safety cabinet). Agarose 

plates and static growth flasks were kept in sealed containers with aeration 

filters (filter-taped holes for air circulation whilst maintaining containment).  

Erlenmeyer flasks were used for shaking cultures, tissue culture flasks for static 

cultures, or universal microfuge tubes with O-ring seals for small volume 

storage of samples (e.g. in -80 °C). All handling of live CbNMII was performed 

over a 10% (v/v) chlorous cloth. 

CbNMII was grown in liquid ACCM-2 broth (Sunrise Science Products), and/or 

solid media (0.5% (w/v) ultrapure agarose plates, supplemented with ACCM-2). 

ACCM-2 broth was made-up according to the manufacturer’s instructions and 

either stored either at 1X or 2X concentrations at 4 °C and used within 5 days, 

or stored at -80 °C and thawed before use. CbNMII require an anaerobic 
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environment to grow. The environment was maintained in shaking incubator by 

including a microaer gas pack in an O-ring-sealed BioJar. Gas packs were 

replaced after opening a BioJar. Fresh media was inoculated with CbNMII to 

1x102 cfu/mL. Cells were grown at 37 °C with shaking at 75 rpm, with 

harvesting after six days. Static growth was obtained in an environment-

controlled microaerobic incubator (37 °C, 2.5% O2, 5% CO2). Cultures were 

grown in either 150 cm3 tissue culture (TC) flasks, either at an incline, or on 

their sides, within a Tupperware box with aeration filters. 

3.8.2 Making cell glycerol stocks 

100 mL ACCM-2 liquid media was inoculated with 50 µL CbNMII at ~ 107 

cfu/mL. Cultures were incubated in Erlenmeyer flasks (Corning), inside 

Parafilm-sealed BioJar with microaer gas pack, and left shaking at 75 rpm for 

six days. On harvesting cultures were then used to make 1 mL glycerol stocks, 

and samples taken for assessing bacterial concentration through a viable count 

of colonies on semi-solid agarose plates. After 14 days incubation of agarose 

plates, the concentration was counted as 1.23 x108 cfu/mL. 

3.8.3 Assessing C. burnetii NMII growth 

3.8.3.1 Optical density 

The optical density (OD) of broth was measured by spectrophotometric 

absorbance at 600 nm, using 1 mL broth in a plastic cuvette. Prior to assessing 

the OD of broth samples, a blank reading was taken of fresh ACCM-2 media. 

3.8.3.2 Viable cell counts 

10-fold serial dilutions were made of broth in PBS to 10-8, including a sample of 

undiluted, neat broth. These were then plated-out in triplicate (technical 

replicates) by dotting 100 µL onto semi-solid agarose-ACCM2 plates, and gently 

rocking each plate to spread the liquidl. Solid media plates were made-up at 40 

°C then left at room temperature overnight and dried for 30 min on oven setting 

                                            
l Note: agarose-ACCM-2 plates are very soft, if jolted energetically the agarose breaks-up and a 
typical spreader cannot be used. 
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3 before use. Plates were incubated in sealed containers with aeration filters, 

and left for at least 14 days before counting/assessing colonies. 

3.8.3.3 qPCR: 

100 µL sample was added to 900 µL InstaGene Matrix (BioRad Cat# 732-

6030). The manufacturer’s instructions were followed, with shaking at 99 °C for 

15 min, prior to sample loading.  

3.8.3.4 Assessing contamination 

Samples to be tested for contamination were plated-out cells on LB-agar, Blood 

Agar, TSA and agarose-ACCM-2 plates. Plates were incubated both in an 

environment-controlled cabinet (37 °C, 2.5% O2, 5% CO2), and also in a normal 

incubator, at 37 °C. Media-rich plates were checked after 4 days; agarose-

ACCM-2 plates were checked after 11 days. 

3.8.4 Cell killing & sterility check 

The safety procedures and standard operating procedures for CbNMII growth at 

HCMG containment level 2 were followed. Cultures were split into batches of 10 

mL maximum, and incubated at 80 °C for 2 h. 10% of each batch (1 mL) was 

then used to inoculate a 10 mL ACCM-2 broth. This was incubated for 7 days at 

37 °C, shaking at 75 rpm. Samples were taken for qPCR quantitation at Day 0 

and Day 7, making sure to include the relevant positive and negative controls. 

3.9  MODIFIED CALCIUM ANCHORING ISOLATION AND 

PURIFICATION OF LPS MATERIAL 

ACCM-2 media was made-up according to the manufacturer’s instructions, with 

additional sterile (filtered) CaCl2 to a final concentration of 200 µM. This media 

was inoculated with C. burnetii (Nine Mile II) to a density of 1x102 cells/mL. After 

7 days growth, cells were harvested by centrifugation 10,458 xg for 20 min at 4 

°C. Cell pellets were re-suspended in 0.1 M Tris-HCl pH 8.0, to a total volume of 

45 mL resuspension from 4 L culture. Resuspensions were stored in O-ring 

sealed centrifuge tubes at -80 °C overnight. 

After thawing, samples were transferred to an Erlenmeyer flask in a BioJar, and 

incubated for 30 min at 37 °C, shaking at 177 rpm. After 30 min, EDTA was 



 Materials and Methods 

89 
 

added to 50 mM (4 mL of 0.5 M EDTA pH 8.0) and shaking incubation 

continued for a further 10 min at 37 °C to release the LPS. MgCl2 was then 

added to 100 mM (5 mL of 1 M MgCl2) and incubated with shaking for 10 min. 

The LPS-containing supernatant was separated via centrifugation at 6,800 g for 

20 min at 4 °C. This centrifugation step was repeated once due to some 

fragments of pellet coming loosing into the supernatant. Final pellets were 

resuspended in PBS and pooled, to 5 mL total volume for further analysis.  

The clarified supernatant was transferred to a new Erlenmeyer flask and 50 mL 

of a solution of 2% CTAB (v/v) in 0.5 M NaCl added. This was stirred via 

magnetic flea for 30 min at room temperature (inside a Class I Microbiological 

safety cabinet). The sample was clarified by centrifugation at 1,673 xg for 20 

min. The supernatant from clarification was diluted 10X in cold (-20 °C) 96% 

ethanol (900 mL) and left to stand at -20 °C for 2 h. Precipitated negatively 

charged material was harvested by centrifugation at 27,216 xg for 20 min and 

stored at -80 °C. 

Pellets from precipitation in ethanol were resuspended in PBS (0.5 mL per 

pellet, 8 pellets total). Absorbance at 280 and 260 nm was recorded using a 

nanospectrophotometer (Thermo). This material was then treated by nucleases 

with an overnight incubation of 50 µg/mL DNase and 63 µg/mL RNase (Roche) 

in an O-ring sealed centrifuge tube in a shaking incubator (177 rpm) at 37 °C.  

Precipitation after nuclease treatment was removed by addition of PBS to 12 

mL. The sample was centrifuged at 5,000 xg for 20 min. Samples were taken of 

both supernatant and pellet, and the absorbance at 280 and 260 nm determined 

as above. To remove protein, the supernatant was treated with 50 µg/mL 

Proteinase K (Roche) for 24 h in a shaking incubator (177 rpm) at 37 °C.  

This sample was clarified to remove large contaminants by centrifugation at 

5,000 xg for 20 min. The supernatant was transferred to an ultracentrifuge tube 

and the volume made up to 15 mL total by addition of PBS (17 g mass of liquid 

& tube). This was centrifuged at 105,000 xg for 3 h. Both supernatant and pellet 

were stored at -80 °C. Pellet was resuspended in 1 mL distilled water for 

analysis. 
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3.9.1  LPS analysis 

3.9.1.1 SDS-PAGE 

For analysis of LPS material SDS-PAGE gels were home-cast, instead of using 

commercial gels. The SDS-PAGE protocol followed the Dstl SOP, which is 

based on Willems (1992)179. The separating gel consisted of 37 mM Tris-HCl 

pH 8.8, 0.1% (w/v) SDS, 12.3% (w/v) acrylamide/bisacrylamide mix, 0.07% 

(w/v) APS, 0.07% (v/v) TEMED. The stacking gel consisted of 124 mM Tris-HCl 

pH 6.8, 0.1% (w/v) SDS, 4.5% (w/v) acrylamide, 0.05% (w/v) APS, 0.2% (v/v) 

TEMED. Samples were diluted 1:1 in solubilisation buffer (62.5 mM Tris-HCl pH 

6.8, 10% (v/v) glycerol, 3% (w/v) SDS, 5% (v/v) β-mercaptoethanol, 0.01% (w/v) 

Bromophenol Blue), and incubated for 10 min at 100 °C. 10 µL sample was 

loaded per well. BLUeye Prestained Protein Ladder (Sigma – 94964-500uL) 

was used for reference. The lower buffer reservoir (anode) was filled with 25 

mM Tris-HCl pH 8.3, 192 mM glycine; the upper buffer reservoir (cathode) was 

additionally supplemented with 0.1% (w/v) SDS. Gels were run for 5 h at 80 V. 

3.9.1.2 Silver-staining of SDS-PAGE gels 

After electrophoresis, the gels were fixed overnight on rocking table in sealed 

box in a solution of 40% (v/v) methanol, 5% (v/v) acetic acid (ACS reagent). The 

gels were stained using an adapted silver staining procedure based on Tsai and 

Frasch180.  

An oxidising solution of 100 mL fixer solution supplemented with 0.7 g periodic 

acid was added to the drained gels and incubated for 5 min. The gel was 

washed three times for 15 min each in water. Silver stain (18.6 mM NaOH, 13 

mM NH3OH, 0.67% (w/v) AgNO3) was added to the gels and incubated for 10 

minm. Three further 10 min water washes were performed. The drained gel was 

covered with developer solution (0.52 mM citric acid, 0.5% (v/v) formalin). Once 

the stain on the gel had developed, a 5% (v/v) acetic acid solution was added to 

stop the reaction. The gel was left in this solution for 1 h, then washed with 

water for 2 h before imaging.  

                                            
m To make silver stain 2 mL ammonium hydroxide was added to 28 mL 0.1 M NaOH, stirring all 
the time, then a solution of 0.2 mg/mL silver nitrate was added dropwise to 35 mL. The solution 
was topped up to 150 mL with water to the final concentrations: 18.6 mM NaOH, 13 mM 
NH3OH, and 0.67% AgNO3. 
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4 PROTEIN PRODUCTION AND PURIFICATION 

4.1 INTRODUCTION 

4.1.1 Enzymes required for CBU_1838 and StrM 

characterisation 

As introduced in Chapter 1, a major component of this thesis is the 

characterisation of the dTDP-sugar isomerases CBU_1838 and StrM, from the 

bacteria C. burnetii and S. griseus, respectively. As discussed in Section 1.4.3, 

both CBU_1838 and SgStrM are hypothesised dTDP-sugar isomerases, 

proposed to perform epimerisation of dTDP-4-keto-6-deoxy-glucose into a 

substrate for the final synthase enzyme of either dTDP-DHHS, or dTDP-

streptose, respectively (see Figure 1.5). As such, both CBU_1838 and SgStrM 

are of interest for assessing biosynthesis of the C. burnetii O-antigen sugar 

DHHS. Resolving a route to DHHS biosynthesis would assist in better 

understanding the O-antigen’s role as a virulence determinant for Q fever, and 

for early stages of glycoconjugate vaccine design.  

dTDP-sugar isomerases are very challenging to study in isolation: their 

substrate, dTDP-4-keto-6-deoxy-glucose, requires enzymatic production from 

commercial dTDP-glucosen, and a coupling enzyme is required for 

spectrophotometric kinetic assays. Since cross-species compatibility was 

demonstrated in the 1970s157, the principle of characterising enzymes involved 

in unusual 6-deoxyhexose biosynthesis through complementation of enzyme 

activity within the well-characterised rhamnose biosynthetic pathway has 

become common practice. Therefore, in order to characterise CBU_1838 and 

SgStrM, it is necessary to also use the rhamnose biosynthetic pathway as a 

reference.  

While many species of bacteria, and some archaea, possess rhamnose-

biosynthetic enzymes, E. coli was chosen as the source for the rhamnose-

biosynthetic enzymes used here: RmlB to generate dTDP-4-keto-6-deoxy-

                                            
n Only during the course of this study (early 2019) has dTDP-4-keto-6-deoxy-glucose become 
available commercially. 
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glucose from commercial dTDP-glucose, RmlC as a reference for 3″,5″-double 

epimerisation, and RmlD as a coupling reductase for studies of enzyme 

kinetics. Furthermore, as the stereo-specificities for isomerisation by CBU_1838 

and SgStrM were unknown, mono-epimerases were also included as reference 

enzymes (in addition to the EcRmlC double-epimerase). Therefore EvaD, a 5″-

mono epimerase from A. orientalis159-161, and ChmJ, a 3″-mono epimerase from 

S. bikiniensis162, were chosen to represent dTDP-sugar isomerases with 

activities of mono-epimerisation of dTDP-4-keto-6-deoxy-glucose. 

As EcRmlD catalyses the stereo-specific reduction of dTDP-4-keto-rhamnose, 

when used as a coupling enzyme for dTDP-sugar isomerase kinetic analysis, 

only the rate of 3″,5″-double epimerisation will be measured; no activity will be 

detected if only mono-epimerisation of dTDP-4-keto-6-deoxy-glucose is 

achieved. In addition to SgStrM, StrL, its cognate reductase, has not been 

reported to have been purified to homogeneity. Therefore, there are no 

published reports of SgStrL characterisation. The cognate reductases to EvaD 

and SbChmJ, AoEvaE and SbChmD, have been purified in prior work161,162. 

Whilst EvaD can act on the product of RmlB160, EvaE would be unlikely to act 

on dTDP-4-keto-rhamnose. As SgStrM/StrL have been assessed only on crude 

lysate, not the product of RmlB, it would be helpful to also characterise the 

species-specific dehydratase for streptose biosynthesis, StrE. The ideal panel 

of enzymes to be produced for thorough dTDP-sugar isomerase 

characterisation is summarised in Table 4.1. 
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Table 4.1 Panel of enzymes to be produced for dTDP-sugar isomerase 

characterisation. 

Protein 

name 

Biosynthetic 

pathway 

Species 

used for 

sequence 

source 

here 

Enzymatic activity on dTDP-sugar 

derivative 

D
e
h

y
d

ra
ta

s
e
 

Is
o

m
e

ra
s

e
 

R
e
d

u
c

ta
s

e
 

RmlB Rhamnose E. coli    

RmlC    

RmlD    

StrE Streptose S. griseus    

StrM    

StrL    

EvaD Epivancosamine A. 

orientalis 

   

ChmJ Mycinose S. 

bikiniensis 

   

ChmD    

CBU_1838 DHHS C. burnetii     
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4.1.2 Further enzymes proposed for C. burnetii O-

antigen biosynthesis 

From the genetic lesions identified in phase II C. burnetii (with truncated O-

antigens), a panel of ORFs was assembled in order to produce recombinantly 

expressed protein for characterisation. Within the NMII lesions this panel 

contained CBU_0676, CBU_0677, CBU_0681, CBU_0688, CBU_0689 and 

CBU_0691; from the further genetic lesions in DHHS-deficient bacteria were the 

ORFs CBU_0829, CBU_1834 and CBU_1837 (in addition to CBU_1838). While 

efforts were made to express, and purify, and characterise these proteins, as 

limited success was achieved the core results within this thesis focus on the 

characterisation of CBU_1838. However, some data for protein expression and 

purification for a selection of these additional enzymes from C. burnetii are 

shown here. 

4.1.3 Protein expression and purification 

4.1.3.1 General principles 

Characterising enzyme activities ideally requires a substantial supply of each 

protein purified to homogeneity. As all the proteins to be studied were of 

bacterial sources, the common laboratory bacterium, E. coli, was chosen as a 

host, in order to express proteins of interest from plasmid DNA.  

Genes were assembled into the plasmid of choice via ligation-independent 

cloning (LIC) after PCR amplification, before transformation into chemically 

competent cells. Once it was determined that gene sequences had been 

correctly assembled within plasmids, protein expression was induced using the 

T7 RNA polymerase under the control of the lac operon181
. Modifying this 

slightly by using the methods of Studier et al. for production of large quantities 

of protein, it was possible to produce large quantities of protein from overnight 

incubations166. Proteins of interest were expressed in the bacterial cytoplasm, 

and so cell lysis was necessary in order to isolate soluble protein. However, as 

clarified bacterial lysate contains all soluble material from within each 

bacterium, it is necessary to then purify proteins of interest in order to separate 

them for individual characterisation. For this, the standard approach of affinity 

purification was used164. By inclusion of an affinity tag within the ORF for the 
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protein of interest, it is possible to selectively isolate proteins of interest, through 

passing clarified bacterial lysate over the affinity partner. Most commonly used 

is a hexa-histidine tag (His-tag) which have a high affinity for several transition 

metal ions, notably Ni2+. However, histidine residues can be displaced from 

nickel by the compound imidazole, which competes with histidine for Ni2+. This 

allows selective isolation of proteins with moderate affinity for nickel (i.e. those 

with a His-tag). Subsequent size-exclusion chromatography is often required 

following immobilised metal affinity chromatography (IMAC), in order to remove 

any misfolded material, proteins of a different molecular weight that may have 

co-eluted with the His-tagged protein of interest, and as a form of buffer-

exchange to remove the imidazole from the protein sample. 

4.1.3.2 Choice of vector for protein expression 

A range of plasmids are available as DNA vectors for protein expression in E. 

coli. The modified pET expression vector pNIC28-Bsa4 (Addgene_26103) was 

chosen for protein expression due to the following features: an N-terminal His-

tag with TEV protease cleavage, allowing protein purification via IMAC, and the 

ability to cleave this fusion peptide with a common protease if required; gene 

expression control via a lac operator under a T7 promoter; sites in the DNA for 

LIC cloning are included in the plasmid; conferral of kanamycin resistance; the 

inclusion of the sacB gene prior to treatment with BsaI, allowing negative 

selection of plasmid from unsuccessful LIC when cells are grown on LB-agar 

containing 5% (v/v) sucrose165. 

4.1.4 Aims 

1) To produce the panel of enzymes in Table 4.1 in order to characterise 

CBU_1838 and SgStrM through: 

a) Isolation of genetic material, and assembly into plasmid vectors 

b) Recombinant protein expression in E. coli 

c) Purification to homogeneity 

d) To optimise protein expression and purification as necessary to 

produce soluble protein 

2) To produce further enzymes proposed for C. burnetii O-antigen 

biosynthesis: CBU_0676, CBU_0677, CBU_0681, CBU_0688, 

CBU_0689, CBU_0691, CBU_0829, CBU_1834 and CBU_1837 
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4.1.5 Summary of key findings 

Standard methods for cloning, assessment of genetic material, gene 

expression, and protein purification were employed164,165. Successful 

recombinant expression and protein purification to homogeneity was achieved 

for the following: the rhamnose biosynthetic enzymes from E. coli (RmlB, RmlC, 

RmlD), the mono-epimerases to be used as references in dTDP-sugar 

isomerase studies (AoEvaD and SbChmJ), and the proposed dTDP-sugar 

isomerases for DHHS biosynthesis by C. burnetii, and for streptose 

biosynthesis by S. griseus (CBU_1838 and StrM). Characterisation of these 

proteins beyond purification is presented in Chapter 5 and Chapter 6. 

Attempts were also made to produce the cognate reductases to SbChmJ and 

SgStrM (ChmD and StrL), and the S. griseus dehydratase StrE. However, these 

attempts were unsuccessful. Additionally, the following proteins from CbNMI 

were recombinantly expressed and purified: CBU_0676, CBU_0677, 

CBU_0681, CBU_0688, CBU_1834, and CBU_1837, with CBU_0689, 

CBU_0691 and CBU_0829 remaining insoluble. No further data is presented for 

those proteins. 

4.2 RESULTS 

4.2.1 Cloning of genetic material and incorporation into 

expression plasmids 

4.2.1.1 Isolation of RmlB, RmlC and RmlD from E. coli genomic 

DNA 

Genomic DNA from E. coli was isolated as per Section 3.2.1, resulting in 200 

µL at 29.5 ng/µL. This was used for PCR amplification of RmlB, RmlC and 

RmlD, in preparation for ligation-independent cloning (LIC). Agarose gel 

electrophoresis was used separate the products of PCR according to size, to 

confirm correct amplification through comparison of DNA migration to that of 

reference markers for DNA fragment size, when visualised using a UV 

transilluminator (Figure 4.1). 
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4.2.1.2 PCR amplification of synthesised gene fragments 

Genes were PCR-amplified from synthesised fragments as per Section 3.2.2. 

Agarose gel electrophoresis was used to visualise the DNA of PCR products. 

Initial PCR results revealed successful amplification for the majority of gene 

fragments, however, this was incorrect for the genes StrL and CBU_1838 

(Figure 4.2A). New primers for amplification of these genes were then designed 

to give melting temperatures within the region of 62-70 °C (original calculated 

melting temperatures were in the region of 98-102 °C). PCR was repeated, 

additionally optimising the annealing temperature using gradient PCR, with a 

temperature range of 46-71 ºC. Resultantly, correct PCR amplification was 

achieved for StrL and CBU_1838 (Figure 4.2B). 
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Figure 4.1 PCR amplification of RmlB-D from E. coli genomic DNA.  

PCR amplification from E. coli genomic DNA was run for each gene using its unique primer pair in a range of MgCl2 conditions, and 

alongside a negative control, as indicated by the legend. ‘M’ indicates reference markers (Hyperladder 1kb, BioLine). Expected migration 

(bp): RmlB – 1085, RmlC – 558, RmlD – 900.
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Figure 4.2. PCR amplification of genes of interest. 

A) Initial PCR amplification. B) Optimised PCR for StrL and CBU_1838 amplification. ‘M’ indicates reference markers (Hyperladder 1kb, 

BioLine). Boxes indicate the expected migration of PCR products, with the gene sizes labelled beneath. Green boxes indicate PCR 

products at expected sizes; red boxes indicate PCR products at incorrect sizes that were subsequently optimised. Note: StrL, CBU_0691, 

CBU_0829 and CBU_0689 were included in the original panel of genes of interest, however, their protein products were insoluble, 

making further characterisation not possible. 
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4.2.1.3 Assessment of cloning 

Following PCR amplification, PCR products were purified and incorporated into 

the pNIC28 plasmid through LIC (Section 3.2.4.1). Plasmids were transformed 

into chemically competent E. coli 5α cells (NEB), and incubated on LB-agar 

containing kanamycin and 5% (v/v) sucrose. Multiple colonies were picked per 

gene, labelled alphabetically (i.e. A, B, C etc.). These were used to inoculate 

fresh O/N broths of LB containing kanamycin, and tested using colony PCR 

(Figure 4.3). The O/N broth grown from each colony that gave a positive colony 

PCR result was used for plasmid mini-prep. The prepared plasmids were then 

further checked for correct insertion of the gene of interest by restriction 

digestion and Sanger sequencing (Figure 4.4). Plasmids that passed quality 

control were transformed into chemically competent E. coli BL21 (DE3) cells for 

expression. 
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Figure 4.3 Agarose gel of colony PCR products for CBU_1834 and 

CBU_1837 clones. 

Colonies from bacterial transformation of pNIC28 plasmids treated via LIC to 

incorporate genes of interest were re-suspended in water to test incorporation 

by colony PCR. Test samples A-C were run alongside reference markers (M) 

and a negative control (-ve) containing an incorrect template for the primers 

within the PCR reaction, and a positive control (+ve) of the original PCR of the 

gene fragment, before LIC into pNIC28. Ticks indicate PCR products at the 

expected size, crosses indicate a failed PCR reaction. Resultantly, plasmid 

DNA was isolated from CBU_1834 clone C and CBU_1837 clones A and C for 

further testing via restriction digest and Sanger sequencing. 
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Figure 4.4 Agarose gel of purified plasmids after digestion with NdeI 

and EcoRI.  

Plasmid DNA purified from cultures grown of clones A-C was incubated with the 

restriction enzymes NdeI and EcoRI, which should cut either side of the inserted 

gene. A negative control (-ve) of the pNIC28 plasmid without an insert was run 

alongside test samples, and reference markers (M). A red box indicates DNA at 

an incorrect size, a green box indicates DNA at the expected size. Ticks for 

CBU_0677 C and CBU_0681 B indicate that after Sanger sequencing, these 

clones contain the correct DNA inserts. For CBU_0676 further colonies were 

tested and the tenth colony gave a positive result (Appendix 6).  
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4.2.1.4 Site-directed mutagenesis of RmlD 

Sanger sequencing of pNIC28 containing rmlD (as isolated from E. coli genomic 

DNA) revealed a frameshift mutation from a single base loss (Figure 4.5). As a 

result, primers were designed for SDM in order to restore the sequence to WT 

(Primers 7 and 8 from Table 3.2). SDM using QuikChange proved successful, 

with colonies obtained from using either 10 ng or 100 ng DNA template for the 

SDM reactiono. Correct mutation was confirmed by sequencing of the resultant 

plasmid DNA. This new clone was then used for RmlD protein expression and 

purification.  

                                            
o Correct SDM was achieved when using either a 10 ng or 100 ng template, but a greater 
number of colonies grew when using the 10 ng template.  
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Figure 4.5 Sequencing data for rmlD within pNIC28, before and after SDM.  

The WT sequence for rmlD is shown at the top of the figure, with the codon for 

a leucine (Leu) residue highlighted. Below are the traces and sequences from 

Sanger sequencing of RmlD-containing plasmids, sequenced using T7 forward 

(T7F) and T7 reverse (T7R) primers. The sequencing trace boxed in red shows 

a point mutation relative to the WT DNA above, where the cytosine for the start 

of the CTT codon for leucine is not present in the trace. Ribosomal translation of 

this ORF would result in a frame-shift mutation. The primers for SDM were 

designed to incorporate this extra cytosine base, shown at the top of the figure, 

boxed in purple. SDM proved successful, as shown by the trace boxed in green, 

with newly isolated plasmid DNA shown to contain a correct WT sequence for 

rmlD. Sanger sequencing performed by SourceBioscience, DNA alignments 

generated using SnapGene v2.6.2, and figure designed using Microsoft 

PowerPoint.  
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4.2.2 Protein expression trials and small-scale 

purification 

Optimal conditions for expression of each gene of interest were assessed 

through a simple protocol, designed to streamline the testing of a set of 

conditions, based on protocols from the Harmer lab and the University of 

Virginia182. Expression was assessed in a high-throughput, small-scale manner, 

with samples normalised to contain material from the equivalent of 1 mL of cells 

at OD = 0.8. This was designed so that SDS-PAGE gels could be used to 

compare the relative intensity of bands across the tested conditions, as all 

amounts loaded were normalised to the cell density. After an initial screening of 

solubility, comparing the soluble and insoluble (supernatant and pellet) fractions 

after cell lysis, a small-scale IMAC purification was performed to validate that 

the desired protein could be purified. This allowed the range of samples to be 

triaged and a single condition chosen as the optimum in an evidence-based 

manner. All the stages from initial growth to large-scale purification were 

achievable within one week in many cases. Figure 4.6 shows the SDS-PAGE 

gels from expression trials of SgStrM, SbChmJ, SgStrE and SbChmD. For 

these, soluble protein was obtained in large quantities across 2-200 µM IPTG 

for the dTDP-sugar isomerases SgStrM and SbChmJ. It is also clear here that 

SgStrM expresses in a higher quantity than SbChmJ, but that after this single 

IMAC purification step, ChmJ contains fewer contaminants than SgStrM. 

However, whilst SgStrE and SbChmD producing large quantities of protein 

across a range of expression conditions, this was retained in pellet samples 

after clarification. The expression for all other proteins was also tested in this 

manner (data not shown). 
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Figure 4.6 SDS-PAGE to assess expression trials for SgStrM, SbChmJ, SgStrE and SbChmJ.  

Expression of each gene by BL21(DE3) cells in 25 mL LB was induced by 2, 20 or 200 µM IPTG, for overnight expressed at 20 °C. Cells 

were harvested, lysed, and centrifuged to clarify. Samples of reference markers (M), the clarified pellet and supernatant after lysis (P, S), 

and the elution fractions after small-scale IMAC purification (E) were electrophoresed on a 4-12% acrylamide SDS-PAGE gel and stained 

with Coomassie. Protein expression is high across the tested range for both SgStrM (A), and SbChmJ (B), so the large-scale broth was 

kept for all for use in large-scale purifications. Both SgStrE (C) and SbChmD (D) show high levels of protein expression, but the protein is 

retained in the pellet fractions after lysis, and therefore is not carried through in the small-scale purification. Boxes represent the 

migration as expected for proteins of the correct Mw. 
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4.2.2.1 Further expression optimisation/trouble-shooting  

From initial small-scale expression tests using a His-tag, CBU_0676, 

CBU_0677, CBU_0688, CBU_1834, CBU_1837 and CBU__1838 expressed 

soluble protein which could be straightforwardly purified. However, from initial 

trials, CBU_0691, CBU_0689 and CBU_0829, expressed protein in the 

insoluble fraction from initial tests. Additionally, soluble protein was not obtained 

from SgStrE, SgStrL or SbChmD. As the purification of ChmD has been 

previously published, the published method was also followed to attempt to gain 

soluble protein162. This involved employing TB instead of LB (following the Cold 

Spring Harbour Laboratory Press recipe)162. Unfortunately, for four repeats, this 

was also unsuccessful (Figure 4.7). 
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Figure 4.7 Expression of SbChmD by the published method.  

Expression of SbChmD by BL21(DE3) cells in 25 mL TB was induced by 50 µM 

IPTG, for overnight expression, as per the published method162. Cells were 

harvested, lysed, and centrifuged to clarify. Samples of reference markers (M), 

along with the clarified pellet and supernatant after lysis (P, S) were 

electrophoresed on a 4-12% acrylamide SDS-PAGE gel and stained with 

Coomassie. Expression levels of ChmD were again high, but the protein 

remained insoluble. Box and arrow represent the migration as expected for 

SbChmD. 
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Later attempts to improve on the production of soluble protein involved 

expanding the tests for expression conditions, designing optimisation 

experiments around induction (ZYM auto-induction media166 or IPTG at 

concentrations of 2-500 µM, with temperature and duration ranging between 37 

°C for 1 hour to 12 °C for 48 hours, and also cell strain testing expression from 

the following alternative E. coli strains: BL21 (DE3) pLysS (Novagen), Rosetta 

(DE3) (Novagen), Arctic Express. A range of plasmids were also tested to 

provide tagging with thioredoxin, GST, or SUMO, including trials with the Takara 

system of chaperone proteins183. None of these improved protein solubility.  

CBU_0691, the putative methyltransferase for virenose biosynthesis, one of the 

highest value targets, was used as the key test protein. At best, only the 

smallest hints of soluble protein were detected. In vitro re-folding experiments 

were run for CBU_0691, expressing protein to purify from inclusion bodies, 

denature, and refold. Purification from inclusion bodies was successful, and 

soluble protein was obtained after denaturing the inclusion bodies in 6 M 

guanidine-HCl and adding dropwise to a refolding buffer containing salt, 

arginine, Triton X-100 and DTT, buffered to pH 8. However, there were 

difficulties in removing Triton X-100, which obscured measurements of protein 

concentration and solubility. 

Therefore as methods to produce soluble protein from the full range of 

proposed C. burnetii O-antigen biosynthetic genes did not yield tangible results, 

efforts were focussed on dTDP-sugar isomerase characterisation. 

4.2.3 Large-scale purification of proteins  

After expression optimisation, EcRmlB-D, CBU_1838, SgStrM, AoEvaD and 

SbChmJ were purified on a large-scale in both 10 mM HEPES or PBS pH 7.5, 

with NaCl to 0.5 M, in order to allow optimal conditions for characterisationp. 

Expression and purification was straightforward for RmlB (Figure 4.8), RmlC 

(Figure 4.9), RmlD (Figure 4.10), CBU_1838 (Figure 4.11) and AoEvaD (Figure 

4.13), as it was possible to use ZYM-5052 auto-inducing media, and to purify 

using the ÄKTAxpress automated system. SgStrM and SbChmJ required IPTG 

induction in LB media, as indicated through expression trials (Section 4.2.2, 

                                            
p HEPES is an organic acid that masks the regions of interest in 1H-NMR spectra. Phosphate 
buffer was therefore chosen for preparations of enzymes to be analysed by 1H-NMR 
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Figure 4.6). However, purification using the ÄKTAxpress was successful for 

both proteins (Figure 4.12 and Figure 4.14).  

To confirm the identity of the purified proteins, samples of the final pooled 

fractions were assessed through western blotting. Following separation by SDS-

PAGE, samples were transferred to a nitrocellulose membrane and probed with 

anti-6*His antibodies and fluorescently labelled secondary antibodies. On blot 

scanning, all proteins showed strong bands for anti-6*His at the expected sizes, 

confirming that the expected proteins were purified. Example data for RmlB, 

RmlC and RmlD is shown (Figure 4.15). 
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Figure 4.8 Large-scale purification of EcRmlB in HEPES and PBS.  

BL21(DE3) cells expressing RmlB were grown in 500 mL ZYM-5052 overnight 

at 20 °C. Cells were harvested, lysed, and centrifuged to clarify. The 

supernatant was purified using IMAC and SEC on an ÄKTAxpress automated 

purification system. Samples of markers (M), clarified pellet (Pel), supernatant 

(Sup) and peak fractions were electrophoresed on a 4-12% acrylamide SDS-

PAGE gel and stained with Coomassie. A) SEC performed in HEPES buffer, B) 

SEC performed in PBS, C) Concentrated sample of RmlB purified in PBS, with 

only 1 µL loaded (for clarity). Boxes represent the fractions which were pooled 

for concentration, storage, and characterisation.  
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Figure 4.9 Large-scale purification of EcRmlC in HEPES and PBS.  

BL21(DE3) cells expressing RmlC were grown in 500 mL ZYM-5052 overnight 

at 20 °C. Cells were harvested, lysed, and centrifuged to clarify. The 

supernatant was purified using IMAC and SEC on an ÄKTAxpress automated 

purification system. Samples of markers (M), clarified pellet (Pel), supernatant 

(Sup) and peak fractions were electrophoresed on a 4-12% acrylamide SDS-

PAGE gel and stained with Coomassie. A) SEC performed in HEPES buffer, B) 

SEC performed in PBS. Boxes represent the fractions which were pooled for 

concentration, storage, and characterisation. Following purification in PBS, 

fractions A5-A10 were concentrated to 0.93 mg/mL before storage. 
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Figure 4.10 Large-scale purification of EcRmlD in HEPES and PBS.  

BL21(DE3) cells expressing RmlD were grown in 500 mL ZYM-5052 overnight 

at 20 °C. Cells were harvested, lysed, and centrifuged to clarify. The 

supernatant was purified using IMAC and SEC on an ÄKTAxpress automated 

purification system. Samples of markers (M), clarified pellet (Pel), supernatant 

(Sup) and peak fractions were electrophoresed on a 4-12% acrylamide SDS-

PAGE gel and stained with Coomassie. A) SEC performed in HEPES buffer, B) 

SEC performed in PBS, C) Concentrated sample of RmlD purified in PBS, with 

only 1 µL loaded (for clarity). Boxes represent the fractions which were pooled 

for concentration, storage, and characterisation.  
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Figure 4.11 Large-scale purification of CBU_1838 in HEPES and PBS.  

BL21(DE3) cells expressing CBU_1838 were grown in 500 mL ZYM-5052 

overnight at 20 °C. Cells were harvested, lysed, and centrifuged to clarify. The 

supernatant was purified using IMAC and SEC on an ÄKTAxpress automated 

purification system. Samples of markers (M), clarified pellet (P), supernatant 

(S), IMAC flow-through (FT) and peak fractions were electrophoresed on a 4-

12% acrylamide SDS-PAGE gel and stained with Coomassie. A) SEC 

performed in HEPES buffer, B) SEC performed in PBS. Boxes represent the 

fractions which were pooled for concentration, storage, and characterisation. 
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Figure 4.12 Large-scale purification of SgStrM in HEPES and PBS.  

BL21(DE3) cells expressing SgStrM were grown in 1 L LB, and induced with 

200 µM IPTG overnight at 20 °C. Cells were harvested, lysed, and centrifuged 

to clarify. The supernatant was purified using IMAC and SEC on an 

ÄKTAxpress automated purification system. Samples of markers (M), clarified 

pellet (P), supernatant (S) and peak fractions were electrophoresed on a 4-12% 

acrylamide SDS-PAGE gel and stained with Coomassie. A) SEC performed in 

HEPES buffer, B) SEC performed in PBS. Boxes represent the fractions which 

were pooled for concentration, storage, and characterisation.  
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Figure 4.13 Large-scale purification of AoEvaD in HEPES and PBS.  

BL21(DE3) cells expressing AoEvaD were grown in 500 mL ZYM-5052 

overnight at 20 °C. Cells were harvested, lysed, and centrifuged to clarify. The 

supernatant was purified using IMAC and SEC on an ÄKTAxpress automated 

purification system. Samples of markers (M), clarified supernatant (S) and peak 

fractions, alongside the elution from a prior small-scale purification (E), were 

electrophoresed on a 4-12% acrylamide SDS-PAGE gel and stained with 

Coomassie. A) SEC performed in HEPES buffer, B) SEC performed in PBS. 

Boxes represent the fractions which were pooled for concentration, storage, and 

characterisation. 
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Figure 4.14 Large-scale purification of SbChmJ in HEPES and PBS.  

BL21(DE3) cells expressing ChmJ were grown in 1 L LB, and induced with 200 

µM IPTG overnight at 20 °C. Cells were harvested, lysed, and centrifuged to 

clarify. The supernatant was purified using IMAC and SEC on an ÄKTAxpress 

automated purification system. Samples of markers (M), clarified pellet (P), 

supernatant (S) and peak fractions were electrophoresed on a 4-12% 

acrylamide SDS-PAGE gel and stained with Coomassie. A) SEC performed in 

HEPES buffer, B) SEC performed in PBS. Boxes represent the fractions which 

were pooled for concentration, storage, and characterisation. 
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Figure 4.15. Western-blot of purified RmlB, RmlC and RmlD.  

‘M’ represents fluorescently labelled reference markers. Following purification, 

samples were pooled and an aliquot for each protein loaded onto an SDS-

PAGE gel for separation according to molecular weight. Gels were then 

equilibrated in buffer and transferred to a nitrocellulose membrane. Antibody 

incubation was achieved using the iBind system, probing the blot with an anti-

6*His primary antibody, and a conjugate secondary antibody with a red 

fluorescent label.  
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4.2.4 Expression and purification of other proteins of 

interest for C. burnetii O-antigen biosynthesis 

4.2.4.1 CBU_0681 and CBU_1837 

Purification of both CBU_1837 and CBU_0681 proved simple, with expression 

in ZYM-5052 and purification using the automated ÄKTAxpress system. 

Therefore these proteins were expressed and purified on a large-scale for 

protein crystallisation trials. Figure 4.16 shows selected fractions from 

purification of CBU_1837 and CBU_0681 assessed by SDS-PAGE. Coomassie-

blue stain reveals all protein species in the samples. However, the antibodies 

used for Western-blotting reveal that the protein of interest has indeed been 

purified in each case. Ponceau-staining following Western-blot scanning reveals 

any contaminants to the blot membrane which may have been introduced in the 

transfer process. In this case, comparison of the Coomassie-stained gel (Figure 

4.16 A) with the Ponceau-stained blot (Figure 4.16 C) reveals a contaminant at 

~ 25 kDa has been introduced to the B2 sample for CBU_1837, which is 

important to take note of as it is also shown by the Western-blot. Therefore it 

was deemed these samples of CBU_1837 and CBU_0681 were of good 

enough quality to concentrate and use in protein crystallisation trials (data not 

shown).  
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Figure 4.16. SDS-PAGE and Western-blot assessment of CBU_1837 and 

CBU_0681 purification.  

Selected fractions from purification of both CBU_1837 and CBU_0681 after 

expression in 0.5 L ZYM, purified by ÄKTAxpress in 10 mM HEPES pH 7.5, 0.5 

M NaCl. A) SDS-PAGE stained by Coomassie Blue; B) Western-blot with Goat 

α-Mouse, and Mouse α-His antibodies; C) Ponceau-stained blot membrane. 
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4.3 DISCUSSION 

4.3.1 Proteins of interest for characterising dTDP-sugar 

isomerases 

4.3.1.1 Successful purifications 

In order to characterise the activities of the proposed dTDP-sugar isomerases 

CBU_1838 from C. burnetii, and StrM from S. griseus, it was first necessary to 

isolate the genetic sequences required (Table 4.1), transform these into E. coli 

host cells for recombinant expression, and purify each protein product. The 

rhamnose biosynthetic genes: rmlB, rmlC and rmlD, were cloned from E. coli 5α 

in order to provide RmlB and RmlD as coupling enzymes for dTDP-sugar 

isomerase activity characterisation, and RmlC as a reference enzyme for 

double-epimerisation. After discovery of a frameshift mutation within the rmlD 

gene as isolated from E. coli 5α, this was converted to a wild type sequence 

through site-directed mutagenesis (Table 3.2). Alongside the rhamnose 

biosynthetic genes, AoEvaD and SbChmJ were expressed and purified from 

synthesised plasmid DNA as reference enzymes for mono-epimerisation.  

This study provides the first expression and purification of CBU_1838 and 

SgStrM, demonstrating that they can both be prepared in large quantities, to a 

high level of purity (Figure 4.11 and Figure 4.12). The levels and purity obtained 

were consistent with levels achieved for EcRmlC, AoEvaD and SbChmJ in this 

study (Figure 4.9, Figure 4.13, and Figure 4.14), and with previous studies into 

dTDP-sugar isomerases 159,162,184-186
. This was the case in both HEPES buffer 

for enzyme assays and crystallisation, and phosphate buffer for NMR studies. 

The quantities and purity purified were sufficient for both enzyme work (Chapter 

5) and structural work (Chapter 6). 

4.3.1.2 Unsuccessful purifications 

The over-expression of recombinant proteins, while routinely employed for in 

vitro protein production, delivers considerable stress on bacterial cells. When 

under stress, cells often develop inclusion bodies, where stressor proteins are 

collected in order to isolate them from the rest of the cell and to minimise 

interruption to growth. The formation of inclusion bodies and negative reactions 
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by bacteria to over-expressed proteins could be due to a variety of reasons. The 

most common reason for inefficient protein translation is the presence of rare 

codons in the genes for recombinant proteins of interest. In order to avoid this, 

genes can be codon optimised for the expression system being employed. All 

genes used in this project were indeed codon optimised, making translation 

inefficiency an unlikely determinant of the low levels of protein expression 

observed in some cases here. In the cases where protein was expressed but 

insoluble, protein misfolding likely resulted in the formation of inclusion bodies. 

None of the proteins being expressed in this project have transmembrane 

helices or large regions of hydrophobicity, eliminating membrane-association as 

a determinant of misfolding/low solubility. Published methods of improving 

protein expression include varying the expression strain, employing vectors with 

solubility tags, varying the temperature and duration for expression, and the 

concentration of inducer. Here, the following alternative E. coli strains were 

used: BL21 (DE3) pLysS (Novagen), Rosetta (DE3) (Novagen), Arctic Express. 

Furthermore, when expression failed from the pNIC28 plasmid vector, 

alternative plasmids were tested to provide solubility tags (thioredoxin, GST, or 

SUMO), and chaperone proteins (the Takara system183). Unfortunately, despite 

testing these variables, protein solubility was not improved.  

4.3.1.2.1 S. bikiniensis ChmD 

In the biosynthesis of dTDP-6-deoxy-D-allose by S. bikiniensis, dTDP-glucose 

is converted to dTDP-4-keto-6-deoxy-glucose by ChmAII, an RmlB homolog. 

ChmJ then catalyses epimerisation at C3″ of the sugar moiety to give dTDP-4-

keto-6-deoxy-allose. This is finally reduced by SbChmD to dTDP-6-deoxy-

allose. EcRmlD was to be used as the coupling reductase for 

spectrophotometric assays of the dTDP-sugar isomerases to be characterised, 

however, as EcRmlD accepts only dTDP-4-keto-rhamnsoe as a substrate, 

unless SbChmJ (like AoEvaD) was capable of both double- and mono-

epimerisation of dTDP-4-keto-6-deoxy-glucose, then it would not be possible to 

assay ChmJ spectrophotometrically. Therefore expression and purification was 

attempted for SbChmD. However, using the standard expression optimisation 

protocols it was not possible to obtain soluble protein. The published method by 

which soluble ChmD was obtained was also attempted. Again this was 

unsuccessful (Section 4.2.2.1, Figure 4.7)162. As many variables as possible 
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were kept consistent: the same plasmid vector was used for expression 

(pET28b, with an N-terminal His-tag), the temperature and duration of culture 

growth were replicated, the same media was used, and the concentration of 

inducing agent was the same (50 µM IPTG). Overall it was not discovered why 

soluble ChmD could not be obtained. Unfortunately this would hinder 

characterisation of 3″ mono-epimerase activity, as no activity would be 

observed when using EcRmlD as the coupling reductase. 

4.3.1.2.2 S. griseus StrL 

In a similar manner, protein expression and purification was attempted for 

SgStrL. While this protein has not been purified to homogeneity before, 

characterisation of activity has been performed through examination of crude 

lysate from S. venezuelae KdesI expressing StrL within the pDHS617 plasmid 

vector158. As a different bacterium was used for expression, there would likely 

be different chaperone proteins present which could have aided in correct 

protein folding. However, additionally, StrL protein could still have formed 

inclusion bodies within the S. venezuelae yet retained activity, as long as 

catalytic domains were folded correctly187,188. The use of a heterologous 

Streptomyces species would be a potential solution in the future for expression 

of StrL. 

4.3.2 Overall conclusions  

This chapter presents methods involved in the successful cloning, expression 

and purification of the following proteins, for which this has not yet been 

published: SgStrM, CBU_1838, CBU_0676, CBU_0677, CBU_0688, 

CBU_1834, and CBU_1837. Furthermore, the following proteins have been 

purified to use in dTDP-sugar isomerase characterisation (which have appeared 

in published literature):  EcRmlB-D, AoEvaD, and SbChmJ.  

Unfortunately soluble protein was not obtained for the reductases SbChmD and 

SgStrL, despite trialling the published method for SbChmD expression. 

Furthermore, soluble protein from the following proteins of interest from C. 

burnetii was not obtained, when following the methods used here: CBU_0689, 

CBU_0681, and CBU_0829. 
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Characterisation of SgStrM and CBU_1838 as dTDP-sugar isomerases, using 

EcRmlB-D, AoEvaD and SbChmJ as purified here, is presented further in 

Chapter 5 and Chapter 6 of this thesis.  
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5 DEVELOPMENT OF ASSAYS TO CHARACTERISE 

DTDP-SUGAR ISOMERASES, AND CONCURRENT 

OBSERVATIONS OF ECRMLB 

5.1 INTRODUCTION 

5.1.1 Importance of dTDP-sugar isomerase 

characterisation to glycoconjugate Q fever 

vaccine design 

As explored in Chapter 1, dTDP-sugar isomerases are often exploited by 

bacteria in order to generate LPS sugars with immune-evading properties, 

through epimerisation of natural D-enantiomeric sugars into their more unusual 

L-enantiomers134,189. Additionally, L-enantiomeric sugars are key components to 

a variety of antibiotics (for example: vancomycin, tylosin and 

streptomycin)146,153. 

In the investigation of proposed C. burnetii LPS biosynthetic genetic loci, the 

ORF termed CBU_1838 returned 48.4% amino acid sequence identity with the 

rhamnose-biosynthetic dTDP-sugar isomerase of E. coli (EcRmlC). RmlC, the 

third committed enzyme in dTDP-rhamnose biosynthesis, catalyses the double-

epimerisation of dTDP-4-keto-6-deoxy-glucose at positions 3’’ and 5’’ on the 

hexose sugar. C. burnetii has not been shown to produce or utilise rhamnose. 

However, a dTDP-sugar isomerase activity could be involved instead in 

dihydrohydroxystreptose (DHHS) biosynthesis. A glycoconjugate vaccine for C. 

burnetii-caused Q fever would ideally contain this sugar, as DHHS is one of the 

two unusual hexoses contained within C. burnetii O-antigens, and the O-antigen 

is a key virulence determinant. Therefore, an understanding of DHHS 

biosynthesis is key, and characterisation of CBU_1838 will aid in this.  

Towards the characterisation of CBU_1838 and elucidation of DHHS 

biosynthesis, the streptose-synthetic dTDP-sugar isomerase (StrM) also 

presents a tractable target for biochemical comparison. As discussed in 

Chapter 1 the mechanism by which dTDP-DHHS is synthesised is thought to 
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be very similar to that for dTDP-streptose, ending in epimerisation at either C5″ 

only, or both C3″ and C5″, followed by reduction at C4″ and formation of a C4″-

C2″ linkage to produce a dTDP-linked 3-C-(hydroxymethyl) sugar.  

Epimerisation at C3″ is unlikely to be required for streptose or DHHS synthesis. 

However, if the ability to epimerise a thymidine-linked sugar evolved from a 

common ancestor to E. coli, S. griseus, and C. burnetii, then retention of C3″ 

epimerisation, within the reaction mechanism for dTDP-sugar isomerisation by 

the latter two bacterial species could be plausible. Indeed, a similar hypothesis 

was proposed for AoEvaD, a later-characterised C5″ mono-epimerase; 

reductase coupled assays and GC-MS analysis demonstrated that this retains 

the capability to catalyse epimerisation at both C3″ and C5″ positions160,170. 

Furthermore, retention of C3″ epimerisation within the dTDP-sugar 

isomerisation mechanism between species could have arisen from horizontal 

gene transfer between bacteria. For C. burnetii this has indeed been recognised 

in LPS-biosynthetic genes190. 

The stereospecificity of CBU_1838 and SgStrM are unknown. Additional to 

AoEvaD, activities of epimerases which naturally display 3″-only activities have 

been characterised162,191. Therefore in this study, alongside the double-

epimerase EcRmlC, mono-epimerases are employed to aid characterisation of 

other unstudied RmlC-like dTDP-sugar isomerases (EvaD from A. orientalis, 

and ChmJ for S. bikiniensis). By using knowledge of enzyme properties from 

these characterised dTDP-sugar isomerases (RmlC: 3″-5″-double epimerase, 

EvaD: naturally 5″-only, but capable of double-epimerisation, and ChmJ: 3″-only 

mono-epimerase), it is feasible to design/adapt methods in order to characterise 

the dTDP-sugar isomerase from Coxiella burnetii proposed to be involved in 

DHHS biosynthesis, CBU_1838, and also better characterise SgStrM, the 

dTDP-sugar isomerase for streptose biosynthesis. 
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5.1.2 History and difficulties of dTDP-sugar isomerase 

studies 

5.1.2.1 dTDP-4-keto-6-deoxy-glucose as a substrate for dTDP-

sugar isomerases 

Studies of the intermediates in rhamnose biosynthesis in the late 1950s, and 

early 1960s revealed the actions of the later-identified rhamnose-biosynthetic 

operon RmlA-D, and methods by which to study the enzymes involved in each 

process, which are still used today139,150,192. However, due to chemical 

instabilities and difficulties of chemical synthesis, the intermediates in rhamnose 

biosynthesis have proved challenging to obtain. In particular, neither the 

substrate (dTDP-4-keto-6-deoxy-glucose) nor product (dTDP-4-keto-rhamnose) 

of RmlC are readily obtained.  

dTDP-4-keto-6-deoxy-glucose was first isolated as an intermediate in rhamnose 

biosynthesis in 1959. At the time it was not yet identified, and instead given the 

label ‘TDP-Y’192. The identification and proposed structure of TDP-Y as dTDP-4-

keto-6-deoxy-glucose came three years later. In a very comprehensive analysis 

of isolated intermediates, the authors were able to provide clarification150. 

Okazaki et al. came to their conclusion that TDP-Y was dTDP-4-keto-6-deoxy-

glucose due to four observations: 1) the appearance of C4-epimer pairs when 

TDP-Y was chemically reduced, 2) infrared spectra revealing a carbonyl group, 

3) a positive o-phenylenediamine reaction for ketone detection, and 4) 

comparison of the IR and UV-absorbance spectra with those of other identified 

keto-sugars150.  

Later, despite identification of dTDP-4-keto-6-deoxy-glucose as the product of 

RmlB, and isolation and 1H-NMR spectroscopic characterisation of this193, the 

inability to identify dTDP-4-keto-rhamnose after RmlC action led researchers to 

initially believe this rhamnose-intermediate existed only in an enzyme-bound 

state157,194. Indeed, the 4-keto group renders dTDP-4-keto-6-deoxy-glucose and 

its epimers susceptible to chemical reduction under basic conditions. Therefore, 

it was not until 1999 that dTDP-4-keto-rhamnose was identified155,169,195. 

However, even then, the authors cite this as too unstable to allow isolation on a 

preparative scale. The low equilibrium constant determined for RmlC also 

meant that without the cognate reductase, RmlD, to act as a sink, the substrate 
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(dTDP-4-keto-6-deoxy-glucose) exists in far higher concentrations than the 

product (dTDP-4-keto-rhamnose)169.  

A further minor complication to the isolation and identification of dTDP-4-keto-

rhamnose, and indeed any dTDP-sugar isomerase product, is the existence of a 

keto-hydrate equilibrium (Figure 5.1). This phenomenon was observed from 1H-

NMR spectroscopic characterisation193. This equilibrium results in the splitting of 

peaks in 1H-NMR spectra, due to differing chemical environments causing 

different chemical shift values between the two forms of the sugar.  

 

Figure 5.1 Keto-hydrate equilibrium for dTDP-4-keto-6-deoxy-glucose.  

Keto-hydrate equilibrium results in split peaks in 1H-NMR: for the keto state, and 

the hydrate state. The former is the more abundant as it is the lower-energy 

hydrate state. Structures drawn using BIOVIA Draw v16.1.  

 

At the time of initiation of this project dTDP-4-keto-6-deoxy-glucose was not 

commercially available, and so as with all previously published work on RmlC 

and RmlC-like epimerases, the preceding enzyme in the pathway, RmlB, was 

required in order to generate dTDP-4-keto-6-deoxy-glucose from dTDP-

glucose. However, before the completion of this project, one supplier offered 

synthesis of this chemical. Therefore the studies presented here discuss work 

both with enzymatically-produced and commercially-sourced dTDP-4-keto-6-

deoxy-glucose. 

5.1.2.2 Coupled assays for dTDP-sugar isomerases 

Direct analysis and quantification of the products of dTDP-sugar isomerisation 

is extremely challenging. Coupling of a dTDP-sugar isomerase to a 4-keto 

reductase provides an alternative means of studying the enzymes. RmlD 

catalyses the reduction of dTDP-4-keto-6-deoxy-glucose to dTDP-rhamnose, 
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using NAD(P)H as a cofactor. As the cognate reductase to RmlC, RmlD is most 

often used as a coupling enzyme when studying dTDP-sugar biosynthesis. In 

the 1970s it was discovered that RmlC-like dTDP-sugar isomerases, and their 

cognate reductases could be compatible across bacterial species (E. coli and 

Pseudomonas aeruginosa RmlD/4-reductase were inter-compatible)157. Many 

following studies have used this principle in order to characterise enzymes 

which previously proved challenging155,160,162,196,197. 

The concurrent oxidation of NAD(P)H to NAD(P)+ when RmlD reduces its 

substrate can be followed spectrophotometrically, measuring the change in 

absorption of light at 340 nm (ΔA340 nm). The reduced form of the nicotinamide 

cofactor (NAD(P)H) absorbs light at this wavelength, whilst the oxidised form 

NAD(P)+ does not. Such a spectrophotometric assay offers the capability to 

measure the initial velocity of multiple substrate concentrations, maintaining 

identical experimental conditions. This allows the determination of the 

Michaelis-Menten constant (KM), maximal velocity (Vmax), and turnover number 

(kcat) of the reaction, assuming steady-state conditions. These kinetic constants 

can then be used to compare dTDP-sugar isomerase activity across different 

bacterial sources, and catalytic mutants.  

EcRmlC is a reported 3″,5″-double epimerase, with no evidence at all of mono-

epimerisation140. The stereospecificity of C. burnetii and S. griseus dTDP-sugar 

isomerases is unknown. Indeed, they may be capable of epimerisation at either 

a single position (mostly likely 5″-only), or both 3″ and 5″ positions. However, 

when coupling the activity of a dTDP-sugar isomerase to a 4-keto reductase, 

activity can only be measured if the products of epimerisation match the 

specificity requirements of the reductase used as a coupling agent. RmlD is 

specific for a double-epimerised substrate (dTDP-4-keto-rhamnose). Therefore, 

when using RmlD as a coupling agent to detect dTDP-sugar isomerase activity, 

the apparent rate will reflect 3″,5″-double epimerisation only; if the isomerase is 

incapable of double-epimerisation, then no activity will be observed.  

Therefore overall coupled assays provide the following advantages: production 

of a chemically stable product, clear characterisation of the product (as only a 

single epimer will be present), and the ability to track epimerisation reactions in 

real-time. However, compatibility between the epimerase and reductase is 

required. 
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5.1.2.3 Methods to observe epimerisation directly, without 

enzymatic coupling 

The subtle change in molecular structure between dTDP-4-keto-6-deoxy-

glucose and dTDP-4-keto-rhamnose involves epimerisation at two positions on 

the carbon ring: C3″ and C5″ (Figure 5.2). Following the epimerisation reaction 

directly is challenging, as the chemical composition of the substrate does not 

change. There is no concurrent cofactor turnover. As described in Chapter 1, 

Section 1.4.2, the mechanism by which RmlC-catalysed epimerisation occurs 

involves enzymatic deprotonation on one face of the ring, followed by 

reprotonation at the opposite face, either by solvent, or acidic active site 

residues for each position (C3″ and C5″)140. Therefore, as epimerisation 

involves solvent exchange, methods to detect heavy hydrogen isotope 

incorporation can be used to reflect a direct observation of epimerisation. As 

observed by Dong et al. for S. enterica serovar Typhimurium RmlC, when the 

reaction is performed using a deuterated solvent, the protons abstracted from 

the substrate are replaced by deuterons140. Two key methods for detection of 

solvent exchange through heavy-isotope incorporation into a protonated 

substrate are 1H-NMR spectroscopy, and GC-MS. The expected deuterium-

incorporation from solvent exchange during epimerisation is shown in Figure 

5.2. 
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Figure 5.2 Structures of dTDP-4-keto-6-deoxy-glucose isomers from 

epimerisation and deuterium incorporation at positions 3″, 5″, and 3″,5″. 

Hydrogen atoms coloured blue, and deuterons in green to highlight the 

positions at which epimerisation/deuterium-incorporation occurs. Figure made in 

Microsoft PowerPoint, using chemical structures drawn in BIOVIA Draw v16.1. 
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In NMR spectroscopy, the electron spin from deuterium, compared to hydrogen, 

results in a broadly different atomic resonant frequency. Therefore, chemical 

shift from deuterons is not observable in proton NMR. As such, deuterium 

isotope incorporation is observed through 1H-NMR as the loss of proton signals, 

and also the loss of spin-spin coupling where protons are replaced by 

deuterons. 

For GC-MS analysis, the reaction cannot be observed in real-time, as with 

NMR, as in order to assess mass changes, material needs to be chemically 

reduced, hydrolysed, and per-acetylated first. The position and extent of 

deuterium incorporation can then be analysed through calculating the relative 

proportions of chemical fragments of different masses, and also through 

analysis of the composition of each fragment. This technique has been used in 

analysis of all the three reference dTDP-sugar isomerases studied here 

(RmlC140,169, AoEvaD160 and ChmJ162). 

However, as discussed later (Section 5.3.4.1), studies of deuterium 

incorporation need to be taken with caution, as it is possible that non-enzyme 

catalysed solvent exchange without epimerisation could be misinterpreted as 

enzyme-catalysed epimerisation. 

5.1.2.3.1 Further information on 1H-NMR 

1H-NMR is a powerful method for observation of changes in chemical structure 

of an organic molecule over time, and indeed also of molecular structure in 

solution. Through application of a constant magnetic field to a sample, and then 

observation of nuclear proton spin-spin coupling when an oscillating magnetic 

field is applied, the chemical environment of each proton in a molecule is able to 

be determined. There are three features of spectral output from 1H-NMR that 

allow structure solution: proton chemical shift, signal intensity, and spin-spin 

coupling.  

The chemical shift of a nucleus reflects the precise resonant frequency of 

energy transition from magnetic field oscillation. Chemical shift of a nucleus is 

dependent on the chemical environment, particularly the electronegativity of 

linked-to nuclei of identical chemical environments. Protons in electron 

withdrawing environments will have a lower chemical shift (in parts per million, 

ppm) compared to protons in a more electropositive environment. The relative 
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intensity of signals reflects the relative abundance of protons in that particular 

environment. The scale of signal intensity can be calibrated to reflect an 

absolute value for the number of protons. 

Finally, as the magnetic field of a nucleus is affected by the orientation of 

neighbouring nuclei, the peaks of proton chemical shift visible in a 1H-NMR 

spectra reflect spin-spin coupling if there are other protons on neighbouring 

atoms. This is exhibited by peak splitting, or peak multiplicity, where for ‘n’ 

equivalent protons on a neighbouring carbon atom, the peak on a 1H-NMR 

spectrum is split into ‘n+1’ signals. The interaction then between the 

neighbouring proton(s) and the one for which that particular chemical shift is 

observed, is described by the coupling constant (J), measured in Hz.    

5.1.3 Methods used here for dTDP-sugar isomerase 

characterisation  

5.1.3.1 Spectrophotometric coupled assays 

In order to characterise the kinetic properties of CBU_1838 and SgStrM, 

spectrophotometric assays coupled to EcRmlD will be performed. This will 

determine whether either or both are capable of double-epimerisation, as 

required by RmlD, and also allow comparison of the kinetic constants derived 

from Michaelis-Menten analysis between CBU_1838 and SgStrM and EcRmlC, 

AoEvaD and SbChmJ.  

As RmlB will be used to provide dTDP-4-keto-6-deoxy-glucose as a substrate 

for dTDP-sugar isomerases, it will be necessary also to design an assay to 

determine Michaelis-Menten parameters of RmlB for dTDP-glucose. For this, 

conditions of cofactor concentration, enzyme concentration, and buffering 

conditions will be assessed, and optimised in order to generate dTDP-4-keto-6-

deoxy-glucose within a reasonable time-frame for use in coupled assays.  

5.1.3.2 Use of 1H-NMR to directly observe solvent exchange 

during epimerisation of dTDP-4-keto-6-deoxy-glucose 

1H-NMR spectroscopy will be used here to assess solvent exchange in real-

time. Through incubation of substrate with the relevant enzymes in deuterated 

solvent, an enzyme-mediated chemical shift is expected to be observed as the 
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3″ and 5″ proton peaks disappear and are exchanged for deuterium (Figure 

5.2).  

While 1H-NMR can be used to follow the kinetics of solvent exchange at sites of 

epimerisation, this would be a very costly method to derive Michaelis-Menten 

kinetic properties of dTDP-sugar isomerase, especially due to the time involved; 

each spectrum requires ~ 4 min for data collection. However, for kinetic 

comparisons between enzymes in this study, 1H-NMR will be recorded at 10-

minute intervals for 90 min, and then later spectra obtained for each at 2 h, 4 h, 

8 h, and 18-24 h. The integration values for chemical shift peaks (calibrated to 

proportion of protons they represent) can then be taken to represent the 

proportion of protonated substrate (no deuterium incorporation). Approximate 

rates of epimerisation can then be calculated for all dTDP-sugar isomerases 

studied here.  

5.1.3.3 GC-MS to assign deuterium incorporation  

As GC-MS has been used to assess deuterium incorporation by all the three 

reference dTDP-sugar isomerases used in this study (RmlC140, AoEvaD160 and 

ChmJ162), it will be employed here for CBU_1838 and SgStrM characterisation. 

For the sake of continuity, all samples were treated the same, and at the same 

time, including repetition of GC-MS analysis for the reference dTDP-sugar 

isomerases. 

5.1.4 Aims 

1) To qualitatively assess the activity of CBU_1838 and SgStrM as dTDP-

sugar isomerases through comparison to selected ‘reference’ enzymes 

2) To quantitatively assess CBU_1838 and SgStrM kinetic activity in 

comparison to ‘reference’ enzymes 

3) To gain insight into the stereospecificity of CBU_1838 and SgStrM in 

production of dTDP-4-keto-6-deoxy-glucose epimers 

4) To the study of dTDP-sugar isomerases presented here into the context 

of published literature for methods of analysis, and insight into 

stereoselectivity and mechanism  
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5.1.5 Summary of key findings 

Spectrophotometric assays coupled to EcRmlD determined that CBU_1838 and 

SgStrM are capable of 3″,5″-double epimerisation of dTDP-4-keto-6-deoxy-

glucose. Comparison of kinetic constants between CBU_1838 and SgStrM and 

the reference enzymes revealed that SgStrM behaves very similarly to EcRmlC, 

and that CBU_1838 differs to SgStrM and EcRmlC mainly in KM for dTDP-4-

keto-6-deoxy-glucose. SbChmJ showed no activity in an EcRmlD-coupled 

spectrophotometric assay.  

1H-NMR spectroscopy was used here to assess solvent exchange in real-time. 

From time-resolved 1H-NMR, approximate rates of epimerisation (assumed 

from observations of deuterium-incorporation) were calculated for all dTDP-

sugar isomerases studied here. Furthermore, deuterium incorporation was 

assessed through GC-MS. Through both 1H-NMR and GC-MS analysis it was 

shown that CBU_1838 and SgStrM behave similarly to EcRmlC. Furthermore, 

through analysis of SbChmJ in isolation (for the first time), this shows clear 

action as a 3″-only mono-epimerase (as expected). AoEvaD proved slightly 

more troublesome, showing little deuterium incorporation at all, contrary to 

published literature.  

Initial analysis of RmlB-generated dTDP-4-keto-6-deoxy-glucose in both 

spectrophotometric assays and 1H-NMR spectroscopy revealed peculiarities. 

Therefore, when a commercial source of the substrate became available, 

experiments were repeated. The availability of a commercial source of dTDP-4-

keto-6-deoxy-glucose has enabled clear characterisation of dTDP-sugar 

isomerases, and additionally, surreptitiously provided mechanistic insight to the 

action of EcRmlB. 1H-NMR analysis of RmlB in the presence of commercial 

dTDP-4-keto-6-deoxy-glucose enabled observation, and calculation of the rate, 

of RmlB-catalysed C5″ solvent exchange. 

Furthermore, it is shown here by 1H-NMR that dTDP-4-keto-6-deoxy-glucose 

remains chemically stable over 18 h when in deuterated buffer, with no H-D 

solvent-exchange detected. This is contrary to prior reports and assumptions of 

instability. 
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5.2 RESULTS 

5.2.1 Design of coupled assays 

5.2.1.1 Standard curves for NADH and NADPH 

Standard curves for both NADH and NADPH were obtained in order to 

determine the relationship between cofactor concentration and A340 nm in the 

plate reader used for this work, according to Beer-Lambert’s law (Equation 1) 

(Figure 5.3). Spectrophotometric readings were recorded at 37 °C from serial 

dilutions made in triplicate of each nicotinamide cofactor. An additional reading 

was recorded after 30 min at 37 °C, in order to determine any change in A340 nm 

due to NAD(P)H degradation. 

Equation 1: Beer-Lambert’s law. 

𝐴 = 𝜀𝑐𝑙
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Figure 5.3 Standard curves for NADH and NADPH concentration-

dependent absorbance at 340 nm.  

Serial dilutions for each cofactor were made in triplicate, and the final buffer 

composition was 50 mM HEPES pH 7.0, 20 mM MgCl2, 5 µM NAD+. Readings 

were obtained at 37 °C, at a zero time-point (t=0, purple), and after a 30 min 

incubation at 37 °C (t=30, blue). Linear regression analysis performed by 

GraphPad v8.1.2 gave t=0 equations for NADH and NADPH as Y = 0.003x + 

0.115 ± 0.001 and Y = 0.003x + 0.124 ± 0.001, respectively. After 30 min (t=30) 

the slope for NADH was then identical to that at t=0 (P=0.16). For NADPH at 

t=30 the equation was Y = 0.003x + 0.124 ± 0.001, with a P-value of 0.0001 

between slopes at t=0 and t=30. Error bars represent the standard error of the 

mean (SEM). 
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The concentration of NAD(P)H in an assay needs to cover a range where there 

is a linear relationship with measured absorbance of light at 340 nm, and also 

be high enough that change in concentration is accurate over as wide a range 

as possible, taking the accuracy of the spectrophotometer into account. From 

the standard curves of NADH and NADPH, it was clear that there was little 

difference in A340 nm after a 30 min incubation at 37 °C. For NADPH the 

difference was measurable, as a difference in 1x10-4 units for the slope, and 

7x10-4 units for Y-intercept. A range of 350 µM to 25 µM (~1.2 to 0.2 AU) was 

chosen as a detectable range for NAD(P)H consumption, and it was determined 

that the any degradation of the nicotinamide cofactors at 37 °C would not affect 

kinetic constant calculations for assay durations of less than 30 min. 

5.2.1.2 Michaelis-Menten of RmlB for dTDP-glucose 

Initially RmlB was used to provide dTDP-4-keto-6-deoxy-glucose as a substrate 

for dTDP-sugar isomerases. Therefore it was necessary to design an assay to 

determine the Michaelis-Menten parameters of RmlB for dTDP-glucose in order 

to generate dTDP-4-keto-6-deoxy-glucose within a reasonable time-frame for 

use in dTDP-sugar isomerase assays. This was achieved through a 

spectrophotometric assay coupled to RmlC and RmlD (Chapter 3, Section 

3.5.2).  

First, the optimal concentration of NAD+ for RmlB activity was determined 

(Appendix 7). Whilst NAD+ is a tightly-bound catalytic cofactor, the 

concentration has been reported to affect RmlB rate196,198. Overall, RmlB acted 

at 96 ± 3% of maximum rate observed when concentrations of 2 nM - 50 µM 

NAD+ were used. At 87 µM NAD+ the rate dropped to 89%, and by 1250 µM 

NAD+ RmlB rate dropped to 14%. In these experiments 40 nM RmlB was used, 

and so the range of NAD+ concentration as a ratio of RmlB concentration to 

achieve maximal rate was 1:0.05-1250. As it was not envisaged that RmlB 

concentrations above 5 µM would be used at any point, it was decided to use 

NAD+ at 10X the concentration of RmlB, in order to ensure presence of the 

cofactor, without limiting rate. 

Additionally, a divalent cation is required for the activity of RmlD, the final 

coupling enzyme. Divalent cations at concentrations below 1 mM are is reported 

to also be required for RmlB activity, above which inhibitory effects are 
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observed 196. Therefore a coupled assay was designed to test the effect of a 

range of MgCl2 concentrations to find a range that supports RmlD but does not 

inhibit RmlB (Appendix 8). Greater than 15 mM MgCl2 was required for 

maximum activity, and between 15 -250 mM there was no change activity 

relative to the lowest concentration tested (250 µM). Therefore it was decided to 

use MgCl2 at a concentration of 20 mM. This is above the threshold for rate-

limitation of RmlD, and also an approximation of physiological [MgCl2] in E. coli. 

The Michaelis-Menten experiment for RmlB coupled to RmlC and RmlD gave a 

kcat of 10.8 ± 0.4 s-1, calculated from a Vmax of 0.43 ± 0.01 µM/s and the use of 

40 nM RmlB (Figure 5.4)q. Therefore, in a 25 minute incubation at 37 °C, 0.2 

µM RmlB would be required to turnover 3 mM dTDP-glucose. These data were 

used in order to design assays for dTDP-sugar isomerases.  
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Figure 5.4 Kinetic activity of RmlB with a Michaelis-Menten curve fit.  

40 nM RmlB was incubated with varying concentrations of dTDP-glucose in 50 

mM HEPES pH 7.0, 20 mM MgCl2, 0.4 µM NAD+, 350 µM NADPH, with 2 µM 

RmlC/D.  Kinetic constants derived from Michaelis-Menten curve fit: Vmax – 0.43 

± 0.01 µM/s, KM – 101 ± 9 µM, kcat – 10.8 ± 0.4 s-1. Error bars represent the 

SEM. 

                                            
q Coupling enzymes assumed to be in molar excess as raw data showed no lag phase. 
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5.2.1.3 Optimisation of RmlC rate analysis 

Once NAD(P)H standard curves had been determined, along with the 

Michaelis-Menten parameters for RmlB in order to produce dTDP-4-keto-6-

deoxy-glucose efficiently, dTDP-sugar isomerase activity could then be 

assayed. Assay optimisation was run using the best-studied of the family, 

RmlC, with the intent to then apply assay conditions consistently across the 

other dTDP-sugar isomerases to be studied (SgStrM, CBU_1838, AoEvaD and 

ChmJ).  

5.2.1.3.1 Effect of glycerol on dTDP-sugar isomerase activity 

Glycerol was used as a stabilising agent for storage of all enzymes. As detailed 

in Chapter 3, following purification enzymes were concentrated, then stored in 

20-30% glycerol at both -20 °C (working stocks) and -80 °C (long-term storage). 

However, the chemical nature of glycerol and chemical similarity to the 

substrate of dTDP-sugar isomerases means that it could potentially have an 

inhibitory effect on enzyme activity. Therefore the effect of glycerol on RmlC 

activity was determined through a coupled assay with RmlD (Figure 5.5).  
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Figure 5.5 Effect of glycerol on RmlC rate.  

Enzymes were used at concentrations of 0.4 µM each, with 250 µM substrate 

(obtained from incubation with RmlB, completion assumed) and 350 µM NADH 

in reaction buffer. Varying concentrations of glycerol were mixed with the 

substrate, before addition of RmlC and RmlD and measuring A340. RmlC activity 

is shown as normalised to the maximum activity observed, 0.52 µM/s, from 

1.2% (v/v) glycerol (contribution from purified enzymes). The average rate 

without any additional glycerol added was 0.45 ± 0.06 µM/s. At the first addition 

of glycerol to 1.4%, there is slight reduction in rate, to 0.42 ± 0.04 µM/s. With 

1.9% glycerol the rate was 0.41 ± 0.03 µM/s, still within error of the rate when 

no extra glycerol was added. However, at 4.3% glycerol the rate reduced to 

0.35 ± 0.05 µM/s, with the rate with 13.7% glycerol falling within error of this 

(0.34 ± 0.03 µM/s). At the highest concentration of glycerol tested, 51.2%, the 

observed rate of RmlC was 0.28 ± 0.08 µM/s, a loss of 46 ± 16% of the 

maximum activity observed. Error bars represent the SEM. 
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Due to the storage of all enzymes used (RmlB, RmlC and RmlD) in glycerol, 

there was a contribution of 1.2% (v/v) glycerol to the reaction conditions before 

any additional glycerol was added. Increasing the concentration of glycerol to 

2% did not result in any significant loss in RmlC rate, however, at higher 

concentrations, glycerol did become rate-limiting, with ~ 50% glycerol resulting 

in ~ 50% loss in RmlC rate. 1.94% (v/v) glycerol in a 200 µL assay volume 

corresponds to a molar concentration of 265 µM. Given that in this case 250 µM 

substrate was used, any concentration of glycerol above 1.83% (v/v) would 

have resulted in an excess of glycerol compared to the substrate (dTDP-4-keto-

6-deoxy-glucose). As a result of this, when deciding the concentration of each 

enzyme to use in an assay, the molar contribution of glycerol to each assay was 

kept in mind to not exceed the molar concentration of substrate used. This was 

especially important when designing Michaelis-Menten experiments using low 

substrate concentrations. In the absence of a calculated Ki for glycerol, this 

simple qualitative boundary was deemed appropriate as a measure to avoid the 

potential for enzyme inhibition due glycerol. 

5.2.1.3.2 Buffering conditions for dTDP-sugar isomerase activity analysis 

While a buffer at pH 7.5 (often HEPES) is commonly used in RmlBCD assays 

160,162,196, it is not always found as optimum (between pH 8.0-8.5 has been 

reported for RmlB)197, and a range of pH 7.5-8.5 for SgStrM and SgRmlD155. 

Therefore a screen of different buffers at different pH buffering capacities was 

run in order to confirm that in this assay set-up pH was not rate-limiting 

(Appendix 9). Enzymes were used at 0.1 µM, contributing 0.29 % (v/v) glycerol 

to the assay overall, and the final concentration of the buffers tested was 50 

mM, with 1 mM HEPES pH 7.0 retained from enzyme/reagent preparations. The 

RmlB reaction was performed first, and then RmlC/RmlD/NADH were added to 

measure rate.  

5.2.1.3.3 Ensuring coupling enzyme is in excess 

For assessment of RmlB kinetic parameters, both RmlC and RmlD were used in 

excess, whereas in order to determine RmlC kinetic parameters, only the 

concentration of RmlD was needed in excess, with a rate-limiting concentration 

of RmlC. As all of the enzymes involved in these studies required time to 

express and purify in-house, it was necessary to not be wasteful with excess 
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coupling agent concentrations. Therefore, while keeping a constant 

concentration of substrate, the rate of RmlC was determined with varying 

concentrations of RmlD, and a non-linear regression fit analysis used to 

determine the concentration of RmlD when the observed rate of RmlC was 50% 

of the maximum (Figure 5.6). From this data it is seen that with 500 µM 

substrate, the concentration of RmlD no longer limits the rate of reaction above 

concentrations of ~ 0.25 µM. Therefore taking this into account, and the amount 

of RmlD protein available, it was decided to use a concentration of 0.8 µM RmlD 

in coupled assays for dTDP-sugar isomerase activity. 

0.0 0.5 1.0 1.5 2.0
0.0

0.1

0.2

0.3

0.4

Concentration of RmlD (M)

R
m

lC
 r

a
te

 (


M
/s

)

 

Figure 5.6 Relationship between RmlC rate and RmlD concentration.  

500 µM substrate (obtained from incubation with RmlB, completion assumed), 

0.2 µM RmlC in buffer containing 50 mM HEPES pH 7.0, 20 mM MgCl2, 350 µM 

NADPH, and 20 nM RmlB with 0.2 µM NAD+ remaining from the substrate-

generating incubation. Non-linear regression analysis performed, leading to 

determining that with 0.12 µM RmlD, the observed rate of RmlC was 50% of the 

maximum. Error bars represent the SEM. 
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5.2.2 Kinetic analysis of epimerases 

5.2.2.1 Kinetic analysis using RmlB-generated substrate 

Following optimisation of assay conditions and components, experiments were 

designed to measure the specific kinetic activity of the epimerases EcRmlC, 

SgStrM, CbCBU_1838, AoEvaD and SbChmJ. Initial experiments were run to 

determine an appropriate concentration of enzyme to use (data not shown). 

From this, SbChmJ showed no activity, therefore it was not possible to analyse 

comparative kinetics by these means. Kinetic assays were then designed to 

cover a range of substrate concentrations such that at least three values both 

below and above an estimated KM were assessed. A Michaelis-Menten kinetic 

profile was expected, where on increasing substrate concentrations, the rate 

would reach a maximum and then plateau as amount of substrate became no-

longer rate-limiting. However, for RmlC, it was very clear that above 1 mM 

substrate, increasing concentrations actually reduced the apparent rate (Figure 

5.7). The same was true for SgStrM (Figure 5.8) and CBU_1838 (Figure 5.9), 

although to a lesser extent. AoEvaD, however, did not display the same 

substrate inhibition behaviour, even at 9 mM substrate (Figure 5.10). As such, 

data were analysed by both the Michaelis-Menten and substrate inhibition 

equations, with R2 values used as a measure of fit. Substrate inhibition for 

dTDP-sugar isomerases has not been reported before, and it was deemed that 

the coupled reaction with RmlB might be causing challenges with the assay. 

Fortunately, a chemical supplier started to offer dTDP-4-keto-6-deoxy-glucose 

commercially, and so it became possible to assay epimerase activity with 

greater trust in the substrate identity. 
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Figure 5.7 Dependence of RmlC activity on substrate concentration.  

Substrate generated from incubation of RmlB with varying concentrations of 

dTDP-glucose. Following this, reagents were added to give final concentrations 

of 350 µM NADPH, 0.2 µM RmlC, 0.8 µM RmlD, retaining 20 mM MgCl2, and 50 

mM HEPES pH 7.0. At the highest substrate concentration, completion was 

reached at ~ 500 s. Readings continued for 970 s, although a maximum 

duration of 212 s was taken for analysis of the linear region of substrate 

turnover. The initial rate was transformed from AU/s to enzyme turnover 

number, kcat (s-1), in order that the data for each epimerase can be compared 

when different enzyme concentrations are used. Data were fitted to the 

Michaelis-Menten equation (red line), and to the substrate inhibition equation 

(blue line). The fit to the substrate inhibition equation is substantially better, with 

an R2 value of 0.99, compared to 0.88 for a Michaelis-Menten fit. Error bars 

represent the SEM. 
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Figure 5.8 Dependence of StrM activity on substrate concentration.  

Substrate generated from incubation of RmlB with varying concentrations of 

dTDP-glucose. Following this, reagents were added to give final concentrations 

of 350 µM NADPH, 0.2 µM SgStrM, 0.8 µM RmlD, retaining 20 mM MgCl2, and 

50 mM HEPES pH 7.0. At the highest substrate concentration, completion was 

reached just under 500 s. Readings continued for 20 min, although a maximum 

duration of 182 s was taken for analysis of the linear region of substrate 

turnover. The initial rate was transformed from AU/s to enzyme turnover 

number, kcat (s-1), in order that the data for each epimerase can be compared 

when different enzyme concentrations are used. Data were fitted to the 

Michaelis-Menten equation (red line), and to the substrate inhibition equation 

(blue line). The fit to the substrate inhibition equation is substantially better, with 

an R2 value of 0.99, compared to 0.93 for a Michaelis-Menten fit, despite the 

substrate concentration range not being wide enough to give values for kinetic 

constants with a substrate inhibition fit. Error bars represent the SEM. 
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Figure 5.9 Dependence of CBU_1838 activity on substrate concentration.  

Substrate generated from incubation of RmlB with varying concentrations of 

dTDP-glucose. Following this, reagents were added to give final concentrations 

of 350 µM NADPH, 1.5 µM CBU_1838, 0.8 µM RmlD, retaining 20 mM MgCl2, 

and 50 mM HEPES pH 7.0. At the highest substrate concentration, completion 

was reached 140-300 s. Readings continued for 20 min, although a maximum 

duration of 160 s was taken for analysis of the linear region of substrate 

turnover. The initial rate was transformed from AU/s to enzyme turnover 

number, kcat (s-1), in order that the data for each epimerase can be compared 

when different enzyme concentrations are used. Data were fitted to the 

Michaelis-Menten equation (red line), and to the substrate inhibition equation 

(blue line). The substrate inhibition equation fits the data marginally better, with 

an R2 value of 0.99, compared to 0.98 for a Michaelis-Menten fit. Error bars 

represent the SEM. 
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Figure 5.10 Dependence of AoEvaD activity on substrate concentration.  

Substrate generated from incubation of RmlB with varying concentrations of 

dTDP-glucose. Following this, reagents were added to give final concentrations 

of 350 µM NADPH, 0.2 µM AoEvaD, 0.8 µM RmlD, retaining 20 mM MgCl2, and 

50 mM HEPES pH 7.0. For AoEvaD activity, a lag phase of ~ 380 s was 

observed, before steady state was reached. At the highest substrate 

concentration, completion was not reached until ~ 1 h. Readings continued for 1 

h, although a maximum duration of 50 min was taken for analysis of the linear 

region of substrate turnover. The initial rate was transformed from AU/s to 

enzyme turnover number, kcat (s-1), in order that the data for each epimerase 

can be compared when different enzyme concentrations are used. Data were 

fitted to the Michaelis-Menten equation (red line), and to the substrate inhibition 

equation (blue line). For AoEvaD, both the Michaelis-Menten and substrate 

inhibition equations fit the data equally, with identical R2 values of 0.98. Error 

bars represent the SEM. 
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5.2.2.2 Kinetic analysis using commercial substrate 

The assays for dTDP-sugar isomerase activity in Section 5.2.2.1 were repeated 

using dTDP-4-keto-6-deoxy glucose sourced from a commercial supplier 

(Carbosynth). The approximated kinetic constants (kcat and KM) from assays 

where substrate was provided by RmlB were used to design assays with 

commercial substrate, coupled again to the oxidation of NADPH by RmlD. This 

enable the Michaelis-Menten kinetic parameters to be determined for each of 

the dTDP-sugar isomerases used in this study (Table 5.1), and to compare 

these to the kinetic constants determined from RmlB-generated substrate 

(Table 5.2). RmlC and SgStrM showed the fastest rate (Figure 5.11), whilst 

CBU_1838 was approximately three times slower, and AoEvaD approximately 

fourteen times slower (Figure 5.12). 
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Figure 5.11 Michaelis-Menten kinetics for EcRmlC and SgStrM with 

commercial substrate.  

In both assays the dTDP-sugar isomerases were used at 0.2 µM, with 0.8 µM 

RmlD, 350 µM NADPH, 20 mM MgCl2, and 50 mM HEPES pH 7.0. At the 

highest substrate concentration, completion was not reached after 300-500 s. 

Due to a slight lag phase, the steepest slope from each substrate concentration 

replicate was chosen for rate analysis. Data were fitted to the Michaelis-Menten 

non-linear regression analysis equation. Error bars represent the SEM. 
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Figure 5.12 Michaelis-Menten kinetics for CBU_1838 and AoEvaD with 

commercial substrate.  

CBU_1838 was used at 0.6 µM, and AoEvaD at 1.0 µM, each with 0.8 µM 

RmlD, 350 µM NADPH, 20 mM MgCl2, and 50 mM HEPES pH 7.0. At the 

highest substrate concentration, completion with CBU_1838 took 350-550 s, for 

AoEvaD this was doubled. Due to a slight lag phase, the steepest slope from 

each substrate concentration replicate was chosen for rate analysis. Data were 

fitted to the Michaelis-Menten non-linear regression analysis equation. Error 

bars represent the SEM. 
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Table 5.1 Kinetic constants for EcRmlC, SgStrM, CbCBU_1838 and 

AoEvaD, and R2 values for fit to Michaelis-Menten non-linear regression 

analysis equation.  

Values determined from spectrophotometric assay using commercial substrate, 

coupled to the oxidation of NADPH by RmlD.  

Epimerase kcat (s-1) KM (µM) kcat/ KM  

(s-1 mM-1) 

R2 

RmlC 5.47 ± 0.10 834 ± 38 6.57 ± 0.18  0.996 

SgStrM 5.38 ± 0.14 595 ± 41 9.07 ± 0.39 0.988 

1838 1.75 ± 0.05 2,000 ± 159 0.88 ± 0.04 0.986 

AoEvaD 0.39 ± 0.02 632 ± 98 0.63 ± 0.07 0.921 

 



Development of assays to characterise dTDP-sugar isomerases, and concurrent observations of EcRmlB 

154 
 

Table 5.2 Comparison of kinetic constants determined for each dTDP-sugar isomerase from different substrate sources, and 

non-linear regression analyses.  

Values determined from spectrophotometric assay using either RmlB-generated or commercial substrate, coupled to the oxidation of 

NADPH by RmlD. 

Epimerase Substrate source 
Non-linear regression 

analysis equation 
kcat (s-1) KM (µM) R2 

RmlC 
RmlB-generated 

Michaelis-Menten 3.77 ± 0.24 260 ± 57 0.878 

Substrate inhibition 17.7 ± 5.52 2240 ± 821 0.986 

Commercial Michaelis-Menten 5.47 ± 0.10 834 ± 38 0.996 

SgStrM 
RmlB-generated 

Michaelis-Menten 5.38 ± 0.35 463 ± 84 0.930 

Substrate inhibition / / 0.994 

Commercial Michaelis-Menten 5.38 ± 0.14 595 ± 41 0.988 

CBU_1838 
RmlB-generated 

Michaelis-Menten 1.71 ± 0.07 1767 ± 182 0.979 

Substrate inhibition 4.00 ± 0.91 5520 ± 1539 0.992 

Commercial Michaelis-Menten 1.75 ± 0.05 2,000 ± 159 0.986 

AoEvaD 
RmlB-generated 

Michaelis-Menten 0.46 ± 0.01 1248 ± 108 0.985 

Substrate inhibition 0.47 ± 0.04 1273 ± 215 0.985 

Commercial Michaelis-Menten 0.39 ± 0.02 632 ± 98 0.921 
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5.2.3 Design of 1H-NMR to follow hydrogen-deuterium 

exchange 

In order to observe dTDP-sugar isomerase activity by 1H-NMR, it was first 

necessary to determine which regions of the spectra were diagnostic for the 

chemical environment around the 3’’ and 5’’ protons, and ensure that these 

diagnostic regions would not be masked by organic impurities, contaminants, or 

other components of the reaction mixture. As with the spectrophotometric 

assays, before dTDP-4-keto-6-deoxy-glucose became available commercially, it 

was necessary to produce this enzymatically from dTDP-glucose, via the action 

of RmlB.  

1H-NMR spectroscopy of dTDP-glucose, dTDP-4-keto-6-deoxy-glucose193, and 

dTDP-4-keto-rhamnose has been performed previously and spectra annotated. 

These are repeated in the Appendix for reference, in addition to assigned 

spectra of dTDP-4-keto-6-deoxy-glucose epimers after dTDP-sugar isomerase 

action.  

5.2.3.1 Identification of organic components in the reaction 

The buffer used for enzyme purification, and in spectrophotometric assays was 

the organic buffer, HEPES. While organic buffers are not entirely incompatible 

with 1H-NMR, it is important to know that their presence does not obscure 

diagnostic regions of the spectra. This is not the case for HEPES, which 

displays proton peaks over the same chemical shift regions as those in the 

sugar moiety of dTDP-4-keto-6-deoxy-glucose, and dTDP-4-keto-rhamnose 

(Appendix 11). Therefore it was necessary to switch from HEPES to an 

inorganic buffer. For this, phosphate was chosen, buffered to the same pH.  

A further organic spectrum-obscurer was revealed to be glycerol, with the 

chemical shift peaks of glycerol (used for storage of enzymes) obscuring 

diagnostic regions of 1H-NMR spectra (Appendix 12). 

The only other organic component to the reaction mixture, besides the 

nucleotide-sugar and enzymes, was the NAD+ required for RmlB function. 

However, the chemical shift of protons within this nicotinamide cofactor, due to 

increased electronegativity of environment, were removed from the diagnostic 

regions (Appendix 13). Furthermore, the concentration of NAD+ present was 
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much lower than for HEPES and glycerol, and as such the peaks were of 

smaller intensity.  

Therefore, for analysis of dTDP-sugar isomerase activity by 1H-NMR 

spectroscopy, phosphate was used for a buffering system. Further 

contaminants minimised by purifying all enzymes in phosphate buffer (instead 

of HEPES). Concentrated enzymes were snap-frozen in liquid nitrogen. Snap-

freezing of enzymes at higher concentrations and storage at -80 °C before use 

negated the need for glycerol as a stabilising agent.  

5.2.4 Direct analysis of RmlB by 1H-NMR, and 

deuterium incorporation analysis at C″ by GC-MS 

As published literature suggested RmlB could be used as a tool to provide 

substrate for dTDP-sugar isomerases, initial experiments recorded the spectra 

of the substrate for RmlB (dTDP-glucose). A following spectrum after incubation 

with RmlB was taken in order to confirm via 1H-NMR that the reaction had 

reached completion. 0.8 µM RmlB was incubated with 8 µM NAD+ and 2.38 mM 

dTDP-glucose (1 mg), in a deuterated buffer of: 100 mM phosphate pD 7.0, 10 

mM MgCl2, and 
1H-NMR spectra recorded (Figure 5.13 and Appendix 15). The 

appearance a peak at 5.45 ppm for the anomeric carbon (C1″) reflects 

completion of reaction, and as with prior studies this was used as the diagnostic 

peak for RmlB compeltion199 (Appendix 15 Part 2). Furthermore, after efforts to 

remove organic contaminants, the region of the spectrum key to dTDP-sugar 

isomerase diagnostics was now clear (Figure 5.13). However, whilst the 3″ 

proton peak is clear in both keto- and hydrate- forms, peaks from the 5″ proton 

are not apparent seen to disappear over time. After only 10 min, there is a 

reduction in peak integration value to 0.58 (should be equal to 3″ peak value of 

0.93). It would not be possible to assign function to dTDP-sugar isomerases 

without a 5″ proton peak in their substrate, therefore this phenomenon was 

investigated further. 
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Figure 5.13 Assigned spectrum of diagnostic region of 1H-NMR spectrum 

of dTDP-4-keto-6-deoxy-glucose as generated by RmlB in protonated 

buffer, then incubated in deuterated buffer for 10 min. 

Full assigned spectrum in Appendix 15, parts 1-4. Note the integration value for 

the 3″-H peak is 0.93, whereas the 5″-H peak integral is 0.58. Therefore after 

only 10 min in deuterated buffer, solvent exchange is occurring at C5″. 
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5.2.4.1 Absent 5″ proton peak – trouble-shooting 

The potential reasons for the 5″ proton peak disappearing to absence in spectra 

after incubation of RmlB with dTDP-glucose in deuterated buffer were 

investigated, with three potential causes: 1) in either the substrate (dTDP-

glucose) or product (dTDP-4-keto-6-deoxy-glucose) there is spontaneous 

solvent-mediated H-D exchange at C5″, 2) H-D solvent-exchange at C5″ is 

enzyme-mediated (RmlB-mediated), 3) the spectra are improperly assigned.  

5.2.4.1.1 Attempts to remove RmlB activity 

Before the availability of dTDP-4-keto-6-deoxy-glucose commercially, in order to 

generate a substrate for dTDP-sugar isomerases which retained protons at both 

the C3″ and C5″ positions, attempts were made to perform the RmlB reaction in 

a protonated buffer, then remove the enzyme. However, this proved to be no 

trivial exercise. Initially, the RmlB reaction was run in protonated buffer, freeze-

dried, then resuspended into deuterated buffer. However, C5″ H-D exchange 

was still observed by 1H-NMR before the addition of a dTDP-sugar isomerase. 

Therefore spin-filters with a 3 kDa MWCO limit were used to remove RmlB from 

the reaction mixture. However, despite multiple washes prior to use, the filtrate 

contained too much glycerol for analysis of the peaks diagnostic to C3″ and C5″ 

solvent exchange. Finally, attempts were made to inactivate RmlB through 

acetone precipitation. However, the peaks from acetone presence obscured 1H-

NMR spectra also. A heat-kill step for enzyme inactivation was avoided, due to 

concern over chemical instability of dTDP-keto-sugar nucleotides.  

5.2.4.1.2 C5″ H-D solvent-exchange is not spontaneous or due to 

improperly assigned spectra 

It is widely reported that intermediates in rhamnose biosynthesis are highly 

unstable, therefore at this point, the availability of commercial dTDP-4-keto-6-

deoxy-glucose to use as a standard was extremely helpful. On incubation of 

commercially-obtained dTDP-4-keto-6-deoxy-glucose in deuterated buffer for 18 

h, the 5″ proton peak was apparent, and all proton peaks in the sample 

remained at constant integration values (Figure 5.14). Therefore spectra were 

correctly assigned, and C5″ H-D solvent-exchange was indeed observed during 

the RmlB reaction, and this exchange is not spontaneous.   
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Figure 5.14 Deuterium incorporation at positions C3″ and C5″ of dTDP-

glucose and dTDP-4-keto-6-deoxy-glucose, with and without RmlB, as 

measured by 1H-NMR spectroscopy.  

0.5 mg dTDP-sugar was used in each case in a 250 µL final volume with 

enzymes added to the following concentrations: 0.78 µM epimerases or 1 µM 

RmlB. Integration values of 1H-NMR peaks over the chemical shift regions for 

C3″ and C5″ protons (hydrated form of intermediate) taken to represent the 

proportion of protonated substrate. Rate of deuterium incorporation calculated 

through linear regression analysis of peak integral values over 90 min (20 min 

when RmlB present), transformed to represent the rate per s, per µM enzyme. 

Overall, no deuterium incorporation without RmlB (NE, blue and green), and 

deuterium incorporation at C5″ for RmlB with its substrate (dTDP-Glc, orange) 

and its product (dTDP-4k6d-Glc, purple).  
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5.2.4.1.3 C5″ H-D solvent-exchange is mediated by RmlB 

In order to test the hypothesis that the observed C5″ H-D solvent-exchange was 

mediated by RmlB, an incubation was performed of 0.8 µM RmlB with 

commercially-obtained dTDP-4-keto-6-deoxy-glucose, keeping experimental 

conditions consistent (100 mM phosphate pD 7.0, 10 mM MgCl2, 8 µM NAD+). 

C5″ H-D solvent-exchange was again apparent, on incubation of RmlB with its 

product dTDP-4-keto-6-deoxy-glucose (Figure 5.14 and Figure 5.15). 

Furthermore, reactions of RmlB with its product (dTDP-4-keto-6-deoxy-

glucose), were reduced and per-acetylated in order to assess deuterium 

incorporation by GC-MS (Figure 5.16). 
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Figure 5.15 Deuterium incorporation at C3″ and C5″ of dTDP-4-keto-6-

deoxy-glucose after 24 h, with and without RmlB.  

1 µM RmlB was added to 0.5 mg dTDP-4-keto-6-deoxy-glucose in 250 µL NMR 

buffer (100 mM phosphate pD 7.0) and incubated overnight. Peak integration 

values shown as a percentage of the value of starting material peaks. Average 

value for dominant substrate form (hydrate) proton peak integration at C3″ and 

C5″ taken to be 0.82, therefore peak integrals normalised to 0.82 = 100% and 

0.00 = 0%. Percentage of starting material integral values shown above bars. 
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Figure 5.16 Deuterium-incorporation in dTDP-4-keto-6-deoxy-glucose as 

analysed by GC-MS. 

Samples of fresh dTDP-4-keto-6-deoxy-glucose, dTDP-4-keto-6-deoxy-glucose 

after 18 h in phosphate buffer at room temperature, and the same with an 18 h 

RmlB incubation, were reduced and per-acetylated as in 3.6.2.2. Per-acetylated 

alditol fragments shown above, with their fragmentation masses; fully 

protonated sample (217/231), 3″ D-incorporation (218/232), 5″ D-incorporation 

(217/232), double D-incorporation (218/233). The two enzyme-free samples 

contained 0.5 mg dTDP-4-keto-6-deoxy-glucose in 100 mM phosphate buffer 

pD 7.0, 10 mM MgCl2, 10 µM NAD+. The final sample additionally contained 1 

µM RmlB. No observable difference between fresh or old dTDP-4-keto-6-deoxy-

glucose. RmlB catalyses D-incorporation selectively at C5″. 
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5.2.5 Direct analysis of dTDP-sugar isomerase-

catalysed hydrogen-deuterium exchange, by 1H-

NMR and GC-MS 

5.2.5.1 Direct analysis of dTDP-sugar isomerases by 1H-NMR 

To observe dTDP-sugar isomerase activity through using 1H-NMR to follow H-D 

exchange of sites where epimerisation occurs, a stable substrate with protons 

present at both the 3″ and 5″ positions is required. However, as described in 

Section 5.2.4, the enzyme required to generate dTDP-4-keto-6-deoxy-glucose 

was observed to also catalyse H-D exchange at C5″. With a deuterium already 

incorporated at C5″ it would be impossible to observe epimerase action at this 

site. Furthermore, attempts to generate the epimerase substrate enzymatically 

and then remove/deactivate RmlB did not yield and acceptable quality of 

substrate. Therefore it was fortunate that a commercial source of dTDP-4-keto-

6-deoxy-glucose became available.  

For time-resolved 1H-NMR studies of dTDP-sugar isomerases, enzyme was 

added to 0.5 mg dTDP-4-keto-6-deoxy-glucose to a final volume of  250 µL, in 

100 mM phosphate pD 7.0. The enzyme concentration added was roughly 

based on wanting 15% substrate conversion within 40 min, given the kcat of 

each enzyme calculated from Michaelis-Menten analysis in spectrophotometric 

coupled assays (EcRmlC, SgStrM, CBU_1838, AoEvaD, as in Table 5.2), or 

from published data (SbChmJ162). The following concentrations were used: 38 

nM RmlC, 46 nM SgStrM, 177 nM 1838, 530 nM AoEvaD, 33 nM ChmJ. 

The integral values of proton peaks at both C3″ and C5″ were tracked over 90 

min at 10 min intervals, in order observe dTDP-sugar isomerase-catalysed H-D 

exchange (Figure 5.17), and approximate a rate of deuterium incorporation . 

Additional spectra were recorded after 18 h, and regions of diagnostic interest 

integrated, by which time it was anticipated the reaction would have reached 

completion (Figure 5.18).  
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Figure 5.17 Rate of dTDP-sugar isomerase-catalysed deuterium 

incorporation at C3″ and C5″ as measured by 1H-NMR spectroscopy.  

0.5 mg dTDP-4-keto-6-deoxy-glucose was used in each case in a 250 µL final 

volume with epimerases added to the following concentrations: 38 nM RmlC, 46 

nM SgStrM, 177 nM 1838, 530 nM AoEvaD, 33 nM ChmJ. Integration values of 

1H-NMR peaks over the chemical shift regions for C3″ and C5″ protons 

(hydrated form of intermediate) taken to represent the proportion of protonated 

substrate. Rate of deuterium incorporation calculated through linear regression 

analysis of peak integral values over 4 h, transformed to represent the rate per 

s, per µM enzyme. Error bars represent the SEM. 
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Table 5.3 Approximation of rate of deuterium incorporation at C3″ and 

C5″, as catalysed by a range of dTDP-sugar isomerases.  

Deuterium incorporation observed by 1H-NMR spectroscopy when dTDP-sugar 

isomerases were incubated with dTDP-4-keto-6-deoxy-glucose (Carbosynth) at 

~ 20 °C. Rate of H-D exchange calculated from the change in peak integral over 

time, per µM enzyme.  

Epimerase Approximate rate of H-D exchange (s-1µM-1) 

3″ 5″ 

RmlC 1.70 ± 0.06 0.94 ± 0.11 

StrM 1.10 ± 0.04 0.25 ± 0.08 

CBU_1838 0.76 ± 0.02 0.11 ± 0.02 

AoEvaD 0.01 ± 0.00 0.00 ± 0.00 

ChmJ 0.41 ± 0.03 0.24 ± 0.04 
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Figure 5.18 H-D exchange at C3″ and C5″ after 18 h.  

1 µM epimerase was added to 0.5 mg dTDP-4-keto-6-deoxy-glucose in 250 µL 

NMR buffer (100 mM phosphate pD 7.0) and incubated overnight. Peak 

integration values shown as a percentage of the value of starting material 

peaks. Average value for dominant substrate form (hydrate) proton peak 

integration at C3″ and C5″ taken to be 0.82, therefore peak integrals normalised 

to 0.82 = 100% and 0.00 = 0%. Percentage of starting material integral values 

shown above bars.  
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5.2.5.2 Analysis of dTDP-sugar isomerase-catalysed deuterium 

incorporation by GC-MS 

Directly after data acquisition by 1H-NMR for Figure 5.18, enzymes were 

precipitated and samples reduced and per-acetylated as per Section 3.6.2.2. 

Following this, GC-MS was performed, and samples analysed and presented as 

in previous publications160 (Figure 5.19). Here, it is clear that both techniques 

for deuterium-incorporation analysis (1H-NMR and GC-MS) are in agreement 

(Figure 5.18 and Figure 5.19). The data are further summarised in Table 5.4. 
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Figure 5.19 dTDP-sugar isomerase-catalysed deuterium-incorporation in 

dTDP-4-keto-6-deoxy-glucose as analysed by GC-MS 

Control sample was fresh dTDP-4-keto-6-deoxy-glucose, as in Figure 5.16. 

dTDP-sugar isomerases added to 1 µM final concentration. Reaction stopped 

after 18 h when enzymes were then precipitated and samples treated as in 

3.6.2.2. Per-acetylated alditol fragments shown above, with their fragmentation 

masses; fully protonated sample (217/231), 3″ D-incorporation (218/232), 5″ D-

incorporation (217/232), double D-incorporation (218/233). RmlC shown to 

catalyse double D-incorporation, with identical patterns for SgStrM and 

CBU_1838. AoEvaD shows little difference to the control. SbChmJ catalyses 

selective 3″-D incorporation. 
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Table 5.4 Data derived from 1H-NMR and GC-MS analysis for the relative 

proportion of H-D exchange as catalysed by dTDP-sugar isomerases.  

dTDP-

sugar 

isomerase 

Percentage 

deuterium 

incorporation 

over 18 hours, 

1H-NMR 

spectroscopy 

(%) 

Proportion of ion area from fragmentation 

pattern for D-incorporation, GC-MS (%) 

 

Ion area at each peak-pair added together, 

and represented as a portion of the sum of 

all peak-pair additions. 

3″ 5″ 217+231 

 

Fully 

protonated 

218+232 

 

3″ H-D 

217+232 

 

5″ H-D 

218+233 

 

3″,5″ H-

D 

EcRmlC 93 94 10 22 5 63 

SgStrM 95 94 10 22 4 64 

CBU_1838 90 89 9 23 6 62 

AoEvaD 21 19 67 4 26 3 

SbChmJ 94 9 5 47 32 16 

 

5.3 DISCUSSION 

5.3.1 Summary of novelty 

Here, the activities of dTDP-sugar isomerases RmlC, StrM, CBU_1838, EvaD 

and ChmJ, from E. coli, S. griseus, C. burnetii, A. orientalis, and S. bikiniensis, 

respectively, are studied by spectrophotometric assays, 1H-NMR spectroscopy 

and GC-MS. This is the first study to report the kinetics of purified SgStrM and 

CBU_1838. It is the first example of direct dTDP-sugar isomerase analysis from 

a commercial substrate. This is also the, first study direct study of dTDP-sugar 

isomerase hydrogen-deuterium exchange using 1H-NMR spectroscopy, and the 

first direct study of SbChmJ without its cognate reductase.  
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Furthermore, through efforts to study dTDP-sugar isomerase activity from an 

enzyme-generated substrate, novel analysis of both RmlB and its product have 

been undertaken. Through 1H-NMR spectroscopy it has been shown that RmlB 

catalyses H-D exchange at C5″ of its product, dTDP-4-keto-6-deoxy-glucose. 

Additionally, it has been shown here for the first time, that despite publications 

citing difficulties of working with dTDP-4-keto-6-deoxy-glucose due to chemical 

instability157,162, this rhamnose intermediate remains chemically stable when in 

100 mM phosphate pD 7.0 for at least 18 h. Furthermore, availability of a 

commercial source of dTDP-4-keto-6-deoxy-glucose shows that it is indeed 

stable enough for large-scale production and isolation. However, what is clear 

here from chemical shift peak analysis, is that an equilibrium exists for dTDP-4-

keto-6-deoxy-glucose between keto- and hydrate-forms (Figure 5.1). This is 

also the case for epimers of dTDP-4-keto-6-deoxy-glucose (products of dTDP-

sugar isomerase activity). This phenomenon was observed for the first time by 

Stein et al. in 1995, where the authors observed dTDP-4-keto-6-deoxy-glucose 

to exist as a 1:5 mixture of the keto and hydrate forms193. However, despite 

assigning chemical shift peaks to dTDP-4-keto-6-deoxy-glucose through 1H- 

and 13C-NMR, the authors only present peak differences between keto and 

hydrate forms for C4″ as analysed by 13C-NMR. Here, the chemical shift peaks 

for protons of both keto and hydrate forms of 4-keto-6-deoxy-glucose and 

epimers are assigned, assumedly for the first time, focussing on those at the 

C3″ and C5″ positions. Therefore overall, this study presents the first analysis of 

dTDP-4-keto-6-deoxy-glucose epimers by 1H-NMR spectroscopy, before either 

chemical or enzymatic reduction.  

5.3.2 Design of coupled assays and 1H-NMR 

spectroscopy 

5.3.2.1 Spectrophotometric coupled assay design 

When designing any kinetic assay, there are a number of parameters that need 

to be addressed. Preliminary assays to address the control of variables around 

optimum levels for spectrophotometric analysis were designed following 

published literature. These initial data provided the necessary parameters to 

maintain accurate and precise measurement of kinetic activity across the 

studied panel of epimerases. These parameters are shown in Table 5.5. 
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Table 5.5 Summary of optimum parameters for RmlBCD coupled assays. 

Variable Optimum  Rationale 

Temperature 37 °C Physiological temperature. Used in literature. 

[NAD(P)H] 350 µM Good detectable range for A340 is 350 µM to 25 µM (1.1 to 0.2 AU). 

Buffer HEPES pH 7.0 pH 6.7-8.0 found as optimum. HEPES used in literature155,160,162,196,197. 

[Mg2+] 20 mM MgCl2 is required for RmlD activity186,200, and also for RmlB196. MgCl2 is added to 

RmlBCD coupled assays in literature184,201. 20 mM is an approximate physiological level, 

and is above the threshold observed here for RmlC apparent rate-limitation. 

[NAD+] 10X [RmlB] NAD+ should be tightly bound to RmlB as it is a catalytic cofactor198. Between 2 nM-50 

µM NAD+ displayed ~ 96.0 ± 3% of maximum activity. Therefore opted to use the rule of 

[NAD+] = 10*[RmlB], as it is good practice to keep a small amount in the assay conditions. 

[RmlB] required to generate 

substrate for dTDP-sugar 

isomerases in 30 min  

0. 4 µM RmlB The highest [substrate] to be used will be 9 mM. With a kcat of 10.8 ± 4 s-1 and 0.4 µM 

RmlB, the duration for 100% conversion would be 900 s (15 min) if Vmax were maintained. 

Therefore with an incubation time of 30 min, 0.4 µM RmlB was decided on as a constant 

between experiments.  

Tolerable level of glycerol ≤ lowest molar 

[substrate]  

Inhibition of RmlC by glycerol shown when total glycerol concentration is greater the 

substrate concentration. Loss of 20% activity when glycerol is added to ~2*[substrate]. 

[RmlD] to use as coupling 

enzyme 

0.8 µM RmlD With 500 µM substrate, ≥ 0.25 µM RmlD was required to not limit apparent RmlC rate. 

Opted for ~ 3X this value as RmlD was limited in amount available. 
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After choosing a temperature to operate at, the next step is to investigate the 

variable being measured, in this case, the nicotinamide cofactor NAD(P)H. 

RmlD is capable of using either NADH or NADPH as a cofactor for reduction of 

dTDP-4-keto-6-deoxy-glucose184. NADPH is a more valuable reagent, therefore 

initial experiments used NADH, and later experiments progressed to use the 

phosphorylated nicotinamide cofactor.  

HEPES was used as a buffer, at the pH of 7.0. This is slightly more acidic than 

the majority of published reports, but consistency was maintained between 

assays155,160,162,196,197 (Appendix 9). Additional to this, MgCl2 was used at a 

concentration of 20 mM, in order to be above the threshold for dTDP-sugar 

isomerase rate-limitation, and to provide the divalent cation for RmlD. It is worth 

noting that a 90% loss in RmlB activity has been reported in the presence of 1 

mM MgCl2 compared to 0.1 mM196. However, this used RmlB from 

Mycobacterium tuberculosis, in a different assay set-up where RmlD was not 

required as a coupling enzyme. Furthermore, the EcRmlB kcat presented here 

(10.8 ± 0.4 s-1) is 43 times lower than the kcat for MtRmlB (467 ± 7 s-1), further 

highlighting the differences between these assay methods. However, in this 

study achieving the maximum possible rate of RmlB was not necessary; RmlB 

was used solely to generate dTDP-4-keto-6-deoxy-glucose in order to study 

dTDP-sugar isomerases. Therefore a concentration of MgCl2 optimum for RmlC 

and RmlD rates rather than RmlB was preferable. 

NAD+ is a catalytic cofactor for RmlB, and is therefore likely to stay bound to 

through purification. Recent literature suggests adding NAD+ to assays for RmlB 

activity, with an optimum ratio of between 1:24 and 1:48 moles MtRmlB:NAD+ 

(10-20 µM NAD+ with 0.42 µM MtRmlB)196. However, data here for EcRmlB 

contradicts this, showing that on average, 96.3 ± 2.9% of maximal activity is 

displayed when no additional NAD+ is added, even falling within the standard 

deviation of the data across 2 nM-50 µM NAD+ (Appendix 7). Indeed, a report in 

the 1960s also claims that no additional NAD+ is required to assay activity of 

EcRmlB in the presence of substrate and Tris-buffer alone197. Zarkowsky et al. 

also quantified the amount of NAD+ found bound to purified EcRmlB as roughly 

1:1, with 0.8 moles NAD+ bound per mole EcRmlB. This highlights the need to 

consider the bacterial origin when studying enzymes and designing activity 

assays, as Pseudomonas aeruginosa RmlB has also been reported to require 
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additional NAD+ even when bacterial crude extract is used for assays139. 

Therefore, for the purpose of using RmlB to generate the substrate for dTDP-

sugar isomerases, it was decided to add NAD+ to assays at a ratio of 1:10 

RmlB:NAD+; enough to ensure that the cofactor is present, but 5X lower than a 

concentration which may cause inhibition.  

The final parameter when generating the substrate for dTDP-sugar isomerases 

enzymatically was the concentration of RmlB to use. 30 min was chosen as the 

incubation time for RmlB action at 37° C, for practical reasons. Therefore, given 

the Michaelis-Menten constants derived here for RmlB, it was decided to use a 

concentration of 0.4 µM RmlB.   

Next, when it came to studying dTDP-sugar isomerases, it was deemed 

absolutely necessary that a time-frame of 30 min for assay completion was 

adhered to for standard curves to remain relevant. However, as it was 

anticipated that some dTDP-sugar isomerases may require addition to the 

assay at higher concentrations, it was necessary to test the effect of glycerol on 

apparent dTDP-sugar isomerase activity. Glycerol was used for storage of 

enzymes, therefore it was important to test this variable when varying the 

contribution of glycerol by enzyme volume added to each assay. It was 

apparent here that glycerol was inhibitory to RmlC rate only when present in a 

molar concentration above that of the substrate. Therefore the enzymes were 

stored at concentrations high enough that the contribution of glycerol from 

enzyme storage was minimised, and kept below the lowest substrate 

concentration used.  

5.3.2.2 1H-NMR spectrometry design to observe H-D exchange  

The composition of reaction mixtures when using NMR spectroscopy to study 

H-D exchange had to be designed careful in order to minimising contaminants 

which obscure diagnostic regions in 1H-NMR spectra. Therefore the use of 

phosphate to provide an inorganic buffering system was necessary. 

Furthermore, it was also necessary to minimise the contribution of glycerol to 

the spectra. Therefore, enzymes were snap-frozen without glycerol, and stored 

at high concentrations so that small volumes only need be added to each 

reaction. Additionally, due to the use of glycerol in commercial spin-filters, it was 
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not possible to analyse reaction mixtures with enzymes removed through spin-

filtering.  

1H-NMR data presented here reflects experiments run a single time each, due 

to the time requirements involved for data collection. However, data collected 

during design and optimisation of the method was consistent with the data 

obtained from final assays, therefore despite no technical replicates, the data 

are reflective of more experiments (at least two).  

5.3.3 Observations of EcRmlB in the context of 

published literature  

5.3.3.1 RmlB kinetic parameters 

RmlB, the second enzyme in committed rhamnose biosynthesis, is critical to the 

synthesis of all 6-deoxy dTDP-linked sugars. It acts to generate dTDP-4-keto-6-

deoxy-glucose from dTDP-glucose via three sequential reactions: oxidation, 

dehydration, and reduction, resulting in overall dehydration202. As discussed in 

Section 5.3.2.1, in relation to studies of the effect of NAD+ on RmlB activity 

when added to an assay, when comparing enzyme kinetic parameters across 

different studies, it is important to take into account the bacterial origin of each 

enzyme. Furthermore, the method by which kinetic parameters are determined 

can also affect comparability between data. To put the data derived here for 

EcRmlB in the context of other studies, Table 5.6 provides information on 

kinetic constants, and assay methods used. 
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Table 5.6 Comparison of steady-state kinetic parameters between different 

RmlB studies. 

Studies on 

RmlB 

kcat (s-1) KM for dTDP-

glucose (µM) 

Assay method 

EcRmlB – 

here 

10.8 ± 0.4 101 ± 9 Spectrophotometric assay at 37 

°C, with 20 mM MgCl2, 50 mM 

HEPES pH 7.0, coupled to 

EcRmlC and EcRmlD 

EcRmlB 

Hegeman 

2001 201 

4.9 ± 0.2 6 ± 1 Radiochemical assay, using TLC 

plates to quench the reaction and 

separate product. Incubation at 

37 °C, with 1 mM DTT, 1 mM 

EDTA, 100 mM Tris pH 7.5 

EcRmlB 

Zarkowsky 

1969 197 

9.1 (error not 

reported) 

70 (error not 

reported) 

Stopped assay at 37 °C where 

reaction of RmlB with dTDP-

Glucose in Tris-HCl pH 8.0 is 

stopped by NaOH, and the 

absorbance at 320 nm 

measured, and ε=6.5x103 L/M/cm 

used for product quantification. 

MtRmlB Ma 

2001 203 

466.6 ± 6.8  Stopped assay, adapted for 

microtiter plate.  
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5.3.3.2 Mechanistic insights to RmlB action through finding of 

RmlB-catalysed solvent exchange at C5″ 

The decision was made in this study to observe the action of RmlB via 1H-NMR 

directly, rather than simply assessing the product of the reaction. Published 

literature detailed the use of RmlB as a tool to provide substrate for dTDP-sugar 

isomerases. However, in this study issues were observed in the 

spectrophotometric assays (potential substrate inhibition of RmlC by RmlB-

generated substrate). Additionally, several variables were altered between 

spectrophotometric assays and the requirements for 1H-NMR experimentsr. 

Serendipitously, from these experiments, novel insight was gained in the 

reaction mechanism of RmlB, to complement previously published work. 

Whilst the chemical transition performed by RmlB was deciphered by Okazaki 

et al. in the 1960’s150, the first detailed insights to the mechanism of RmlB came 

from analysis of 3D protein structures 40 years later201,204. From 3D protein 

structure models of E. coli RmlB, and analysis of ligand-bound protein crystal 

structures of S. suis RmlB (with substrate - dTDP-glucose, dTDP and dTDP-

xylose), the catalytic residues and details of each step of catalysis were 

revealed as follows: initial oxidation is initiated by proton abstraction from C4″ 

by a catalytic tyrosine acting as the base, with hydride transfer to NAD+ for C4″ 

ketonisation; then dehydration occurs, starting with proton abstraction at C5″ by 

a basic glutamic acid side chain, followed by proton donation to O6″ (released 

as water) by a neighbouring aspartate; the final reduction is caused by hydride 

transfer to C6″ and proton addition at C5″204. For this final reduction step the 

protein crystal structures of S. suis RmlB added an alternative mechanism to 

the one proposed from E. coli RmlB protein models. Rather than a concerted 

mechanism involving the same glutamic acid base as catalysed dehydration to 

act as a proton donor, a step-wise mechanism was proposed by Allard et al.204.  

The following year, mechanisms for final reduction were investigated further by 

a publication performing molecular dynamics calculations for the dTDP-xylose-

bound abortive complex of RmlB. Through trapping RmlB in this abortive state, 

reduced NAD+ (NADH) was observed in the active site, allowing theoretical 

calculations of nicotinamide redox potential198. These calculations suggested 

                                            
r E.g. temperature change from 37 °C to 20 °C, buffer change from HEPES to phosphate, 
elimination of glycerol. 
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that a sequential step-wise mechanism, via an enolate intermediate was 

energetically more favourable than a single concerted step of hydride transfer 

from NADH to C6″ and proton donation from the glutamic acid to the carbanion 

at C5″. For the step-wise reduction mechanism, the reaction proceeds through 

proton extraction by C4″ from the catalytic Tyr combined with hydride donation 

from NADH to C6″, forming a C4″-C5″ enolate, as was hypothesised to exist by 

the early studies of rhamnose biosynthesis150. The authors then propose that 

keto-enol tautomerisation to the final product (dTDP-4-keto-6-deoxy-glucose) 

could be either spontaneous in solution, or occur within the active site of RmlB. 

This is where the novelty of experiments in this study are able to provide 

mechanistic insight.  

As net solvent exchange at C5″ occurs through the oxidation and reduction 

stages of the RmlB mechanism, the observation here of deuterium incorporation 

at C5″ when RmlB is incubated with dTDP-glucose is expected. Novelty comes 

through experiments that show RmlB is capable of H-D exchange at C5″ after 

formation of a stable keto-product. Experiments to investigate RmlB-mediated 

C5″ solvent exchange became necessary as in order to study dTDP-sugar 

isomerases, their substrate (dTDP-4-keto-6-deoxy-glucose) was required to be 

fully protonated. Here it is shown that commercially-obtained dTDP-4-keto-6-

deoxy-glucose is stable, with no observations of H-D exchange. However, on 

the addition of RmlB C5″ deuterium incorporation is observed. Therefore, it is 

shown here for the first time that keto-enol tautomerisation of dTDP-4-keto-6-

deoxy-glucose does not occur spontaneously, but instead, is enzyme-catalysed. 

5.3.4 Discussion of dTDP-sugar isomerase studies 

5.3.4.1 Kinetic comparisons between the dTDP-sugar 

isomerases studied here 

For RmlC, the highest R2 value for non-linear regression analysis, indicative of 

the best fit to the data, came from using commercial substrate fitted to the 

Michaelis-Menten equation (R2 = 0.996). Therefore it can be said with 

confidence that in these assay conditions, EcRmlC displays kcat of 5.5 ± 0.1 s-1 

and a KM of 830 ± 40 µM. 
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For SgStrM, it is interesting to observe that despite a visible loss in rate 

between 1.5 mM and 2.5 mM substrate (Figure 5.8), and an R2 value of 0.99 for 

substrate inhibition fit, the kcat values from Michaelis-Menten analysis are within 

error between the use of RmlB-generated substrate and commercial substrate 

(5.4 s-1, with only a slight difference in the error on this constant: 0.4 s-1 

compared to 0.1 s-1). Kinetic constants could not be determined using the 

substrate-inhibition equation for SgStrM activity on RmlB-generated substrate 

due to too few data points, despite the high R2 value. The KM of SgStrM for 

commercial substrate was deemed to be 600 ± 40 µM through Michaelis-

Menten non-linear regression analysis, with an R2 fit of 0.99 to this equation. 

As with SgStrM, CBU_1838 also presented apparent rates indistinguishable 

within error when data from assays with both RmlB-generated and commercial 

substrate were analysed using the Michaelis-Menten equation (1.7 ± 0.1 s-1, 

and 1.8 ± 0.1 s-1). The KM values generated between the two assays were also 

just within error of each other (1.8 ± 0.2 mM for RmlB-generated substrate, and 

2.0 ± 0.2 mM for commercial substrate). Despite the substrate inhibition 

equation (when applied to data using RmlB-generated substrate) giving the 

highest R2 value, when rounded, the value is 0.99 also for Michaelis-Menten 

analysis of data from commercial substrate.  

AoEvaD, interestingly, was also the only dTDP-sugar isomerase for which the 

data from assays with RmlB-generated substrate fitted both Michaelis-Menten 

equation and substrate inhibition analysis identically (R2 value of 0.985 each). 

Furthermore, AoEvaD stands out from the other epimerases studied here in that 

the Michaelis-Menten equation applied to data from commercial substrate gives 

a statistically worse fit than non-linear regression analysis of data using RmlB-

generated substrate. However, it is clear that the rate of AoEvaD is much lower 

than that of the other epimerases, and a lag phase in ΔA340 nm was apparent 

when using RmlB-generated substrate. However, despite a kcat fourteen times 

lower than RmlC/StrM, AoEvaD does display a KM for dTDP-4-keto-6-

deoxyglucose similar to that of RmlC and SgStrM when commercial substrate is 

used.  

For the statistical reasons stated above, and due to greater confidence in 

commercial substrate compared to enzyme-generated, the kinetic constants 

from assays using commercial substrate have been used to compare the 
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epimerases studied here. For the sake of equal comparisons across 

epimerases, this was the case for AoEvaD too, despite the lowest R2 value for 

the fit data using this enzyme.  

For the comparison of CBU_1838 and SgStrM in reference to RmlC, AoEvaD 

and ChmJ, Table 5.7 presents an overview of kinetic data obtained in this study. 

In order to more directly compare kinetic data from spectrophotometric assays 

and 1H-NMR, given the kinetic constants from spectrophotometric assays, the 

expected rate of H-D exchange can be calculated using Michaelis-Menten 

equation (Equation 2). Table 5.8 employs this method to present the expected 

rate of H-D incorporation, compared to the observed rates.  

 

Table 5.7 Kinetic data for EcRmlC, SgStrM, CbCBU_1838 and AoEvaD as 

determined from spectrophotometric assays and 1H-NMR.  

Data obtained using commercially-acquired dTDP-4-keto-6-deoxy-glucose, with 

coupling to RmlD in spectrophotometric assays. 

dTDP-sugar 

isomerase 

Kinetic constants from 

spectrophotometric assay 

coupled to RmlD 

Rate of H-D exchange 

from 1H-NMR 

spectroscopy (s-1µM-1) 

kcat (s-1) KM for 

substrate 

(µM) 

3″ 5″ 

EcRmlC 5.47 ± 0.10 834 ± 38 1.70 ± 0.06 0.94 ± 0.11 

SgStrM 5.38 ± 0.14 595 ± 41 1.10 ± 0.04 0.25 ± 0.08 

CBU_1838 1.75 ± 0.05 2,000 ± 159 0.76 ± 0.02 0.11 ± 0.02 

AoEvaD 0.39 ± 0.02 632 ± 98 0.01 ± 0.00 0.00 ± 0.00 

 

 

Equation 2: Michaelis-Menten 

𝑣 =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑀 + [𝑆]
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Table 5.8 Differences in rates between coupled assays measuring 

epimerisation, and NMR measuring deuterium incorporation.  

Data not available for SbChmJ as it was not competent to generate the RmlD 

substrate. 

dTDP-sugar 

isomerase 

Expected 

NMR rate 

(s-1) 

Difference to 

rate of slowest 

epimerisation) 

(s-1) 

Difference to rate of 

slowest epimerisation) 

(nearest 5X) 

EcRmlC 4.4 ± 0.1 -3.4 5 

SgStrM 4.6 ± 0.1 -4.3 20 

CBU_1838 1.1 ± 0.1 -1.0 10 

AoEvaD 0.3 ± 0.0 -0.3 80 

 

The most obvious observation from data presented in Table 5.8 is that all 

dTDP-sugar isomerases display a faster rate of epimerisation as studied by a 

spectrophotometric assay coupled to EcRmlD, than for solvent exchange as 

studied by 1H-NMR. There are two possible explanations for this which could be 

applied: 1) the temperature difference between the two methods of analysis: 37 

°C for coupled assay, and 21 °C for 1H-NMR, 2) the previously assessed 

equilibrium position of an RmlC reaction favouring the substrate155,184. However, 

for the latter, the reverse reaction of RmlC will result in the same deuterium 

incorporation patterns as the forward reaction, therefore in this case it is most 

likely that temperature is the rate-limiting variable in for 1H-NMR studies.  

Most notable for comparative studies between CBU_1838 and the reference 

dTDP-sugar isomerases is the difference in KM for the substrate: CBU_1838 KM 

is 2 mM, whereas the mean of SgStrM, RmlC and AoEvaD is 687 µM. This 

translates as an interpretation that CBU_1838 substrate affinity is almost half 

that of the other dTDP-sugar isomerases. This is likely indicative of dTDP-4-

keto-6-deoxy-glucose being not quite the preferred substrate for CBU_1838. As 

discussed in Chapter 1, both rhamnose and streptose synthesis follow the 

actions of RmlB and RmlC homologs, before 4-keto reduction; it is at the 

reductase steps that the pathways differ chemically. However, for proposed 
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mechanism of DHHS synthesis, an oxidation step will take place from dTDP-

glucose, generating an intermediate which retains the 6″-OH group. Therefore, 

if CBU_1838 were the dTDP-sugar isomerase involved in DHHS biosynthesis, 

this difference in KM may reflect the difference in chemical structure of dTDP-4-

keto-6-deoxy-glucose (used here) to the hypothesised natural substrate.  

It is interesting to note that the specific activities (kcat/ KM) of CBU_1838 and 

AoEvaD are approximately ten times lower than those of EcRmlC and SgStrM 

(Table 5.1). This observation, in conjunction with the far reduced KM for dTDP-4-

keto-6-deoxy-glucose displayed by CBU_1838 compared to the other enzymes, 

and also the lag time during AoEvaD activity when coupled to EcRmlD, reflects 

that the activity being measured here for CBU_1838 and AoEvaD is not the 

natural activity; for CBU_1838 dTDP-4-keto-6-deoxy-glucose is likely a non-

natural substrate, and for AoEvaD, a natural C5″ mono-epimerase, double-

epimerisation (as required by EcRmlD) is not the preferred activity. In 

comparison, dTDP-4-keto-6-deoxy-glucose is the natural substrate for EcRmlC, 

and SgStrM, and from deuterium incorporation studies it is clear that both 

EcRmlC, and SgStrM epimerise at both the C3″ and C5″ positions. 

5.3.4.2 Kinetic comparisons between constants derived in this 

study, and those in published literature 

When making kinetic comparisons it is important to keep variables consistent 

between the data being compared. A temperature of 37 °C was used in this 

study to assess kinetics spectrophotometrically. However, temperatures of 21 

°C146,160 or 25 °C140,205,206 have also been used in prior studies of dTDP-sugar 

isomerases. RmlC (dTDP-4-keto-6-deoxy-glucose 3″,5″-double epimerase) is 

the most well-studied dTDP-sugar isomerase. This enzyme is found in a variety 

of species, with kinetic data available from: S. suis RmlC146,160, S. enterica 

serovar Typhimurium RmlC140,146,160,205, M. tuberculosis RmlC206, and also 

RmlC from the gram-positive bacterium A. thermoaerophilus205.  

Table 5.9 summarises the published kinetic constants for RmlC from different 

bacteria, and the temperatures these were obtained at. The kcat of each RmlC 

falls in the relatively small range of 2-40 s-1, whereas there is wider variation 

observed between KM values, even between two studies on RmlC from the 

same species. The kinetic constants observed here for EcRmlC reveal that 
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AtRmlC shares the closest kcat, and S. enterica serovar Typhimurium is closest 

in KM for dTDP-4-keto-6-deoxy-glucose. However, while not tested here, it is 

likely that the high temperature of 37 °C will have an effect on EcRmlC 

compared to rate at a lower temperature.  

Table 5.9 Kinetic data for RmlC enzymes from a range of bacterial species, 

and for E. coli RmlC as studied here.  

Bacterial species 

RmlC sequence 

obtained from 

kcat (s-1) KM for dTDP-

4-keto-6-

deoxy-

glucose (µM) 

Temperature References 

S. suis 10.4 ± 0.3 29 ± 3 21 °C 146,160 

S. enterica serovar 

Typhimurium 

19.2 ± 0.5 81 ± 8 21 °C 146,160 

39.0 ± 6.6 710 ± 170 25 °C 140,205 

M. tuberculosis 18.0 ± 0.9 211 ± 43 25 °C. 206 

A. thermoaerophilus  2.0 ± 0.7 62 ± 6 25 °C 205 

E. coli 5.5 ± 0.1 834 ± 38 37 °C Figure 5.11 

 

5.3.4.3 Does solvent exchange occur without epimerisation? 

The data presented here of deuterium incorporation through the change in 1H-

NMR chemical shift peak integration values for the C3″ and C5″ protons, and 

the observation of deuterium incorporation through GC-MS analysis, does not 

account for the experimental artefact that solvent exchange could occur at 

these positions without epimerisation. In prior studies of dTDP-sugar 

isomerases by 1H-NMR, authors observe solvent exchange at C3″ and C5″ of 

dTDP-4-keto-6-deoxy-glucose when in 2H2O140. However, this phenomenon 

was not observed here for reactions without any enzyme added (Figure 5.15). It 

is unclear from the methods whether the authors removed RmlB prior to 

observation of deuterium incorporation. However, as both control reactions and 

epimerase mutants gave the same essentially negative outputs from deuterium 

incorporation, it can be assumed that either RmlB was removed, or that RmlB 

remained active, and the aforementioned observable background solvent 

exchange at C3″ and C5″ was subtracted from the data presented. However, 
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these observations do not assess the capability of dTDP-sugar isomerase-

catalysed deuterium incorporation without epimerisation, and deal simply with 

background deuterium incorporation into dTDP-4-keto-6-deoxy-glucose, which 

as stated, is not observed in this study. 

One argument which addresses the capability of dTDP-sugar isomerases to 

catalyse solvent exchange without epimerisation is the observed discrepancies 

between kinetic data. Here, data were obtained from reductase-catalysed 

spectrophotometric assays, and from deuterium incorporation determined by 

NMR spectroscopy and/or GC-MSs. Through comparisons between a coupled 

assay and GC-MS analysis from stopped reactions for AoEvaD, Merkel et al. 

described a 10-fold discrepancy between the data160. Dong et al. later 

interpreted this to describe the action of AoEvaD catalysing deuterium 

incorporation without epimerisation140. However, it is worth noting here, as the 

authors did, that comparisons between the two experimental systems should be 

made with caution160. The most notable difference between the methods of 

Merkel et al. for analysis of epimerisation and deuterium incorporation was that 

the epimerisation assays were carried out at 21 °C160. In contrast, incubation 

before enzyme-inactivation prior to GC-MS analysis was carried out as per the 

method of Kirkpatrick et al.170, at a temperature of 37 °C.  

Merkel et al. describe a kcat of AoEvaD of 0.08 ± 0.01 s-1 from kinetic data. Their 

value for the rate of AoEvaD-catalysed deuterium incorporation is not given, 

explicitly, simply stated as 10X higher than the rate from kinetic assays, 

therefore can be assumed to be equivalent to 0.8 s-1. It is also worth noting that 

the authors do not state whether RmlB was removed from the incubation of 

enzyme with substrate prior to GC-MS analysis or not. However, their no-

enzyme control reaction showed ~ 80% of the dTDP-4-keto-6-doexy-glucose 

remained free-from deuterium. Therefore the incorporation of deuterium at 

position 5″ of ~ 65% after 30 min cannot be taken to be from the action of RmlB 

alone.  

Here, from kinetic assays, a kcat of 0.4 s-1 was observed for AoEvaD. However, 

the rate of deuterium incorporation from 1H-NMR was 80X lower than expected 

                                            
s The coupling reductase, RmlD is specific for a double-epimerised substrate, therefore kinetic 
assays measure the rate of epimerisation without any confusion between this and solvent 
exchange.  
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if the same kinetics were displayed as with the coupled assay. In the studies 

presented here, coupled assays to measure epimerisation rate were carried out 

at 37 °C, yet deuterium incorporation incubation was at ~ 20 °C. Therefore, the 

data from Merkel et al.’s studies on AoEvaD, and the studies presented here 

can better be assessed as in Table 5.10. From this, it appears that temperature 

is an important factor for AoEvaD activity. When temperature is kept consistent 

between methods for kinetic analysis, at 37 °C, the difference in rate between 

epimerisation and deuterium incorporation is ~ 2X rather than 10X, as quoted 

by Merkel et al160.  

Table 5.10 Comparison between data for AoEvaD obtained at different 

temperatures.  

Data obtained in this study in blue font, data obtained by Merkel et al. in red160.  

Incubation 

temperature 

kcat of 

epimerisation 

(s-1) 

Approximate 

rate of 

deuterium 

incorporation 

(s-1)  

Approximate 

percentage deuterium 

incorporation after 30 

min 

3″ 5″ 

21 °C 0.08 ± 0.01 0.01 ± 0.00 ~5% ~4% 

37 °C 0.39 ± 0.02 ~ 0.8 ~5-10% ~65% 

 

Finally, a more quantitative assessment of the difference between epimerisation 

and solvent exchange is presented by Kubiak et al. in their analysis of SbChmJ 

action162. Here, the authors use the coupling constants for chemical species 

observed by 1H-NMR, in order to determine the orientation of protons as either 

axial or equatorial. They state that J2′′,3′′ and J3′′,4′′ coupling constants were small 

(<7 Hz, or 3.1 Hz, respectively), in conjunction with a J4′′,5′′ coupling constant of 

10 Hz indicates that the C3″ proton is equatorially disposed, and the C5″ proton 

is axially disposed162.  

5.3.4.4 Mechanism of action – order of epimerisations 

From NMR observations of dTDP-sugar isomerase-catalysed solvent exchange 

it is clear that the rate of deuterium incorporation at C3″ is greater than the rate 

of H-D exchange at the 5″ position. While this is the first study to observe 

solvent exchange using 1H-NMR in real-time, it was noted in 2007 that mono-



 Development of assays to characterise dTDP-sugar isomerases, and concurrent observations of EcRmlB 

183 
 

epimerised products had never been detected in RmlC-catalysed reactions, and 

that the most energetically plausible mechanism for RmlC action involves 

epimerisation at positon C5″ prior to C3″140. Furthermore, in contrast to 

previously published studies, AoEvaD showed a rate of deuterium incorporation 

that was only just measureable, when using 1 µM enzyme, and almost no 

difference in rates of H-D exchange between the C3″ and C5″ positions160. 

ChmJ behaved as previously published, with a strong preference for selective 

incorporation of deuterium at C3″162. For the first time this can be said to be 

directly due to the activity of SbChmJ, as for the first time this has been 

observed without coupling to the reductase (ChmD). Therefore instead of the 

possibility that ChmD acts as a sink for only a mono-epimerised product, it is 

ChmJ which is selective in its isomerisation of dTDP-4-keto-6-deoxy-glucose. 

There is, however, a potential explanation for this, when inspecting the 

mechanism proposed by Dong et al.140, and putting this into context with 

observed keto-hydrate equilibria and mechanisms for solvent exchange. 

According to the mechanism for RmlC action proposed by Dong 2007, solvent 

exchange is absolutely required for epimerisation at C3″, with proton donation 

occurring from a conserved water molecule within the active site. However, 

proton donation to C5″ during epimerisation at this position occurs not from 

solvent directly, but from a key tyrosine residue. The mechanism by which the 

catalytic His-Tyr couple of RmlC are re-generated in-between epimerisation 

reactions is unclear. However, it is possible that through keto-hydrate equilibria 

(Figure 5.1), the proton at C5″ abstracted by the histidine (prior to proton 

donation from Tyr), is donated back to the catalytic tyrosine, through the hydrate 

intermediate, such that both residues are regenerated. If this is the case, then 

the observations here of a decreased rate in C5″ deuterium incorporation 

compared to that at C3″ can be explained, for RmlC and also AoEvaD. 

Furthermore, this would add a further explanation to discrepancies observed 

here between the expected and observed rates of deuterium incorporation 

(Table 5.8), if each dTDP-sugar isomerase’s Vmax was maintained between the 

two experiments (despite the temperature changes).  

In order to test this hypothesis it would be necessary to isolate an RmlC and 

AoEvaD time-course at a mid-point and to assess directly the epimerisation 
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state at the C3″ and C5″ positions, coupled to H-D exchange GC-MS analysis 

and close analysis of 1H-NMR coupling constants160,162. 

5.4 OVERALL CONCLUSIONS, AND FUTURE DIRECTIONS 

This study presented the first characterisation of CBU_1838, an enzyme 

proposed to be involved in the biosynthesis of C. burnetii O-antigen sugar, 

DHHS. It has been shown that CBU_1838, as predicted from sequence 

homology, is dTDP-sugar isomerase, capable of epimerisation at C3″ and C5″ 

of dTDP-4-keto-6-deoxy-glucose when coupled to EcRmlD, and of solvent 

exchange at both positions, with an observed preference for C3″. Furthermore, 

the low substrate affinity exhibited by CBU_1838 compared to the other dTDP-

sugar isomerases studied here most likely reflects its involvement as the 

DHHS-synthetic dTDP-sugar isomerase, as this would present a substrate with 

a 6″-OH (dTDP-4-keto-6-hydroxy-glucose as opposed to dTDP-4-keto-6-deoxy-

glucose). Additionally, in the first direct study of purified StrM from S. griseus, it 

is shown that this dTDP-sugar-isomerase acts very similarly to EcRmlC, such 

that it can now be confirmed as an RmlC enzyme.  

In this study, the use of 1H-NMR has not only aided epimerase characterisation, 

but it has also informed further on the mechanism of the preceding enzyme for 

rhamnose biosynthesis, RmlB, and on the stability of the TDP-keto-glucose 

substrate in solvent. Through analysis here of RmlB-generated dTDP-4-keto-6-

deoxy-glucose by 1H-NMR, it became apparent that after completion of the 

dehydration reaction, protons in the C5″ position were still being exchanged for 

deuterium, in an RmlB-catalysed reaction. This brought novel evidence to the 

proposed mechanism for the final reaction step catalysed by RmlB as being 

through a sequential step of reduction, involving enzyme-catalysed keto-enol 

tautomerisation, and consequent solvent exchange at C5″198,204.  

Overall, the availability of a commercial source of dTDP-4-keto-6-deoxy-glucose 

has aided this study immensely, and will reduce the barrier further to study the 

synthesis of 6-deoxy hexose sugars. Indeed, the availability of the direct 

substrate for RmlC will aid in screening for inhibitors of rhamnose biosynthesis 

to be developed into therapeutic agents, as has already been progressing for M. 

tuberculosis RmlC169,186,203,206,207, and also for plant pathogens208.   
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6 PROTEIN CRYSTAL STRUCTURES OF SGSTRM 

AND CBU_1838 

6.1 INTRODUCTION 

6.1.1 Structural studies on dTDP-sugar isomerases 

As introduced in Chapter 1, four enzyme activities have been characterised 

within the dTDP-sugar isomerase family. These involve: epimerisation at 

positions 3″ (EC 5.1.3.27), 5″ (no specific EC ID number) or both 3″ and 5″ (EC 

5.1.3.13) of dTDP-4-keto-6-deoxy-glucose, and additionally dTDP-6-deoxy-3,4-

keto-hexulose isomerase activity (EC 5.3.2.3). Table 6.1 shows the members of 

the dTDP-sugar isomerase with published protein crystal structures. In total, 

there are 76 entries with dTDP-sugar isomerase domains in the Pfam database, 

however, not all of these appear in peer-reviewed publications (as of 

26.10.2019).  
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Table 6.1 dTDP-sugar isomerases for which structural studies have been published.  

Enzyme 
(EC ID) 

Epimerase activity Biosynthetic 
pathway 

Species  WT/ 
Mutant 

Nucleotide/sugar ligand PDB 
ID 

Ref. 

RmlC 
(5.1.3.13) 

3″,5″ double-
epimerase of 
dTDP-4-keto-6-
deoxy-glucose 

Rhamnose 
 

Methanobacterium 
thermoautotrophicum 

WT / 1EP0 209 

WT dTDP 1EPZ 

Salmonella typhimurium WT / 1DZR 210 

WT O-Acetyl-TDP, O-Acetyl-
TDP-phenol 

1DZT 

Streptococcus suis WT dTDP-glucose 1NYW 146 

WT dTDP-xylose 1NZC 

WT / 1NXM 

WT dTDP-rhamnose 2IXL 140 

Mycobacterium 
tuberculosis 

WT / 1UPI 140 

WT dTDP-rhamnose 2IXC 

WT / 1PM7 211 

Pseudomonas 
aeruginosa 

WT dTDP-rhamnose 2IXH 140 

WT dTDP 2IXI 

WT / 2IXJ 

WT dTDP-4-keto-rhamnose 2IXK 

Bacillus anthracis WT dTDP & PPi 3RYK 212 
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WbcA 
(N/A) 

3″ mono-epimerase 
of CDP-4-keto-6-
deoxy-glucose 

6-deoxy-d-gulose Yersinia enterocolitica WT Cytosine 5BUV 213 

EvaD 
(N/A) 

5″ mono-epimerase 
of dTDP-3-amino-
2,3,6-trideoxy-4-
keto-glucose t 

Epivancosamine 
(in chloroeremo-
mycin) 

Amycolatopsis orientalis WT / 1OFN 159 

WT TMP 1OI6 160 

ChmJ 
(5.1.3.27) 

3″ mono-epimerase 
of dTDP-4-keto-6-
deoxy-glucose 

Mycinose (in 
chalcomycin and 
tylosin) 

Streptomyces bikiniensis WT / 4HN0 162 

WT dTDP-6-deoxy-d-allose 4HMZ 

H60N/ 
Y130F  

Thymine, thymidine, dTDP 4HN1 

NovW 
(5.1.3.-) 

3″ mono-epimerase 
of dTDP-4-keto-6-
deoxy-glucose 

Novobiocin Streptomyces 
sphaeroides 

WT / 2C0Z 191 

FdtA 
(5.3.2.3) 

3″,4″ keto-

isomerase of TDP‐
4-keto-6-deoxy-
glucose 

3-acetamido-3,6-
dideoxy-galactose 

Aneurinibacillus 
thermoaerophilus 

WT dTDP 2PA7 214 

H49N  dTDP 2PAE 

H51N  dTDP 2PAK 

H49N/ 
H51N  

dTDP 2PAM 

QdtA 
(N/A) 

3″,4″  keto-

isomerase of TDP‐
6‐deoxy‐D‐xylo‐4‐
hexulose 

3-acetamido-3,6-
dideoxy-glucose 

Thermoanaerobacterium 
thermosaccharolyticum 

WT Thymidine 4ZU5 215 

WT Thymidine, dTDP 4O9E 

H51N dTDP-4-keto-6-deoxy-
glucose 

4O9G 

Y17R/ 
R97H  

dTDP 4ZU7 

                                            
t Also capable of 3″,5″ double-epimerisation of dTDP-4-keto-6-deoxy-glucose 
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6.1.2 Relationship between structure and function 

Through studies comparing the active site architecture of RmlC, a 3″,5″ double-

epimerase, and AoEvaD, which favours 5″ mono-epimerisation, it was initially 

proposed that the orientation of the catalytic tyrosine residue in the active site 

was responsible for conveying activity preference160. However, through 

resolving protein crystal structures of SbChmJ, a 3″ mono-epimerase, in the 

context of its product, it was revealed that the pose of the catalytic tyrosine is 

dependent on active site occupation162. Therefore it was highlighted that caution 

should be employed when examining active site architecture, and attention paid 

to the context in which the active site is being examined. To date, the 

determinant of preferential epimerisation activity has not been determined. 

6.1.3 Structural studies presented here 

As discussed in Chapter 1, two proposed dTDP-sugar isomerases, StrM from 

S. griseus, and CBU_1838 from C. burnetii, could provide critical insight to 

glycoconjugate vaccine design for Q fever, and also the development of 

antimicrobial drugs targeting dTDP-sugar isomerases. Chapter 4 presents the 

first purification to homogeneity of these two enzymes, and Chapter 5 explores 

the first data for their kinetic and mechanistic characterisation. Results from 

Chapter 5 reveal SgStrM as essentially an RmlC enzyme, with dTDP-4-keto-6-

deoxy-3″,5″-double-epimerase activity. CBU_1838 is also capable of 3″,5″-

double-epimerisation of dTDP-4-keto-6-deoxy-glucose, however, has a reduced 

KM for this substrate in comparison to that of EcRmlC, AoEvaD and SgStrM. 

This is consistent with the proposal that CBU_1838 is the dTDP-sugar 

isomerase for DHHS biosynthesis, which would mean that the natural substrate 

for CBU_1838 is a hexose derivative of dTDP-glucose which retains a 6″-OH. 

Here, exploiting the recombinantly expressed protein preparations of high purity 

and concentration generated in Chapter 4, the protein crystal structures of 

SgStrM and CBU_1838 are explored, and compared to those of published 

RmlC, AoEvaD and ChmJ structures. These protein crystallographic studies will 

add to the characterisation of SgStrM and CBU_1838 as hypothesised RmlC-

like dTDP-sugar isomerases.  
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6.1.4 Aims 

1) To sample a range of protein crystallisation conditions in order to obtain 

protein crystals from SgStrM and CBU_1838 

2) To optimise protein crystal growth conditions in order to obtain X-ray 

diffraction to a high resolution 

3) To solve the X-ray crystal structures of SgStrM and CBU_1838, and refine 

models to a publishable quality 

4) To repeat aims 1-3 in the context of small molecule binding partners for 

SgStrM and CBU_1838: nucleotides, sugars, and nucleotide-sugars 

5) To analyse the protein crystal structures of SgStrM and CBU_1838 in the 

context of published studies on dTDP-sugar isomerases 

6) To analyse the potential for CBU_1838 to act as the dTDP-sugar isomerase 

for DHHS biosynthesis 

6.1.5 Summary of key findings 

The structure of SgStrM was determined to 1.33 Å resolution. Soaking these 

crystals with dTDP allowed incorporation of the nucleotide diphosphate; the 

structure of this complex was determined to 1.9 Å. All SgStrM protein crystals 

grew in the space group C 2 2 21. CBU_1838 was crystallised in the apo form, 

and in the presence of the substrate analogues dTMP, dTDP, glucose, xylose, 

ribose and rhamnose. CBU_1838 also crystallised in the space group C 2 2 21, 

except when co-crystallised with rhamnose, where space group P 41 21 2 was 

adopted. After analysis of the active site of CBU_1838, and structure-based 

sequence alignments, it was determined that CBU_1838 could likely 

accommodate the C6″ hydroxyl group of dTDP-4-keto-6-hydroxy-glucose, the 

proposed intermediate in DHHS biosynthesis.  

In keeping with the recent study on SbChmJ structure and function, this study 

also shows that the active sites of SgStrM and CBU_1838 contain residues with 

substantial conformational flexibility162 (especially critical arginine and tyrosine 

side chains). These residues change pose to accommodate different 

substrates/substrate-analogues. Highlighting the role of these side chains could 

support antimicrobial development; stabilisation of these in a certain pose could 

be key to design of high-affinity competitive inhibitors.  
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6.2 RESULTS 

6.2.1 General crystallisation and data processing 

The expression, purification, and crystallisation trial methods employed for 

SgStrM and CBU_1838 are described in Chapter 3, Sections 3.3, 3.4 and 3.7, 

with purification results presented in Chapter 4, Section 4.2.3. Crystals were 

grown at 18 °C, using the microbatch under-oil method on a hydrophobic plate 

(Douglas Instruments VD-SILVER-1/1), with a 1:1 ratio of protein:screen 

condition, or a 3:2:1 ratio of protein:screen:seed stock dilution. Data were 

collected at Diamond Light Source (DLS). A standard strategy was applied to 

collect complete datasets from the crystals. For all datasets the CCP4i2 

software suite was used for data processing, initial analysis and generation of 

refinement statistics172. The auto-processing methods employed are listed for 

each crystal, as either autoPROC216 alone, or combined with STARANISO217, or 

POINTLESS218 (combined with AIMLESS219).  

An iterative process of auto-building into density-modified maps was employed, 

using MolRep175 for initial molecular replacement, and then REFMAC177 for 

refinement, followed by manual adjustments and re-assigning sequences in 

Coot176. Refinement was restrained by any non-crystallographic symmetry 

(NCS) and initial rounds used TLS parameterisation. Once the majorityu of each 

protein chain was satisfactorily built into the electron density, water and solvent 

molecules were modelled into the remaining density with iterative refinement 

and adjustment. Any ligands were then modelled where both 2Fo-Fc and Fo-Fc 

maps indicated their presence. The models were considered complete when the 

Rfree value converged to a minimum, with acceptable rmsd values for bond 

lengths and angles, around or below 0.01 Å and 1°, respectively. The 

refinement results are summarised below, in separate tables for each protein 

(Table 6.4 for SgStrM and Table 6.9 for CBU_1838). 

 

                                            
u The full sequences of N-terminal purification tags could not be located in electron density 
maps in all cases, likely due to flexibility. 
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6.2.2 StrM crystallography 

6.2.2.1 Crystallisation of StrM 

Purified SgStrM was concentrated to 5.85 mg/mL in HEPES buffer. The JCSG+, 

Morpheus, SG1 and PACT Premier crystallisation screens (Molecular 

Dimensions) were tested. Of these, the crystals which diffracted best were of a 

sheet morphology, and came from well C11 of the PACT Premier screen (100 

mM CaCl2, 50 mM HEPES pH 7.0, 20% (w/v) PEG 6,000). Cryoprotection was 

achieved with a modification of this condition, supplemented with PEG 300 (100 

mM CaCl2, 10% (w/v) PEG 6,000, 30% (v/v) PEG 300, 50 mM Tris pH 7.0) 

Table 6.2 shows the details of crystal duration of growth, cryoprotection, and 

resolution. Crystals were screened for diffraction at the i03 and i04 beamlines at 

DLS. The data collection is summarised in Table 6.3. The best crystals 

diffracted to 1.33 Å. The substrate analogues dTDP-glucose and dTDP were 

added to the cryoprotectant solution at 35 mM and 10 mM, respectively, and 

harvested at different time-points after soaking. Crystals soaked with dTDP-

glucose gave a maximum resolution of 1.35 Å after a 19 min soak; soaks of 

280-290 min gave a slightly lower resolution of 1.64 Å, with no improvement on 

ligand density, therefore data are not presented here. 

.  
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Table 6.2: Crystallisation of StrM.  

Diffraction-quality crystals grew in well C11 of the PACT Premier screen. Well 

conditions: 20% PEG 6000, 100 mM CaCl2, 50 mM HEPES pH 7.0, used at a 

1:1 ratio with 2.93 mg/mL SgStrM. Cryo-protection was achieved with 10% (w/v) 

PEG 6000, 30% (w/v) PEG 300, 100 mM CaCl2, 50 mM Tris pH 7.0. This was 

supplemented with either 10 mM dTDP, or 35 mM dTDP-glucose to obtain 

ligand-bound crystals. All crystals formed in space group C 2 2 21, and were of 

a sheet-like morphology.  

 StrM-apo StrM-dTDP StrM-dTDP(-

glucose) 

Duration of crystal 

growth 

12 days 28 days 28 days 

Cryoprotection 

solution 

10% PEG 

6,000, 30% 

PEG 300, 100 

mM CaCl2, 50 

mM Tris pH 7.0 

10% PEG 

6000, 30% 

PEG 300, 100 

mM CaCl2, 50 

mM Tris pH 7.0 

+ 10 mM dTDP 

10% PEG 

6000, 30% 

PEG 300, 100 

mM CaCl2, 50 

mM Tris pH 7.0 

+ 10 mM dTDP-

glucose 

Duration of soak in 

cryo-protectant 

solution (min) 

1 6 19 

Resolution achieved 

(Å) 

1.33 1.90 1.35 
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Table 6.3. Data collection parameters for StrM crystals.  

Values in parentheses refer to the highest resolution shell. 

Data collection parameters StrM Apo StrM-dTDP StrM-dTDP(-
glucose) 

Beamline, wavelength (Å) I03, 0.9763  I04, 0.9159 I04, 0.9159 

Beam size (μm) 50x20 50x50 50x50 

Auto processing type autoPROC+ 
STARANISO 

AIMLESS autoPROC+ 
STARANISO 

Space group C 2 2 21 C 2 2 21 C 2 2 21 

Cell 
dimensions    

a, b, c (Å) 42.349 
132.361 
77.557  

42.376   
131.542    
78.539   

42.11  
131.74  
78.01  

α, β, γ () 90.000 
90.000 
90.000 

90.000  
90.000  
90.000 

90.00    
90.00    
90.00 

Resolution (Å) 66.18 (1.33) 50.42 (1.9) 65.87 (1.35) 

No. reflections Total 
reflections 

230889 
(11075) 

76053 
(4895) 

220698 
(10853) 

Unique 
reflections 

36479  
(1824) 

17624 
(1122) 

33219  
(1661) 

Rmeas 0.175  
(3.150) 

0.246 
(2.446) 

0.112  
(1.321) 

I / σ(I) 10.0 (1.7) 5.5 (0.7) 10.6 (1.5) 

Completeness (%) 84.7 (35.5) 99.4 (99.6) 94.0 (56.3) 

CC1/2 0.996  
(0.304) 

0.991     
(0.312) 

0.999  
(0.622) 

Wilson B-factor (Å-2) 27.7 30.7 21.0 

  



Protein crystal structures of SgStrM and CBU_1838 

194 
 

6.2.2.2 StrM data processing 

Following data collection, the CCP4 suite was used in order to process images 

and solve the structure of SgStrM172. The jsCoFe server was used to find a 

molecular replacement model for SgStrM structure-solution173. This returned 

SbChmJ (PDB ID 4HMZ162) as the closest match for molecular replacement, 

with a sequence identity of 52.8% to SgStrM (with the N-terminal tag region 

omitted from the sequence search). The output of data processing for structure 

solution is outlined in Table 6.4. 

To estimate the number of copies of protein molecules in the asymmetric unit, 

calculation of the Matthew's coefficient (VM), the solvent content, and probability 

for each possibility were carried out (Table 6.5). Based on these analyses, the 

most likely number of copies of protomers per asymmetric unit was one. 

However, calculations using PISA (Protein Interfaces, Surfaces and 

Assemblies)220, reveal that a dimeric state is more likely when in solution. For a 

homodimeric assembly of symmetry operation X, -Y, -Z, PISA calculates an 

overall buried surface area of 2698 Å2 (1349 Å2 per monomer), with a free 

energy of dissociation of 5.6 kcal/mol, and entropy of dissociation of 12.7 

kcal/mol.  
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Table 6.4. Diffraction data processing statistics for StrM crystals.  

Values in parentheses refer to the highest resolution shell. 

Data refinement statistics StrM-

apo 

StrM-

dTDP 

StrM-dTDP  

(-glucose) 

Resolution (Å) 1.33 1.9 1.35 

Rwork / Rfree 0.205 / 

0.240 

0.201 / 

0.243 

0.181 / 0.213 

No. molecules in AU 1 1 1 

No. atoms   Protein 1654 1634 1658 

Ions 6 3 1 

Ligands 4 50 38 

Waters 202 152 191 

B-factors Protein Overall 12.61 27.45 15.92 

Main 

chain 

10.57 25.32 13.26 

Side 

chain 

14.42 29.50 18.28 

Ions 52.02 62.24 12.96 

Ligands 26.09 63.33 44.75 

Waters 25.36 34.96 29.39 

R.m.s. 

deviations   

Bond lengths (Å) 0.0130 0.0076 0.0119 

Bond angles () 1.857 1.473 1.736 

No. Ramachandran outliers 1 4 1 

Clashscore 6.32 3.29 5.87 

MolProbity score 1.72 1.53 1.36 
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Table 6.5. Calculated Matthew’s coefficients based on the number of 

molecules in the asymmetric units of StrM crystals. 

Crystal Molecules/asymmetric 

unit 

Matthews 

coefficient 

VM (Å3/Da) 

Solvent 

content (%) 

Probability 

this is true 

number of 

copies 

StrM Apo 1 2.48 50.34 1.00 

StrM-dTDP 1 2.49 50.68 1.00 

StrM-

dTDP(-

glucose) 

1 2.46 50.11 1.00 

 

 

6.2.2.3 StrM apo structure analysis, and analysis of dTDP 

binding 

The overall fold of SgStrM is mainly that of β-sheets, with a few peripheral 

helices. The asymmetric unit contains a single protomer, however, through 

applying crystallographic symmetry a second protomer can be generated to 

form the predicted homodimeric assembly (Figure 6.1). Additionally, as has 

been observed previously in structures of dTDP-sugar isomerases, strand 

exchange occurs between the monomers to stabilise the dimeric assembly over 

the active site (discussed further in Section 6.2.4 and 6.3.1).  

When soaked into crystals of SgStrM, dTDP bound in the active site, overlaying 

directly with the nucleotide-moiety of dTDP-rhamnose when bound in the active 

site of MtRmlC (the structure used for molecular replacement) (Figure 6.2 and 

Figure 6.3).  



 Protein crystal structures of SgStrM and CBU_1838 

197 
 

 

 

Figure 6.1. 1.33 Å resolution of StrM functional homo-dimer in apo form. 

Rotation of 90° of functional homo-dimer. N-terminal residue shown by stick and 

label (Glycine -1, 2 residues behind the starting Methionine of the SgStrM 

sequence. C-terminal residue shown by label (Threonine 119). Figure made 

using PyMOL 2.2.3. 
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Figure 6.2 The active site of SgStrM, with dTDP bound, 1.9 Å resolution.  

StrM-dTDP dataset shown with electron density from initial Fo–Fc map 

contoured at 1 σ, and difference map at 3 and -3 σ. A) Active site of one 

protomer with dTDP bound, and residues in the neighbourhood of this 

represented as sticks. B) dTDP from the active site, shown alone to 

demonstrate the quality of the data. Image generated using CCP4mg. 
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Figure 6.3 Active site equivalence between SgStrM soaked with dTDP, and 

MtRmlC soaked with dTDP-rhamnose.  

MtRmlC, with bound dTDP-rhamnose shown in grey, behind SgStrM in the 

foreground (atoms coloured according to type, bond brown for protein, and 

purple for dTDP (Tyd1(L))). Circles and ellipses identify the residues that are 

equivalent (from 3D superposition of the structures). Figure made using 

LigPlot+ v.2.1. 
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For the 1.35 Å dataset of SgStrM crystals soaked with dTDP-glucose, only the 

nucleotide portion of the ligand was ordered and visible in the electron density 

map. 280-290 min soaks gave an improved ligand density, but the sugar moiety 

was still disordered. Furthermore, two loop regions also became susceptible to 

disorder after this longer soak time (at residues 64 and 134). This hints that 

these regions might be solvent-exposed/flexible. One interesting characteristic 

of the crystals from a 19 min soak with 35 mM dTDP-glucose was the 

appearance of nucleotide (dTDP) density at sites removed from the active site. 

There are no crystal contacts here, therefore there is potential for these to be 

regulatory binding sites. 

6.2.3 CBU_1838 crystallography 

6.2.3.1 Crystallisation of CBU_1838 

Purified CBU_1838 was concentrated in HEPES buffer, and the JCSG+ and 

Morpheus screens (Molecular Dimensions) were used to test conditions for 

protein crystallisation. Diffraction quality crystals of CBU_1838 were obtained by 

mixing the JCSG+ screen 1:1 with 5.2 mg/mL or 7.8 mg/mL CBU_1838 using 

the microbatch under oil method. The best crystals appeared from wells B11 

(1.6 M sodium citrate tribasic dihydrate pH 6.5) and E1 (1.0 M sodium citrate 

tribasic dihydrate, 0.1 M sodium cacodylate pH 6.5), exhibiting diffraction to 

2.13 Å (Data not shown). A stock of microcrystals was created from well E1 in 

order to use for random matrix micro-seeding (rMMS) experiments to improve 

crystal quality further171. Due to the toxicity of sodium cacodylate, PIPES was 

used as an alternative buffer when re-creating the mother liquor. Follow-up 

rMMS experiments used the seed stock at 3:2:1 protein:screen:seeds, using the 

JCSG+ screen. The protein concentration was lowered (to 4.8 mg/mL and 2.4 

mg/mL, respectively), and plates were incubated at either 18 °C or 4 °C, in 

order to minimise aggregation of crystals into clustersv. Furthermore, as sodium 

citrate was present in both the conditions with the best original crystals, XStep 

was used to design a follow-on experiment for optimising citrate concentrations. 

                                            
v Following this all incubations were at 18 °C only as this gave the best results. Greater 
aggregation was observed when incubated at 4 °C. 
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This involved filling a 96-well microbatch plate CBU_1838 to final 

concentrations of 2-8 mg/mL, and citrate concentrations of 0.1-0.8 M. While the 

citrate was buffered to pH 6.5, 10 mM PIPES pH 6.5 was also included. Good 

crystals appeared after approximately four weeks growth at 18 °C. Crystals 

remained stable after this, and a selection of different carbohydrates that might 

bind to the active site were chosen as cryo-protection additives which may soak 

into the crystals as ligand analogues (glucose, xylose, ribose and rhamnose), 

see Table 6.7. Following this optimisation of protein and precipitant 

combinations, crystals of CBU_1838 were then obtained to a maximum 

resolution of 1.43 Å with the addition of likely binding partners in cryo-protectant 

solution (Table 6.7). 

Co-crystallisation also was performed between CBU_1838 and proposed 

substrate analogues (dTDP-glucose, dTDP, dTMP, glucose, ribose, xylose and 

rhamnose). CBU_1838 was incubated with each small molecule for at least 1 

hour before rMMS experiments were set-up with JCSG+ screens as above. 

When using microcrystal seeds, hits were obtained from more wells than just 

B11 and E1 (as originally obtained from a JCSG+ screen), with conditions 

containing citrate, glucose and PEG giving the best crystals (Table 6.7). The 

improvement in crystal quality and increase in range of conditions giving crystal 

hits is expected from an rMMS experiment in comparison to microbatch 

screening without seeding171. Table 6.6 lists the JCSG+ screen conditions that 

yielded diffraction-quality crystals, with full crystal details exhibited in Table 6.7. 

Table 6.8 lists the data collection parameters for the best CBU_1838 crystals. 
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Table 6.6 Conditions for wells of JCSG+ screen (Molecular dimensions) 

which yielded diffraction-quality crystals for CBU_1838 when co-

crystallised with ligand analogues.  

 

JCSG+ screen well 

number 

Screen conditions 

B7 100 mM sodium acetate pH 4.6, 4.68% (w/v) PEG 

4000 

D12 40 mM potassium phosphate monobasic, 16% 

(w/v) PEG 8000, 20% (v/v) glycerol 

F10 1.1 M sodium malonate dibasic monohydrate, 100 

mM HEPES pH 7, 0.5% (v/v) Jeffamine ED-2003  

H3 100 mM bis-tris pH 5.5, 25% (w/v) PEG 3350 
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Table 6.7 Crystallisation of CBU_1838.  

Diffraction-quality crystals grew from wells B7, D12, F10 and H3 of the JCSG+ screen when co-crystallisation with ligand analogues was 

performed (3:2:1 ratio of protein:screen:seed stock). Additionally, optimisation around the conditions of JCSG+ E1 led to crystals for 

which ligand analogues could be soaked into during cryo-protection. Ligands with ordered electron density are highlighted in yellow. 

 dTMP dTDP-CIT  CIT  Glucose-CIT  Xylose-CIT  Xylose  Rhamnose  Ribose  

Protein solution 
(duration of 
ligand 
incubation) 

2.25 mg/mL 
with 10 mM 
dTMP  

(100 min) 

2.25 mg/mL 
with 10 mM 
dTDP 

(74 min) 

5.2 mg/mL 
(N/A) 

5.2 mg/mL 
(N/A) 

5.2 mg/mL 
(N/A) 

2.25 mg/mL 
with 15% 
xylose 

(90 min) 

2.25 mg/mL 
with 15% 
rhamnose 

(116 min) 

2.25 mg/mL 
with 15% 
ribose 

(90 min) 

Precipitant mix JCSG+ D12 JCSG+ B7 E1 opti F8 E1 opti F7 E1 opti E10 JCSG+ H3 JCSG+ F10 JCSG+H3 

Seed stock 
dilution 

1 in 100 1 in 100 N/A N/A N/A 1 in 1000 N/A 1 in 1000 

Duration of 
crystal growth 

7 days 29 days 30 days 30 days 30 days 7 days 6 days 7 days 

Cryo-protectant 
solution 

14% PEG 
8000 (w/v), 

32% 
glycerol 
(v/v), 2 mM 
dTMP, 3 
mM HEPES 
pH 7.0 

7% PEG 
4000 (w/v), 
30% PEG 
400, 5% 
dTDP (v/v), 

29 mM 
citrate buffer 
pH 4.5  

12.2% 
sodium 
citrate (pH 
6.5), 30% 
(w/v) 
ribose 

12.2 % 
Sodium 
citrate (w/v) 
(pH 6.5), 
30% (w/v) 
glucose 

12.2 % 
Sodium 
citrate (w/v) 
(pH 6.5), 
30% (w/v) 
xylose 

100 mM 
NH3SO4, 8% 
PEG 8000 
(w/v), 30% 
(w/v) xylose 

N/A 100 mM 
NH3SO4, 
8% PEG 
8000 (w/v), 
30% (w/v) 
ribose 

Duration of cryo-
protection (min) 

<1 <1 1.25 4 3 <1 N/A <1 

Resolution 
achieved (Å) 

1.76 1.87 1.71 1.45 1.45 2.05 2.00 1.98 
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Table 6.8. Data collection for CBU_1838 crystals. Values in parentheses refer to the highest resolution shell. 

Data collection 
parameters 

dTMP dTDP-CIT  CIT  Glucose-
CIT  

Xylose-CIT  Xylose  Rhamnose  Ribose  

Beamline, 
wavelength (Å) 

I04, 0.9159 I04, 0.9795 I04, 0.9795 I04, 0.9795 I04, 0.9795 I03, 0.9763 I04, 0.9159 I03, 0.9763 

Beam size (μm) 60x50 32x20 32x20 32x20 32x20 50x20 60x50 50x20 

Auto-processing autoPROC+ 
STAR-
ANISO 

autoPROC+ 
STAR-
ANISO 

autoPROC+ 
STAR-
ANISO 

autoPROC autoPROC+ 
STAR-
ANISO 

autoPROC+ 
STAR-
ANISO 

autoPROC+ 
STAR-
ANISO 

autoPROC+ 
STAR-
ANISO 

Space group C 2 2 21 C 2 2 21 C 2 2 21 C 2 2 21 C 2 2 21 C 2 2 21 P 41 21 2 C 2 2 21 

Cell 
dimensions    

a, b, c 
(Å) 

77.98     
83.73    
163.13  

78.88     
82.15    
163.83  

77.46   
84.43   
78.21  

77.19   
84.85  
77.76  

77.03  
84.54  
77.67  

79.01  
82.79 
164.49  

56.83     
56.83   
292.38  

80.66  
81.16  
165.11  

α, β, γ 

() 

90.00     
90.00     
90.00  

90.00     
90.00     
90.00 

90.00 
113.16 
90.00 

90.00 
113.47 
90.00 

90.00 
113.59 
90.00 

90.00  
90.00  
90.00 

90.00     
90.00     
90.00 

90.00  
90.00  
90.00 

Resolution (Å) 81.70 (1.77) 82.05 (1.87) 71.90 (1.71) 71.33 (1.45) 71.18 (1.43) 82.37 (2.05) 73.20 (1.98) 82.69 (1.98) 

No. 
reflections 

Total  321439 
(16537) 

247330 
(12776) 

128591 
(6756) 

252643 
(7135) 

182903 
(7987) 

169596 
(8284) 

285494 
(14021) 

178205 
(8351) 

Unique  48399 
(2420) 

37452 
(1874) 

38020 
(1902) 

75462 
(2479) 

54839 
(2742) 

26235 
(1312) 

23137 
(1157) 

27777 
(1390) 

Rmeas. 0.046 
(1.256) 

0.085 
(1.400) 

0.094 
(0.886) 

0.075 
(1.988) 

0.057 
(0.852) 

0.085 
(4.965) 

0.140 
(1.490) 

0.074 
(1.046) 

I / σ(I) 18.9 (1.6) 12.5 (1.3) 10.4 (1.5) 9.2 (0.5) 12.5 (1.5) 14.3 (0.6) 15.8 (2.0) 14.6 (1.9) 

Completeness (%) 94.8 (52.4) 95.1 (60.6) 92.4 (55.6) 92.7 (61.1) 93.5 (67.5) 92.0 (54.7) 83.6 (34.8) 91.3 (68.5) 

CC1/2 1.0 (0.6) 1.0 (0.7) 1.0 (0.6) 1.0 (0.3) 1.0 (0.6) 1.0 (0.7) 1.0 (0.7) 1.0 (0.6) 

Wilson B-factor (Å-2) 45.2 50.7 32.1 27.9 23.2 55.0 47.0 54.3 
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6.2.3.2 Data processing for CBU_1838 

CBU_1838 crystals adopted one of two space groups: C 2 2 21 or P 41 21 2, with 

the latter only adopted when co-crystallised with the ligand-analogue sugar 

rhamnose (Table 6.8). As was the case for SgStrM, initial phases for CBU_1838 

were obtained using molecular replacement. Molecular replacement was 

performed with Phaser174, using the published structure of M. tuberculosis RmlC 

(PDB code 2IXC140) as a search probe (34.8% sequence identity). In all 

conditions of CBU_1838, the protein crystallised with two protomer molecules 

per asymmetric unit. The output of data processing for structure solution is 

outlined in Table 6.9. 
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Table 6.9 Diffraction data processing statistics for CBU_1838 crystals. 

 Values in parentheses refer to the highest resolution shell. 2 molecules in AU for all. MC = main chain, SC = side chain. 

Data refinement statistics dTMP dTDP-CIT  CIT  Glucose-
CIT  

Xylose-
CIT  

Xylose  Rhamnose Ribose  

Resolution (Å) 1.76 1.87 1.71 1.45 1.43 2.05 2.00 1.98 

Rwork / Rfree 0.242/ 
0.295 

0.211 / 
0.249 

0.192 / 
0.236 

0.185 / 
0.231 

0.164 / 
0.206 

0.226 / 
0.271 

0.259 / 
0.329 

0.209 / 
0.254 

No. 
atoms   

Protein 3119 3203 3203 3272 3271 3160 3163 3173 

Ions 2 5 0 13 15 0 1 / 

Ligands 162 185 20 37 43 78 75 144 

Waters 191 214 367 407 452 148 162 200 

B-factors Protein Overall 43.03 48.81 26.84 28.24 22.9 61.21 41.11 52.43 

MC 40.89 46.19 24.54 26.13 20.22 58.24 39.87 49.23 

SC 45.03 51.17 28.97 30.19 24.14 64.05 42.27 55.41 

Ions 85.16 60.38 / 49.77 56.82 / 64.18 / 

Ligands 75.13 66.09 76.87 29.01 21.58 84.35 65.02 100.33 

Waters 46.00 52.53 35.37 40.07 34.96 58.22 35.65 52.65 

R.m.s. 
deviations   

Bond lengths (Å) 0.0085 0.0086 0.0089 0.0105 0.0106 0.0077 0.0077 0.0084 

Bond angles () 1.561 1.499 1.557 1.964 1.643 1.479 1.513 1.526 

No. Ramachandran outliers 6 3 0 0 0 4 3 2 

Clashscore 12.76 8.15 6.85 6.07 8.88 11.66 8.3 9.50 

MolProbity score 2.25 1.65 1.65 1.50 1.64 2.08 2.19 2.08 
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6.2.3.3 Analysis of CBU_1838 protein crystal structures with 

and without ligands bound  

Co-crystallisation of CBU_1838 with the nucleotides dTMP and dTDP resulted 

in structure-solution to 1.76 Å and 1.87 Å, respectively. The overall architecture 

is as expected for a dTDP-sugar isomerase, with strand-exchange between 

chains forming the active site (Figure 6.4). In both cases nucleotide density is 

clear, occupying the expected site (Figure 6.5). For co-crystallisation with 

dTMP, no further small molecules were ordered enough to appear in the 

electron density (Figure 6.5 A and B). However, for dTDP co-crystallisation, 

citrate from the cryo-protectant solution also appeared ordered within the active 

site (Figure 6.5 C). From overlay with published ligand-bound dTDP-sugar 

isomerase structures, it was clear that citrate was occupying the site for 

expected sugar-binding. Furthermore, the citrate is stabilised by the catalytic 

histidine and tyrosine (His64 and Tyr134). It is worth noting here that when 50 

mM citrate was used as a buffer for CBU_1838 activity assays, there was no 

inhibition observed (Appendix 9).  

Co-crystallisation with dTDP-glucose also produced viable crystals, which 

diffracted to a maximum resolution of 1.70 Å. However, no electron density was 

observed for the nucleotide-sugar in 2Fo-Fc or Fo-Fc maps. Therefore no further 

data is discussed for these. 
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Figure 6.4 CBU_1838 overall dimeric architecture  

Homo-dimer of CBU_1838 as co-crystallised with dTDP. A) Surface 

representation, B) Ribbon representation. Chains are coloured in rainbow 

format to show the strand exchange between protomers to form the active site. 

Figure made using PyMOL 2.2.3. 
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Figure 6.5 CBU_1838 with dTMP or dTDP and citrate in the active site.  

Density from initial Fo-Fc map contoured at 1σ for CBU_1838 in complex with 

ligands, as seen at the active site of one subunit. Carbon atoms of side chains 

stabilising the nucleotide are coloured in dark green, and carbon atoms of 

proposed catalytic side chains are coloured in orange. A and B) two rotations of 

dTMP bound in the active site. C) dTDP and citrate bound in the active site. 
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Additional to the crystals containing dTDP, where citrate appeared to soak into 

the crystal through cryo-protection, ordered density for citrate was also present 

when crystals formed in the presence of citrate (optimisation of JCSG+ E1). 

Here, when these crystals were soaked with carbohydrate molecules, the citrate 

remained part of the active site where the hexose moiety of the substrate would 

be expected to bind (crystals CIT, Glucose-CIT and Xylose-CIT as labelled in 

Table 6.7, Table 6.8 and Table 6.9). In these crystals, glucose and xylose 

formed ordered density in the region of the active site generally occupied by the 

nucleotide moiety of the dTDP-sugar substrate. Figure 6.6 highlights the binding 

of citrate in the active site of CBU_1838, with H-bonds to His64 and Tyr134, 

and both glucose and xylose visible displaced from these catalytic residues. 
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Figure 6.6 CBU_1838 active site interactions with citrate.  

A) Glucose-CIT. B) Xylose-CIT. Active site of one protomer centred on 

interactions with citrate (yellow bonds). Note the catalytic His64 and Y134 are 

within H-bonding distance, and Met123 is nearby. Image generated by LigPlot+ 

v.2.1.   
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To obtain CBU_1838 with monosaccharides in a more natural pose in the active 

site, crystallisation was performed in the absence of citrate entirely (See xylose, 

rhamnose and ribose-labelled crystals in Table 6.7, Table 6.8 and Table 6.9).  

Here, monosaccharides can be seen in the active site (Figure 6.7), however 

their densities were not as clear as for the carbohydrates in glucose-CIT or 

xylose-CIT crystals. Despite fewer bonding contacts, each carbohydrate can still 

be seen to occupy the active site. Rhamnose makes the most contacts, with 

contacts to the catalytic His64 formed through the hydroxyl on C1 (Figure 6.7 

A). When crystallised in the presence of ribose, two separate molecules can be 

seen in the active site of CBU_1838, with the catalytic residues nearby, despite 

out of H-bonding distance (Figure 6.7 B). Xylose also forms only a single H-

bond within the active site, to Lys74, however, again, His64 is nearby (Figure 

6.7 C).  
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Figure 6.7 CBU_1838 with monosaccharides rhamnose, ribose or xylose bound in the active site.  

A) Rhamnose, B) Ribose, C), Xylose. Active site of one protomer centred on interactions with monosaccharides (yellow bonds). Image 

generated using LigPlot+ v.2.1.  
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6.2.4 Analysis of SgStrM and CBU_1838 structural 

topology  

To compare the secondary structures of SgStrM and CBU_1838 with the dTDP-

sugar isomerases with published structures, a structure-based sequence 

alignment was generated (Figure 6.8). Here, secondary structure elements from 

MtRmlC140 and SgStrM (data generated here) are shown overlaid on the 

top/bottom of the structure-based sequence alignment. From this it is clear to 

see that each secondary structure element is conserved in location and almost 

identically in size between MtRmlC and SgStrM. This is also the case for 

AoEvaD, SbChmJ and CBU_1838. Furthermore, the PDBsum server was used 

to generate topological diagrams for SgStrM and CBU_1838, to show how the 

active site is formed between the two protomeric chains in a homodimer (Figure 

6.9). From both Figure 6.8 and Figure 6.9, the fold of SgStrM and CBU_1838 

can be described, in the context of both sequence conservation and structural 

elements.  

The N-terminal region of dTDP-sugar isomerases starts with two β-sheets 

forming the ‘bottom’ (far end to substrate binding region at ‘top’) of the β-barrel 

core to monomer 1 (β1 and β2). The chain then moves away from monomer 1 

to donate two β-strands to the top of the β-barrel core to the cognate monomer 

of the dimer, ‘monomer 2’, forming the entrance to the active site (β3, turn, β4, 

highlighted in blue in Figure 6.9). It is here that the first strictly conserved motif 

occurs: DxRG, with ‘x’ being an aspartate in AoEvaD, CBU_1838 and SgStrM, 

a serine in MtRmlC, and a histidine in SbChmJ. The D stabilises the oxygen link 

between the base and phosphate groups, the x is rotated away from the active 

site, and the R is key to bidentate stabilisation of the two phosphates, apart 

from in MtRmlC where this dTDP-rhamnose-bound structure has R23 angled 

away from the phosphates, and water molecules instead stabilise the negative 

charges. The G is needed for the β-hairpin turn. The chain then forms α1 and 

an unstructured loop at the dimer interface, and traversing from the top of the β-

barrel it has donated to in monomer 2, back to the core monomer 1 barrel, with 

the next strictly conserved residue (Q) (stabilising the 3-position carbonyl on the 

substrate’s thymidine base). Thus the topology of the β-barrel-core of monomer 

1 (m1) is formed from m2-β3, m2-β4, then m1-β5, which turns to place m1-β6 
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laterally opposite m1-β5, such that it forms the top of the opposite-facing anti-

parallel sheet. The ‘jelly roll’-like fold continues, forming a sandwich of 8 sheets 

facing 5 sheets, a variation on the typical legume lectin used by other 

carbohydrate-binding proteins221. Also there are 3 sets of strands adjacent in 

sequence which appear in the same sheet, giving rise to 3 β-hairpin turns, as 

opposed to a single β-hairpin in a typical 4x4 legume lectin fold (β1-2, β3-4 and 

β8-9, see Figure 6.9). 
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Figure 6.8. Structure-based sequence alignment of select dTDP-sugar 

epimerases. 

Alignment generated using Modeller 9.21 from the PDB ID codes 2IXC140, 

1OI6160 and 4HMZ162, MtRmlC, AoEvaD and SbChmJ, respectively, and the 

PDB files from CBU_1838 and SgStrM solved in this study. RmlC from M. 

tuberculosis used here as this was the structure used in molecular replacement 

for CBU_1838 model building. Chain A was used in each case. Secondary 

structure elements for MtRmlC and SgStrM have been annotated either 

above/below the sequence alignments, respectively. These elements have 

been numbered and this nomenclature is used in later figures/ data discussion. 

The strand exchange between chains is highlighted with a blue box. The 

residues important for catalysis are highlighted in red boxes. Figure generated 

using ESPript 3.0222, where a red box/white character relates strict identity, a 

black bold character relates similarity in a group, and filled in yellow characters 

relates similarity across groups.  
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Figure 6.9 Protein topology/wiring diagrams for A) SgStrM and B) 

CBU_1838.  

N- and C-termini are shown in boxes, with secondary structure elements 

labelled as in Figure 6.8. Strands which contribute to the active site of the 

protomer-pair are colour-filled in blue  Figure based on PDBsum outputw and 

edited in Inkscape 0.91 r13725.  

 

  

                                            
w Strand orientation/order could not be edited in this, hence SgStrM and CBU_1838 topology 
appears a mirror image. 
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6.3 DISCUSSION 

6.3.1 SgStrM and CBU_1838 as dTDP-sugar 

isomerases: discussion of sequence and 

structural conservation 

As discussed in Chapter 1, significant sequence similarity is shared between 

dTDP-sugar isomerase family members (see Table 1.2). For the five dTDP-

sugar isomerases studied in this thesis, this is highlighted through a structure-

based sequence alignment (Figure 6.8). This structure-based sequence 

alignment furthermore shows the conservation of secondary structure elements 

in dTDP-sugar isomerase, represented by those of MtRmlC and SgStrM.  

As with reported structures of RmlCx, the overall fold of both CBU_1838 and 

SgStrM is mainly that of β-sheets, with a few peripheral helices140,146,209-212. 

Both proteins are predicted to act as functional homodimers146,209,210. As shown 

by topology diagrams (Figure 6.9) and representations of dimeric assembly of 

SgStrM and CBU_1838 (Figure 6.1 and Figure 6.4, respectively), strand 

exchange between two protomers is key to stabilisation of the dimeric 

assembly, and formation of the active site architecture. For SgStrM, the 

asymmetric unit contained only a single protomer, however, the application of 

crystallographic symmetry generated a second protomer, forming the predicted 

homodimer (buried surface area of 2698 Å2).  Therefore as with MtRmlC, 

SgStrM crystallises with a single molecule in the asymmetric unit, but in solution 

will act as a functional homodimer209.  

6.3.2 Ligand binding in these dTDP-sugar isomerases 

6.3.2.1 Nucleotide binding 

Within the active sites of both SgStrM and CBU_1838, dTDP (and dTMP for 

CBU_1838) were clearly ordered, binding in the same sites as in other dTDP-

sugar isomerases (Figure 6.3). Nucleotide-binding with these proteins also did 

not exert huge changes in conformation, with a rmsd of only 0.158 Å between 

                                            
x Detailed discussion of the structure of RmlC has already been published, and so shall not be 
repeated here. 
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StrM apo and StrM soaked with dTDP (calculated using PyMOL). From the 

position of dTDP within the active sites, the active site volume involved in 

binding of the sugar moiety could be estimated.  

Co-crystallisation with dTDP-glucose produced viable crystals for CBU_1838, 

which diffracted to a maximum resolution of 1.70 Å. However, no electron 

density was observed for the nucleotide-sugar in 2Fo-Fc or Fo-Fc maps. The 

same was true for SgStrM crystals when dTDP-glucose was added to cryo-

protectant soaks. For CBU_1838, the lack of ordered dTDP-glucose could be 

due to disorder introduced by including citrate in the cryo-protectant solution, or 

for both SgStrM and CBU_1838, it could be that the binding of the substrate 

analogue dTDP-glucose is not sufficiently strong to occupy the active site at the 

concentrations used. 

It is worth noting here that the conformation of the sugar moiety of dTDP-

glucose is very different to the true substrate’s sugar moiety conformation. In 

both dTDP-4-keto-6-deoxy-glucose (substrate for SgStrM) and dTDP-4-keto-6-

hydroxy-glucose (substrate for CBU_1838), the 4″ keto group distorts the 

conformation from a chair to a planar ring. The presence of ordered dTDP-

glucose within a dTDP-sugar isomerase has been reported only for S. suis 

RmlC146. However, dTDP-rhamnose has been reported in structures of S. suis 

M. tuberculosis, and P. aeruginosa RmlC140, in addition to dTDP-6-deoxy- 

allose (also no 4″ keto group) in SbChmJ162.  

Instead, in order to glean insight into substrate binding-residues for mechanistic 

deductions, through incubations of SgStrM or CBU_1838 with their substrates 

(dTDP-4-keto-6-(deoxy/hydroxy)-glucose), it could be possible to trap a 

transition-state within the active site. This has been achieved for P. aeruginosa 

RmlC140, and also for T. thermosaccharolyticum QdtA215. The newly available 

commercial source of dTDP-4-keto-6-deoxy-glucose would make these viable 

experiments to undertake for future studies of SgStrM, CBU_1838 and other 

dTDP-sugar isomerases.  
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6.3.2.2 Carbohydrate binding 

For SgStrM, carbohydrate binding was not investigated beyond the soaking of 

crystals with dTDP-glucose. However, for CBU_1838 a range of 

monosaccharides were trialled through co-crystallisation and soaking. In the 

presence of rhamnose, the monosaccharide made more contacts in the active 

site than ribose or xylose, however, despite being in the vicinity of catalytic 

residues, the sugar-moiety of substrates/ substrate analogs was not observed 

(compared to published dTDP-sugar isomerase complexes) 140,146,162,215. 

It did become apparent however, that the presence of citrate had influence over 

carbohydrate binding in the active site of CBU_1838. The highest resolution 

crystals were obtainable only in the presence of sodium citrate in the 

crystallisation conditions (Table 6.7). Furthermore, from only brief soaks in cryo-

protectant solution, citrate was able to soak into crystals grown in its absence. 

In the presence of dTDP, the nucleotide binds as expected, yet citrate occupies 

the part of the active site where the sugar moiety of a dTDP-linked substrate 

would bind. It is clear also that citrate binds in this site preferentially to 

monosaccharide carbohydrate molecules, as both glucose and xylose are 

displaced when citrate is present. The strong binding of citrate into the active 

site of CBU_1838 is an interesting observation. Citrate binding into the active 

sites of dTDP-sugar isomerases has not been reported before, but this may 

also reflect that it is unlikely a physiological phenomenon, and unlikely also to 

be a relevant in vivo feature of CBU_1838.  

6.3.3 CBU_1838 as the dTDP-sugar isomerase for 

DHHS biosynthesis 

As discussed in Chapter 1, there is no evidence that C. burnetii synthesises 

dTDP-rhamnose, or indeed any of the other hexose sugars for which dTDP-

sugar isomerases have been linked to the biosynthesis of. Furthermore, as 

revealed in Chapter 5 (Figure 5.12 and Table 5.6), CBU_1838 has a lower KM 

for dTDP-4-keto-6-deoxy-glucose than dTDP-sugar isomerases for which this is 

a natural substrate. Overall, the working hypothesis is that CBU_1838 acts as a 

dTDP-sugar isomerase in the biosynthesis of the O-antigen sugar DHHS.  
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In order to accommodate dTDP-4-keto-6-hydroxy-glucose in its active site, the 

DHHS-biosynthetic dTDP-sugar isomerase would need to stabilise a 6″-hydroxy 

group on the sugar moiety. From analysis of the active site residues of 

CBU_1838, it seems that a methionine residue could be capable of this. This 

Met123 is present only in CBU_1838, where in the other dTDP-sugar 

isomerases studied here, it is a hydrophobic residue, phenylalanine (Figure 

6.8). It is clear from the electron density maps that this is a flexible residue, with 

the highest occupancy conformer being in a rare, energetically unfavourable 

conformation. When citrate is bound in the active site of CBU_1838, this 

Met123 is seen to be within distance to stabilise the citrate hydroxy groups 

(Figure 6.6), therefore, it seems that indeed CBU_1838 could accommodate 

dTDP-4-keto-6-hydroxy-glucose in its active site. It is also worth noting that for 

future studies, it would be interesting to generate a M123F mutant of 

CBU_1838, and equivalent Phe to Met mutations in RmlC and SgStrM, and 

then compare the kinetic constants derived from these with dTDP-4-keto-6-

hydroxy-glucose.  

6.3.4 Overall conclusions and future directions 

This work confirms that, while analysing the structure of an active site, although 

a lot of information about substrate and mechanism can be gleaned, one has to 

put this in the context of the conditions enforced during crystal formation. Merkel 

et al. had proposed that the 5″ epimerisation selectivity of AoEvaD was due to 

the orientation of active site residues160. Kubiak et al. demonstrated in their 

studies on ChmJ that this hypothesis could not explain the epimerisation of this 

enzyme162. Instead, their work highlighted the pitfalls of assigning epimerase 

function based solely on one crystal conformation. Instead, they reveal 

(unsurprisingly) that the active site environment is susceptible to substrate-

induced changes, thus one cannot assume rigidity of active site residues when 

analysing an apo crystal. This caution can also be extrapolated to apply to over-

analysis of side chain poses in the absence of a true substrate. Therefore here, 

analysis of SgStrM and CBU_1838 crystal structures is presented in the context 

of published structures.  
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As dTDP-sugar isomerases are a key component to bacterial sugar 

diversification, yet retain high structural homology within the family, family 

members present themselves as targets for antibacterial compound design186. 

The advent of commercially-available dTDP-4-keto-6-deoxy-glucose will mean 

that future studies of dTDP-sugar isomerases will have this for complex 

formation. Furthermore, as both carbohydrates and nucleotide-phosphates are 

able to soak into pre-formed crystals, technologies such X-ray free-electron 

lasers could lead to mechanistic insights when dTDP-4-keto-6-deoxy-glucose is 

added to dTDP-sugar isomerase crystals223. This would be important in order to 

move through to a phase of antibacterial compound design. For example, drug 

screening is already underway for B. thailandensis RmlC, to which improved 

knowledge of mechanism and active site residues would add value224.  
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7 GROWTH OF C. BURNETII NMII AND DESIGN OF 

PHENOL-FREE LPS EXTRACTION PROTOCOL 

7.1 INTRODUCTION 

7.1.1 Means of culturing C. burnetii 

When Coxiella burnetii was first isolated from animals inoculated with the blood 

of patients suffering from Q fever, the bacterium proved somewhat of an enigma 

to further characterise as it was deemed unculturable in standard media9. 

Eventually methods were developed to grow C. burnetii in hen eggs and cell 

culture, although these methods require considerable time for growth225,226. An 

estimated 8-12 weeks was required in order to isolate individual transposon 

mutants227.   

In 2009, the development of media for axenic growth of Coxiella burnetii 

revolutionised the field. Acidified Citrate Cysteine Medium (ACCM) is able to 

support three logs (log10) of growth of C. burnetii over 6 days in a microaerobic 

environment227. Furthermore, while standard LB agar plates cannot support C. 

burnetii growth, semisolid ACCM agarose plates can; colonies of 0.1 mm 

diameter develop after a 6 day incubation. However, 14 days are required 

before accurate colony counting can be relied on227.  

7.1.2 Growth and propagation of C. burnetii NMII 

Early-on in the study of C. burnetii propagated in hen eggs, serial passaging of 

the Nine Mile strain revealed the development of avirulent high-passage 

mutants76. As discussed in Chapter 1, it became apparent that such avirulence, 

although known as phase variation, is due to irreversible loss of genomic DNA, 

causing a smooth-to-rough LPS transition73,77,81,105,106,109. For the NMII strain, 

the loss in virulence correlating with a 26 kbp genomic DNA lesiony led to RSA 

439 clone 4 being widely approved for use under HCGM containment level 2 

(CL2) laboratory conditions. Two institutes in the UK have been awarded the 

                                            
y This lesion is rich in carbohydrate-acting enzymes and proposed O-antigen biosynthetic 
genes. 
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derogation of C. burnetii NMII RSA 439 clone 4 as ACDP CL2: the University of 

Exeter, and the Dstl laboratories in Wiltshire73. 

7.1.3 C. burnetii LPS and methods for extraction 

As discussed in Chapter 1, phase variation in C. burnetii reflects only a 

difference in LPS-composition, with no loss of surface protein. Therefore the O-

antigen is the main determinant of virulence228.  As such, there have been many 

attempts to isolate and characterise the antigenic C. burnetii LPS, however, to 

date there is no defined structure for either virulent or avirulent C. burnetii LPS.  

It is known that phase II bacteria retain Lipid A-linked material, and that this is 

likely identical to that of phase I, virulent bacteria93-95. The Lipid A structure itself 

represents the most conserved region across the LPSs of different C. burnetii 

isolates; it is in the membrane-distal O-antigen regions of the LPS that 

differences occur between strains93. 

7.1.3.1 General methods for bacterial LPS isolation 

In 1965, several volumes of ‘Methods in Carbohydrate Chemistry’ were 

published, including the key reference method for bacterial lipopolysaccharide 

preparation, published in Vol. V229.  The authors (Westphal and Jann) discuss 

various extraction methods for LPS and O-antigenic material from bacteria, and 

concluded that phenol-water extraction superseded the yields and efficiency of 

other methods, such as cold trichloroacetic acid (TCA) extraction, or treatment 

with diethylene glycol229. Furthermore, the authors claim this method to be 

efficient irrespective of the presence of O-antigenic material capping an LPS, 

therefore the method is suitable for both rough or smooth forms of LPS; prior to 

this it was recommended to use different extraction protocols based on the 

presence/absence of O-antigenic material229-231. Westphal and Jann detail how 

to perform hot water-phenol extraction, and then remove nucleic acid 

contaminants via either a simple two-step centrifugal separation, or by taking 

advantage of the fact that LPS is weakly anionic, whereas nucleic acids are 

more strongly acidic. The two can therefore be separated by precipitating the 

nucleic acids in the cationic detergent cetyltrimethylammonium bromide (CTAB, 

or ‘Cetavlon’)229.  
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This method of hot-water phenol extraction, followed by nucleic acid removal 

has formed the basis for modern methods of LPS extraction from bacteria. 

Further adaptations have included a mixture of phenol, chloroform and 

petroleum ether (PCPE), which has been cited as a method specifically for 

‘rough LPS’ extraction)231,232. Alternatively, a phenol-containing RNA extraction 

reagent has more recently been suggested to provide a quicker method of 

extraction LPS material233, however, as a laboratory agent, phenol is toxic, 

corrosive, a germ cell mutagen, and also a chronic hazard to aquatic 

environments234. Therefore, where alternatives are possible, it is apt to consider 

avoiding the use of phenol. Such a method, specifically for capsular 

polysaccharide (CPS) extraction from Burkholderia pseudomallei omits the 

phenol stage of extraction. This method skips the phenol stage of extraction 

from a cell pellet, and instead employs CTAB treatment, followed by enzymatic 

treatment (DNase, RNase and proteinase K) before precipitation of the 

negatively charged CPS in cold ethanol235-237. 

Recently, Ahamad and Katti developed a method where LPS yield is boosted 

through two steps of extraction, which they term the two-step extraction (TSE) 

method. First, bacterial culture is supplemented with CaCl2, then EDTA is 

added to release the LPS. Clarification results in crude LPS released into the 

supernatant. The authors term this ‘Calcium anchoring’; Figure 7.1 illustrates 

this first step (“Step One”).  

Step Two in the TSE method involves incubating the remaining cells after LPS 

release with buffer and ampicillin, then performing a modified hot phenol 

extraction method238. Later the crude LPS from Step One is pooled with that 

from Step Two’s modified phenol extraction, and both are treated further with 

CTAB, precipitation in EtOH, enzyme treatment and dialysis, to finally generate 

an LPS sample.  
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Figure 7.1 Principle of calcium anchoring and EDTA release of Lipid A-

linked LPS from Gram-negative bacteria.  

A) LPS composition: phosphate-containing Lipid A, linked to the core 

polysaccharide (PS) and ending in the O-antigen (O-Ag). B) Reproduction of 

Step One of Ahamad and Katti’s two-step extraction238. Step One is split into 1a 

and 1b in order to aid clarity. Image designed using Microsoft PowerPoint 2013. 
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7.1.3.2 Methods for LPS isolation specifically from C. burnetii 

In 1974, Baca et al. first published on the isolation of C. burnetii LPS, using a 

hot phenol-water extraction239. The authors then used this method to yield ~ 

0.55 mg LPS per gram of phase IIz C. burnetii cells, compared to ~ 6 mg LPS 

per gram CbNMI cells240. The yield is low, but did at least provide success; a 

PCPE extraction was attempted to no avail. The difference in mass of LPS will 

likely reflect the truncation in LPS present in the phase variation mutants. 

Despite this potential explanation, there is room for development of a more 

efficient method of LPS extraction from phase II C. burnetii. 

Mild acid hydrolysis (by either 0.1 M HCl or 1% (v/v) acetic acid followed by 0.1 

M HCl) of CbNMII has also been used to release Lipid A-linked LPS material, 

where TCA treatment, phenol and PCPE methods failed92,129. Precipitation of 

this Lipid A-linked material by ethanol was also achieved129. PCPE was later 

shown to yield some LPS material from CbNMII, however, at no higher yield 

than the hot phenol-water method241. 

Later, a hot-phenol water extraction method became commonplace for 

isolations of C. burnetii LPS66,81,93-95,97,105,106,108,241-251. While a yield of 32.3 mg 

LPS (extracted with phenol) was reported to be achieved from 1 g CbNMII 

cells241, more recent purifications from axenic media obtain yields of just 1 mg 

from 4-6 L cultureaa. As discussed above, phenol is a dangerous chemical. It is 

toxic, corrosive, carcinogenic, and an environmental hazard, and therefore if 

possible should be avoided234. Additionally, the 2 hour 80 °C kill step could 

damage LPS sugars, as it is known that the sugars proposed to be part of the 

O-antigen are heat-sensitive252,253.   

While Westphal & Jann’s method of hot-water phenol LPS extraction has 

formed the basis for modern methods of LPS extraction from bacteria, their 

detailed application of knowledge of the chemical properties of crude LPS 

extract is not always employed. While the cationic nature of CTAB catalyses the 

formation of insoluble salts from any poly-anionic material it is in solution with, 

its nature as a detergent will also catalyse lysis of any cellular material 

                                            
z Phase variation generated from 95 serial passages in egg yolks. 
aa Personnel communication, Dr I. Norville and Dr G. Hartley, Dstl, Porton Down, Salisbury. 
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present254bb. Therefore, by employing a modified calcium-anchoring extraction, 

followed by CTAB and EtOH precipitation as in Figure 7.2, the need for an 80 

°C or formalin kill-step can be removed, preventing potential caramelisation of 

LPS sugars, as CTAB/EtOH treatment will lyse cells and the kill-step be 

performed in this way instead. 

7.1.3.3 Phenol-free method to isolate LPS from C. burnetii NMII 

employed here 

Here, it is proposed that in order to avoid the use of phenol, one could employ 

Step One from Ahamad and Katti’s TSE, then perform the follow-up stages with 

LPS material released after EDTA treatment only, without pooling this with the 

material from a modified hot phenol extraction. As a result, instead of employing 

a phenol extraction, any cells retaining LPS after EDTA release would be 

treated as waste. Initially it will have to be determined if CbNMII are viable in 

media with 200 µM CaCl2, as ACCM-2 contains CaCl2 to only 88 µM227. 

The three steps of this modified calcium-anchoring LPS extraction method are 

summarised in Figure 7.2. In addition to minimising use of this toxic chemical, 

omitting the phenol extraction reduces the duration of this method of LPS 

extraction by two days.  

                                            
bb The authors lyse tick cells with two lysis buffers; lysis buffer two is: 1.5 M NaCl, 0.5 M Tris-
HCl pH 8.0, 0.1 M EDTA, incubated with the samples at 56 °C for 1 h. 
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Figure 7.2 Diagrammatic protocol for modified calcium-anchoring LPS 

purification.  

Step 1 starts with a bacterial cell pellet resuspended in buffer. Two shaking 

incubations follow at 30 °C: first 50 mM EDTA is added, then 100 mM MgCl2. 

The resulting suspension of cell debris and released LPS is clarified by 

centrifugation. The CTAB and NaCl are then added to the supernatant, before 

transferring the suspension into 10X volume 90% cold (-20°C) ethanol (Step 2). 

The precipitate is then separated by centrifugation, resuspended in PBS and 

treated with nucleases and Proteinase K (Step 3). Finally the LPS product is 

purified from this mixture by ultracentrifugation protocol based on the original 

method of Westphal and Jann, and the two-step extraction (TSE) method of 

Ahamad and Katti229,238. Image of flask and bottle taken from 

www.svgrepo.com. Image designed using Inkscape v0.91 r13725. 

http://www.svgrepo.com/
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7.1.4 Overall aims 

This chapter aims to provide the basis for implementation of a new LPS 

isolation methodology from C. burnetii, with proof of principle experiments on 

avirulent CbNMII, which can then be extrapolated to isolate full O-antigen-linked 

LPS from virulent C. burnetii, for example CbNMI. 

7.1.5 Summary of key findings 

While tracking C. burnetii growth in order to determine when to add CaCl2, it 

was discovered that a) cultures can be grown in static environment-controlled 

incubators, allowing for increased reliability in growth, and growth of much 

larger volumes of culture, and b) OD is not representative of viable cell count.  

Furthermore, a phenol-free method for LPS extraction was designed and 

applied to CbNMII. This was based on the calcium-anchoring extraction of 

Ahamad and Katti238. This showed limited success in LPS isolation, and 

therefore areas for improvement have been highlighted.  

Future experiments should cover the following: further characterise LPS at 

different stages of extraction, by Coomassie Blue and Silver-stained SDS-

PAGE, Western blots, mass spec and 1H-NMR; compare Phase I and Phase II 

LPS extracted from Calcium anchoring; determine more exactly the composition 

of C. burnetii LPS – and how it varies with phase variation; and use this to 

inform vaccine design.  
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7.2 CONCEPTUAL PLAN FOR EXPERIMENT TO RECORD C. 

BURNETII NMII GROWTH IN LIQUID ACCM-2 IN 

VARYING CONDITIONS 

In order to replicate the LPS extraction method employed by Ahamad et al., a 

growth curve of CbNMII is required, so that calcium can be added at the early 

exponential phase, and cells can be harvested at the late exponential phase238.  

While the development of axenic media for C. burnetii propagation ex vivo has 

considerably decreased the resistance barrier to experiments, by reducing cost, 

time and increasing yield and reproducibility, there remains a stark contrast to 

the growth of more commonly used laboratory bacteria. For example, when E. 

coli is grown in Luria-Bertani broth the doubling time is approximately 20 min, 

and the exponential growth phase extends to an OD600 of 0.3 (5 × 107 cells/mL), 

but steady-state growth can continue to an OD600 of 7.0255. Comparatively, in 

ACCM axenic media, CbNMII has a generation time in ACCM-2 of 4.7 h, taking 

~1-1.5 days to reach an early exponential phase of growth, and 3-4 days to 

reach late exponential growth (growth measured by enumerating genome 

equivalents from dotA qPCR)226,227. After 7 days growth in ACCM-2, with 

shaking, an OD600 of 0.59 can be reached, and this is the highest reported 

OD600 measurement (compared to 7.0 for E. coli255), corresponding to ~ 107 

cells/mL227. C. burnetii takes the form of very small (< 1 µm by 0.3 µm) rod-

shaped cells10, compared to a standard K-12 E. coli cell of ∼3 µm by 1 µm256. 

Therefore the same number of cells, or colony-forming units, will absorb less 

light. Therefore, compared to growing E. coli in LB broth, the doubling time of C. 

burnetii in ACCM is 14x longer and the maximal optical density is almost 12x 

smaller, which then makes taking measurements more difficult using standard 

laboratory bench-top spectrophotometers227,255.  

The growth of CbNMII is further complicated practically by the optimal 

environmental gas levels for the bacterium: 2.5% O2, 5% CO2. Thus CbNMII 

has to either be grown in an environment-controlled incubator, or with the 

addition of a micro-aerer gas pack to a sealed container. It has been reported 

that CbNMII grows best in liquid broth with gentle shaking (75 rpm)227. In order 

to achieve this under the experimental conditions available at Dstl, Erlenmeyer 

flasks need to be used, containing a maximum of 100 mL media, contained 
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within a Parafilm-sealed gas pack-containing biojar (environment-controlled 

shaking incubator unavailable). However, this method of growing CbNMII has 

its limitations practically and due to health and safety constraints. Practically, 

growth in gas pack-containing biojars has been reported as unreliablecc, 

potentially due to leaking biojar seals and Parafilm semi-melting at 37 °C. The 

safety constraints limit CbNMII growth by restricting a single incubator to 

contain a maximum of six 100 mL flasks. Previous UK-based LPS preparations 

yielded ~1 mg from 4-6 L culture, after 7 days growth. As only one incubator 

was available for CbNMII growth, this would require 10 weeks of growing 600 

mL bacterial culture at a time in order to yield 1 mg LPS.  

The alternative to Parafilm-sealed biojars is to use tissue culture flasks for 

CbNMII growth. These satisfy the containment requirements of Dstl SOPs if 

kept within a sealed Tupperware box when inside the environment-controlled 

incubator. This provides a practical advantage as the maximum volume of 

growth during a single 7-day period is increased. The incubator can hold a 

maximum of eight Tupperware boxes. A 150 cm3 TC flask cannot fit in the 

Tupperware boxes used for the incubator when placed flat, as per standard 

protocols, as it is too long. However, if secured in an inclined position (the neck 

is raised by placement on top of a small prop) the flask can then hold 250 mL 

media, and two ‘inclined’ flasks can fit in one sealed Tupperware box. 

Alternatively, five flasks can fit in one sealed box if stacked on their sides, 

holding 200 mL media each. As two ‘inclined’ flasks and two ‘side’ flasks can fit 

in one box together, this is the optimum design of incubator space CbNMII 

growth (Figure 7.3). Table 7.1 shows a comparison between how Tupperware 

boxes can be filled with TC flasks for CbNMII growth. However, a flask stacked 

on its side has a smaller surface area-to-volume ratio than when ‘inclined’ or flat 

(as the flasks are designed to be used), therefore gas exchange may be sub-

optimal when flasks are on their sides.  

                                            
cc Personal communication, Dr A. Essex-Lopresti and Dr G. Hartley, Dstl, Porton Down, 
Salisbury. 
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Figure 7.3 Space organisation and design of C. burnetii NMII static growth 

in TC flasks contained within Tupperware boxes.  

To the left hand side are inclined TC flasks containing 250 mL media. To the 

right hand side are tissue culture flasks on their side containing 200 mL media. 

When incubated in this way each box can contain 900 mL media.  

 

Table 7.1 How media can be cultured in TC flasks in sealed Tupperware 

boxes. 

How flasks are 

incubated 

Culture volume 

per flask (mL) 

Number of 

flasks per box 

Volume of 

culture per box 

(mL) 

‘inclined 250 2 500 

Stacked on ‘side’  200 5 1000 

Mix of  ‘inclined’ 

and ‘side’ 

250/200 2 inclined + 2 

side 

900 
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An experiment providing direct comparison between CbNMII growth in shaking 

or static conditions using ACCM-2 was designed in order to assess each growth 

method and also establish when the late exponential growth phase occurs, as 

this is the recommended point to harvest cells for LPS prep238. The speed 

(moreover the lack of speed) of growth of C. burnetii dictates careful planning of 

experiments227. Therefore in order to record measures of growth at both early & 

late log phases, taking weekendsdd into account, the experiment was planned 

over staggered start points (Round 1 and Round 2; Table 7.2). On each 

weekday the OD600 was recorded, and samples taken to plate serial dilutions 

(S.D.) on fresh semisolid ACCM-2 agarose plates for bacterial viable count 

assessment. For static incubation, the growth measures of cultures from 

‘inclined’ flasks and ‘side’ flasks were recorded separately in order to account 

for potential sub-optimal gas exchange. For all conditions ‘End point’ flasks 

were incubated undisturbed, and only sampled at the end of the experiment, in 

order to control for effects on growth from the environment changes in the 

process of sampling flasks.  

Growth was monitored using optical density measurements at 600 nm, and also 

through viable cell counts from plating-out serial dilutions of culture onto 

semisolid ACCM-2 agarose plates, and counting colonies after 14 days 

incubation. For static cultures grown in TC flasks in the environment-controlled 

incubator this was performed daily, on week days, with two staggered rounds in 

order to approximate a full growth curve (see Table 7.2). For the shaking 

cultures, where environment was controlled by micro-aerer gas packs, sampling 

was on Day 3 and Day 7. As environmental maintenance of CbNMII grown in 

Parafilm-sealed biojars requires new microaer gas-packs each time a biojar is 

opened, these were sampled only on Day 3 and Day 7 post-inoculation.  

If CbNMII could be grown in both static and shaking conditions, and the 

variation between each condition was minimal, this would allow a maximum of 

7.8 L CbNMII to be grown at CL 2 in a single growth period. 

  

                                            
ddDue to security and health and safety procedures, ‘casual workers’ (as the author was 
designated) are not permitted access to laboratories at Dstl out of hours. 
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Table 7.2 Conceptual plan for sampling growth of C. burnetii NMII cultures 

over 7-11 days.  

Day 0 represents the day on which fresh media is inoculated. On each weekday 

after inoculation the OD600 was measured, and a sample taken for plating serial 

dilutions on semisolid ACCM-2 agarose plates for bacterial viable count 

assessment.  

 Calendar Day Round 1  

Day no. 

Round 2  

Day no. 

Friday 27th Oct 0 / 

Sat 28th Oct / / 

Sun 29th Oct / / 

Mon 30th Oct 3 / 

Tues 31st Oct 4 0 

Wed 1st Nov 5 1 

Thurs 2nd Nov 6 2 

Friday 3rd Nov 7 3 

Sat 4th Nov / / 

Sun 5th Nov / / 

Mon 6th Nov 10 6 

Tues 7th Nov 11 7 
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7.3 RESULTS 

7.3.1 Initial growth and preparation of freezer stocks of 

C. burnetii NMII 

From an initial 6 day growth of two 100 mL flasks of NMII cells in ACCM-2 

media, the pooled culture resulted in an OD600 of 0.3. When plated on semisolid 

ACCM-2 agarose plates a count of 1.23 x108 cfu/mL was recorded. The OD 

was high (0.3), however, when the culture was plated out there was no 

contamination observed and this was determined to be a pure CbNMII culture. 

7.3.2 C. burnetii NMII growth in liquid ACCM-2 in 

varying conditions 

Flasks were inoculated with cells to 1 x102 cfu/mL on Day 0. Growth was 

monitored using optical density measurements at 600 nm (Figure 7.4), and 

viable cell counts from plating-out serial dilutions of culture onto semisolid 

ACCM-2 agarose plates, and counting colonies after 14 days incubation (Figure 

7.5). Shaking flasks were grown and sampled in triplicate, and due to incubator 

space restrictions a single Tupperware box was used for each Round for static 

growth. OD readings were taken from each flask in triplicate. 

At all sampling points (Day 3, Day 7 and flasks left undisturbed until day 7 - 

‘End’) and across all three replicates an OD reading of 0.00 was obtained. 

Furthermore, colony enumeration revealed no viable cells in the ‘End’ flasks 

across all three flasks. Two out of the three flasks that had been opened for 

sampling on Day 3 then had their gas-packs replaced and incubated for a 

further 3 days did, however, produce a viable cell count. However, one flask 

showed a decline in the concentration of viable cells by approximately half (from 

1 x102 cfu/mL on Day 0 to 0.55 x102 cfu/mL on Day 7). The only other shaking 

flask to maintain growth through to Day 7 finally reached 3 x103 cfu/mL, 4 logs 

lower than the static flasks, and reflecting only 1 log of growth from inoculation. 

This is an example of the unreliability of growth of CbNMII in Parafilm-sealed 

gas pack-containing biojars. 
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Figure 7.4 shows the growth of static cultures tracked by optical density. A 

measurable OD was possible only after five days of growth. The OD increased 

with time, fitting to the Gompertz growth non-linear regression curve using 

GraphPad Prism version v8.1.2, reaching a plateau approximately 11 days after 

inoculation. It was at this point that the ‘End point’ flasks, which were 

undisturbed throughout the experiment, were sampled. These were then further 

sampled for three more days. The highest optical density (0.13) was achieved 

for the ‘static inclined’ flask sampled only at the end of the experiment (13 days 

after inoculation). 
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Figure 7.4 Static growth curve for C. burnetii NMII tracked by optical 

density at 600 nm.  

The data from Round 1 and Round 2 have been combined. Readings were 

taken from each flask in triplicate. All readings of OD are shown as replicates. 

SI refers to ‘static inclined’ TC flasks, SS refers to ‘static side’ TC flasks. Flasks 

left undisturbed for 11 days were sampled for three further days. A measureable 

OD was only obtained after 5-6 days growth, and a maximum OD was reached 

after 13 days growth (SI End). Figure made using GraphPad Prism v8.1.2, 

using Gompertz growth non-linear regression fit. 
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Figure 7.5 shows the data from tracking growth by enumerating colonies from 

serial dilutions of cultures. After one day approximately one log of growth was 

apparent and the exponential growth phase continued until four days after 

inoculation, after which time the viable cell count plateaued. There is little 

observable difference in growth of CbNMII (as tracked by viable cell count) 

between growing statically in ‘inclined’ or ‘side’ flasks. Furthermore, the ‘End’ 

flasks matched the viable cell count exactly with the flasks which were sampled 

throughout the experiment (between 1 x106 cfu/mL and 1 x108 cfu/mL). 
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Figure 7.5 Static growth curve for C. burnetii NMII tracked by counts of 

colony-forming units.  

Culture growth initiated at 1x 102 cfu/mL. Viable cell counts (number of colony-

forming units) achieved by plating out serial dilutions of cultures. The average of 

three technical replicates is shown. The exponential growth phase occurs 

between 1 x103 cfu/mL and 1 x106 cfu/mL, between days 1-4 of static growth. 

Figure made using GraphPad Prism v8.1.2 (Gompertz growth non-linear 

regression does not converge to fit this data). 
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7.3.3 LPS purification from C. burnetii NMII using the 

phenol-free procedure developed here 

Due to time constraints this modified two-step LPS purification was run only 

once, using 4 L of CbNMII broth grown statically for 7 days in ACCM-2 media 

supplemented with CaCl2. The process is explained thoroughly in Chapter 3, 

and diagrammatically in Figure 7.2, where the process is separated into three 

steps. In order to determine the effect of increased calcium availability on the 

growth of CbNMII, samples were grown both with and without additional CaCl2, 

to a final concentration of 200 µM. This showed that increasing the calcium 

chloride to 200 µM did not affect growth. 

Briefly, broth from cultures of twenty TC flasks (ten containing 250 mL, and ten 

containing 150 mL) were pooled, spun-down, and the cell pellets resuspended 

in Tris buffer to a total volume of 45 mL. After 30 mins shaking at 37 °C, ‘Step 1’ 

commences; EDTA was added in order to disturb the membranes by calcium 

chelation, thus releasing Lipid A-containing material, and then magnesium 

chloride further ensured that all EDTA was metal-chelated. Figure 7.1 shows a 

graphical depiction of this as described by Ahamad and Katti238. After 

centrifugation, the pellets of cell debris were discoloured slightly compared to 

the pure white cell pellet from live cells. These cell debris pellets were 

resuspended in PBS for analysis by SDS-PAGE (Figure 7.6), and the LPS-

containing supernatant was analysed by Nanodrop (Figure 7.6, Table 7.2). 

‘Step 2’ follows the supernatant from this, which was then treated with 2% (w/v) 

CTAB in 0.5 M NaCl, and added to 10X volume of cold (-20 °C) ethanol. On 

addition of the CTAB-treated material to cold ethanol, a white precipitate was 

immediately visible. After a 3 hour incubation at -20 °C this precipitate of 

negatively charged material was harvested by centrifugation and resuspended 

in PBS. Finally, in Step 3, nuclease and proteinase enzymes treatment allowed 

for ultracentrifugation to separate Lipid A-linked LPS material from nucleic acid 

and protein contaminants.   
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Figure 7.6 SDS-PAGE of LPS purification steps, stained with either A) Bromophenol Blue, or B) Silver nitrate.  

Gels cast in-house and run at 80 V for 4 h. Samples (volume loaded in gel): CV: Coxevac (1x108 cells/mL) (15 µL; UP: Pellet from 

ultracentrifugation at the end of LPS prep protocol (15 µL); HKP2: Heat-killed C. burnetii NMII (5 µL); Mg Pel: Pellet from clarification after 

EDTA/Mg2+ incubation (5 µL), Mg Sup: Supernatant from clarification after EDTA/Mg2+ incubation (15 µL); Et Pel: Pellet after CTAB & 

EtOH treatment (15 µL); Nuc Pel: Pellet after incubation with DNase & RNase (15 µL); Prot Pel: Pellet after incubation with Proteinase K 

– pre-ultracentrifugation (15 µL). 1 – low Mw band apparent in HK P2 and Mg Pel; both killed whole-cell samples. Large band in Nuc Pel 

represents the DNase and RNase enzymes (39 kDa and 13.7 kDa respectively). 2 & 3 are both apparent in silver-stain only, therefore 

are not protein components. 2 could be a single core unit of the LPS, and 3 could be Lipid A. 
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Table 7.3 Analysis of nucleic acid and protein content of LPS prep at each stage.  

Readings of absorption measured by Nanodrop. Calculation of nucleic acid concentration taken from Nanodrop. Total amounts of protein 

and nucleic acid calculated by taking sample volume into account. 

  Sample 

volume 

(mL) 

A260 A260/A280 Nucleic acid 

concentration 

(ng/µL) 

Protein 

concentration 

(A280, mg/mL) 

Total protein 

amount protein 

(mg) 

Total nucleic 

acid amount 

(mg) 

Pre-nuclease ~ 4  1.163 1.86 58.1  0.593 ~ 2.4 ~ 232 

Post-proteinase/ pre-

ultracentrifugation 

(supernatant) 

~ 13  0.461 1.72 23.0 0.279 ~ 3.6 ~ 300 

Ultracentrifugation 

supernatant 
~ 20 0.367 1.61 18.4 0.169 ~ 3.4 ~370 

Ultracentrifugation pellet 1 0.016 2.42 0.8 0.488 ~ 0.5 ~ 1 
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As the method employed here was novel, samples were tested by Nanodrop 

(absorbance at 280 and 260 nm) at the various stages of LPS purification, in addition 

to SDS-PAGE (Bromophenol-stained and silver-stained) analysis.). This analysis can 

be used to derive the quality of each stage of purification, and as a small measure of 

success of each procedure. For example, the increase in the total amount of protein 

in the sample from pre-enzyme treatment to post enzyme treatment can be 

explained due to the addition of the enzymes themselves (Figure 7.6, and Table 7.3). 

However, it is not clear why the total amount of nucleic acid increased at the various 

stages. There is potential that this could be because the absorption spectra of LPS 

components overlapped with nucleic acid components (peak around 260 nm). If this 

was the case, then the low value of 260 nm absorbance for the pellet after 

ultracentrifugation would indicate that these components remained in the 

supernatant and were not pelleted. However, overall it is clear that there was a large 

reduction in the amounts of both protein and nucleic acid through ultracentrifugation: 

79.2% reduction in amount of protein, and 99.6% reduction in amount nucleic acid. 

7.4 DISCUSSION 

7.4.1 Preliminary experiments before modified calcium-

anchoring LPS extraction 

When designing a modification of the methods of Westphal and Jann229, and 

Ahamad and Katti238 in order to isolate LPS material from CbNMII, it became 

apparent that initial experiments were required in order to test the effect of calcium 

on CbNMII cultures, and also to determine duration of incubation required, as the 

Ahamad and Katti calcium-anchoring LPS purification method requires addition of 

200 µM CaCl2 to calcium-free media at the early log stage of growth238. 

7.4.1.1 Generating a growth curve for C. burnetii NMII in order to 

determine early log stage 

7.4.1.1.1 Investigating methods to track C. burnetii NMII growth 

In 2009, Omsland et al. reported the first use of axenic media to grow CbNMII226. 

Here they tracked growth through qPCR, deriving the early exponential phase to 

occur 1.5 days post-inoculation, and late exponential phase to begin 3-4 days after 
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inoculation. They then updated this with the introduction of the improved media for C. 

burnetii growth: ACCM-2, tracking growth both with and without shaking227.   

There are various methods for tracking growth of bacteria in culture. The main 

methods are: measuring the optical density of cells in solution, quantitative PCR 

(qPCR) to determine the genome equivalents per mL culture, and plating serial 

dilutions of culture onto solid media plates in order to determine a viable cell count. 

Each of these has their own advantages and disadvantages, however, the only 

immediate measure for cell growth in liquid broth is OD. The growth of CbNMII 

tracked by OD has not been published, the most common method is qPCR to track 

genome equivalents. In this study, both OD and viable cell counts were used to track 

cell growth, as detailed in Chapter 3.  

For cultures grown statically, a viable cell count shows exponential growth up until 

four days after inoculation, after which time the viable cell count plateaus (Figure 

7.5). Out of the cultures which were grown in a shaking incubator, there were no 

viable cells counted for all three of the flasks not sampled until Day 7. Therefore, the 

act of taking flasks out of the cabinet daily to sample them did not affect the viable 

cell count after 11 days of growth. However, future experiments could leave flasks 

‘untouched until sampled’ for all days up to Day 11 in order to determine if the log 

phase of exponential growth might occur earlier without perturbations to flask 

environment. 

As readings of OD and viable cell count were taken from the same samples, data 

can be combined, to plot the relationship between OD600 and viable cell counts 

(Figure 7.7). It can be seen that a measureable optical density is not reached until 

the viable cell count is greater than or equal to 1 x106 cfu/mL. However, even then, a 

viable count of 5.17 x106 also resulted in an OD of 0.00. Growth from 1 x102 cfu/mL 

to approx. 1x106 cfu/mL is not detectable by measurement of OD at 600 nm on the 

machine used.  
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Figure 7.7 Relationship between OD at 600 nm and cfu/mL for Coxiella burnetii 

NMII grown in both static and shaking flasks over 14 days.  

As readings of OD and viable cell count were taken from the same samples, data 

from Figure 7.4 and Figure 7.5 have been combined and plotted together here. 

Individual replicates plotted as ‘staggered’ points.  

 

As soon as a measurable OD is reached, further increases in optical density do not 

correlate with an increase in the viable cell count (Spearman nonparametric 

correlation of r = 0.9, with two-tailed P value of 0.08, designating a non-significant 

correlation). This can be seen qualitatively also: as a plateau is reached for the 

viable cell count after four days growth, however, the plateau in OD is reached at 10-

11 days growth, which is 2.5 times longer. This raised a worry that high OD could be 

due to contamination, despite growth conditions being relatively hostile (low pH and 

low O2 and high CO2). These cultures were checked for contamination by plating out 

samples onto ACCM-2 plates, and other nutrient-rich plates: TSA/Blood agar/LB etc. 

These showed no contamination. Therefore, the increase in OD while the viable 

CbNMII count remains steady is not due to presence and growth of other viable 

bacteria. The increase in optical density while the concentration of viable cells 

remains the same could more likely indicate cell death and population turnover. 
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Dead cells/cell debris will absorb at 600 nm. This debris will not be reflected in a 

viable cell count. However, such cell debris could be detected by qPCR if it 

contained genomic DNA. qPCR counts numbers of genome equivalents, and 

therefore would gauge if higher OD values are from cell debris (still with genomic 

DNA present).  

Overall, it is clear that OD600 cannot be assumed an accurate measure alone for 

estimating the growth and propagation of CbNMII. As soon as a measurable OD600 

is reached, further increases in optical density do not increase the viable cell count. 

An alternative method to assess C. burnetii growth is the use of RT-PCR/qPCR. This 

is widely used to assess the presence of bacteria in animal models of C. burnetii 

infection. However, as qPCR detects only the presence of bacterial DNA, data 

should be considered with caution when attempting to enumerate bacteria, or 

quantify viable bacteria257. Indeed, a recent study has looked at the relationship 

between qPCR and viable cell counts for assessing C. burnetii enumeration in 

tissues257. Here the authors found linear relationship between the two, but a directly 

proportional relationship was only reached at enumerations of approximately 1x104 

cfu/mg. No counts greater than 5x104 are reported. Therefore in future CbNMII 

growth should be assessed by qPCR alongside colony-forming units, and OD. We 

would expect OD and qPCR count to be linear in relationship until a plateau has 

reached, while a viable cell count should plateau earlier and then remain static/drop 

as nutrients in the media run out.  

7.4.1.1.2 Investigating methods to practically culture C. burnetii NMII 

Growth of CbNMII was tested under both static and shaking conditions. Omsland et 

al. show that when shaking at 75 rpm, growth is both faster and reaches a higher 

concentration of genome equivalents227.  However, there were practical 

disadvantages to growth via shaking: the available maximum culture volume per 

experiment is lower (600 mL compared to 8 L static), and difficulties in reliability of 

growth. As the shaking incubator was not environment-controlled, microaer gas 

packs were required inside sealed Biojars. If gas packs were not replaced after 

opening a BioJar, cells did not grow. Taking account for this in experiment planning, 

shaking flasks were only sampled on Day 3 and Day 7 post-inoculation (Table 7.2), 

with gas packs replaced each time. However, even this did not result in successful 

growth of CbNMII in shaking flasks. 
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7.4.1.1.3 Overall conclusions from preliminary experiments 

While the removal of static cultures of CbNMII from an environment-controlled 

incubator, and replacement after removing aliquots of culture does not affect the 

growth of cultures, it was not possible to achieve an immediate read-out in order to 

estimate early log stage of growth (See Figure 7.4 and Figure 7.5, and the 

comparison of ‘End’ samples with those sampled through the experiment in Figure 

7.4 and Figure 7.5)ee. Figure 7.4 reveals that OD is not readable until Day 4, and 

Figure 7.5 shows that the early log stage of growth is reached 1-2 days after 

inoculation, however, a viable cell count reading is only available after a 14-day 

incubation of diluted culture on agarose plates. This is comparable to the estimates 

by Omsland et al227. Additionally, the increase in calcium concentration from 88 µM 

(the concentration available from ACCM-2 media) to 200 µM (the concentration 

recommended for calcium anchoring238) does not affect CbNMII growth and 

propagation. Therefore in preparation for LPS purification, sterile (filtered) CaCl2 

should be added to a final concentration of 200 µM from initiation of growth (the point 

of inoculation of ACCM-2 media with C. burnetii cells). It was found that growth 

under static conditions is more reliable and generates greater yields of culture than 

growth in Erlenmeyer flasks shaking at 75 rpm, therefore static culture was 

employed, as shown in Figure 7.3. 

7.4.2 LPS extraction 

7.4.2.1 Protocol design and modifications to published methods 

At all stages freeze-drying was omitted, due to the health and safety protocols in 

place for live CbNMIIff. 

7.4.2.1.1 Step 1 – cell growth and resuspension of cell pellet 

Ahamad and Katti measure the wet weight of the cell pellet in order to use this as a 

measure of LPS yield238. However, CbNMII produces very wet pellets on 

centrifugation. In order to minimise liquid carry-over, cultures were transferred to 

                                            
ee Figure 7.4: OD not readable until Day 4. Figure 7.5: early log stage of growth is reached 1-2 days 
after inoculation, however, a viable cell count reading is only available after a 14-day incubation of 
diluted culture on agarose plates. 
ff Live cells cannot be freeze-dried due to the risk of aerosol generation and spread. Any material from 
live cells can only be freeze-dried after a confirmed kill-step, which may destroy sugar material. 
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centrifuge bottles and then left at 4 °C for > 90 min before centrifugation. However, 

cell pellets still retained liquid. Therefore it was decided that yield calculations would 

be better achieved from volume of culture, rather than mass of cell pellet. 

7.4.2.1.2 Step 2 – precipitation of negatively charged material 

Compared to the observations of Ahamad and Katti, no precipitate was observed 

after incubation with CTAB and NaCl, therefore the suspension was added straight 

to cold ethanol rather than clarifying beforehand and taking only the pellet through. 

When adding 15 mL 2% (w/v) CTAB and 0.5 M NaCl to 50 mL supernatant after LPS 

release, the resultant salt concentration should be ~ 0.12 M NaCl. RNA should 

precipitate below 0.3 M NaCl, however, the salt contribution from ACCM-2 media 

and the calcium anchoring treatment in Step 1 could have pushed the concentration 

high enough to keep nucleic acids in solution. It was clear that in order to cause 

negatively charged material (LPS material and nucleic acids) to precipitate from 

solution, ethanol was required to reduce the dielectric constant of the solution.  

7.4.2.1.3 Step 3 – enzymatic breakdown of nucleic acids and proteins 

After ethanol precipitation, as with Ahamad and Katti’s method, crude LPS was re-

suspended in a small volume of PBS. This ‘small volume’ was not stated in 

published method, but here a volume of 0.5 mL PBS was used for each pellet, and 

then the concentrations for nuclease treatment were kept consistent between the two 

methods. Later, however, the dialysis step in the published method was omitted, and 

after proteinase K treatment (and clarification), here the sample was centrifuged at 

105,000 xg for 3 h in order to separate the LPS from the suspension. This change 

was made due to both time constraints, and also the fact that lyophilisation was not 

possible, and so ultracentrifugation was employed as a method to concentrate the 

LPS product. 

7.4.2.2 Outcomes from LPS extraction  

7.4.2.2.1 Protein and nucleic acid content of samples  

At each stage samples were taken for Nanodrop (absorbance at 280 and 260 nm) 

and SDS-PAGE (Bromophenol-stained and silver-stained) analysis. Table 7.3 

shows that in the final, purified LPS product (the pellet from ultracentrifugation 

resuspended in water), the protein and nucleic acid content has been reduced to ~ 

1.5 mg total, a reduction in mass of ~ 99.4%. As an estimation of what would be 
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expected, Darveau et al., employing the methods of both Galanos, and Westphal 

and Jann, experienced contamination by protein of 0.1% by weight of LPS and 

nucleic acids of 1%, with a further 2 to 5% of the LPS weight due to lipids 

contamination230. However, there were some abnormalities to the trends in 

Nanodrop data. It remains unclear why the apparent contribution of nucleic acids to 

the sample increased until the ultracentrifugation stage. There is perhaps a 

possibility that the ‘hardly visible’ pellet from ultracentrifugation was in fact not 

present. Previous protocols for LPS concentration through ultracentrifugation have 

used lower speeds than used here (27,500-75,000 rpm has been used in prior 

methods at Dstl).  

7.4.2.2.2 Discussion of data from SDS-PAGE 

A comparison between Figure 7.6 A and B reveals silver-stained bands (labelled as 

‘2’) which do not appear under bromophenol blue staining, except for the ‘Prot Sup’ 

sample, the supernatant after proteinase K treatment. The lack of any bands in ‘Prot 

Sup’, and yet the appearance of silver-stained material in the ‘UP’ sample, could be 

due to the dilution factor of the material prior to ultracentrifugation. It is possible that 

the bands at level ‘2’ in Figure 7.6B could be due to lateral carry-over of LPS 

material. However, there is no carry-over into the lane of ‘Prot Sup’, despite ‘Nuc Pel’ 

being notably over-loaded with material.  

The band at level 1 in Figure 7.6 A appears in the ‘HK P2’ and ‘Mg Pel’ samples. 

Furthermore, in Figure 7.6 B a high mass band is apparent between these two 

samples only. It is not unexpected to see similarities between these two samples as 

they are both samples of heat-killed cells. The difference being that ‘Mg Pel’ has 

gone through the calcium anchoring and EDTA chelation procedure, disrupting the 

outer membrane of cells.  

When comparing the relative prominence of bands at level 2 and level 3 across the 

first six samples in Figure 7.6 B, it appears that ‘HK P2’ and ‘Mg Pel’ display material 

at a similar ratio of abundance at both size levels. Any material smaller in size than 

bromophenol blue will migrate beyond the dye-front. Transmission electron 

microscopy of CbNMII in the 1980s revealed structures thought to be Phase II LPS 

at 10 nm width from the outer-membrane (very small)240. Amano and Williams, were 

then the first to isolate LPS from both CbNMI and CbNMII, and compare the two 
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using SDS-PAGE81,108. In 1984 they observed multiple bands from CbNMI 

(characteristic of O-antigen-containing (smooth) LPS material), yet only a single 

band for CbNMII (migrating beyond 14.5 kDa lysozyme when stained with silver 

nitrate)81. The authors performed this LPS extraction using a modification of the hot 

phenol-water method229. Later, this method was adapted by Toman et al. to isolate 

CbNMII LPS and perform MALDI-TOF MS241. This resulted in a m/z ion signal of 

2838.9 from the Lipid A-proximal region of the LPS250. Following this, the Lipids A of 

different strains of C. burnetii have been studied, including the strains: Henzerling 

and S (RSA 331 and RSA343)94, ‘Priscilla’ (MSU Goat Q177)95, and RSA 514 

‘Crazy’93.  

It is worthy to note that sugars migrate differently to proteins in an SDS-PAGE 

matrix, due to their difference in shape and charge. It cannot be assumed that the 

retention distance of LPS material reflects the size shown in kDa for the migration of 

a protein ladder. Furthermore, it is also reported specifically for C. burnetii that 

differences in SDS-PAGE profiles between LPS and Lipid A samples from various 

strains of the bacteria reflect only small differences in chemical composition94. The 

most recent publication of LPS extraction from CbNMII (modified hot water phenol 

method), showed the Phase II LPS to be below the 10 kDa protein ladder marker105. 

Therefore, with an apparent mass of 2.8 kDa250, it is likely that material below the 

dye-front of the SDS-PAGE data presented here (Figure 7.6) is from the Lipid A 

component of CbNMII material above this could be the core region of the LPS. 

It is possible that the calcium anchoring and EDTA-chelation method not only 

releases Lipid A-linked LPS material from the outer-membrane of CbNMII cells, but 

may also disrupt the Lipid A-to-core LPS link, leaving Lipid A still associated with the 

cell debris, and sheared core LPS-O-Antigen material is released into the 

supernatant without a linkage to Lipid A. However, an O-antigen region will not be 

present in CbNMII81. 

It was therefore assumed that LPS/Lipid A material is present in ‘UP’ – the 

ultracentrifuge-purified final sample. This is because bands 3 & 2 are revealed only 

by silver staining and not by bromophenol blue staining, and so should not be 

protein; both are present in positive control samples (‘CV’ and ‘HK P2’); and both are 

present in the majority of samples through the purification.  
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7.4.2.3 Future modifications to the experiments presented 

There are several points where this protocol could be further modified, based on the 

results obtained. Firstly, there exist more methods than Nanodrop spectrophotometry 

and SDS-PAGE to assess stages of LPS purification. For example, the phenol-

sulphuric acid assay258, for which there is an more modern update on the original 

technique259. This was run here (data not shown), however, it was determined that 

the reference sugars were not specific enough, and that the content of sugars within 

the ACCM-2 growth media would contaminate the results from early stages of 

purification. Furthermore, it is also possible to assay the concentration of the LPS 

component Kdo260.  

Likewise, there are methods employed here which could be improved upon in future; 

the acrylamide percentage used in the separating gel (12.5%) may be too low to 

separate low-Mw species. In future, a 20% gel would produce superior results. Also, 

the protein markers used here separate only to ~30 kDa, with all the lower Mw 

species clumping together at the dye-front. For assessment of low-molecular weight 

components, it would be more useful to employ reference markers which cover a 

lower molecular weight range. Additionally, known fragments of Lipid A/LPS could be 

used for reference in SDS-PAGE. These would be expected to show a more similar 

gel retention profile to the samples being assessed, than protein reference markers 

would.  

7.5 OVERALL CONCLUSIONS 

Static growth of CbNMII is a more reliable alternative to shaking growth, under the 

conditions tested here. Furthermore, larger culture volumes can be grown statically, 

and growth is equally efficient compared to shaking cultures as static phase occurs 

after 4 days. It was found here also, that measurements of OD are not representative 

alone of viable cell growth. Finally, this study provided the initial design and planning 

for phenol-free LPS extraction from CbNMII. While this method clearly proved 

successful for LPS extraction from Shigella and Salmonella, optimisation is needed 

in order to apply this successfully to C. burnetii.   
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8 THESIS DISCUSSION, CONCLUSIONS AND FUTURE 

DIRECTIONS 

8.1 GENERAL DISCUSSION 

C. burnetii, the causative agent of Q fever, has a global distribution, yet the only 

country which has licensed a vaccine for human use is Australia. In the EU/EEA Q 

fever remains a rare disease, with on average 230 cases per 100 million people per 

year between the years 2008-20164. However, as the 2007 epidemic in the 

Netherlands proved, C. burnetii remains a threat for zoonotic transmission16.  

A human vaccine for Q fever would be of greatest relevance to those with 

occupational exposure to animals, especially small ruminants. A recent study in 

Australia highlighted the increased risk to Q fever exposure that veterinary 

professionals are exposed to261. However, additionally there is a desire for a vaccine 

for military use due to the slow recovery associated with Q fever, a minimum 

absence from duty of 6 months has been cited as the predominant support for this11, 

in conjunction with the risk of developing the debilitating Q fever fatigue syndrome262.  

Due to the immunogenic nature of its LPS-linked O-antigen, and this conveying the 

main determinant of virulence, C. burnetii is likely to be effectively combatted through 

the use of a glycoconjugate vaccine. Therefore in this thesis, with a synthetic biology 

view to glycoconjugate vaccine design, a dual approach has been employed to study 

the C. burnetii O-antigen. On the one hand, genetic material for proposed O-antigen 

biosynthetic enzymes has been cloned and used to recombinantly expressed 

proteins of interest for characterisation of O-antigen biosynthetic pathways. On the 

other, a novel method to extract Lipid A-linked LPS material from C. burnetii has 

been designed in order to better characterise its composition, and the differences 

between phase variants.  

8.2 DTDP-SUGAR ISOMERASE STUDIES 

Studies of RmlC from various bacterial species, and those of AoEvaD and SbChmJ, 

have been cited to state that all dTDP-sugar isomerases are archetypal 3″,5″-double-

epimerases, with activities displayed on a sliding spectrum for preferential 
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epimerisation138. This statement was made in relation to the fact that from sequence 

identity alone it is not possible to assign a specific activity, and experimental 

artefacts of structural studies have also misled researchers as to the means by 

which specific isomerisation activity is conferred by dTDP-sugar isomerases160,162. 

However, the study of SbChmJ here in isolation (1H-NMR and GC-MS analysis), and 

coupled to EcRmlD (no activity) has shown that 5″-epimerisation is not displayed at 

all for this enzyme. Furthermore, solvent-exchange and structural studies of 

EcRmlC, SgStrM and CBU_1838 have shown that still, the determinant of 

preferential epimerisation displayed by dTDP-sugar isomerases has not been 

determined. 

8.2.1 CBU_1838 as the dTDP-sugar isomerase for DHHS 

biosynthesis in C. burnetii 

From a panel of ORFs believed to be of interest to C. burnetii O-antigen 

biosynthesis, CBU_1838 stood out, due to its sequence identity to members of the 

dTDP-sugar isomerase family (Table 1.2). This enzyme family is key to sugar 

diversification in bacteria, catalysing the stereochemical inversion of dTDP-linked 

keto sugars, in order to produce unusual L-enantiomeric sugars134. Within the C. 

burnetii O-antigen is one such unusual sugar, dihydrohydroxystreptose (DHHS). This 

sugar is unique to C. burnetii, yet bears similarity to the better-known hexoses 

rhamnose and streptose. From structural paralogy to the monosaccharides 

rhamnose and streptose (Figure 1.4), a proposed pathway to DHHS biosynthesis 

was put forward (Figure 1.5). This resulted in the hypothesis that CBU_1838 could 

be the dTDP-sugar isomerase for DHHS biosynthesis in C. burnetii. 

After recombinant expression and protein purification, CBU_1838 was characterised 

through kinetic assays (coupled to E. coli rhamnose-biosynthetic enzymes), 1H-NMR 

and GC-MS assessment of enzyme-catalysed solvent exchange, and protein 

crystallisation and structure-determination. In summary, these revealed CBU_1838 

as capable of 3″,5″-double-epimerisation of dTDP-4-keto-6-deoxy-glucose. In 

spectrophotometric assays coupled to EcRmlD, CBU_1838 acted at a third of the 

speed of EcRmlC, with a substrate affinity approximately 2.4 times lower, and a 

specific activity 7.5 times lower. From 1H-NMR analysis of deuterium incorporation, 

CBU_1838 catalysed solvent exchange at C3″ at half the speed of EcRmlC, and 
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exchange at C5″ at a rate 8.5 times slower than EcRmlC. However, after 24 h, 

complete deuterium incorporation at both positions was observed, confirmed by 

analysis of per-acetylated alditol fragments by GC-MS. From protein structure 

analysis it was clear that CBU_1838 shares the same fold as dTDP-sugar isomerase 

family members, and uses the same His-Tyr acid-base couple for catalysis. 

However, in addition to these similarities to dTDP-sugar isomerases which act 

naturally on dTDP-4-keto-6-deoxy-glucose, the presence of a methionine (where all 

other dTDP-sugar isomerases have phenylalanine) in the region of C6″ stabilisation 

within the active site, revealed the potential for CBU_1838 to stabilise the C6″-OH of 

dTDP-4-keto-6-hydroxy-glucose. This unique difference in CBU_1838 active site 

composition, in combination with the kinetic differences observed between 

CBU_1838 and EcRmlC, provides strong evidence that CBU_1838 is indeed likely to 

be the dTDP-sugar isomerase for DHHS biosynthesis in C. burnetii. 

8.2.2 SgStrM as a direct homolog of RmlC  

This thesis presents the first purification to homogeneity of the dTDP-sugar 

isomerase from S. griseus, StrM, and kinetic and structural analysis alongside 

reference dTDP-sugar isomerases. Prior to these studies, the hypothesis for SgStrM 

activity was 3″,5″-double-epimerisation of dTDP-4-keto-6-deoxy-glucose. However, 

due to the proposed mechanism for dTDP-streptose biosynthesis, stereochemistry at 

C3″ may not be retained, therefore it was further hypothesised that SgStrM may 

display a preference for C5″ epimerisation. However, from kinetic analysis in 

comparison to EcRmlC and AoEvaD, it was clear that SgStrM displays a closer 

kinetic profile to the 3″,5″-double-epimerase RmlC, than the 5″-preferring epimerase 

AoEvaD: SgStrM displayed a kcat only fractionally slower than EcRmlC, yet almost 14 

times faster than AoEvaD, and a specific activity which was in fact 1.4 times higher 

than that of EcRmlC, and again 14 times higher than AoEvaD (as the two share a 

similar KM for dTDP-4-keto-6-deoxy-glucose). Furthermore, the structure of SgStrM 

proved very similar to that of EcRmlC also. Therefore overall, rather than displaying 

a preference for C5″ epimerisation, it can be said that StrM from S. griseus is indeed 

an RmlC homolog.  
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8.3 RMLB MEDIATES KETO-ENOL TAUTOMERISATION IN 

DTDP-4-KETO-6-DEOXY-GLUCOSE 

Fortuitously, preparative experiments for studies of dTDP-sugar isomerase-catalysed 

solvent exchange led to a novel discovery about the dTDP-glucose 4,6-dehydratase, 

RmlB. The equilibrium position for this reaction lies strongly towards the product, 

dTDP-4-keto-6-deoxy-glucose. However, enzyme-mediated solvent exchange at 

position C5″ occurs when EcRmlB is incubated with this product. Solvent exchange 

in dTDP-4-keto-6-deoxy-glucose is likely a factor of keto-enol tautomerisation. 

Spontaneous keto-enol tautomerisation in solution has previously been proposed150. 

However, in this thesis it is demonstrated that commercially-obtained dTDP-4-keto-6-

deoxy-glucose is stable in solution, with no observations of H-D exchange. Therefore 

keto-enol tautomerisation within the sugar is not spontaneous, but is catalysed by 

RmlB. This feature of RmlB is important to the field of dTDP-sugar isomerase 

studies. RmlB is often used to generate dTDP-4-keto-6-deoxy-glucose for use as a 

dTDP-sugar isomerase substrate. As such, this research highlights that in order to 

study dTDP-sugar isomerase activity through H-D exchange, residual RmlB must be 

totally absent from the reaction mixture. 

8.4 PHENOL-FREE METHOD FOR LPS ISOLATION APPLIED 

TO C. BURNETII NMII 

After optimisation of CbNMII growth, and growth tracking at CL2, a phenol-free 

method for LPS extraction was designed and applied. This was based on the 

calcium-anchoring extraction of Ahamad and Katti238. This showed limited success in 

LPS isolation, however, areas for improvement have been highlighted.  

8.5 FUTURE IMPLICATIONS FOR COMBATTING Q FEVER 

A significant step has been made in this thesis towards characterisation of the 

biochemical pathway to DHHS synthesis in C. burnetii. CBU_1838 has been 

identified as a key component in this pathway. For the production of DHHS in cellulo, 

two more enzymes will be required: an oxidase of dTDP-glucose, and a StrL-

homolog for reduction and sugar ring-rearrangement of dTDP-4-keto-6-deoxy-

glucose (Figure 1.5). However, once these have been elucidated, in combination 
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with a DHHS-receptive glycosyl-transferase, PGCT could be employed to assemble 

an immunogenic glycan fragment for use in vaccine trials130.  

Additionally, due to their involvement in O-antigen biosynthesis across many genera 

of bacteria, dTDP-sugar isomerases present a tractable target for drug 

development263. Screening for drugs targeting the rhamnose pathway, and RmlC 

specifically is already underway203,224,264. A combined approach of vaccine 

deployment and the application of antimicrobial drugs will contribute to pathogen 

control, within a One Health remit. The characterisation of CBU_1838 has provided a 

platform on which to design both those approaches for combatting C. burnetii 

infection.   
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Appendix 1 Poster for presentation at the International Conference on the 

Crystallization of Biological Macromolecules (Prague, June 2016), and the 

South West Structural Biology Conference (Portsmouth, July 2016). 
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Appendix 2 Poster for presentation at The Biochemical Society’s Structural 

Aspects of Infectious Disease (Cambridge, August 2016). 
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Appendix 3 Poster for presentation at the 50th Course on Integrative Structural 

Biology (Erice, June 2017), ESCCAR-ASR (Marseille, June 2017), and the South 

West Structural Biology Conference (Cardiff, July 2017). 
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Appendix 4 Poster for presentation at the Defence and Security Doctoral 

Symposium (Swindon, November 2017). 
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Appendix 5 Poster for presentation at the 30th Meeting of the American 

Society for Rickettsiology (Santa Fe, NM, June 2019). 
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Appendix 6 Agarose gel of purified plasmids after digestion with NdeI 

and EcoRI. 

After LIC and plasmid transformation into E. coli 5α cells, colonies to be tested were 

labelled by letter, starting with ‘A’. Plasmid DNA purified from cultures grown of 

clones was incubated with the restriction enzymes NdeI and EcoRI, which should cut 

either side of the inserted gene. A positive control (+ve) of the pNIC28 plasmid with 

an insert at a much higher size than the genes of interest here was run alongside 

test samples, and reference markers (M). A green box indicates DNA at the 

expected size and with the sequence confirmed by Sanger sequencing. An orange 

box indicates DNA at the expected size, but with a point-mutant revealed by Sanger 

sequencing.  
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Appendix 7 Effect of NAD+ on RmlB activity. 

A) Testing the concentration of NAD+ in the range of 2-500 µM. B) Testing the 

concentration of NAD+ in the range of 2 nM to 1.25 mM. C) Data from A and B on the 

same graph with the same scale. Assay components: 250 µM dTDP-glucose, 0.4 µM 

RmlB/RmlC/RmlD, 20 mM MgCl2, 350 µM NADH, 10 mM HEPES pH 7.5. 

Concentrations above 23 µM start to present inhibition. The average % activity 

displayed for 2 nM -50 µM NAD+ is 96.0 ± 3 %. 
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Appendix 8 Effect of MgCl2 on activity. 

Assay components: 350 µM NADPH, 40 nM RmlB, 2 µM RmlC/D, 250 µM dTDP-

glucose. Activity normalised to the maximum observed rate of RmlB. Maximum 

activity occurs above 15 mM MgCl2. No change in activity relative to the lowest 

concentration tested (250 µM) for between 15 -250 mM MgCl2. 
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Appendix 9 Assay to test the effect of buffers on enzyme activity.  

Assay components: Enzymes were used at 0.1 µM, contributing 0.29 % (v/v) glycerol to the assay overall, and the final 

concentration of the buffers tested was 50 mM, with 1 mM HEPES pH 7.0 retained from enzyme/reagent preparations. Buffer 

screen was JBScreen Buffers (Jena Bioscience).    
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Appendix 10 1H-NMR spectrum of dTDP-rhamnose bistriethyl-ammonium salt. 

BFR = Et3NHOAc. Figure adapted using Microsoft PowerPoint and TopSpin v4.0.6 (Brucker) from raw data obtained by Martin Rejzek, 

for a publication on Prymnesium parvum NDP-β-L-rhamnose biosynthesis199.  
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Appendix 11 1H-NMR spectrum of HEPES. 

D2O peak calibrated to 4.7058 ppm. Image generated from spectra within BMRB database, using MestReNova v14.1.0.  
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Appendix 12 1H-NMR spectrum of Glycerol. 

D2O peak calibrated to 4.7058 ppm. Image generated from spectra within BMRB database, using MestReNova v14.1.0.  
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Appendix 13  1H-NMR spectrum of NAD+. 

D2O peak calibrated to 4.7058 ppm. Image generated from spectra within BMRB database, using MestReNova v14.1.0.  
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Appendix 14 1H-NMR spectra of dTDP-rhamnose, both pure and with organic contaminants. 

The top spectrum was achieved after the action of EcRmlB-D, without any purification steps. The bottom spectrum is as in Appendix 10. 

In the top spectrum it is clear that the diagnostic peaks are obscured by both glycerol (~2% v/v final concentration) and HEPES. Figure 

made using Microsoft PowerPoint and TopSpin (Brucker).  



 Appendices 

275 
 

 

Appendix 15 Assigned 1H-NMR spectrum of dTDP-4-keto-6-deoxy-glucose 

with RmlB reaction components after 10 min in deuterated buffer. 

Assigned spectrum is spread over parts 1-4.  

 

Appendix 15 Part 1 – region of 9.3-7.5 ppm.  

 

 

 

 

 



Appendices 

276 
 

 

Appendix 15 Part 2 – region of 6.6-5.2 ppm.  
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Appendix 15 Part 3 – region of 4.6-3.4 ppm.  
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Appendix 15 Part 4 – region of 2.3-1.1 ppm. 
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