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Abstract 

The work described in this Thesis has focused on the study of Mycobacterium tuberculosis 

isocitrate lyase (ICL), a key enzyme of the glyoxylate cycle. The work included recombinant 

production and purification of the different ICL isoforms, the development of new biophysical 

assays to study ICL inhibitors, biochemical and structural studies of ICL isoform 2, and the 

sustainable synthesis of pharmaceutically important nitrogen-heterocycles using itaconic acid, 

a weak inhibitor of ICL, as a starting material.  

The use of the Escherichia coli and Mycobacterium smegmatis expression systems to produce 

the four isoforms of ICL (isoforms 1, 2, 2a and 2b) was explored. Soluble ICL1, ICL2 and 

ICL2b were successfully produced and purified. Recombinant ICL2, widely regarded as 

unstable was found to be a stable enzyme that can be stored in buffers without imidazole.  

A combined nuclear magnetic resonance (NMR) and thermal shift assay strategy was 

developed to study ICL inhibitors using ICL1 as a model system. The NMR-based activity 

assay enables the detection of substrate (isocitrate) consumption and product (succinate) 

formation in real time, allowing enzyme kinetics and enzyme inhibition to be followed and 

quantified. It is informative but relatively low throughput. In contrast, the thermal shift assay 

measures protein stability upon ligand binding. It is an indirect assay but allows the screening 

of ICL ligands in a high-throughput manner. The effectiveness of this combined strategy was 

demonstrated by using existing ICL1 inhibitors. 

Protein X-ray crystallography was used for the structural and biochemical characterisation of 

ICL2, which was found to be a tetramer. Each monomeric unit contains two distinct domains. 

Structural and kinetic studies revealed that the C-terminal domain is an acetyl-coenzyme A 

binding domain. Binding of acetyl-CoA leads to a global conformational change, which leads 

to the activation of the isocitrate lyase and methylisocitrate lyase activities of ICL2. 

The synthesis of pharmaceutically important nitrogen-heterocycles using itaconic acid, a weak 

inhibitor of ICL, was also investigated. A library of diverse N-heterocycles including 

dihydroindolone, indole, dihydroindolizinone, 2-pyridone, pyrido[1,2-a]indole 

dihydrocarbazolone and carbazole have been prepared from dimethyl itaconate and pyrrole, 

two compounds that are readily attainable from biomass.
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Chapter 1: Introduction1 

1.1 Tuberculosis (TB)  

Tuberculosis (TB) is an infectious disease that is caused by the bacterium Mycobacterium 

tuberculosis.1, 2 There are two forms of TB infection, active TB infection and latent TB 

infection. Active TB refers to the condition in which M. tuberculosis are actively dividing. 

Active TB is contagious and the infected individual typically displays signs and symptoms that 

include (but not limited to) productive cough, fever, weight loss, energy loss, appetite loss and 

night sweat. However, most M. tuberculosis infections do not lead to any symptoms. This 

condition is known as latent TB infection. When M. tuberculosis enters the body of an 

individual, the bacteria are phagocytised by macrophages. M. tuberculosis have a thick, waxy 

mycolic acid capsule, which enables them to survive inside the macrophages and prevent the 

conversion of phagosomes to phagolysomes,3, 4 thus leading to latent TB infection. Whilst most 

latent TB infections do not progress to active TB infection, if the infected individual becomes 

immunocompromised,5, 6 for example during advanced HIV infection,7 the probability of 

developing active TB may increase significantly. 

 

1.2 Energy metabolism of M. tuberculosis 

1.2.1 Energy sources 

The life cycle of M. tuberculosis means that the bacteria may spend a significant amount of 

time (years or even decades) persisting inside macrophages of the infected host. The 

environment inside macrophages is harsh. Typically, it is low in external nutrients, relatively 

hypoxic and has an acidic pH.8 M. tuberculosis have therefore evolved highly specialised 

                                                 
1

Part of the work from this chapter was published as described in: 

 
Bhusal, R. P.; Bashiri, G.; Kwai, B. X. C.; Sperry, J.; Leung, I. K. H. Targeting isocitrate lyase for the treatment of latent tuberculosis. Drug 
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energy metabolism system to survive in this environment. Unlike other pathogens that tend to 

consume one carbon source before adapting to the next source, M. tuberculosis can catabolise 

multiple carbon sources simultaneously.9 These carbon sources include fatty acids and 

cholesterols, which are present in relative abundance inside macrophages.3, 10-13 Interestingly, 

fatty acids and lipids may even be the preferred carbon sources of M. tuberculosis during both 

infection and dormancy.11-13  

 

1.2.2 Tricarboxylic acid cycle  

The tricarboxylic acid (TCA) cycle is the main aerobic metabolic pathway to produce energy 

in almost all living organisms.14 The starting point of the TCA cycle is acetyl-coenzyme A 

(acetyl-CoA), which is produced by glycolysis or through the fatty acid spiral (Figure 1.1).15 

The first step of the TCA cycle is the citrate synthase-catalysed reaction of oxaloacetate and 

acetyl-CoA to give citrate. Citrate is then isomerised by aconitase to give isocitrate via the 

intermediate cis-aconitate. The next step is the oxidative decarboxylation of isocitrate into 2-

oxoglutarate (also known as α-ketoglutarate) by isocitrate dehydrogenase, which is then 

followed by another oxidative decarboxylation reaction, catalysed by α-ketoglutarate 

dehydrogenase, to give succinyl-coenzyme A (succinyl-CoA). Succinyl-CoA is then broken 

down to succinate, a reaction that is catalysed by succinyl-CoA synthetase. Succinate then 

undergoes further modifications. First, succinate is catalysed by succinate dehydrogenase into 

fumarate. Then, fumarate undergoes catalytic hydration by fumarase to give malate. Finally, 

malate dehydrogenase catalyses the oxidation of malate to generate oxaloacetate.16 The TCA 

cycle is the most important link to the electron transport chain in which adenosine triphosphate 

(ATP) is produced, but the cycle wastes two carbons in the form of carbon dioxide (Figure 

1.1). Thus, this cycle is not ideal for energy production when external nutrients are scarce. 
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Figure 1.1: TCA cycle (green), glyoxylate cycle (blue) and methylcitrate cycle (red). The early 

steps of the glyoxylate cycle resembles the TCA cycle, in which acetyl-CoA is converted into 

D-isocitrate. 

 

1.2.3 Glyoxylate cycle  

The glyoxylate cycle is an alternative pathway to the TCA cycle.17, 18 The early steps of the 

glyoxylate cycle resemble those in the TCA cycle, in which acetyl-CoA is converted into 

isocitrate via citrate and cis-aconitate. The major point of difference between these two cycles 

is the role of isocitrate.19 In the glyoxylate cycle, isocitrate is cleaved by isocitrate lyase to give 

succinate and glyoxylate. The second enzyme in the glyoxylate cycle, malate synthase, then 
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catalyses the formation of malate from glyoxylate and acetyl-CoA. Other TCA cycle 

intermediates, including oxaloacetate, are replenished by anaplerotic reactions from succinate 

and malate, products of the glyoxylate cycle. The advantage of bypassing the TCA cycle is that 

it helps to utilise all carbons available in nutrient deprived conditions by bypassing two 

decarboxylation steps of the TCA cycle (Figure 1.1).10 

 

1.2.4 Methylcitrate cycle  

During infection, the pools of carbon that M. tuberculosis can utilise include fatty acids from 

the host as well as the bacteria’s internal lipid reserves.20 Although natural animal fatty acids 

are composed of an even number of carbons, bacteria including mycobacteria possess the 

ability to synthesise odd-chain fatty acids.21 However, β-oxidation of odd-chain fatty acids is 

potentially harmful to the bacteria, because the process generates propionyl-coenzyme A 

(propionyl-CoA) and propionate,22-24 both of which are toxic.25-27 In addition to fatty acids, 

mycobacteria can also utilise cholesterol as a carbon source,28, 29 the metabolism of which also 

yields propionyl-CoA and propionate as by-products.22-24 

The methylcitrate cycle is an important pathway that bacteria could employ to transform toxic 

propionate and propionyl-CoA into non-toxic substances, succinate and pyruvate.30 The first 

step of the methylcitrate cycle is the methylcitrate synthase-catalysed conversion of propionyl-

CoA and oxaloacetate to give methylcitrate. Methylcitrate is then isomerised to form 

methylisocitrate, a step that is catalysed by methylcitrate dehydratase. The final step of the 

methylcitrate cycle is the methylisocitrate lyase-catalysed conversion of methylisocitrate to 

give succinate and pyruvate (Figure 1.1). 
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1.3 Isocitrate lyase (ICL) 

1.3.1 Isocitrate lyase in M. tuberculosis 

Isocitrate lyase (threo-Ds-isocitrate-glyoxylate lyase, E.C. 4.1.3.1, also known as isocitratase, 

isocitritase, isocitrase or isocitric lyase) is the first enzyme of glyoxylate cycle (for review, see 

reference 31). ICL is an Mg2+-dependent enzyme that catalyses the reversible lysis of a C-C 

bond of D-isocitrate to form glyoxylate and succinate (Figure 1.2).32 ICL is present in bacteria 

(including mycobacteria), fungi and plants, but not in humans or animals.33 In M. tuberculosis, 

there are two known isoforms of ICL; ICL1 (428 amino acids (AAs)) and ICL2 (766 AAs), 

which are encoded by the genes icl1 and aceA (also known as icl2), respectively.34,35 

Exceptions can be found in some mycobacterial species including M. tuberculosis H37Rv, one 

of the most studied laboratory strains, in which the gene aceA is split into two open reading 

frames, aceAa  and aceAb.35 It is not known whether these two genes (aceAa and aceAb) encode 

stable proteins (denoted as ICL2a and ICL2b respectively) and/or whether the proteins that 

these genes encode possess ICL activities. Sequence analyses indicates that although ICL1 and 

ICL2 share 27% sequence identity, ICL1 is a prokaryotic-like ICL isoform, whilst ICL2 is a 

eukaryotic-like ICL isoform.34, 35 To date, the most studied isoform of M. tuberculosis ICLs is 

ICL1, as recombinant ICL2 was found to be unstable in vitro.32 ICL1 has a stronger affinity to 

the substrate D-isocitrate than ICL2 and is more active than ICL2 in vitro.36  

ICL plays an important role in the fatty acid metabolism of actively replicating M. tuberculosis. 

Genetic studies showed that the expression level of both icl1 and aceA increased when 

Mycobacteria were grown in media containing palmitate or acetate (i.e. metabolites of fatty 

acids).32 M. tuberculosis mutants lacking both the icl1 and aceA genes were found unable to 

grow and survive in media with fatty acid as the sole carbon source and a carbon mixture that 

contained fatty acids. However, the growth of the same mutant was not affected in media with 

carbohydrates as the carbon source.37 Interestingly, complementation of the same mutant with 
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plasmids carrying icl1 or aceA gene restored growth on fatty acids.37 These experiments 

suggest that ICL1 and ICL2 are essential for fatty acid metabolism of M. tuberculosis during 

the actively replicating state, although there may be some functional redundancy amongst these 

two enzymes in their fatty acid metabolism roles. 

ICL also plays a functional role in the survival of M. tuberculosis during non-replicating 

persistent/latent infection. The gene that encodes ICL was found to be upregulated when M. 

tuberculosis was grown under hypoxic conditions38 and in growth-arrested bacilli in mice (to 

mimic persistent infection).39 ICL was also found to be essential for the survival of non-

replicating M. tuberculosis in nutrient deprived (but oxygen-rich) media, as demonstrated by 

experiments using an icl1 deletion mutant of M. tuberculosis H37Rv, which also lacks the aceA 

gene.40 These experiments showed that ICL activity is essential for the survival of M. 

tuberculosis in the non-replicating dormant phase. 

Unlike the functional redundancy of ICL1 and ICL2 in fatty acid metabolism during the 

actively replicating state of M. tuberculosis,37 the roles of ICL1 and ICL2 in the survival of M. 

tuberculosis in the non-replicating dormant phase are not well-understood. An early study 

using an icl1 deletion mutant of M. tuberculosis showed the mutant is unable to survive long-

term within macrophages or cause virulence in mice, although the role of aceA was not 

addressed in that study.41 A follow-up study by the same authors found that both ICL1 and 

ICL2 were required for the survival of M. tuberculosis in macrophages and in mice by using a 

mutant with both icl1 and aceA deleted.37 The results were further supported by studies 

supplementing wild-type (WT) M. tuberculosis with an inhibitor that blocks both ICL1 and 

ICL2 (nitropropionate, see Section 1.5), in which the bacteria showed similar growth pattern 

in fatty acids to that of the icl1 and aceA double deletion mutant.37 In contrast to the earlier 

findings,41 single deletion of icl1 or aceA showed little effect on bacterial growth in 

macrophages and in mice. It is likely that during the persistent phase of infection, M. 
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tuberculosis exists in a mixture of different metabolic states and both ICL1 and ICL2 are 

important for growth and survival. Further studies, for example using chemical probes that 

selectively inhibit ICL1 and ICL2, would be an informative strategy to elucidate the roles of 

ICL1 and ICL2 in latent M. tuberculosis at different metabolic states during persistent 

infection. 

 

1.3.2 ICL in the M. tuberculosis glyoxylate cycle  

ICL is the first enzyme of the glyoxylate cycle. As M. tuberculosis utilises fatty acids as a 

carbon source during both the actively replicating and the non-replicating latent phases,9 ICL 

and the glyoxylate cycle may be essential to the growth and survival of the bacteria. The 

upregulation of the both isocitrate lyase and malate synthase during persistent infection inside 

macrophages is well documented for many other bacteria.42 However, in M. tuberculosis, while 

the expression of icl1 was induced, the level of glcB (the gene that encodes malate synthase) 

was not significantly altered in the active state when grown in media containing fatty acids as 

the carbon source.32 The level of glcB was even found to be downregulated in the dormant 

state.39 This lack of coordination in the regulation of isocitrate lyase and malate synthase in the 

glyoxylate cycle is unique to M. tuberculosis and has not been found in other bacteria. There 

are proposals that succinate and glyoxylate formed as a result of ICL catalysis may have other 

roles rather than their canonical roles in fatty acid metabolism and gluconeogenesis. There may 

exist a glyoxylate-to-glycine shunt, the proposed main function of which is to replenish the 

pool of nicotinamide adenine dinucleotide (NAD) to support the minimal hypoxic metabolism 

in the bacterium’s latent state.43, 44 However, such a pathway has not been fully characterised. 

It has also been shown that under hypoxic conditions, succinate, another product of ICL 

catalysis, may be the preferred respiratory electron donor to sustain succinate dehydrogenase 

activity and facilitates oxidative synthesis of ATP.45, 46 Interestingly, a recent report showed 

that isocitrate dehydrogenase (IDH), the enzyme that competes with ICL for the substrate D-
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isocitrate, may be regulated by glyoxylate in mycobacteria, as opposed to reversible 

phosphorylation that is commonly found in other bacteria such as E. coli. This finding is 

interesting because it suggests that there may exist a cross-regulation mechanism between the 

TCA and glyoxylate cycles in mycobacteria.  

 

1.3.3 ICL in the M. tuberculosis methylcitrate cycle  

Three enzymes, including methylcitrate synthase, methylcitrate dehydratase and 

methylisocitrate lyase are involved in the bacterial methylcitrate cycle. However, 

bioinformatics studies suggested that the genome of M. tuberculosis only encodes methylcitrate 

synthase and methylcitrate dehydratase, but not methylisocitrate lyase, even though M. 

tuberculosis can survive in a high propionate environment.10  

In order to identify the enzyme that is responsible for the lysis of methylisocitrate in M. 

tuberculosis, its growth in media containing propionate was studied. Interestingly, ICL was 

found to be essential for the growth of M. tuberculosis in propionate, as the icl1 deletion mutant 

of M. tuberculosis cannot grow in propionate or cholesterol-containing media, despite the 

presence of saturated amounts of carbohydrates and fatty acids.27, 37, 47 A M. tuberculosis 

mutant that lacks both the icl1 and aceA genes cannot grow in media containing propionate as 

the sole carbon source.25, 37 However, complementing the double deletion mutant with plasmids 

encoding icl1 and aceA may restore mycobacterial growth in propionate media.37 These 

experiments showed that ICLs likely play a role in both the glyoxylate and methylcitrate cycles 

in M. tuberculosis.   

In addition, in vitro experiments with purified ICL1 and ICL2 proteins showed that both 

enzymes could use isocitrate and methylisocitrate as substrates (Figure 1.2a), although 

isocitrate is the preferred substrate over methylisocitrate for both ICL1 and ICL2.36 In order to 

understand the substrate selectivity of ICL, crystallisation of the C191S variant of ICL1, in 
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which the catalytic cysteine residue in the active site was mutated to a serine residue in order 

to slow down the catalytic activity of the enzyme, was attempted in the presence of 

methylisocitrate.36 Interestingly, in the resulting crystal structure the reaction products, 

pyruvate and succinate, were observed inside the enzyme active site instead of methylisocitrate, 

indicating the mutant was still active during crystallisation. Nonetheless, the results showed 

that ICL1 could accommodate the methyl group of methylisocitrate in the hydrophobic pocket 

of the enzyme, further supporting the proposal that ICL may play a dual role in the survival of 

M. tuberculosis in a high fatty acid content environment that is characteristic of both active and 

persistent infections.  

 

1.3.4 Additional role of ICL in M. tuberculosis for antibiotic resistance 

Recently, ICL was linked to the development of antibiotic resistance in M. tuberculosis. By 

using both metabolomics and gene expression analyses, it was demonstrated that ICL was 

activated when M. tuberculosis were subjected to sub-lethal doses of three different anti-TB 

drugs; rifampicin, streptomycin or isoniazid.48 M. tuberculosis with an icl1 deletion showed a 

100-fold increase in sensitivity to these antibiotics.48 Furthermore, studies that used a M. 

tuberculosis mutant complemented with a K189E variant of ICL1, whose mutation kept the 

enzyme in an open conformation and hence reduced its catalytic activity, showed increased 

sensitivity towards rifampicin and streptomycin, but not to isoniazid.49 These experiments 

suggest that the catalytic activity of ICL may play a role in mycobacterial defence against (at 

least some) antibiotics, although the exact molecular mechanism is not clear. Interestingly, 

when the icl1 deletion mutant was co-incubated with antioxidants including thiourea or 2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (Tempol), the heightened susceptibility towards the antibiotics 

was reduced.48 The results suggest that ICL may play a role in the metabolic defence against 

antibiotic-induced oxidative stress. This discovery is significant because long-term treatments 
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and increasing antibiotic resistance are two of the biggest challenges preventing the eradication 

of TB. These recent studies increase the appeal of ICL as a target in anti-TB drug discovery 

programmes.  

 

1.4 Structural and mechanistic aspects of ICL 

1.4.1 Catalytic mechanism 

The exact mechanism by which ICL converts isocitrate into glyoxylate and succinate is not 

fully understood, but a retro Claisen-type condensation pathway has been proposed (Figure 

1.2b).50 The first step involves deprotonation of the isocitrate hydroxyl group followed by 

fragmentation of the isocitrate to form glyoxylate and succinate.51,52 Mutagenesis and 

bioinformatics studies showed that the highly conserved KKCGH sequence motif at the 

enzymes’ active site (residues 189-193 in ICL1, also found in ICLs from other organisms) is 

essential for the catalytic activity of the enzyme.51,53 Three residues are proposed to be involved 

in the catalytic cycle, including the cysteine and histidine residues in the conserved KKCGH 

sequence motif, along with an unidentified residue that is close to the substrate at the active 

site. 51,52 The catalytic cysteine residue (Cys191 in M. tuberculosis ICL1) serves as a general 

acid to aid the formation of the succinate co-product, whilst the histidine residue (His193 in 

ICL1) interacts with the catalytic cysteine, decreasing its pKa and aiding the formation of the 

aci-carboxylate intermediate that forms upon C(2)-C(3) bond cleavage.51 The unidentified 

residue presumably acts as a general base to deprotonate the C(2) hydroxyl group of the 

isocitrate substrate. In ICL1, this residue is proposed to be either an arginine (Arg228), tyrosine 

(Tyr89) or histidine (His180).52  
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Figure 1.2: (a) ICL catalyses the reversible conversion of isocitrate or methylisocitrate to 

succinate and glyoxylate or pyruvate; (b) Consensus mechanism for ICL catalysis. An 

unidentified residue acts as a general base to deprotonate the hydroxyl group of isocitrate. In 

ICL1, this residue was proposed to be Arg-228, Tyr-89 or His-180. The catalytic cysteine (Cys-

191) serves as a general acid to aid the formation of the succinate co-product. The histidine 

residue (His-193) interacts with the catalytic cysteine to aid the formation of the aci-

carboxylate intermediate. 

 

(a)

(b)
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1.4.2 Role of a divalent cation in the catalytic mechanism of ICL 

Divalent metal ions play an important role in the catalytic activity of both ICL1 and ICL2.32 

The substrate D-isocitrate binds to ICL by chelating the active site metal ion via the C(1) 

carboxylic acid group and C(2) hydroxyl group. Mg2+ is required for optimal catalytic activity, 

whereas replacement of Mg2+ by Mn2+ results in a 60% loss of catalytic activity. Other divalent 

cations like Co2+, Fe2+, Ca2+, Ba2+, Ni2+, Cd2+, Zn2+, Cu2+ and Hg2+ are not effective substitutes 

for Mg2+, and negligible activities were detected in the absence of divalent cations. 

 

1.4.3 Structural aspects of ICL 

To date, only the crystal structure of M. tuberculosis ICL isoform 1 was solved [PDB IDs: 

1F61 (apo-ICL), 1F8I (nitropropionate and glyoxylate complex), 1F8M (bromopyruvate 

complex)50 and 5DQL (2-vinyl isocitrate complex)54]. ICL2 was found to be unstable and no 

structural information is available.32, 55 ICL1 crystallised as either a dimer or tetramer, with 

each monomer subunit containing 14 α-helices and 14 β-strands. The core of ICL1 contains 8 

α-helices and 8 β-strands forming a α/β-barrel-like structure. The highly conserved KKCGH 

sequence motif extends from β5 of the α/β-barrel forming a loop structure (residues 185-196) 

and connects to a small β-sheet domain that consists of five short β-strands (β6, β7, β9, β10, 

β11). At the C-terminal, α12-α14 project away from the barrel and interact with nearby subunit 

(Figure 1.3a).  

When comparing the crystal structure of apo-ICL1 and the holo-forms with glyoxylate, 

nitropropionate (a mimic of the product succinate), or bromopyruvate (an inhibitor of ICL), 

conformational changes are observed (Figure 1.3b).50 In particular, large changes are apparent 

around the active site loop region that includes the catalytically-essential sequence motif 

KKCGH (residues 185-196 of ICL1), and the C-terminal end (residues 411-428 of ICL1) of 

the adjacent subunit. In the open conformation, the catalytic cysteine (Cys191) is relatively far 
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away from other active site residues, thus allowing the substrate (and other solvent molecules) 

to access the binding site. Upon binding of the substrate, the enzyme adopts a closed 

conformation and access to the active site is then blocked by the active site loop (residues 185-

196). The C-terminal end of the adjacent subunit then moves to the space that was opened up 

due to the closure of the active site loop, forming a lid. Electrostatic interactions between 

positively charged lysine residues at the active site loop (Lys189 and Lys190) and the 

negatively charged glutamate residues at the C-terminal lid (Glu423 and Glu424) are important 

to keep the enzyme in its catalytically active conformation.56 Disrupting these interactions may 

lead to a reduction in the enzyme’s catalytic activity.56 

Interestingly, His180, one of the residues that was proposed to act as a general base during the 

catalytic cycle of ICL1, is also an important residue for the enzyme’s catalytic activity and 

oligomerisation state.56 Mutagenesis studies showed that ICL1 H180A is a monomer that is 

catalytically inactive. Molecular dynamics calculations showed that loss of interactions 

between His180 and Tyr89 (another residue that was proposed to be important for ICL1 

activity) may cause changes in the orientation of α6 and the C-terminal helices (α12-α14), thus 

affecting the protein’s ability to interact with other monomer subunits to form an oligomer. 

The loss of such interactions also affects the stability of ICL1’s catalytically-active 

conformation, as the active site loop is no longer being held together by the lid of the adjacent 

subunit in the tetramer. 
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Figure 1.3: (a) Crystal structure of apo-ICL1 (PDB id: 1f61), which crystallised as a dimer 

(subunit A: blue and subunit B: orange). Four α-helices are involved in the dimerisation 

between the two subunits; (b) Conformational change was observed when ICL1 was bound to 

glyoxylate and nitropropionate (PDB ID: 1F8I; subunit A: red; subunit B: wheat; only two 

subunits shown). The active site loop was found to be in the close conformation in the presence 

of glyoxylate and nitropropionate (insert: blue to red), and the C-terminal of the adjacent 

subunit move over to the space that was previously occupied by the active site loop (insert: 

orange to wheat). 
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It has long been proposed that bacterial and plant ICLs may be switched on and off by 

reversible acetylation and succinylation respectively,57-59 although the exact molecular and 

structural basis of such control is not known. Recently, two post-translational modifications 

were found on M. tuberculosis ICL, including lysine acetylation and lysine succinylation.49, 60, 

61 Interestingly, one of the succinylated lysine residues (Lys189) is located in the catalytically-

essential conserved sequence motif (KKCGH).49 Although it is not possible to recombinantly 

produce (at least in large quantity) succinylated-ICL1 for structural and mechanistic studies, 

the effect of lysine succinylation may be mimicked by a lysine to glutamate mutation. 

Structural and kinetic studies using K189E ICL showed that replacing the positively-charged 

lysine with the negatively-charged glutamate (a similar effect to lysine succinylation) may keep 

the enzyme in the open form, thus rendering the enzyme catalytically inactive. The regulation 

of the TCA and glyoxylate cycles are important for the survival of M. tuberculosis because 

both cycles take D-isocitrate as an intermediate.19 The presence of a potential feedback 

mechanism involving reversible succinylation of the active site lysine in ICL1 to activate and 

deactivate the glyoxylate cycle is not surprising given the tight control that is required to 

regulate these two closely related cycles. This finding, together with another recent study that 

showed glyoxylate may positively control the activity of M. tuberculosis isocitrate 

dehydrogenase (IDH),62 provide insights into the regulation between these two cycles and may 

enable the development of new anti-TB drugs that can selectively activate and deactivate ICL 

and IDH at different stages of infection. 

In addition to succinylation, Bi and co-workers reported that lysine acetylation may regulate 

the activities of M. tuberculosis ICL1 by using recombinant ICL1 that was acetylated at K392 

(K392Ace ICL1) and K332 (K332Ace ICL2). 63 A two-fold increase in isocitrate lyase activity 

was observed with K392Ace ICL1 when compared to the WT, although K392 acetylation did 

not alter methylisocitrate lyase activity. K322 acetylation was found to be deactivating, with a 
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2-fold decrease in ICL and methylisocitrate lyase activities observed. To demonstrate the 

physiological relevance of this finding, the authors conducted cell-based experiments to 

compare the level of expression and activity of non-acetylated ICL1, K392Ace ICL1 and 

K332Ace ICL1 in cells that were grown in media containing glucose, acetate or propionate at 

different concentrations. In agreement with previous studies, the level of expression of non-

acetylated ICL1, K322Ace ICL1 and K392Ace ICL1 increased when the cells were grown in 

acetate or propionate. It was found that the level of K322 acetylation positively correlated to 

the concentration of acetate or propionate that was being used. However, the expression level 

of the K392Ace ICL1 was stable in all concentrations of acetate and propionate. Interestingly, 

over an extended period of time (55 days), the expression level of non-acetylated ICL1 and 

K332Ace ICL1 dropped within 10 days, whilst the level of K392Ace remained stable 

throughout the period. Side by side, the authors showed that there was a 1.7 fold increase in 

ICL activity of the cell extracts from cells that were grown in propionate than those that were 

grown in glucose. Overall, it was postulated that the post translational acetylation of K392 may 

increases the activity and abundance of ICL1 in the stationary phase of M. tuberculosis. 

 

1.5 Inhibition of mycobacterial ICL as potential anti-TB therapy 

1.5.1 Inhibitors of ICL 

Given the central role ICL plays in the glyoxylate and methylisocitrate cycles, ICL is a current 

inhibition target for antimicrobial applications including (but not limited to) latent TB. 

However, despite considerable effort has been spent in both academia and industry, no 

compounds have progressed through to the clinical trial stage. There are three major challenges 

in targeting ICLs, including; (1) the polar nature of the ICL binding pocket; (2) the small size 

of the natural substrates, and; (3) the need to target both ICL1 and ICL2. 
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The polar nature of the ICL binding pocket favours small, polar molecules. It is therefore not 

surprising that early inhibitor discovery work that involved plant, fungal and bacterial ICLs 

have all resulted in compounds that are analogues of the substrate isocitrate, succinate or 

glyoxylate. These included itaconate64, nitropropionate65, and bromopyruvate66. Both itaconate 

and nitropropionate are succinate analogues and non-covalent inhibitors of ICL,64, 65 but 

bromopyruvate, a glyoxylate analogue, was found to covalently bind to ICL via the catalytic 

cysteine residue at the active site.66 The first inhibition study of M. tuberculosis ICL1 and ICL2 

was conducted by Bentrup et al.32 In that study, the inhibition constant (Ki) of several ICL 

inhibitors (itaconate 1, nitropropionate 2 and bromopyruvate 3) against both ICL1 and ICL2 

were determined (Table 1.1). However, while these compounds are relatively potent inhibitors 

against M. tuberculosis ICL, they are non-selective and possess high toxicity, rendering them 

unsuitable as potential drug candidates.67-71 For example, nitropropionate also inhibits 

succinate dehydrogenase,72 a TCA cycle enzyme that is essential for the survival of humans.45, 

46  

Interestingly, some ICL inhibitors were found to be isoform selective. These include itaconic 

anhydride 4, which was found to be a stronger inhibitor of ICL1 (Ki value = 190 µm) than ICL2 

(480 µM).32 Moreover, oxalate and malate were also found to be isoform selective inhibitors, 

which inhibited 50% of ICL1 at 5 mill molar (mM) concentration and did not inhibit ICL2.32 

These experiments suggested that the active site of ICL1 and ICl2 may not be entirely identical, 

or there may exist allosteric inhibition sites on ICL1 and ICL2. 

High throughput screening (HTS) has been applied to develop ICL inhibitors.55, 73-78 The most 

notable HTS studies were conducted by GlaxoSmithKline (GSK) and the Global Alliance for 

TB Drug Development (GATB), who screened 900,000 compounds, and the Tuberculosis 

Antimicrobial Acquisition and Coordinating Facility (TAACF), who screened just under 

101,000 compounds. The TAACF screen was moderately successful.76 For instance, 4-(2-
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pyridyl)-2-thiazolamines were identified as a potential new scaffolds for ICL inhibitors. In 

addition, heterocyclic benzopyranones were also identified as ICL inhibitors. As there are very 

few previous reports of compounds containing these scaffolds as anti-TB drug candidates, they 

constitute interesting starting points for future medicinal chemistry programmes. Recently, a 

library of compounds was screened and found methyl-4-(4-methoxyphenyl)-4-oxobut-2-

enoate 5 inhibits ICL1 with Ki of 1.85 µM. However, this compound shows cytotoxicity to 

mouse liver cells and kidney cells.55 In another study, Ji and co-workers screened several 

Mannich base compounds. In that study, 3-((1-(4-chlorophenyl)-5-(6-methoxynaphthalen-2-

yl)-3-oxopentyl)amino)benzoic acid 6 was found to be a strong ICL1 inhibitor with a half 

maximal inhibitory concentration (IC50) of 0.0535 µM.77 The challenge for HTS is the 

relatively small size of the ICL1 binding pocket as the number of compounds that can fit the 

binding pocket is limited, which also restricts the scope of any structure-activity relationship 

study. None of the compounds from HTS were tested against ICL2. 

Besides HTS, several academic research groups have tried to develop ICL1 inhibitors using 

other approaches, but none of the molecules were tested against ICL2. Vinšová and co-workers 

have focused on synthesising derivatives of salicylanilides, including salicylanilide benzoates, 

salicylanilide pyrazinoates, salicylanilide diethyl phosphates, salicylanilide N,N-substituted 

carbamates and thiocarbamates These compounds were tested for inhibition of ICL1.79-82 At 

100 μM concentration, 5-chloro-2-hydroxy-N-(4-(trifluoromethyl)phenyl)benzamide 7 and 4-

chloro-2-((4-(trifluoromethyl)phenyl)carbamoyl)phenyl pyrazine-2-carboxylate 8 showed 

~59% inhibition of ICL1. At 10 μM concentration, 4-bromo-2-((4-

(trifluoromethyl)phenyl)carbamoyl)phenyl acetyl-L-phenylalaninate 9 and (S)-4-bromo-2-((4-

fluorophenyl)carbamoyl)phenyl diphenylcarbamate 10 showed ~22% inhibition of ICL1. 

However, these compounds were cytotoxic and were therefore not suitable to progress as drug 

candidates. The same group also explored 2-methoxybenzanilide, 2-methoxy-2-
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hydroxybenzanilide derivatives and their thioxo analogues as potential inhibitors against 

ICL1.83, 84 At 10 μM concentration, 4-chloro-N-(2-hydroxy-4-(trifluoromethyl)phenyl)-2-

methoxybenzothioamide 11 showed ~23% inhibition against ICL1. In another study, the group 

of Sriram synthesised four classes of molecule such as pthalazinyl derivatives,85 5-nitro-2-

furoic acid hydrazones,86 5-nitro-2,6-dioxohexahydro-4-pyrimidinecarboxamides87 and 3-

nitropropionamides.88 These compounds were then tested against ICL1. A pthalazinyl 

derivative 2-(3-(4-bromo-2-fluorobenzyl)-4-oxo-3,4-dihydrophthalazin-1-yl)-N'-(3-

nitrobenzylidene)acetohydrazide 12 showed ~62% inhibition of ICL1 at 100 µM. 5-Nitro-2-

furoic acid hydrazones derivatives, including 5-nitro-N'-((3-nitrofuran-2-yl)methylene)furan-

2-carbohydrazide 13 and N'-(1-(4-bromophenyl)ethylidene)-5-nitrofuran-2-carbohydrazide 

14, showed 89 and 73% ICL1 inhibition respectively. Several 3-nitropropionamide derivatives 

also showed inhibitory action against ICL1. These include 4-cyclopropyl-6-(3,5-dimethyl-4-

(3-nitropropanoyl)piperazin-1-yl)-7-fluoro-5-methoxy-1-oxo-1,4-dihydronaphthalene-2-

carboxylic acid 15 (IC50 = 0.10 µM) and 4-cyclopropyl-7-fluoro-5-methoxy-6-(4-(3-

nitropropanoyl)piperazin-1-yl)-1-oxo-1,4-dihydronaphthalene-2-carboxylic acid 16 (IC50 = 

0.12 µM). The flavonoid, quercetin 17, showed ICL1 inhibition with an IC50 of 3.57 µM.89 

However, quercetin is not being progressed due to poor penetration of the mycobacterial cell 

wall as these compounds were highly polar with multiple hydroxyl groups present.89 In addition 

to small molecule inhibitors, Yin et al. and Liu et al. used molecular docking to guide the 

design of peptide-based ICL1 inhibitors.73 This is a potential method to bypass the polar active 

site as peptides target the oligomerisation interface of ICL1, which is catalytically inactive in 

the monomeric form. Although the best reported peptidyl inhibitor, a heptapeptide 18, was only 

moderately potent in vitro (IC50 = 126 μM), this demonstrates that the oligomerisation interface 

could be a potential inhibition target.  
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Recently, Pham et al developed an isocitrate analogue inhibitor, 2-vinyl-D- isocitrate 19, which 

is a so-called mechanism-based inhibitor.54 The molecule was found to be isoform selective, 

which inhibits ICL1 strongly (interaction constant, Kinact = 22 µM) than ICL2 (Kinact = 420 µM). 

The mechanism of inhibition relies on the catalytic conversion of isocitrate to succinate and 

glyoxylate. The nucleophile Cys191 attacks the methylene group of 2-vinyl glyoxylate to form 

a homopyruvate adduct and thus inactivates the enzyme. The advantages of this approach are 

fourfold. Firstly, it forms a irreversible or slow reversible covalent adduct at the active site. 

Secondly, it reacts with Cys191 at the substrate binding site that is less prone to mutation thus 

lead to resistance. Thirdly, it inhibits both ICL1 and ICL2. Fourthly, it did not show 

cytotoxicity levels at above 400 µM. However, it inhibits isocitrate dehydrogenase with IC50 

of 10 µM and also its inhibition activity decreased by glyoxylate cycle intermediates D-malate, 

glyoxylate and succinate. 
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Table 1.1: Inhibitors of ICL

Name of inhibitors Structure 

Ki/ Kinact / IC50 / 

% inhibition 

ICL1 ICL2 

Itaconate 

 

Ki = 120 μM Ki = 220  μM 

Nitropropionate 

 

Ki = 3 μM Ki = 110 μM 

Bromopyruvate 

 

Ki = 120  μM Ki = 710 µM 

Itaconic anhydride 

 

Ki = 190 µM Ki = 480 µM 
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Table 1.1: Inhibitors of ICL

Methyl-4-(4-methoxyphenyl)-4-oxobut-2-enoate 

 

Ki = 1.85 µM  

3-((1-(4-Chlorophenyl)-5-(6-methoxynaphthalen-2-

yl)-3-oxopentyl)amino)benzoic acid 

 

IC50 = 0.0535 µM   

5-Chloro-2-hydroxy- N-[4--

(trifluoromethyl)phenyl]benzamide 

 

% inhibition = 59 

(100 µM) 
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Table 1.1: Inhibitors of ICL

4-chloro-2-((4-

(trifluoromethyl)phenyl)carbamoyl)phenyl 

pyrazine-2-carboxylate 

 

% inhibition = 59  

(100 µM) 
 

(S)-4-bromo-2-[4-

(trifluoromethyl)phenylcarbamoyl]phenyl 2-

acetamido-3-phenylpropanoate 

 

% inhibition = 22 

(10 µM) 
 

4-bromo-2-((4-

fluorophenyl)carbamoyl)phenyldiphenylcarbamate 

 

% inhibition = 22 

 (10 µM) 
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Table 1.1: Inhibitors of ICL

4-chloro-2-methoxy-N-(4-

(trifluoromethyl)phenyl)benzothioamide 

 

% inhibition = 23  

(10 µM) 
 

2-(3-(4-bromo-2-fluorobenzyl)-4-oxo-3,4-

dihydrophthalazin-1-yl)-N'-(3-

nitrobenzylidene)acetohydrazide 

 

% inhibition = 62  

(100 µM) 
 

5-nitro-N'-((3-nitrofuran-2-yl)methylene)furan-2-

carbohydrazide 

 

% inhibition = 89  

(100 µM) 
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Table 1.1: Inhibitors of ICL

N'-(1-(4-bromophenyl)ethylidene)-5-nitrofuran-2-

carbohydrazide 

 

% inhibition = 73  

(100 µM) 
 

4-Cyclopropyl-6-(3,5-dimethyl-4-(3-

nitropropanoyl)piperazin-1-yl)-7-fluoro-5-methoxy-

1-oxo-1,4-dihydronaphthalene-2-carboxylic acid 

 

IC50 = 0.1 µM  

4-Cyclopropyl-7-fluoro-5-methoxy-6-(4-(3-

nitropropanoyl)piperazin-1-yl)-1-oxo-1,4-

dihydronaphthalene-2-carboxylic acid 

 

IC50 = 0.12 µM  

Quercetin 

 

IC50 = 3.57 µM  
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Table 1.1: Inhibitors of ICL

Heptapeptide 
 

IC50 = 126 µM  

2-Vinyl-D-isocitrate 

 

Kinact = 22 µM Kinact = 420 µM  
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1.6 Overview of this Thesis 

1.6.1 General overview  

The main objective of the work reported in this thesis was to study the role of ICL in the fatty 

acid metabolism of M. tuberculosis, specifically its role in the glyoxylate and methylcitrate 

cycles. A particular focus will be on ICL2, the lesser studied isoform. A second objective of 

this work was to synthesise valuable nitrogen-heterocycles from itaconic acid, a weak inhibitor 

of ICL. 

 

1.6.2 Specific overview 

Chapter 2: Molecular biology techniques were applied for the production and purification of 

four isoforms of isocitrate lyase; ICL1, ICL2, ICL2a and ICl2b. 

Chapter 3: An NMR-based method was developed to study the kinetics and inhibition of ICL 

by using ICL1 as a model system. The use of the thermal shift method for high-throughput 

screening of potential ICL1 ligands was also described.  

Chapter 4: Protein X-ray crystallography was used for structure determination of ICL2. The 

activity of ICL2 was investigated by NMR. 

Chapter 5: Itaconic acid was investigated as a green starting material for organic and medicinal 

chemistry.   

Chapter 6: Experimental procedures are described.  
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Chapter 2: Recombinant production and purification of Mycobacterium tuberculosis 

isocitrate lyase1 

2.1 Introduction 

There are two known isoforms of ICL in M. tuberculosis (see Chapter 1). These are ICL1 (428 

AAs; for protein sequence see Table 2.1) and ICL2 (766 AAs; Table 2.2). In M. tuberculosis 

H37Rv, an open reading frame mutation was found in the gene aceA, which encodes ICL2. 

This splits the gene into two open reading frames, aceAa and aceAb, which encodes ICL2a 

(367 AAs) and ICL2b (398 AAs) respectively (Table 2.3). It is not known whether ICL2a or 

ICL2b are stable proteins and/or whether these proteins possess ICL activities. 

 

Table 2.1: Translated amino acid sequence of ICL1. 

                                                 
1 The work that is described in this chapter was conducted in collaboration with Dr Ghader Bashiri, who provided assistance and advice in 

the production and purification of ICL2 

 
Part of the work from this chapter was published as described in: 

 

Bhusal, R. P.; Patel, K.; Kwai, B. X. C.; Swartjes, A.;Bashiri, G.; Reynisson, J.; Sperry, J.; Leung, I. K. H. Development of NMR and 
thermal shift assays for the evaluation of Mycobacterium tuberculosis isocitrate lyase inhibitors. Med. Chem. Commun. 2017, 8, 2155–2163. 

 

MSVVGTPKSAEQIQQEWDTNPRWKDVTRTYSAEDVVALQGSVVEEHTLARRGAEVLWEQLHDLEWVNALG

ALTGNMAVQQVRAGLKAIYLSGWQVAGDANLSGHTYPDQSLYPANSVPQVVRRINNALQRADQIAKIEGD

TSVENWLAPIVADGEAGFGGALNVYELQKALIAAGVAGSHWEDQLASEKKCGHLGGKVLIPTQQHIRTLT

SARLAADVADVPTVVIARTDAEAATLITSDVDERDQPFITGERTREGFYRTKNGIEPCIARAKAYAPFAD

LIWMETGTPDLEAARQFSEAVKAEYPDQMLAYNCSPSFNWKKHLDDATIAKFQKELAAMGFKFQFITLAG

FHALNYSMFDLAYGYAQNQMSAYVELQEREFAAEERGYTATKHQREVGAGYFDRIATTVDPNSSTTALTG

STEEGQFH 
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Table 2.2: Translated amino acid sequence of ICL2. 

 

Table 2.3: Translated amino acid sequence of a) ICL2a and; b) ICL2b. 

 

M. tuberculosis ICL1 and ICL2 have been produced recombinantly in E. coli before.1 In 1999, 

Bentrup and co-workers reported the production of stable and active recombinant 

mycobacterial ICL1 with a N-terminal polyhistidine tag based on the sequence of M. 

MAIAETDTEVHTPFEQDFEKDVAATQRYFDSSRFAGIIRLYTARQVVEQRGTIPVDHIVAREAAGAFYER

LRELFAARKSITTFGPYSPGQAVSMKRMGIEAIYLGGWATSAKGSSTEDPGPDLASYPLSQVPDDAAVLV

RALLTADRNQHYLRLQMSERQRAATPAYDFRPFIIADADTGHGGDPHVRNLIRRFVEVGVPGYHIEDQRP

GTKKCGHQGGKVLVPSDEQIKRLNAARFQLDIMRVPGIIVARTDAEAANLIDSRADERDQPFLLGATKLD

VPSYKSCFLAMVRRFYELGVKELNGHLLYALGDSEYAAAGGWLERQGIFGLVSDAVNAWREDGQQSIDGI

FDQVESRFVAAWEDDAGLMTYGEAVADVLEFGQSEGEPIGMAPEEWRAFAARASLHAARAKAKELGADPP

WDCELAKTPEGYYQIRGGIPYAIAKSLAAAPFADILWMETKTADLADARQFAEAIHAEFPDQMLAYNLSP

SFNWDTTGMTDEEMRRFPEELGKMGFVFNFITYGGHQIDGVAAEEFATALRQDGMLALARLQRKMRLVES

PYRTPQTLVGGPRSDAALAASSGRTATTKAMGKGSTQHQHLVQTEVPRKLLEEWLAMWSGHYQLKDKLRV

QLRPQRAGSEVLELGIHGESDDKLANVIFQPIQDRRGRTILLVRDQNTFGAELRQKRLMTLIHLWLVHRF

KAQAVHYVTPTDDNLYQTSKMKSHGIFTEVNQEVGEIIVAEVNHPRIAELLTPDRVALRKLITKEA 

a) 
MAIAETDTEVHTPFEQDFEKDVAATQRYFDSSRFAGIIRLYTARQVVEQRGTIPVDHIVAREAAGAFYER

LRELFAARKSITTFGPYSPGQAVSMKRMGIEAIYLGGWATSAKGSSTEDPGPDLASYPLSQVPDDAAVLV

RALLTADRNQHYLRLQMSERQRAATPAYDFRPFIIADAGTGHGGDPHVRNLIRRFVEVGVPGYHIEDQRP

GTKKCGHQGGKVLVPSDEQIKRLNAARFQLDIMRVPGIIVARTDAEAANLIDSRADERDQPFLLGATKLD

VPSYKSCFLAMVRRFTNWASRSSMVIFSMRLATASTRRPAVGLSAKAFSAWSPTRSTRGGRTASSRSTAF

STRSSRGSWRPGRTTRA 

 

b) 
MTYGEAVADVLEFGQSEGEPIGMAPEEWRAFAARASLHAARAKAKELGADPPWDCELAKTPEGYYQIRGG

IPYAIAKSLAAAPFADILWMETKTADLADARQFAEAIHAEFPDQMLAYNLSPSFNWDTTGMTDEEMRRFP 

EELGKMGFVFNFITYGGHQIDGVAAEEFATALRQDGMLALARLQRKMRLVESPYRTPQTLVGGPRSDAAL 

AASSGRTATTKAMGKGSTQHQHLVQTEVPRKLLEEWLAMWSGHYQLKDKLRVQLRPQRAGSEVLELGIHG 

ESDDKLANVIFQPIQDRRGRTILLVRDQNTFGAELRQKRLMTLIHLWLVHRFKAQAVHYVTPTDDNLYQT 

SKMKSHGIFTEVNQEVGEIIVAEVNHPRIAELLTPDRVALRKLITKEA 
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tuberculosis CSU93.1 The authors amplified the gene using polymerase chain reaction (PCR) 

and ligated the gene that encodes ICL1 to the pET based p6HisF-11d vector and transformed 

to E. coli HB101 for recombinant protein production. Liu and co-workers reported the 

production of ICL1 with a N-terminal polyhistidine tag by using E.coli BL21 (DE3).2 The gene 

was cloned into pET28a. In both cases, the protein was purified by using metal affinity 

chromatography. The groups of Sacchettini and Meek also reported the production of ICL1 

without a purification tag by using E. coli BL21 (DE3).3, 4, 5 In both cases, ion exchange 

chromatography and size exclusion chromatography were used for protein purification.  

The first production of the mycobacterial ICL2 enzyme with a N-terminal polyhistidine tag by 

using E. coli as a host was reported by Bentrup and co-workers.1 The ICL1 expression 

condition was applied to produce ICL2. The authors reported ICL2 as an unstable protein. 

Protein denaturation was observed when the protein was stored at -80 ºC in a piperazine-N,N′-

bis(2-ethanesulfonic acid (PIPES)-based buffer at pH 8.0 in the presence of 100 mM NaCl and 

300 mM imidazole. In 2006, Sacchettini and co-workers reported the production ICL2 without 

a purification tag by using E. coli BL21 (DE3).4 The protein was purified by ion exchange 

chromatography and size exclusion chromatography. The protein was stored in a 

tris(hydroxymethyl)aminomethane (Tris)-based buffer at pH 7.5 in the presence of 1 mM 

ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT) and 100 mM NaCl. The 

authors did not comment on the stability of the protein. In 2017, Meek and co-workers 

documented the production of stable truncated ICL2 (residues 1-605) with a C-terminal 

polyhistidine tag by using E. coli BL21 (DE3) as a host.5 The protein was purified by affinity 

chromatography. 
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2.2 Objectives 

Given the importance of ICL in the fatty acid metabolism of M. tuberculosis, the production of 

highly purified, stable and active ICL at high yield will enable medicinal chemistry efforts to 

develop inhibitors that target ICL. The objective of the work described in this Chapter is 

therefore to find the optimal conditions for the production, purification and storage of ICL1, 

ICL2, ICL2a and ICL2b. 

 

2.3 Production and purification of ICL1 

2.3.1 Cloning 

The recombinant production of ICL1 was first optimised. The procedure largely followed the 

method that reported by Savitsky et al.6 and Gileadi et al.7 In order to aid the production and 

purification of the recombinant protein, the pNIC28-Bsa4 vector (Figure 2.1a) was chosen so 

that the protein will include a N-terminal polyhistidine tag for affinity purification and a 

tobacco etch virus (TEV) protease cleavage site for the removal of the purification tag. 

Next, a synthetic DNA fragment (gBlocks from Integrated DNA Technologies) encoding M. 

tuberculosis ICL1 was designed. Due to the high repeat density near the 3 end of ICL1 (Table 

2.4), the DNA sequence was codon optimised for the ease of DNA synthesis.8 In order to clone 

it onto the pNIC28-Bsa4 vector,6, 7 the tacttccaatccatg sequence was added to the 5 end and 

cagtaaaggtggata was added to the 3 end of the codon-optimised DNA sequence encoding M. 

tuberculosis ICL1 (Table 2.4). 

The cloning method for pNIC28-Bsa4 is ligase independent cloning (LIC), which does not 

require DNA ligase (Figure 2.1b). The pNIC28-Bsa4 vector was first linearised by using the 

BsaI restriction enzyme, which recognises the sequence GGTCTC(N), in which N is any 

nucleotide. The uncut vector possessed a Bacillus subtilis sacB gene (Figure 2.1a) that encodes 

the enzyme levansucrase. The expression of levansucrase in the presence of sucrose is lethal to 
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E. coli, which can be used as a negative selection marker.9 Next, complementary cohesive 

overhangs were created by treating the opened vector with T4 DNA polymerase in the presence 

of deoxyguanosine triphosphate (dGTP). The overhangs were created using the 3→5 

exonuclease activity of T4 DNA polymerase. The same procedure, this time with 

deoxycytidine triphosphate (dCTP), was used to generate the complementary cohesive ends 

with the synthetic DNA fragment (Figure 2.1b).10 The recombinant plasmid was then 

transformed to XL10-Gold competent cells. The negative selection of the uncut vector was 

achieved by adding 5% sucrose to the culture media.9 Following a plasmid minipreparation, 

the sequence of the plasmid was confirmed by DNA sequencing (DNA Sequencing Centre, 

The University of Auckland). The correct plasmid was then used to transform BL21 (DE3) 

competent cells for protein expression. 
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Table 2.4: The synthetic gene fragment of icl1 used in this study. Sequences tacttccaatcc and 

cagtaaaggtggata were added to the 5 and 3 ends respectively for cloning to the vector 

pNIC28-Bsa4. 

 

 

TACTTCCAATCC 

ATGTCTGTCGTCGGCACCCCGAAGAGCGCGGAGCAGATCCAGCAGGAATGGGACACGAACCCGCGCTGGA

AGGACGTCACCCGCACCTACTCCGCCGAGGACGTCGTCGCCCTCCAGGGCAGCGTGGTCGAGGAGCACAC

GCTGGCCCGCCGCGGTGCGGAGGTGCTGTGGGAGCAGCTGCACGACCTCGAGTGGGTCAACGCGCTGGGC

GCGCTGACCGGCAACATGGCCGTCCAGCAGGTGCGCGCCGGCCTGAAGGCCATCTACCTGTCGGGCTGGC

AGGTCGCCGGCGATGCCAACCTGTCCGGGCACACCTACCCCGACCAGAGCCTGTATCCCGCCAACTCGGT

GCCGCAGGTGGTCCGCCGGATCAACAACGCACTGCAGCGCGCCGACCAGATCGCCAAGATCGAGGGCGAT

ACTTCGGTGGAGACTGGCTGGCGCCGATTGTCGCCGACGGCGAGGCCGGCTTTGGCGGCGCGCTCAACGT

CTACGAGCTGCAGAAAGCCCTGATCGCCGCGGGCGTTGCGGGTTCGCACTGGGAGGACCAGTTGGCCTCT

GAGAAGAAGTGCGGCCACCTGGGCGGCAAGGTGTTGATCCCGACCCAGCAGCACATCCGCACTTTGACGT

CTGCTCGGCTCGCGGCCGATGTGGCTGATGTTCCCACGGTGGTGATCGCCCGTACCGACGCCGAGGCGGC

CACGCTGATCACCTCCGACGTCGACGAGCGCGACCAGCCGTTCATCACCGGCGAGCGCACCCGGGAAGGC

TTCTACCGCACCAAGAACGGCATCGAGCCTTGCATCGCTCGGGCGAAGGCCTACGCCCCGTTCGCCGACT

TGATCTGGATGGAGACCGGTACCCCGGACCTCGAGGCCGCCCGGCAGTTCTCCGAGGCGGTCAAGGCGGA

GTACCCGGACCAGATGCTGGCCTACAACTGCTCGCCATCGTTCAACTGGAAAAAGCACCTCGACGACGCC

ACCATCGCCAAGTTCCAGAAGGAGCTGGCAGCCATGGGCTTCAAGTTCCAGTTCATCACGCTGGCCGGCT

TCCATGCGCTGAACTACTCGATGTTCGATCTGGCCTACGGCTACGCCCAGAACCAGATGAGCGCGTATGT

CGAACTGCAGGAACGCGAGTTCGCCGCCGAAGAACGGGGCTACACCGCGACCAAGCACCAGCGCGAGGTC

GGCGCCGGCTACTTCGACCGGATTGCCACCACCGTGGACCCGAATTCGTCGACCACCGCGTTGACCGGTT

CCACCGAAGAGGGCCAGTTCCACTAG 

CAGTAAAGGTGGATA 
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Figure 2.1: a) Plasmid map of the vector pNIC28-Bsa4; b) Ligase-independent cloning 

strategy of the synthetic DNA fragment that encodes icl1 to the vector pNIC28-Bsa4. Red 

represents the 3 end comprising of amino acid sequences. 

pNIC28-Bsa4 

Bsal

T4 DNA 

polymerase

5’ TACTTCCAATCCATG CAGTAAAGGTGGATA 3’
3’ ATGAAGGTTAGGTAC GTCATTTCCACCTAT 5’

5’ TACTTCCAATCCATG C 3’

3’C GTCATTTCCACCTAT 5’

icl1

T4 DNA 

polymerase

LIC

b)

dGTP
dCTP

pNIC28-Bsa4-

icl1

a)
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2.3.2 Protein expression trials  

The expression levels of the proteins in the transformed BL21 (DE3) cells were then evaluated. 

As the plasmid has a T7-promotor, isopropyl β-D-1-thiogalactopyranoside (IPTG) could be 

used to promote the production of the recombinant protein. Three different IPTG 

concentrations (0.2, 0.5 and 1.0 mM), three different incubation temperatures after induction 

(18, 28 and 37 °C) and two different incubation times (three hours and 16 h) were tested.  

Using denaturing sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

(Figure 2.2), ICL1 was found to be expressed and soluble under all the tested conditions. The 

optimal temperature selected for large-scale production of ICL1 was 18 °C and the optimal 

IPTG concentration was 0.2 mM. The optimal incubation time was 16 h. 

 

Figure 2.2: SDS-PAGE showing the expression trial of ICL1 (MW = 49.64 kDa) at 18 °C with 

three different IPTG concentrations (0.2, 0.5 and 1.0 mM) and 16 h incubation. First lane 

represents a protein ladder. Lanes 2 and 3 represent whole cell and cell lysate at 0.2 mM IPTG 

concentration. Lanes 4 and 5 represent whole cell and cell lysate at 0.5 mM IPTG 

concentration. Lanes 6 and 7 represent whole cell and cell lysate at 1.0 mM IPTG 

concentration.  
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2.3.4 Large-scale production and purification 

The purification of the recombinant ICL1 was then optimised. Two column chromatography 

methods, immobilised metal affinity chromatography (IMAC) and size-exclusion 

chromatography (SEC), were tested.  

 

2.3.4.1 Immobilized metal affinity chromatography (IMAC) 

The concept of IMAC was introduced in 1975 by utilising the interaction between transition 

metals such as copper and zinc and histidine and cysteine residues of proteins.11 The interaction 

of fused polyhistidine affinity tag to immobilised nickel in a column has been exploited since 

the 1980s for the purification of recombinant proteins.12 As ICL1 was produced with an N-

terminal polyhistidine tag, IMAC using Ni(II) was used for purification. The UV280 

chromatogram showed ICL1 was eluted as a single peak. The typical yield of ICL1 that was 

purified by IMAC was around 70 mg per five litres of media. 

Next, the removal of the polyhistidine tag by using TEV protease was tested. First, the protein 

was incubated with TEV protease at 4 °C in 1:50 molar ratio for 24 hours. Unfortunately, the 

condition found to be unsatisfactory, as only about 10% of the proteins was found to be cleaved 

as judged by SDS-PAGE. The concentration of TEV protease was therefore increased to a 1:10 

molar ratio, and the incubation time was increased to 48 hours. However, even with the 

increased concentration of TEV protease and increased incubation time, TEV protease did not 

cleave more than 10% of the protein, which was demonstrated by a thin band at 47 kDa in 

SDS-PAGE (Figure 2.3). Control experiments using another fusion protein showed that the 

TEV protease was active (data not shown). It was therefore reasoned that the unsuccessful 

attempts were likely due to the structure of the protein. It is postulated that the TEV protease 

binding site may be sterically hindered due to the compact structure of ICL1. As previous 

studies showed that the catalytic activity of ICL1 was similar with or without a N-terminal 
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polyhistidine tag,1,2,4,5 it was therefore decided that ICL1 with the polyhistidine tag would be 

used for further experiments.  

  

Figure 2.3: SDS-PAGE displaying unsuccessful attempts at polyhistidine tag cleavage from 

ICL1 (MW = 49.64 kDa) to give ICL without purification tag (MW = 47.086). Lane 1 

represents protein ladder. Lane 2 represents ICL1 before treatment with TEV protease. Lane 3 

represents ICL1 treated with TEV protease (1:10).  

 

2.3.4.2 Size exclusion chromatography (SEC) 

Size exclusion chromatography (SEC) is a well-known chromatographic technique for the 

purification of peptides and proteins, in which the separation of macromolecules is based on 

molecular weight.13 Typically, size exclusion columns are made of cross linked polymer beads 

such as agarose (Sepharose), dextran-epichlorohydrin (Sephadex) and dextran-polyacrylamide 

(Sephacryl) with a controlled pore size. When a solution containing macromolecules of 

different molecular weight is passed through the column, small macromolecules are trapped 

inside the pores of the beads in the column and will therefore take a longer time to elute. Large 

molecules, in contrast, will not fit inside the pores of the beads in the column and will therefore 
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elute faster. SEC was used as the final purification step to obtain pure ICL1. The protein was 

eluted as a single peak in the chromatogram (Figure 2.4a). The purity of the protein was 

confirmed by SDS-PAGE (Figure 2.4b) and the folding of the ICL1 was confirmed by 

thermofluor data (Figure 2.4c). Overall, 45 mg of highly purified ICL1 was obtained from 8 L 

of culture. 
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Figure 2.4: a) SEC purification chromatogram of ICL1; b) SDS-PAGE showing the purity of 

ICL1 (MW = 49.64 kDa) after SEC. Sample run was composed of fractions 19 to 26. Lane 1 

represents the protein ladder and lane 2 presents ICL1; c) Protein melt curve showing an 

unfolding transition of ICL1. The sample contained 20 μM ICL1 in 50 mM Tris-HCl pH 7.5. 

The temperature was increased from 25 to 95 °C at 1 °C increment every 60 seconds.  

 

2.4 Production and Purification of ICL2 

2.4.1 Cloning  

The recombinant production of ICL2 was then optimised. The DNA sequence (Table 2.5) that 

encodes ICL2 from M. tuberculosis CDC1551 possesses 2301 nucleotides. The sequence was 

long for the commercially-available synthetic gene fragment that was used for ICL1; a full 

synthetic gene was therefore required (plasmid pUCIDT; obtained from Integrated DNA 

Technologies). 
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Table 2.5: DNA sequence of AceA 

 

ATGGCCATCGCCGAAACGGACACCGAGGTCCACACACCGTTCGAGCAGGACTTTGAGAAAGACGTAGCCG

CCACTCAGCGATACTTCGACAGCTCGCGCTTTGCTGGGATCATTCGGCTCTACACCGCCCGCCAAGTCGT

GGAACAGCGCGGCACGATCCCCGTCGACCACATCGTGGCGCGAGAGGCGGCGGGCGCCTTCTACGAGCGT

CTGCGCGAACTCTTTGCAGCCCGCAAGAGCATCACGACGTTTGGCCCCTACTCGCCGGGGCAGGCGGTGA

GCAGAAGCGGATGGGTATCGAGGCGATCTACCTCGGTGGTTGGGCTACCTCAGCTAAGGGCTCCAGCACC

GAAGATCCGGGGCCCGACCTCGCCAGCTACCCGCTGAGCCAGGTGCCTGACGATGCCGCGGTGCTGGTGC

GCGCCTTGCTCACCGCGGACCGCAACCAACACTATCTACGCCTGCAGATGAGCGAGCGACAGCGTGCGGC

GACACCGGCTTACGACTTCCGCCCGTTTATCATCGCCGACGCCGACACCGGCCACGGCGGCGATCCGCAC

GTACGCAACCTGATCCGCCGCTTCGTCGAGGTCGGTGTGCCGGGCTACCACATCGAGGACCAACGACCCG

GCACCAAGAAGTGCGGCCACCAGGGCGGCAAGGTCCTGGTGCCGTCCGACGAACAGATCAAGCGGCTCAA

CGCCGCCCGCTTCCAGCTCGACATCATGCGGGTGCCCGGCATCATCGTCGCACGCACCGACGCGGAGGCG

GCCAACCTGATCGACAGTCGCGCCGACGAGCGTGACCAGCCGTTCCTTCTCGGCGCGACCAAGCTCGACG

TACCGTCCTACAAGTCCTGTTTCCTGGCAATGGTGCGGCGTTTTTACGAACTGGGCGTCAAGGAGCTCAA

TGGTCATCTTCTCTATGCGCTTGGCGACAGCGAGTACGCGGCGGCCGGCGGTTGGCTTGAGCGCCAAGGC

ATTTTCGGCTTGGTCTCCGACGCGGTCAACGCGTGGCGGGAGGACGGCCAGCAGTCGATCGACGGCATTT

TCGACCAGGTCGAGTCGCGGTTCGTGGCGGCCTGGGAGGACGACGCGGGCCTGATGACCTACGGAGAGGC

CGTGGCGGACGTGCTCGAATTCGGTCAGAGCGAGGGCGAACCCATTGGCATGGCTCCCGAGGAGTGGCGG

GCGTTCGCCGCGCGTGCATCGCTGCATGCCGCCCGGGCAAAGGCCAAGGAGCTGGGCGCCGATCCGCCAT

GGGACTGCGAGCTGGCCAAGACCCCGGAGGGCTACTACCAGATCCGCGGCGGCATACCGTATGCGATCGC

CAAATCGCTGGCCGCGGCACCGTTTGCCGACATTCTTTGGATGGAGACCAAGACCGCCGATCTCGCCGAC

GCTCGACAGTTCGCCGAGGCGATCCATGCCGAGTTCCCCGACCAGATGCTGGCGTACAACCTCTCACCAT

CGTTCAACTGGGACACCACCGGCATGACCGACGAGGAGATGCGGCGCTTCCCCGAGGAGCTCGGCAAAAT

GGGCTTCGTCTTCAACTTCATCACCTATGGCGGGCACCAGATCGACGGTGTCGCGGCCGAGGAATTCGCC

ACCGCGCTGCGCCAGGACGGCAGCTGGCGCTGGCTCGGTTGCAGCGCAAGATGCGCTTGGTCGAATCTCC

CTATCGCACACCGCAAACGCTAGTCGGCGGGCCGCGCAGTGACGCCGCATTGGCTGCCTCCTCCGGACGC

ACGGCGACCACGAAGGCAATGGGCAAGGGCTCCACCCAGCACCAGCACTTGGTGCAAACTGAGGTGCCGC

GCAAGCTGCTAGAGGAATGGCTGGCCATGTGGAGCGGTCACTACCAGCTCAAAGACAAACTGCGCGTACA

GCTTCGGCCGCAGCGGGCCGGCTCGGAGGTGCTCGAGCTCGGCATCCACGGCGAAAGCGATGACAAGCTC

GCCAACGTGATATTCCAACCGATCCAAGATCGCCGCGGCCGCACCATCCTGTTGGTACGCGACCAGAACA

CGTTCGGTGCGGAACTACGCCAAAAGCGGCTGATGACCCTGATCCACCTCTGGCTCGTCCACCGCTTCAA

GGCGCAGGCGGTGCACTACGTCACGCCCACCGACGACAACCTCTACCAGACCTCGAAGATGAAGTCGCAT

GGAATCTTCACCGAGGTCAACCAGGAGGTGGGCGAGATCATCGTCGCCGAGGTGAACCACCCGCGCATCG

CCGAACTGCTGACGCCCGATCGGGTGGCGCTGCGGAAGTTGATCACGAAGGAGGCGTAG 
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Although ICL2 had been produced recombinantly using E.coli previously, it was reported to 

be an unstable protein.1 It is possible that E. coli may lack all the molecular machineries that 

are required for the folding and post-translational modification of ICL2, thus leading to 

unstable proteins.14 Mycobacterial hosts, in contrast, should possess all the necessary molecular 

chaperones and modifying enzymes, and are therefore better choice to get stable proteins.15 

Non-pathogenic mycobacterial species such as Mycobacterium smegmatis (M. smegmatis) and 

Mycobacterium vaccae were previously used for the production of mycobacterial proteins.16, 

17 The transformable mutant M. smegmatis strain (mc2 155) was first isolated in 1990 from 

wild-type ATCC 607.18 Since then, it has been used as the system of choice in the expression 

of mycobacterial proteins. Another strain M. smegmatis (mc2 4517) was also generated. It 

allows the expression of proteins using the T7 promoter system in a similar manner to E. coli.19 

It was therefore decided to test the production of ICL2 in both E. coli and M. smegmatis. The 

pYUB28b vector,20 which was designed from the M. smegmatis expression vector pYUB1049, 

was chosen as it can be used for both E. coli and M. smegmatis. 

The polymerase chain reaction (PCR), a method that is commonly used to amplify particular 

DNA sequences, was then used to amplify the DNA sequence that encodes ICL2 from the 

synthetic gene. As the pYUB28b vector contains the NdeI and HindIII restriction sites, two 

primers, one forward and one backward, were designed based on the NdeI and HindIII 

restriction sites sequence and melting temperatures (Tm) (Table 2.6). The Tm difference 

between the forward and the reverse primer was kept within 2 ºC and in between 60-64 ºC, 

which is recommended for the PCR experiment.21  

The PCR product was analysed and confirmed by agarose gel electrophoresis (Figure 2.5). It 

was then cloned into the pYUB28b vector (Figure 2.6). Both the PCR product and the vector 

were double digested with NdeI and HindIII. The digested inserts and vectors were incubated 

with ligase to get a recombinant pYUB28b-AceA plasmid.  
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Table 2.6: Forward and reverse primers that were used for PCR reactions to amplify aceA from 

the synthetic gene. aactagaatcagcat is added to the 5 end of the forward primer and 

aaatcaaagctt is added to the 5 end of the reverse primer so that the amplified PCR product can 

be cloned into the pYUB28b vector using the NdeI and HindIII restriction sites. 

 

 

Design of forward primer based on NdeI restriction site 

 

NdeI restriction site 

 
 

A section of forward sequence with additional aactagaatcgacat 

5’- aactagaatcgacatatggccatcgccgaaacggacaccgaggtcc -3’ 

 

Forward primer; 

5’- aactagaatcgacatATG GCC ATC GCC GAA ACG GAC AC -3’ 

Tm = 60.6 ºC 

 

 

Design of reverse primer based on HINDIII restriction site 

 

HindIII restriction site 

 
 

A section of reverse complement with additional aaatcaaagctt 

5’- aaatcaaagcttctacgcctccttcgtgatcaacttccgcagcgccacccg -3’ 

 

Reverse primer;  

5’- aaatcaaagcttCTA CGC CTC CTT CGT GAT CAA CTT CC -3’ 

Tm = 61.1 ºC 
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Figure 2.5: Agarose gel electrophoresis (1%) showing the amplified PCR product that encodes 

AceA. The observed length of PCR product was similar to the calculated length (2328 bp).  
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Figure 2.6: a) Plasmid map of the vector pYUB28b; b) Cloning strategy of the PCR-amplified 

DNA fragment that encodes AceA to the vector pYUB28b. The red colour represents: 

 

pYUB28b

NdeI

HindIII

5’ AACTAGAATCGACATATG AAGCTTTGATTT 3’

TTCGAAACTAAA 5’

AceA

Ligase

b)

3’ TTGATCTTAGCTGTATAC

5’ TATG

3’ AC

A 3’

TTCGA 5’

NdeI

HindIII

pYUB28b-

AceA

a)

5´CATATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCCGAATTCGAGCTCCGTCGACAAGCTT3´ 

3´GTATACCGATCGTACTGACCACCTGTCGTTTACCCAGCCCTAGGCTTAAGCTCGAGGCAGCTGTTCGAA5´ 
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The recombinant plasmid was then transformed to E. coli Top10 competent cells to get multiple 

copies of the recombinant plasmid. The plasmid was confirmed by agarose gel electrophoresis 

and DNA sequencing (DNA Sequencing Centre, The University of Auckland). The correct 

plasmid was then transformed into E. coli BL21 (DE3) LOBSTR competent cells and 

Mycobacterium smegmatis mc24517. 

 

2.4.2 Protein expression trials  

Small-scale expression trials were then conducted with both E. coli BL21 (DE3) LOBSTR and 

M. smegmatis mc24517. E. coli BL21 (DE3) LOBSTR was used because it is low in histidine-

rich protein.22 This will allow efficient IMAC purification even if the expression level of the 

polyhistidine-tagged recombinant protein is low. In addition, the E. coli BL21 (DE3) LOBSTR 

is co-transformed with the plasmid pGro7, which encodes the GroEL-GroES chaperone. The 

GroEL-GroES chaperone may facilitate the folding of its client proteins to their native state by 

stabilising the unfolded or partially folded proteins, thus providing enough time for proper 

folding to occur.23,24  

Interestingly, soluble ICL2 was found under all the tested conditions (Table 2.7). Based on the 

yield of soluble ICL2 production that was judged by denaturing SDS-PAGE, BL21 (DE3) 

LOBSTR with leaky expression at 37 °C was selected for large-scale production of ICL2. BL21 

(DE3) LOBSTR was selected over M. smegmatis for scale up production because M. smegmatis 

is slow-growing and relatively difficult to handle when compared to E. coli. 

S.N. Organism Temerature/°C Condition Soluble ICL2 

1 BL21 LOBSTR 18 leaky √ 

   autoinduction √ 

   0.5 mM IPTG √ 

  37 leaky √ 

   autoinduction √ 

   0.5 mM IPTG √ 

2 M. smegmatis 37 autoinduction √ 

Table 2.7: Different conditions that were tested for ICL2 expression.  
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2.4.3 Large-scale production and purification 

Firstly, transformed BL21 (DE3) LOBSTR was grown at 37 °C and used as a starter culture 

for ICL2 production. The starter culture was then diluted with fresh media containing 0.1% 

arabinose, which was then incubated for 18 hrs at 37 °C before it was harvested by using 

centrifugation. Arabinose (0.1 %) helps to induce the production of GroEL-GroES as pGro7 is 

an araB promoter.25, 26 The cell pellet was resuspended in 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer (pH 7.5) and lysed using a cell disrupter to get 

soluble ICL2. The pYUB28b vector added a N-terminal fusion polyhistidine tag to the 

protein,20 which enables ICL2 to be purified by IMAC and SEC in a similar manner to ICL1 

(Figure 2.7a). The folding of the ICL2 was confirmed by thermofluor data. Overall, 30 mg of 

the purified protein was obtained from 5 L culture. 

 

Figure 2.7: a) SDS-PAGE showing the purity of ICL2 (MW = 85.32 kDa) after SEC. Lane 1 

represents the protein ladder and lane 2 presents ICL2. Fraction 12 was run on the gel (see 

Figure 2.8 b, page 47); b) Protein melt curve showing an unfolding transition of ICL2. The 

sample contained 20 μM ICL2 in 50 mM Tris-HCl pH 7.5. The temperature was increased 

from 25 to 95 °C at 1 °C increment every 60 seconds.  
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2.4.4 Optimisation for stability of ICL2  

ICL2 was reported to be unstable when stored in vitro in PIPES buffer at pH 8.0 (20 mM 

PIPES, 50 mM NaH2PO4, 100 mM NaCl, 300 mM imidazole).2 However, the results obtained 

in this study showed that freshly produced and affinity chromatography-purified ICL2 in 

HEPES buffer at pH 7.5 containing sodium chloride (NaCl), β-mercaptoethanol (β-ME) with 

and without imidazole (Figure 2.8) was stable. However, it was also found that freezing the 

protein for long-term storage in HEPES buffer containing imidazole may lead to protein 

precipitation (Figure 2.9a). After freeze-thawing the affinity chromatography-purified ICL2 (in 

the presence of imidazole) at -80 °C, about 50 % of ICL2 was found to have aggregated, as 

reflected by the chromatogram of SEC, which showed that these aggregated proteins eluted in 

the void volume of SEC (Figure 2.9a). Freezing and thawing of proteins may induce protein 

aggregation. This is a known phenomenon and it could be influenced by factors including low 

temperature and additives in the buffer.27 Interestingly, when ICL2 was stored at -80 °C in 

HEPES buffer without imidazole, the SEC chromatogram showed only a peak that 

corresponded to the folded protein (Figure 2.9b). Therefore, it is likely that the aggregation of 

ICL2 was induced by imidazole in the buffer rather than by freeze-thawing. Therefore, affinity 

column purification should be followed immediately by buffer exchange to remove the 

imidazole.  
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Figure 2.8: Chromatograms of ICL2 purification. a) IMAC purification and; b) SEC 

purification. The SEC purification was conducted immediately after IMAC purification 

without freeze-thawing the protein sample.  

 

Figure 2.9: SEC chromatograms of ICL2 purification after the partially-purified protein (by 

IMAC) was at -80 °C a) buffer with imidazole; b) buffer free of imidazole. 
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2.5 Production and purification of ICL2a and ICL2b 

In M. tuberculosis H37Rv, the gene that encodes ICL2 is split into two open reading frames, 

aceAa and aceAb, which encode ICL2a and ICL2b respectively. It is not clear whether ICL2a 

and ICL2b are soluble or functional proteins. 

 

2.5.1 Design of synthetic gene, cloning and transformation 

Synthetic DNA fragments (gBlocks) encoding M. tuberculosis ICL2a and ICL2b were first 

designed. In a similar manner to the production of ICL1, the tacttccaatccatg sequence was 

added to the 5 end and taacagtaaaggtggata was added to the 3 end for cloning to the pNIC28-

Bsa4 vector (Tables 2.8 and 2.9). The cloning procedures followed those as described for ICL1. 

The sequence of the plasmid was confirmed by DNA sequencing (DNA Sequencing Centre, 

The University of Auckland). 

 

TACTTCCAATCC 

ATGGCCATCGCCGAAACGGACACCGAGGTCCACACACCGTTCGAGCAGGACTTTGAGAAAGACGTAGCCG

CCACTCAGCGATACTTCGACAGCTCGCGCTTTGCTGGGATCATTCGGCTCTACACCGCCCGCCAAGTCGT

GGAACAGCGCGGCACGATCCCCGTCGACCACATCGTGGCGCGAGAGGCGGCGGGCGCCTTCTACGAGCGT

CTGCGCGAACTCTTTGCAGCCCGCAAGAGCATCACGACGTTTGGCCCCTACTCGCCGGGGCAGGCGGTGA

GCATGAAGCGGATGGGTATCGAGGCGATCTACCTCGGTGGTTGGGCTACCTCAGCTAAGGGCTCCAGCAC

CGAAGATCCGGGGCCCGACCTCGCCAGCTACCCGCTGAGCCAGGTGCCTGACGATGCCGCGGTGCTGGTG

CGCGCCTTGCTCACCGCGGACCGCAACCAACACTATCTACGCCTGCAGATGAGCGAGCGACAGCGTGCGG

CGACACCGGCTTACGACTTCCGCCCGTTTATCATCGCCGACGCCGGCACCGGCCACGGCGGCGATCCGCA

CGTACGCAACCTGATCCGCCGCTTCGTCGAGGTCGGTGTGCCGGGCTACCACATCGAGGACCAACGACCC

GGCACCAAGAAGTGCGGCCACCAGGGCGGCAAGGTCCTGGTGCCGTCCGACGAACAGATCAAGCGGCTCA

ACGCCGCCCGCTTCCAGCTCGACATCATGCGGGTGCCCGGCATCATCGTCGCACGCACCGACGCGGAGGC

GGCCAACCTGATCGACAGTCGCGCCGACGAGCGTGACCAGCCGTTCCTTCTCGGCGCGACCAAGCTCGAC

GTACCGTCCTACAAGTCCTGTTTCCTGGCAATGGTGCGGCGTTTTACGAACTGGGCGTCAAGGAGCTCAA

TGGTCATCTTCTCTATGCGCTTGGCGACAGCGAGTACGCGGCGGCCGGCGGTTGGCTTGAGCGCCAAGGC

ATTTTCGGCTTGGTCTCCGACGCGGTCAACGCGTGGCGGGAGGACGGCCAGCAGTCGATCGACGGCATTT

TCGACCAGGTCGAGTCGCGGTTCGTGGCGGCCTGGGAGGACGACGCGGGCCTGA 

CAGTAAAGGTGGATA 
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Table 2.8: The synthetic AceAa fragment used in this study. Sequences tacttccaatcc and 

cagtaaaggtggata were added to the 5 and 3 ends respectively for cloning into the vector 

pNIC28-Bsa4. 

 

Table 2.9: The synthetic AceAb fragment used in this study. Sequences tacttccaatcc and 

cagtaaaggtggata were added to the 5 and 3 ends respectively for cloning into the vector 

pNIC28-Bsa4. 

 

2.5.2 Expression trial of ICL2a 

The recombinant plasmid (pNIC28-Bsa4) encoding ICL2a was transformed in E. coli BL21 

(DE3). Expression trials were then conducted using three different incubation temperatures 

(18, 28 and 37 °C) and IPTG concentrations (0.2, 0.5 and 1.0 mM). Unfortunately, none of 

these conditions led to soluble ICL2a production (Figure 2.10). 

TACTTCCAATCC 

ATGACCTACGGAGAGGCCGTGGCGGACGTGCTCGAATTCGGTCAGAGCGAGGGCGAACCCATTGGCATGG

CTCCCGAGGAGTGGCGGGCGTTCGCCGCGCGTGCATCGCTGCATGCCGCCCGGGCAAAGGCCAAGGAGCT

GGGCGCCGATCCGCCATGGGACTGCGAGCTGGCCAAGACCCCGGAGGGCTACTACCAGATCCGCGGCGGC

ATACCGTATGCGATCGCCAAATCGCTGGCCGCGGCACCGTTTGCCGACATTCTTTGGATGGAGACCAAGA

CCGCGATCTCGCCGACGCTCGACAGTTCGCCGAGGCGATCCATGCCGAGTTCCCCGACCAGATGCTGGCG

TACAACCTCTCACCATCGTTCAACTGGGACACCACCGGCATGACCGACGAGGAGATGCGGCGCTTCCCCG

AGGAGCTCGGCAAAATGGGCTTCGTCTTCAACTTCATCACCTATGGCGGGCACCAGATCGACGGTGTCGC

GGCCGAGGAATTCGCCACCGCGCTGCGCCAGGACGGCATGCTGGCGCTGGCTCGGTTGCAGCGCAAGATG

CGCTTGGTCGAATCTCCCTATCGCACACCGCAAACGCTAGTCGGCGGGCCGCGCAGTGACGCCGCATTGG

CTGCCTCCTCCGGACGCACGGCGACCACGAAGGCAATGGGCAAGGGCTCCACCCAGCACCAGCACTTGGT

GCAAACTGAGGTGCCGCGCAAGCTGCTAGAGGAATGGCTGGCCATGTGGAGCGGTCACTACCAGCTCAAA

GACAAACTGCGCGTACAGCTTCGGCCGCAGCGGGCCGGCTCGGAGGTGCTCGAGCTCGGCATCCACGGCG

AAAGCGATGACAAGCTCGCCAACGTGATATTCCAACCGATCCAAGATCGCCGCGGCCGCACCATCCTGTT

GGTACGCGACCAGAACACGTTCGGTGCGGAACTACGCCAAAAGCGGCTGATGACCCTGATCCACCTCTGG

CTCGTCCACCGCTTCAAGGCGCAGGCGGTGCACTACGTCACGCCCACCGACGACAACCTCTACCAGACCT

CGAAGATGAAGTCGCATGGAATCTTCACCGAGGTCAACCAGGAGGTGGGCGAGATCATCGTCGCCGAGGT

GAACCACCCGCGCATCGCCGAACTGCTGACGCCCGATCGGGTGGCGCTGCGGAAGTTGATCACGAAGGAG

GCGTAG 

CAGTAAAGGTGGATA 



 

51 

 

E. coli Arctic Express (DE3) and Origami (DE3) were then tested. E. coli Arctic Express (DE3) 

allows the production of a protein at low temperature (8-12 ºC).28, 29 Low temperatures increase 

the probability of the proper folding of a protein.30 E. coli Arctic Express strains are engineered 

with cold-adapted chaperonins Cpn10 and Cpn60 from the psychrophilic bacterium, Oleispira 

Antarctica, which helps the proper folding of the protein at low temperature.29 Origami (DE3) 

possesses an oxidative cytoplasmic environment that helps to produce the soluble protein by 

allowing the formation of disulphide bonds in a protein.31 However, none of these conditions 

gave soluble ICL2a (Table 2.10).  

The AceAa gene was also cloned to pNH-TrxT vector, which adds a fusion peptide thioredoxin, 

of 128 AAs, together with a polyhistidine tag and TEV cleavage site to ICL2a. This is because 

thioredoxin may aid to the proper folding of the protein.32 The plasmid was transformed into 

BL21 (DE3), and expression trials were done at three different temperature (18, 28 and 37 °C 

and three different IPTG concentrations (0.2, 0.5 and 1.0 mM). However, the protein was not 

expressed in soluble form and accumulated as insoluble aggregates. 

As E. coli may lack the proper machinery to fold mycobacterial proteins, expression trials of 

ICL2a in M. smegmatis and E. coli BL21 (DE3) LOBSTR with extra copies of chaperones 

were then tested. Similarly to AceA, the AceAa gene was amplified using PCR (for the primer 

sequences, see Table 2.11) and analysed and confirmed by agarose gel electrophoresis (Figure 

2.11). It was then cloned into the pYUB28b vector. 

The recombinant plasmid was then used to transform competent BL21 (DE3) LOBSTR cells 

containing the plasmid pGRo7 and M. smegmatis mc24517. However, ICL2a was accumulated 

as insoluble inclusion bodies under all conditions used (Table 2.12). 

Finally, the insoluble aggregates of ICL2a were then tested for refolding in vitro. The cells 

were harvested and resuspended in denaturing buffer containing 6 M guanidine. The denatured 

protein was purified using IMAC and the purified protein was refolded by rapid dilution. 



 

52 

 

However, the protein was precipitated instead of refolding. It is therefore concluded ICL2a 

could be not expressed as a soluble protein in both E.coli and mycobacterial hosts.  

 

Figure 2.10: SDS-PAGE showing expression trial of ICL2a (MW = 43.042) in BL21 (DE3) 

cells. a) 18 °C, b) 28 °C and c) 37°C. First lane represents protein ladder. Lanes 2 and 3 

represent whole cell and cell lysate in 0.2 mM IPTG. Lanes 4 and 5 represent whole cell and 

cell lysate in 0.5 mM IPTG. Lane 6 and 7 represent whole cell and cell lysate of 1.0 mM IPTG. 
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S.N. Organism temperature/°C IPTG/mM protein expression 

    

Insoluble Soluble 

1 E.coli [BL21 (DE3)] 18 0.2 √ X 

   

0.5 √ X 

   

1 √ X 

2 E.coli [BL21 (DE3)] 28 0.2 √ X 

   

0.5 √ X 

   

1 √ X 

3 E.coli [BL21 (DE3)] 37 0.2 √ X 

   

0.5 √ X 

   

1 √ X 

4 E.coli [BL21 (DE3)] 12 0.2 √ X 

   

0.5 √ X 

   

1 √ X 

5 

E.coli [arctic express 

(DE3)] 12 0.2 X X 

   

0.5 X X 

   

1 X X 

6 E.coli [origami (DE3)] 18 0.2 X X 

   

0.5 X X 

   

1 X X 

7 E.coli [origami (DE3)] 28 0.2 X X 

   

0.5 X X 
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1 X X 

8 E.coli [origami (DE3)] 37 0.2 X X 

   

0.5 X X 

   

1 X X 

Table 2.10: Additional conditions used for the expression trial of ICL2a using different strains 

of E. coli. The conditions used varied from 12 to 37 °C and 0.2 to 1.0 mM IPTG concentration. 

 

 

Table 2.11: Forward and reverse primers that were used for PCR to amplify aceAa from the 

Genomic DNA. aactagaatcagcat is added to the 5 end of the forward primer and aaatcaaagctt 

is added to the 5 end of the reverse primer so that the amplified PCR product can be cloned 

into the pYUB28b vector using the NdeI and HindIII restriction sites. 

Design of forward primer based on NdeI restriction site 

NdeI restriction site 

 

 

A section of forward sequence with additional aactagaatcgacat 

5'aactagaatcgacatatggccatcgccgaaacggacaccgaggtccaca 3' 

 

Forward Primer; 

5'aactagaatcgacatATG GCC ATC GCC GAA ACG GAC 3' 

Tm = 60.8 ºC 

 

Design of reverse primer based on HINDIII restriction site 

HindIII restriction site 

 

A section of reverse complement with additional aaatcaaagctt 

5' aaatcaaagctttcaggcccgcgtcgtcctcccaggccgccacgaaccgc 3' 

Reverse Primer; 

5' aaatcaaagctt TCA GGC CCG CGT CGT C 3' 

Tm = 60.4 ºC 
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Figure 2.11: 1% Agarose gel electrophoresis visualising the PCR product AceAa. The observed 

length was similar to the calculated length 1131 bp.  

 

S.N. Organism Temerature/°C Condition Soluble ICL2a 

1 

BL21 

LOBSTR 18 leaky X 

   autoinduction X 

   0.5 mM IPTG X 

  37 leaky X 

   autoinduction X 

   0.5 mM IPTG X 

2 M. smegmatis 37 autoinduction X 

Table 2.12: Results of expression trial of ICl2a in BL21 (DE3) LOBSTR and M. smegmatis 

mc24517. 
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2.5.3 Expression trial of ICL2b 

ICL2b recombinant plasmid transformed BL21 (DE3) cells were grown at 37 °C. Expression 

trials were conducted by using three different temperatures (18, 28 and 37 °C) and IPTG 

concentrations (0.2, 0.5 and 1.0 mM). ICL2b was found to be overexpressed under all the tested 

conditions. However, at 28 and 37 °C, ICL2b was mainly found in insoluble inclusion bodies, 

instead of forming soluble proteins. The optimal conditions for soluble ICL2b production were 

18 °C with two different IPTG concentrations (0.5 and 1.0 mM). A higher yield was found in 

the presence of 1.0 mM IPTG. These conditions were therefore used for large-scale production 

(Figure 2.12). 

 

Figure 2.12: SDS-PAGE showing the expression trials of ICL2b (MW = 47.13 kDa) at 18 °C. 

The first lane represents protein ladder. Lanes 2 and 3 represent whole cell and cell lysate with 

0.2 mM IPTG. Lanes 4 and 5 represent whole cell and cell lysate with 0.5 mM IPTG. Lanes 6 

and 7 represent whole cell and cell lysate with 1.0 mM IPTG.  

 

2.5.4 Production and purification of ICL2b 

Similarly to ICL1, ICL2b was purified by IMAC and SEC. The affinity column purified ICL2b 

contains an N-terminal polyhistidine tag and a TEV protease cleavage site. In order to cleave 
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the N-terminal polyhistidine peptide, the purified protein was incubated with TEV protease at 

4 °C in a 1: 50 molar ratio for 18 hours. The polyhistidine tag was found to be cleaved under 

these conditions (Figure 2.13a). The tag-free ICL2b was further purified by IMAC and SEC 

consecutively, to get pure ICL2b (26 mg from 8 L culture) (Figure 2.13a). 

  

Figure 2.13: a) SDS-PAGE showing ICL2b with (MW = 47.13 kDa) and without (MW = 44.58 

kDa) a polyhistidine tag. Lane 1 represents the protein ladder. Lane 2 represents ICL2b with a 

polyhistidine tag. Lane 3 represents ICL2b without a polyhistidine tag b) SDS-PAGE showing 

purity of ICL2b after SEC.
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2.6 Conclusion 

The work described in this Chapter summarises the effort in the production of all four isoforms 

of M. tuberculosis ICL (ICL1, ICL2, ICL2a and ICL2b). Soluble ICL1, the most studied 

isoform, was produced recombinantly using an E. coli expression system. The cleavage of the 

N-terminal polyhistidine tag of ICL1 was found to be problematic, which is likely due to the 

structure of the protein. Nonetheless, highly purified ICL1 was produced following IMAC and 

SEC purifications. Soluble ICL2 was also produced recombinantly using both the E. coli and 

M. smegmatis expression systems. Soluble proteins were obtained under all tested conditions. 

Highly purified ICL2 was obtained by IMAC and SEC. In contrast to previous reports, ICL2 

was found to be stable in buffers without imidazole. The production of soluble ICL2a and 

ICL2b were also attempted. Despite the different expression conditions and expression systems 

(E. coli and M. smegmatis) that were tested, it was not possible to obtain soluble ICL2a. 

Refolding of ICL2a from inclusion bodies was also unsuccessful. In contrast, soluble ICL2b 

was obtained using expression conditions that were similar to ICL1. These experiments 

provided us the conditions to obtain soluble, stable and highly purified ICL1, ICL2 and ICL2b, 

which could then be used for structural and kinetic experiments (see Chapters 3 to 6) 
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Chapter 3: Kinetics and inhibition studies of Isocitrate lyase 1 (ICL1)1  

3.1 Introduction 

3.1.1 Assays for ICL 

Several assays were developed to study the kinetics and inhibition of ICLs. The most common 

assays are based on ultraviolet/visible (UV/vis) spectrophotometry, which rely on the 

quantification of glyoxylate, one of the products of the enzymatic reaction catalysed by ICL. 

However, as glyoxylate cannot absorb UV or visible light, it needs to be chemically or 

enzymatically modified.1  

The chemical-coupled method was developed in 1959 by Dixon et al.2 In this method, 

glyoxylate is chemically modified by phenylhydrazine to form a hydrazone that absorbs UV 

light at 390 nm. Thus, the conversion of isocitrate to succinate and glyoxylate by ICL is 

correlated with the amount of hydrazone that is formed (and hence UV/vis absorption). 

However, the disadvantages of using this method are three-fold. Firstly, this is an indirect 

measurement of the product glyoxylate. The accuracy of the experiment is dependent on the 

chemical coupling step. For instance, the rate of glyoxylate-phenylhydrazone complex 

formation is pH dependent. In particular, the rate slows significantly above pH 7, which may 

impact on the accuracy of the enzyme kinetic measurement. Secondly, phenylhydrazine is 

unstable at pH 7 and above. This leads to a slow increase in the UV absorption even in the 

absence of glyoxylate.3 Thirdly, the accuracy of the experiment may be affected by other 

components of the reaction mixture such as ICL inhibitors that if aromatic, may absorb UV/vis 

light at similar wavelengths.  

                                                 
1The work that is described in this chapter was conducted in collaboration with Anne Swartjes, who synthesised (2R,3S)-2-methylisocitrate. 
 

Part of the work from this chapter was published as described in: 

 
Bhusal, R. P.; Patel, K.; Kwai, B. X. C.; Swartjes, A.; Bashiri, G.; Reynisson, J.; Sperry, J.; Leung, I. K. H. Development of NMR and thermal 

shift assays for the evaluation of Mycobacterium tuberculosis isocitrate lyase inhibitors. Med. Chem. Commun. 2017, 8, 2155–2163. 
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An alternative to the chemical coupled method to determine ICL kinetics is to use the enzyme 

lactate dehydrogenase (LDH).4 LDH catalyses the reduction of glyoxylate to form glycolate. 

This reaction is coupled with the oxidation of NADH, which is used as a cofactor of LDH, to 

NAD+. The decrease of NADH can be measured by the addition of the tetrazolium (MTS) dye. 

When NADH is oxidised, MTS is reduced to soluble formazan, which absorbs UV at 490 nm. 

There are several limitations with this method. Firstly, it is indirect and is reliant on both the 

activity of LDH as well as the reduction of MTS to form formazan. Secondly, autoxidation of 

NADH to NAD+ may lead to inaccurate results over time. Thirdly, this method is not suitable 

to measure methylisocitrate lyase activity because LDH cannot accept pyruvate as a substrate.5 

In addition to kinetic assays, binding assays have also been developed.6 The first assay was 

based on native non-denaturing mass spectroscopy, which can be applied to study covalent 

ligand binding (and in theory, non-covalent binding, provided the protein-ligand interaction is 

strong enough to survive the electrospray ionisation process). The second method was based 

on intrinsic protein fluorescence. In ICL1, Tyr89 and Trp93 are found in close proximity to the 

active site. Therefore, upon ligand binding, the intrinsic fluorescence (ex = 290 nm and em = 

320 nm) of the protein may change as a result of changes in environment and/or conformation.  

 

3.1.2 1H nuclear magnetic resonance spectroscopy for kinetics and inhibition studies 

The application of NMR spectroscopy to the study of biological systems started in the early 

1950s.7 The first publication reporting the use of NMR spectroscopy to study proteins was 

disclosed in 1968. The authors applied 1H NMR to monitor the hydrolysis of acetylcholine by 

horse cholinesterase.8, 9 Since then, NMR spectroscopy has become one of the most important 

biophysical techniques in enzymology.10 For example, NMR spectroscopy is now commonly 

applied in applications that include structure determination of proteins and enzymes, in situ 
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characterisation of enzyme reactions and products, the studies of protein dynamics and the 

measurement of protein-ligand interactions.11  

The use of NMR spectroscopy to study enzyme kinetics has several advantages. Firstly, all 

reactants and products (as long as they contain non-exchangeable hydrogens) can be monitored 

in the same spectrum, provided there is no overlap of signals. Secondly, the amount of substrate 

consumption and product formation can be accurately quantified by simply following changes 

in the peak area of the resonances associated with the substrate and/or reaction product(s). 

Thus, this method does not rely on the accuracy of chemical or enzymatic coupling reactions. 

  

3.1.3 Thermal shift assay for high-throughput screening of protein-ligand interactions 

The thermal shift assay was developed in the early 2000s by Pantoliano et al. as a high-

throughput technique to screen for protein-ligand binding.12 This method is based on the 

phenomenon that ligand binding may stabilise13-15 or destabilise16 the protein to thermal 

denaturation. Thus, ligand binding may be reflected by changes in the protein melting 

temperature (Tm).  

Protein Tm may be measured by the use of a fluorescent dye. When the protein unfolds (for 

example, due to thermal denaturation), it exposes its hydrophobic core. By using a fluorescent 

dye that binds hydrophobic amino acids and is sensitive to changes in hydrophobic 

environment,17 the protein Tm can be measured by following changes in the fluorescence that 

is emitted due to binding of the dye to the open hydrophobic core of the protein. The assay is 

simple. It can be applied in an automated fashion using multi-well plate format, thus it is widely 

applied as a high-throughput method to screen for new protein ligands.12, 18, 19 
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3.2 Objective 

The objective of the work described in this chapter is to develop a NMR-based method for the 

studies of ICL kinetics and inhibition using ICL1 as a model system. In addition to 1H NMR 

spectroscopy, a thermal shift assay was also to be investigated for screening of ICL inhibitors. 

 

3.3 ICL1 kinetics by 1H NMR 

3.3.1 Isocitrate lyase activity by 1H NMR 

1H NMR was first applied to monitor the ICL1-catalysed conversion of isocitrate to succinate 

and glyoxylate. DL-Isocitrate, which is commercially available, was used as the substrate. 

MgCl2 was added to the reaction mixture as Mg2+ was previously shown to be important for 

ICL1 activity.4 1H spectra were recorded at ~1.3 minute intervals. The experiments were 

conducted in 90% H2O and 10% D2O (Figure 3.1a). The large water peak was suppressed using 

the excitation sculpting method so that the resonances of the substrate and product could be 

visualised and quantified accurately.20 Upon addition of the enzyme, the peaks that 

corresponded to isocitrate dropped in intensity, which was accompanied by the appearance of 

a new singlet peak at 2.3 ppm, corresponding to succinate (Figure 3.1b). Glyoxylate cannot be 

observed because it contains only exchangable hydrogen atoms. Integration of the isocitrate 

and succinate peaks showed that the reaction appeared to slow down when ~50% of the 

isocitrate was consumed (Figure 3.1c). As the isocitrate was a racemic mixture, this result infers 

that ICL1 has a preference for one enantiomer, which is in agreement with a previous study 

that showed D-isocitrate is the preferred substrate of the enzyme.21  
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Figure 3.1: (a) Isocitrate lyase catalyses the conversion of isocitrate to glyoxylate and 

succinate; (b) 1H NMR spectroscopy to monitor ICL1-catalysed turnover of isocitrate into 

succinate (c) Corresponding plot of the isocitrate turnover data. The curve was added to aid 

visualisation. The sample contained 190 nM ICL1, 1 mM DL-isocitrate, 5 mM MgCl2 and 50 

mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. The hashtag (#) indicates Tris/Tris-

D11 peak. The errors shown are the standard deviation from three independent measurements 

(each sample prepared separately for the measurement).   

 

3.3.2 Role of Mg (II) in the activity of ICL1 

Divalent metals play important role in the activity of ICL1. Previous studies showed that Mg2+ 

(and to a lesser extent, Mn2+) are required for optimal ICL1 activity.4, 22 In order to confirm the 

concentration of divalent magnesium that is required for optimal activity of the enzyme, the 

reaction was run using different concentrations of MgCl2. Under the tested reaction conditions, 

it was found that 500–5000 μM of MgCl2 was required for the optimal activity, and this 

concentration was therefore used in all subsequent kinetic and inhibition assays (Figure 3.2). 

The enzyme showed negligible activity without Mg2+. Mg2+ is absolutely required for the 

reaction because the substrate was proposed to bind the active site of ICL via chelation of a 

magnesium ion.22, 23 However, any role of Mn2+ cannot be measured by 1H NMR spectroscopy. 

Mn2+ is paramagnetic, which enhances the longitudinal and transverse relaxation rates of NMR 

resonances. Thus, the isocitrate and succinate signals will be severely broadened and hence 

accurate measurements cannot be performed. 
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Figure 3.2: Mg2+ is required for optimal ICL1 activity. Sample contained 190 nM ICL1, 1 mM 

DL-isocitrate, varying concentration of MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O 

and 10% D2O. The errors shown are the standard deviation from three independent 

measurements (each sample prepared separately for the measurement).  

 

3.3.3 Kinetic parameters for ICL1 with DL-isocitrate by 1H NMR 

Next, the kinetic parameters of ICL1 were measured. This was conducted using a fixed 

concentration of ICL1 (190 nM) and Mg2+ (5 mM), and varying concentration of DL-isocitrate. 

The initial rate was calculated using the turnover of isocitrate to succinate and glyoxylate over 

four minutes. The kinetic parameters were calculated using Hanes-Woolf plot, which involved 

linearisation of the Michaelis-Menten equation for the analysis of kinetic data (Equation 3.1).24 
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Equation 3.1: Hanes-Woolf equation 

 

The Michaelis constant (KM) was found to be 290 ± 10 μM and the catalytic constant (kcat) was 

determined to be 4.3 ± 0.1 s-1 (Figure 3.3). These values were similar to those obtained by 

Gould et al. using the aforementioned LDH assay, which were 190 μM and 5.24 s-1 respectively 

(Table 3.1).25 The slight discrepancy between the two measurements is likely due to differences 

in the reaction conditions. Overall, this validated the accuracy of our 1H NMR assay to study 

ICL1 kinetics. 

 

Figure 3.3: A Hanes-Woolf plot of ICL1. Sample contained 190 nM ICL1, varying 

concentration of DL-isocitrate, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O 

and 10% D2O. The errors shown are the standard deviation from three independent 

measurements (each sample prepared separately for the measurement).  
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Table 3.1: Kinetic parameters of ICL1 with DL-isocitrate as substrate. Measurements were 

made using samples containing 190 nM ICL1, varying concentrations of DL-isocitrate, 5 mM 

MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. The errors shown are 

the standard deviation from three independent measurements (each sample prepared separately 

for the measurement).   

 

3.3.4 Kinetic parameters of ICL1 with (2R,3S)-2-methylisocitrate by 1H NMR 

It was reported that mycobacterial ICL1 may catalyse the conversion of (2R,3S)-2-

methylisocitrate to pyruvate and succinate in presence of Mg2+ (Figure 3.4a). In order to test 

this proposal, (2R,3S)-2-methylisocitrate was synthesised according to the procedure reported by 

Darley et al (by Anne Swartjes),26 and the reaction was monitored by the 1H NMR assay at ~1.3 

minute intervals. Upon addition of the enzyme, the peaks corresponding to (2R,3S)-2-

methylisocitrate dropped in intensity, a change which was accompanied by the appearance of 

two new singlet peaks at 2.3 and 2.26 ppm corresponding to succinate and pyruvate (Figure 

3.4b). The keto-enol tautomerism of pyruvate (Figure 3.5) under the reaction condition directly 

effects the intensity of –CH3 peak of pyruvate,27 so we did not use the –CH3 peak of pyruvate 

for quantification of enzyme kinetics. The kinetic parameters were calculated using Hanes-

Wolf plot. The Michaelis constant (KM) was found to be 560 ± 28 μM and the catalytic constant 

(kcat) was determined to be 0.5 ± 0.1 s-1 (Figure 3.6). These values were not much different to 

those obtained by Gould et al. using the aforementioned LDH assay, which were 720 μM and 

1.25 s-1 respectively (Table 3.2).25  

 KM / μM kcat / s
-1  

This study 290 ± 10 4.3 ± 0.1 

Gould et al.25  190 5.24 
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Figure 3.4: (a) Isocitrate lyase catalyses the conversion of (2R,3S)-2-methylisocitrate to 

succinate and pyruvate; (b) 1H NMR spectroscopy to monitor ICL1-catalysed turnover of 

(2R,3S)-2-methylisocitrate into succinate and pyruvate. The sample contained 2 µM ICL1, 1 

mM (2R,3S)-2-methylisocitrate, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O 
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and 10% D2O. The hashtag (#) indicates Tris/Tris-D11 peak and asterisk (*) indicates 

impurities in the reaction mixture. 

 

 

Figure 3.5: Keto-enol tautomerism of pyruvate under the aqueous condition. 

 

 

Figure 3.6: A Hanes-Wolf plot of ICL1 with (2R,3S)-2-methylisocitrate. The sample contained 

2 µM ICL1, varying concentrations of (2R,3S)-2-methylisocitrate, 5 mM MgCl2 and 50 mM 

Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. The errors shown are the standard deviation 

from three independent measurements (each sample prepared separately for the measurement).  
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 KM / μM kcat / s
-1  

This study 560 ± 28 0.5 ± 0.01 

Gould et al.25  720 1.25 

Table 3.2: Kinetic parameters of ICL1 with (2R,3S)-2-methylisocitrate as substrate. 

Measurements were made using samples containing 2 µM ICL1, varying concentrations of 

(2R,3S)-2-methylisocitrate, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 

10% D2O. The errors shown are the standard deviation from three separate measurements. 

 

3.3.4.1 Enzyme inhibition study of (2R,3S)-2-methylisocitrate  

In contrast to D-isocitrate, a reduction of ICL1 activity was observed at high (2R,3S)-2-

methylisocitrate concentrations (above 1000 µM) and did not follow the Michaelis-Menten 

equation (Figure 3.7). The phenomenon is likely due to substrate inhibition.28, 29 There are 

several reasons behind substrate inhibition. These include uncompetitive and non-competitive 

substrate inhibition,30 multiple binding sites,31 and an allosteric mechanism32. A plausible 

mechanism of ICL1 inhibition by (2R,3S)-2-methylisocitrate at high concentration is that, 

instead of the active orientation, (2R,3S)-2-methylisocitrate may bind ICL1 in a different 

orientation in the catalytic pocket leaving the enzyme non-productive. Substrate inhibition of 

other enzymes at high concentrations by forming non-productive enzyme-substrate complexes 

has been reported previously.33, 34  
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Figure 3.7: ICL1 kinetics with (2R,3S)-2-methylisocitrate showing enzyme inhibition at higher 

concentrations of (2R,3S)-2-methylisocitrate. Measurements were made using samples 

containing 2 µM ICL1, varying concentrations of (2R,3S)-2-methylisocitrate, 5 mM MgCl2 and 

50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. The errors shown are the standard 

deviation from three independent measurements (each sample prepared separately for the 

measurement).   

 

3.4 1H NMR and a thermal shift based method for inhibition studies of ICL1 

3.4.1 1H NMR as a tool for inhibition studies of ICL1 

The new NMR-based assay was also applied to study ICL1 inhibition. First, the method was 

evaluated by using four known ICL inhibitors. These include three so-called “first generation 

inhibitors”, itaconate 1, nitropropionate 2 and bromopyruvate 3. Methyl 4-(4-methoxyphenyl)-

4-oxobut-2-enoate 20, an inhibitor that was discovered recently by Liu et al.35 using high-

throughput screening, was also used. 
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3.4.1.1 Single concentration inhibition assay 

The single concentration inhibition experiment was designed for a preliminary screening to 

find if a molecule inhibits the enzyme. In addition, the method is appropriate to compare the 

strength of inhibition between inhibitors. To validate the method, the single concentration 

inhibition experiment of four known inhibitors were first conducted (Figure 3.8). In accordance 

with literature results, our 1H NMR assay showed that nitropropionate and bromopyruvate were 

the most potent inhibitors, followed by itaconate. Methyl 4-(4-methoxyphenyl)-4-oxobut-2-

enoate was the weakest of the four tested.  

 

Figure 3.8: Single concentration inhibition data of ICL1 inhibitors. The sample contained 190 

nM ICL1, 1 mM DL-isocitrate, 100 μM inhibitor (if applicable), 5 mM MgCl2 and 50 mM 

Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. The curves were added to aid visualisation. 

The errors shown are the standard deviation from three independent measurements (each 

sample prepared separately for the measurement).  
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3.4.1.2 Quantification of inhibition assay by measuring the half maximal inhibitory 

concentration (IC50)  

IC50 is the concentration required of an inhibitor to reduce the activity by 50 percent. Under 

certain conditions it can used to express the affinity of the enzyme inhibitor. It is widely used 

in drug discovery process to find the suitability of a molecule as an inhibitor. Any inhibition 

assay method should be appropriate for measuring IC50. To check the appropriateness of our 

1H NMR method, we obtained quantitative inhibition information (IC50) of 4 known inhibitors. 

(Table 3.3 and Figures 3.9–3.12). The IC50 values of nitropropionate and bromopyruvate were 

found to be 14.7 ± 1.8 μM and 17.5 ± 1.0 μM, respectively. The IC50’s for itaconate and methyl 

4-(4-methoxyphenyl)-4-oxobut-2-enoate were 29.4 ± 4.1 μM and 250 ± 7 μM, respectively. 

Overall, these results show that 1H NMR is a useful tool to study ICL1 inhibition in vitro, 

enabling a rapid evaluation of inhibitor strength as well as providing accurate quantitative 

information such as IC50.
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Inhibitor Structure IC50 / μM 

Nitropropionate 

 

14.7 ± 1.8 

Bromopyruvate 

 

17.5 ± 1.0 

Itaconate 

 

29.4 ± 4.1 

Methyl-4-(4-

methoxyphenyl)-4-oxobut-

2-enoate 
 

250 ± 7 

 

Table 3.3: IC50 values of ICL1 inhibitors with DL-isocitrate as substrate. Measurements were 

made using samples containing 190 nM ICL1, 1 mM DL-isocitrate, 5 mM MgCl2, varying 

concentrations of inhibitor and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. The 

errors shown are the standard deviation from three separate measurements. (see Figures 3.9–

3.12). 
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Figure 3.9: IC50 measurement for nitropropionate. Samples contained 190 nM ICL1, 1 mM DL-

isocitrate, varying concentrations of inhibitor, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) 

in 90% H2O and 10% D2O. The errors shown are the standard deviation from three independent 

measurements (each sample prepared separately for the measurement).  The IC50 was 14.7 ± 

1.8 μM. 
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Figure 3.10: IC50 measurement for bromopyruvate. Samples contained 190 nM ICL1, 1 mM 

DL-isocitrate, varying concentrations of inhibitor, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH 

7.5) in 90% H2O and 10% D2O. The errors shown are the standard deviation from three 

independent measurements (each sample prepared separately for the measurement). The IC50 

was 17.5 ± 1.0 μM. 
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Figure 3.11: IC50 measurement for itaconate. Samples contained 190 nM ICL1, 1 mM DL-

isocitrate, varying concentrations of inhibitor, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) 

in 90% H2O and 10% D2O. The errors shown are the standard deviation from three independent 

measurements (each sample prepared separately for the measurement). The IC50 was 29.4 ± 

4.1 μM. 
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Figure 3.12: IC50 measurement for methyl 4-(4-methoxyphenyl-4-oxobut-2-enoate). Samples 

contained 190 nM ICL1, 1 mM DL-isocitrate, varying concentrations of inhibitor, 5 mM MgCl2 

and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. The errors shown are the 

standard deviation from three independent measurements (each sample prepared separately for 

the measurement). The IC50 was 250 ± 7 μM. 

 

3.4.2 Thermal shift assay to compliment 1H NMR-based inhibition assay 

Although 1H NMR spectroscopy was found to be a useful method to study ICL1 inhibition, it 

is relatively low throughput and labour intensive. A high throughput assay is needed to 

facilitate the efficient screening and development of new ICL inhibitors. The use of a thermal 

shift assay to compliment the 1H NMR-based kinetic assay was therefore evaluated. 

First, the melting temperature of ICL1 was measured. As MgCl2 is important for the activity 
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the presence of a saturating concentration (1 mM) of the aforementioned inhibitors and MgCl2 

were measured. Addition of bromopyruvate or itaconate were found to stabilise ICL1, with a 

positive shift to melting temperature of 52.5 °C and 53.3 °C respectively. Interestingly, 

nitropropionate and methyl 4-(4-methoxyphenyl)-4-oxobut-2-enoate were found to destabilise 

the protein, with a negative thermal shift to 40.9 °C and 37.6 °C respectively (Figure 3.13). 

A negative thermal shift upon ligand binding has been previously observed for other protein 

systems.15-16 A positive thermal shift may be observed if the ligand induces the protein to adapt 

a more stable ‘closed’ conformation, whilst a negative thermal shift may be observed if the 

ligand keep the protein in a less stable ‘open’ conformation. Previous structural studies by 

Sharma et al. showed that ICL1 may undergo a two-step conformational change upon substrate 

binding.36 Indeed, a crystal structure of ICL1 in the presence of both nitropropionate and 

glyoxylate was found to adapt a ‘closed’ conformation (PDB id: 1F8I). Nitropropionate is a 

structural analogue of succinate.37 We reasoned that the binding of nitropropionate on its own 

may keep ICL1 in an open conformation in order to allow glyoxylate to bind. However, in the 

presence of both nitropropionate and glyoxylate, the protein can then undergo a conformational 

change to the ‘closed’ conformation, as suggested by the crystal structure, to catalyse the 

reverse reaction. This proposal is consistent with the mechanism suggested by Sharma et al.36 

It should also be noted that binding of nitropropionate or methyl 4-(4-methoxyphenyl)-4-

oxobut-2-enoate may induce a change in the oligomeric state of ICL1, which exists as a 

tetramer in solution.36 However, based on evidence from X-ray crystallography36 and 

molecular docking,35 both compounds are not known to bind at the oligomerisation interface 

between the ICL1 monomers, or interfere with the residues that were previously identified as 

important for the protein’s oligomerisation.38  
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Figure 3.13: Protein melt curve for ICL1 inhibitors. The sample contained 20 μM ICL1, 1 mM 

compounds (where applicable) and 1 mM MgCl2 in 50 mM Tris-HCl pH 7.5. The temperature 

was increased from 25 to 95 °C at 1 °C increment every 60 seconds. The melting temperature 

of ICL1 in the presence of MgCl2 was 43.0 °C. The melting temperatures of ICL1 in the 

presence of bromopyruvate, itaconate, nitropropionate and methyl 4-(4-methoxyphenyl)-4-

oxobut-2-enoate were 52.5 °C, 53.3 °C, 40.9 °C and 37.6 °C respectively.
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3.5 Conclusion 

By using ICL1 as a model system, the general applicability of a combined 1H NMR and thermal 

shift assays to screen for and evaluate ICL inhibitors was demonstrated. Both methods are 

relatively simple to carry out. In contrast to current fluorescence-based assays that rely on 

enzyme or chemically coupled reactions, the NMR assay enables a direct observation of 

substrate consumption and product formation and is therefore less prone to errors. One minor 

drawback of the NMR assay is the low throughput associated with monitoring reactions in real 

time. Typically, around 15 to 20 minutes of measurement time (six to eleven 1H experiments) 

was needed to obtain an initial rate. This equates to around seven hours of total measurement 

time to obtain a full kinetic analysis or a complete IC50 curve with, for example, six 

concentration points in triplicate. In contrast, the thermal shift assay is a high-throughput 

method enabling semi-automatic measurements using multi-well plates. Ligand binding to 

ICL1 was easily identified through a change in the protein’s melting temperature. Interestingly, 

we observed both positive (i.e. stabilising) and negative (i.e. destabilising) thermal shifts of 

ICL1 with four known inhibitors, likely due to the inhibitors keeping ICL1 in either the open 

or closed conformations.  A very informative, but low throughput NMR method and a high 

throughput, but less informative Tm shift assays complement each other when carrying out ICL 

inhibition studies. 
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Chapter 4: Structural and biochemical studies of M. tuberculosis isocitrate lyase 2 (ICL2)1  

4.1 Introduction 

4.1.1 M. tuberculosis ICL2 

The physiological role of ICL2 in M. tuberculosis lipid and fatty acid metabolism is not clear. 

There appears to be a discrepancy between in vitro experiments, which showed that ICL2 

possesses poor isocitrate lyase activity and no methylisocitrate lyase activity,1, 2 and cell-based 

/ in vivo experiments, which showed that ICL1 and ICL2 are jointly required for the growth 

and virulence of M. tuberculosis.3, 4  

The function of an enzyme is determined by its three dimensional structure. Sequence analyses 

indicated that ICL2 contains an N-terminal catalytic domain and a C-terminal domain of 

unknown function. Homology modelling by Munoz-Elias and co-workers showed high 

sequence and structure similarities between the catalytic domains of ICL1 and ICL2.4 The 

atomic details of full length ICL2, and in particular the C-terminal domain, are therefore of 

particular importance to understand the biochemical and physiological function of ICL2. 

 

4.1.2 Structure determination using X-ray crystallography 

There are a few techniques to study the structure of biological macromolecules. These include 

X-ray crystallography,5 nuclear magnetic resonance (NMR) spectroscopy6 and cryo-electron 

microscopy (cryo-EM).7 X-ray crystallography is the most common method for solving protein 

structures. Protein NMR spectroscopy is not applicable to ICL2 due to its size,8 whilst cryo-

EM is a promising technique but requires specialist equipment and image processing methods.9  

                                                 
1

The work that is described in this chapter was conducted in collaboration with Dr Ghader Bashiri, Dr Jóhannes Reynisson and Anne Swartjes. 

 

G.B. provided supervision and technical support in the determination of the ICL2 structures. He also performed SAXS experiments of ICL2. 

J.R. conducted molecular dynamics experiments. 

A.S. synthesised (2R,3S)-2-methylisocitrate 
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The first protein structure that was solved by X-ray crystallography was myoglobin. It was 

solved by Kendrew et al in 1958.10 In 1960, the structure of haemoglobin was reported by 

Perutz et al.11 Although both reported structures were of low resolution (especially when 

compared to modern standards), it was a significant breakthrough in structural biology and 

both Kendrew and Perutz were awarded the Nobel Prize in chemistry in 1962 for this work. 

The first high resolution image of a protein (hen egg-white lysozyme) was published in 1965.12 

To date, over 111800 protein structures have been solved by X-ray crystallography, which 

accounts for over 90% of the total protein structures that have been deposited in the protein 

data bank (PDB). 

The first crucial step of protein crystallography is to obtain high-quality diffracting protein 

crystals, which typically relies on the purity and stability of the sample.13 The principle of 

crystallisation is to bring the sample to a state of supersaturation and finally nucleation.14-15 

The major factors that influence crystal nucleus formation are physicochemical parameters, 

such as pH, temperature and ionic strength, and the concentration of precipitating agents, such 

as salt (e.g. ammonium sulfate), organic solvent (e.g. ethanol) and highly soluble polymers 

(e.g. polyethylene glycol).14 Optimising the physicochemical parameters may decrease the 

solubility of a protein, thus enabling the protein to reach the supersaturation state and 

subsequently precipitation or crystallisation. The addition of precipitating agents may also 

facilitate protein crystallisation, as the precipitating agents will compete with the protein for 

water. The most common methods for protein crystallisation are vapour diffusion (hanging or 

sitting drop), batch crystallisation, dialysis, free interface diffusion and microfluidics.15 After 

obtaining a high quality protein crystal, the next step involves X-ray diffraction. Sources of X-

ray beam ranges from commercial laboratory-based X-ray source (e.g. rotating anode) or 

synchrotron X-ray source.16 The X-ray diffraction pattern can then be processed to determine 

protein structures using either molecular replacement (MR)17 or experimental phasing methods 

https://www.rcsb.org/pdb/search/smartSubquery.do?experimentalMethod=X-RAY&smartSearchSubtype=HoldingsQuery&moleculeType=protein
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such as multiple isomorphous replacement (MIR)10 and multiwavelength anomalous 

diffraction (MAD)18.  

 

4.2 Objectives 

The objectives of the work described in this chapter were to solve the crystal structure of ICL2 

and investigate its biochemical function. These results in turn provide a fundamental 

understanding on the role of ICL2 in M. tuberculosis metabolism.  

 

4.3 Crystallography of ICL2  

After successful purification of stable ICL2 (see Chapter 2), initial screening of ICL2 

crystallisation was carried out by sitting drop vapour diffusion method using three commercial 

screens JCSG-plus,19 Morpheus20 and PACT premier21. These experiments were performed at 

a protein concentration of 13 mg/mL in the buffer containing 20 mM HEPES, 150 mM NaCl 

and 1 mM β-mercaptoethanol. None of the tested conditions facilitated ICL2 crystal growth, 

with protein precipitation observed in majority of the drops. The concentration of protein 

sample and the presence of a ligand (that may stabilise the protein) are two important factors 

that may facilitate crystallisation.22 Keeping these two factors in mind, co-crystallisation of 

ICL2 with succinate, one of the products of the ICL2-catalysed reaction, was attempted. As 

protein precipitation was observed at 13 mg/mL, the protein concentration was reduced to 8 

mg/mL.  

After 15 days at 18 ºC, rod shaped crystals were observed with the Morpheus screen conditions 

D2 [10% w/v PEG 8K, 20% v/v ethylene glycol 0.02 M of each alcohol (0.02 M 1,6-hexanediol, 

0.02 M 1-butanol, 0.02 M (R,S)-1,2-propanediol, 0.02 M 2-propanol, 0.02 M 1,4-butanediol, 

0.02 M 1,3-propanediol) and 0.1 M MES/imidazole pH 6.5 (Figure 4.1a)] and H3 [(10% w/v 

PEG 4K, 20% v/v glycerol, 0.02 M amino acids [0.02 M sodium L-glutamate, 0.02 M DL-
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alanine, 0.02 M glycine, 0.02 M DL-lysineHCl, 0.02 M DL-serine) and 0.1 M MES/imidazole 

pH 6.5 (Figure 4.1b)]. 

 

Figure 4.1: ICL2 crystals were observed after 15 days at 18 ºC in the Morpheus screen 

conditions D2 (a) and H3 (b). 

 

A fine screen was subsequently prepared based on the successful crystallisation conditions 

(Table 4.1). Crystals were grown in several conditions after 15 days at 18 ºC. Ten crystals were 

harvested, flash-frozen in liquid nitrogen and sent to the Australian Synchrotron for X-ray 

diffraction. The best diffracting crystal was grown in the condition composed of 9% w/v PEG 

4K, 18% v/v glycerol, 0.02 M amino acids, 0.1 M MES/imidazole pH 6.9. A full dataset was 

collected at 2.9 Å resolution, which was then processed and used to solve the initial ICL2 

structure by MR using the structure of Aspergillus nidulans isocitrate lyase (An-ICL, PDB 

code: 1DQU) as a search model. An-ICL shows 35 % amino acid sequence identity with ICL2, 

covering only the N-terminal part of the latter.  

To increase the diffraction resolution, the above-mentioned condition from the fine screen was 

used as a base condition to screen the Morpheus additive screen.23 The drops were set up in a 

96-well crystal tray, in which the additive screen was added to the crystallisation conditions to 

make up the 10% of the total volume. Cubic crystals were grown in various conditions, which 

a) b)
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were tested at the Australian Synchrotron. A crystal grown in the presence of sodium tungstate 

as the additive diffracted to 1.8 Å resolution, which was used to solve the structure by MR 

using the previously solved ICL2. A possible reason of the increase in the resolution is the 

enhancement of crystal packing and stability in the presence of sodium tungstate. The 

enhancement of crystal packing and stability by crosslinking monomers in the presence of 

polyoxometalate including polyoxotungstate via electrostatic interactions between negatively 

charged metal and positively charged surface of the protein as well as hydrogen bonding has 

been reported previously.24  

Since ICL2 possesses a C-terminal part that is not present in the original search model (An-

ICL), with no apparent sequence homology to known sequences in the databank, the resulting 

MR structure contained only the N-terminal domain of the protein. There was, however, clear 

electron density present for the missing C-terminal domain. A combination of automated 

(Phenix) and manual (Coot) model building was used to trace the C-terminal domain, resulting 

in a complete model. The final structure was refined to 1.8 Å resolution, with crystallographic 

Rvalue of 23.41% and Rfree of 25.55%. Ramachandran plots produced by MolProbity25 indicated 

that 98.9% of the residues are within favoured regions with no outliers.  

All data processing, structure determination and structure analyses were performed with Dr 

Ghader Bashiri.  
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Table 4.1: Fine screening conditions based on Morpheus D2 and H3. PEG = polyethylene glycol, EG = ethylene glycol, GLY = glycerol, AA = 

amino acids, ALC = alcohols, MES = 2-(N-morpholino)ethanesulfonic acid and IMI = Imidazole 
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4.4 Structure of ICL2 

The ICL2 crystals belong to the P21 space group, with four monomers packed into the 

asymmetric unit forming a tetramer, which is the likely biological unit of this protein. ICL2 

forms an elongated (200 Å) structure (Figure 4.2), with clear and well-defined electron density 

map for the entire molecule (residues 1-766), except for residues 1-10 and 593-605. There was, 

however, no apparent electron density for succinate, which was co-crystallised with the protein. 

Each monomer is composed of 28 α-helices and 18 β-strands, arranged as two distinct N-

terminal (residues 1-590) and C-terminal (residues 600-766) domains (Figure 4.3). The 

presence of the C-terminal domain is a striking feature of ICL2, as mycobacterial ICL1 

comprises of only a single domain26, which is comparable to the N-terminal domain of ICL2.  

 

Figure 4.2: The structure of ICL2 tetramer solved at 1.8 Å resolution. The picture shows 

distinct N- and C-terminal domains. Each colour represents a monomeric subunit. An N-

terminal insertion (based on the sequence and structure alignments of ICL2 to ICL1) is present 

in each of the monomers, an example of which is shown in the brown square box. 

 

C- terminal domain C- terminal domain

N- terminal domain

A N-terminal
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The N-terminal domain is composed of 23 α-helices (α1-α23) and 11 β-strands (β1-β11). 

Superposition of ICL2 onto ICL1 gives an average root mean square difference (rmsd) of 1.24 

Å over 390 Cα atoms, with 38 % sequence identity (Figure 4.4). The alignments (structure and 

sequence) indicate a large insertion in ICL2 between residues 278 and 427 (Figure 4.4 and 

Table 4.2), which adds a helical structure (helices α10-α16) that plays a role in the interaction 

to the C-terminal domain (Figure 4.2). 

The ICL2 C-terminal domain is comprised of five α-helices (α24-α28) and seven β-strands 

(β12-β18). Whereas the C-terminal domain shows no sequence homology to any known 

proteins, a structural search using PDBeFold suggests that this domain is structurally related to 

members of the Gcn5-related N-acetyl transferase (GNAT) superfamily, despite showing only 

5-15% sequence homology to these proteins. In fact, the members of the GNAT superfamily 

possess low degree of sequence homology (3-23%). Nevertheless, the N-terminus of the 

members retains a conserved fold consisting of six or seven β-strands and four α-helices (Figure 

4.5).27-30 This fold comprises of a first β-strand followed by two α-helices (α1 and α2), followed 

by three antiparallel β-strands (β2, β3, β4) followed by a central helix (α3), a fifth β-strand (β5), 

a fourth α-helix (α4) and a final β-strand (β6). The loop linking β4 to α3 in this conserved fold 

comprises a pyrophosphate binding site which shows a consensus sequence (R/Q-X-X-G-X-

A/G) among the members of the GNAT superfamily. Another essential feature in the structure 

is the presence of a β-bulge at β4 forming V-shape for binding of acetyl-CoA. 

A close analysis of the ICL2 structure indicates that most of the structural features of the GNAT 

superfamily (Figure 4.6) are conserved in the C-terminal domain. It consists β1 (β12 in ICL2), 

β2 (β13), β3 (β14), β4 (β15), followed by α3 (α25 in ICL2), β5 (β16), α4 (α26) and β6 (β17). 

Whereas the β-bulge (β15 in ICL2) seems to be conserved in the structure, the signature 

pyrophosphate binding sequence (R/Q-X-X-G-X-A/G) is not present. Furthermore, two α-

helices (between β12 and β13 in ICL2) are missing compared with a typical member of GNAT 
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superfamily. The variation in the number of α-helices in members of GNAT superfamily has 

been reported previously.27 For example, a histone N-acetyl transferase from Saccharomyces 

cerevisiae (yHat1) misses α2 and an aminoglycoside-6-N-acetyl transferase from Serratia 

marcescens [AAC(6)] possess additional α helix in between β1 and β2.27  

Figure 4.3: a) ICL2 monomer visualising N- and C-terminal domains. The loop connecting N- 

and C- terminal domains (residues 593-605) does not possess clear and well-defined electron 

density map; b) Topology of ICL2 monomer visualising 28 α-helices and 18 β-strands. The N-

terminal domain composed of 23 α-helices and 11 β-strands and the C-terminal domain 
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composed of 5 α-helices and 7 β-strands. Green represents α-helices and yellow represents β-

strands. 

 

Table 4.2: Sequence alignment of ICL2 with ICL1. Highlights on black represents sequence 

identity, gray represents sequence similarity and yellow represents insertion in ICL2.  

ICL2    1 MAIAETDTEVHTPFEQDFEKDVAATQRYFD-SSRFAGIIRLYTARQVVEQ 

ICL1    1 MSVVGTPK------------SAEQIQQEWDTNPRWKDVTRTYSAEDVVAL 

 

ICL2   50 RGTIPVDHIVAREAAGAFYERLRELFAARKSITTFGPYSPGQAVSMKRMG 

ICL1   39 QGSVVEEHTLARRGAEVLWEQLHDL----EWVNALGALTGNMAVQQVRAG 

 

ICL2  100 IEAIYLGGWATSAKGSSTEDPGPDLASYPLSQVPDDAAVLVRALLTADRN 

ICL1   85 LKAIYLSGWQVAGDANLSGHTYPDQSLYPANSVPQVVRRINNALQRADQI 

 

ICL2  150 QHYLRLQMSERQRAATPAYDFRPFIIADADTGHGGDPHVRNLIRRFVEVG 

ICL1  135 ---------AKIEGDTSVENWLAPIVADGEAGFGGALNVYELQKALIAAG 

 

ICL2  200 VPGYHIEDQRPGTKKCGHQGGKVLVPSDEQIKRLNAARFQLDIMRVPGII 

ICL1  176 VAGSHWEDQLASEKKCGHLGGKVLIPTQQHIRTLTSARLAADVADVPTVV 

 

ICL2  250 VARTDAEAANLIDSRADERDQPFLLGATKLDVPSYKSCFLAMVRRFYELG 

ICL1  226 IARTDAEAATLITSDVDERDQPFITGE----------------------- 

 

ICL2  300 VKELNGHLLYALGDSEYAAAGGWLERQGIFGLVSDAVNAWREDGQQSIDG 

ICL1  253 -------------------------------------------------- 

 

ICL2  350 IFDQVESRFVAAWEDDAGLMTYGEAVADVLEFGQSEGEPIGMAPEEWRAF 

ICL1  253 -------------------------------------------------- 

 

ICL2  400 AARASLHAARAKAKELGADPPWDCELAKTPEGYYQIRGGIPYAIAKSLAA 

ICL1  253 ---------------------------RTREGFYRTKNGIEPCIARAKAY 

 

ICL2  450 APFADILWMETKTADLADARQFAEAIHAEFPDQMLAYNLSPSFNWDTTGM 

ICL1  276 APFADLIWMETGTPDLEAARQFSEAVKAEYPDQMLAYNCSPSFNWKK-HL 

 

ICL2  500 TDEEMRRFPEELGKMGFVFNFITYGGHQIDGVAAEEFATALRQDGMLALA 

ICL1  325 DDATIAKFQKELAAMGFKFQFITLAGFHALNYSMFDLAYGYAQNQMSAYV 

 

ICL2  550 RLQRKMRLVES-PYRT--PQTLVGGPRSDAALAASSGRTATTKAMGKGST 

ICL1  375 ELQEREFAAEERGYTATKHQREVGAGYF---------------------- 

 

ICL2  597 QHQHLVQTEVPRKLLEEWLAMWSGHYQLKDKLRVQLRPQRAGSEVLELGI 

ICL1  403 -------------------------------------------------- 

 

ICL2  647 HGESDDKLANVIFQPIQDRRGRTILLVRDQNTFGAELRQKRLMTLIHLWL 

ICL1  403 -------------------------------------------------- 

 

ICL2  697 VHRFKAQAVHYVTPTDDNLYQTSKMKSHGIFTEVNQEVGEIIVAEVNHPR 

ICL1  403 ------------------------------------------------DR 

 

ICL2  747 IAELLTPDRVALRKL-ITKEA--- 

ICL1  405 IATTVDPNSSTTALTGSTEEGQFH
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Figure 4.4: Superposition of the N-terminal domain of ICL2 onto ICL1. Green represents the 

N-terminal domain of ICL2 and magenta represents ICL1. Helices (α10-α16) represent 

insertion in ICL2 between residues 278 and 427. 
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Figure 4.5: Conserved structure of Gcn5-related N-acetyl transferase (GNAT) superfamily 

composed of 4 α-helices, 7 β-strands and a pyrophosphate binding loop between β4 and α3. 

Green colour represents α-helices, yellow represents β-strands.  
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Figure 4.6: Structure of C-terminal domain of ICL2 composed of 5 α-helices, 7 β-strands and 

a pyrophosphate binding loop. Green represents α-helices, yellow represents β-strands.  
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4.5 Kinetic studies of ICL2 

4.5.1 Kinetic of ICL2 in the presence of acetyl-CoA using the substrate DL-isocitrate 

Given the relevance and importance of acetyl-CoA in the mycobacterial glyoxylate and 

methylcitrate cycles and the structural similarity of the ICL2 C-terminal domain to the GNAT 

superfamily, the role of acetyl-CoA on the catalytic activity of ICL2 was investigated.  

Using the NMR method described in Chapter 3, the activity of ICL2 was monitored with DL-

isocitrate as a substrate, in the absence and presence of acetyl-CoA. A significant increase in 

ICL2 activity was observed when acetyl-CoA was added to the reaction mixture (Figure 4.7). 

 

Figure 4.7: Catalytic activity of ICL2 in the presence of acetyl-CoA. The sample contained 

500 nM ICL2, 1 mM DL-isocitrate, 200 μM acetyl-CoA, 5 mM MgCl2 and 50 mM Tris/Tris-

D11 (pH 7.5) in 90% H2O and 10% D2O. The errors shown are the standard deviation from 

three independent measurements (each sample prepared separately for the measurement). Error 

bars are difficult to see because of the little variation between data.  
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Under the experimental conditions (0.2 μM ICL2), only a small amount of acetyl-CoA (10 

µM) was found to be required to stimulate full ICL2 activity (Figure 4.8). We then measured 

the catalytic rate constant (kcat) and Michaelis constant (KM) of ICL2 in the absence and 

presence of acetyl-CoA (Figure 4.9a and 4.9b, Table 4.3). The kcat of ICL2 in the absence and 

presence of acetyl-CoA were 0.44 ± 0.03 s-1 and 4.1 ± 0.3 s-1, respectively. This shows that the 

catalytic activity of ICL2 was 10 times higher in the presence of acetyl-CoA. The kcat value 

of ICL2 in the presence of acetyl-CoA (4.1 ± 0.03 s-1) is similar to the value of ICL1 (4.3 ± 0.1 

s-1, see Chapter 3), suggesting the catalytic activity of ICL2 in the presence of acetyl-CoA is 

similar to ICL1. The KM values of ICL2 in the absence and presence of acetyl-CoA were 810 

± 35 µM and 320 ± 35 µM, respectively. The KM value of ICL2 in the presence of acetyl-CoA 

(320 ± 35 µM) is similar to ICL1 (290 ± 10 µM, see Chapter 3). The results revealed that ICL2 

binds DL-isocitrate more tightly in the presence of acetyl-CoA. Overall, ICL2 appears to have 

higher catalytic activity and tighter binding to its substrate in the presence of acetyl-CoA, 

suggesting a potential functional role in the M. tuberculosis glyoxylate cycle.  
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Figure 4.8: The measurement of the amount of acetyl-CoA that is required for full activation 

of ICL2 with DL-isocitrate as substrate. The sample contained 200 nM ICL2, 1 mM DL-

isocitrate, varying concentrations of acetyl-CoA, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH 

7.5) in 90% H2O and 10% D2O. The errors shown are the standard deviation from three 

independent measurements (each sample prepared separately for the measurement). The line is 

added to aid visualisation.  
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Figure 4.9: Hanes-Wolf plot of ICL2 (a) in the absence and (b) presence of acetyl-CoA. 

Sample contained 200 nM ICL2, 25 µM acetyl-CoA, varying concentrations of DL-isocitrate, 5 

mM MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. The errors shown 

are the standard deviation from three independent measurements (each sample prepared 

separately for the measurement). 
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ICL2 ICL1 

 
in the absence of acetyl-CoA in the presence of acetyl-CoA 

 

KM 810 ± 35 µM 320 ± 35 290 ± 10 µM 

kcat 0.44 ± 0.03 s-1 4.1 ± 0.3 s-1 4.3 ± 0.1 s-1 

Table 4.3: Kinetic parameters of ICL2 (in the absence and presence of acetyl-CoA) and ICL1 

with DL-isocitrate as substrate. Measurements were made using samples contained ICL2 (200 

nM)/ICL1 (190 nM), varying concentration of DL-isocitrate, 5 mM MgCl2 and 50 mM Tris/Tris-

D11 (pH 7.5) in 90% H2O and 10% D2O. The errors shown are the standard deviation from 

three independent measurements (each sample prepared separately for the measurement). 

 

4.5.2 Kinetics parameters of ICL2 in the presence of propionyl-CoA, succinyl-CoA and 

CoA using the substrate DL-isocitrate 

The higher activity of ICL2 with acetyl CoA encouraged us to investigate its activity in the 

presence of propionyl-CoA, succinyl-CoA and CoA. At 200 μM concentration, propionyl-CoA 

was found to stimulate the catalytic activity of ICL2 to a similar extent to that of acetyl-CoA. 

Succinyl-CoA and CoA were also found to increase the activity of ICL2, albeit to a lesser 

extent (Figure 4.10). This is interesting because a recent study by Bi et al. showed that the 

activity of ICLs may be regulated by posttranslational acetylation.31 GNATs are 

acetyltransferases and it is possible that the C-terminal domain auto-catalyses the acetylation 

of ICL2 to stimulate its catalytic activity. However, the activation of ICL2 by CoA, which lacks 

the acetyl group, demonstrates that the C-terminal domain is likely an acetyl-CoA binding 

domain rather than as an acetyltransferase.  

To ensure ICL2 activation is due to CoA binding rather than acetate or propionate, the rate of 

DL-isocitrate turover to succinate and glyoxylate was investigated in the presence of acetate and 

propionate (Figure 4.11). The results showed the turnover rate is not affected by acetate and 
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propionate, indicating that the activation takes place upon binding of acetyl CoA and 

propionyl-CoA. 

The amount of propionyl-CoA required for complete activation of ICL2 was subsequently 

measured (Figure 4.12), indicating that ~40 μM of propionyl-CoA is required to fully stimulate 

ICL2 activity (with DL-isocitrate as substrate). Propionyl-CoA is one of the intermediates of the 

methylcitrate cycle, which is a key detoxification pathway of M. tuberculosis when odd-chain 

fatty acids are used as a carbon source.32 Therefore, the activation of ICL2 by propionyl-CoA 

is potentially significant as it may provide a role for ICL2 in the methylcitrate cycle of M. 

tuberculosis (see next section). 
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Figure 4.10: Catalytic activity of ICL2 in the presence of CoA analogues using DL-isocitrate 

as substrate. The graph shows the activation of ICL2 in the presence of CoA analogues (acetyl-

CoA, propionyl-CoA, succinyl-CoA and CoA). Acetyl-CoA and propionyl-CoA showed the 

highest activation, whereas succinyl-CoA and CoA showed a half activity compared to acetyl-

CoA and propionyl-CoA. The sample contained 500 nM ICL2, 1 mM DL-isocitrate, 200 μM 

propionyl-CoA/succinyl-CoA/CoA, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) in 90% 

H2O and 10% D2O. The errors shown are the standard deviation from three independent 

measurements (each sample prepared separately for the measurement). 
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Figure 4.11: Catalytic activity of ICL2 using DL-isocitrate as substrate in the presence of acetate 

and propionate. The graph shows no change in the activity of ICL2 in the presence of acetate 

and propionate. Measurements were made using samples contained 200 µM ICL2, 1 mM DL-

isocitrate, 5 mM MgCl2, 1mM acetate/propionate and 50 mM Tris/Tris-D11 (pH 7.5) in 90% 

H2O and 10% D2O. The errors shown are the standard deviation from three independent 

measurements (each sample prepared separately for the measurement). 
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Figure 4.12: The measurement of the amount of propionyl-CoA required for full activation of 

ICL2 during DL-isocitrate turnover. Sample contained 200 nM ICL2, 1 mM DL-isocitrate, 

varying concentrations of propionyl-CoA, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) in 

90% H2O and 10% D2O. The errors shown are the standard deviation from three independent 

measurements (each sample prepared separately for the measurement).  Error bars are difficult 

to see because of little variation between data. The line is added to aid visualisation.  
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The methylisocitrate lyase activity of ICL2 was investigated using (2R,3S)-2-methylisocitrate, 

an intermediate of the methylcitrate cycle, as the substrate. In the absence of acetyl-CoA or 
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reaction rate, as revealed by an increase in the concentrations of succinate and pyruvate (Figure 

4.13b). The amount of acetyl-CoA and propionyl-CoA required for full activation of ICL2 with 

(2R,3S)-2-methylisocitrate as substrate were 25 µM  (Figure 4.14) and 200 µM (Figure 4.15) 

respectively.  

 

  

Figure 4.13: 1H NMR spectroscopy to monitor ICL2-catalysed turnover of (2R,3S)-2-

methylisocitrate into succinate and pyruvate (a) in the absence and (b) presence of acetyl-CoA. 

(a) The ample contained 4 µM ICL2, 1 mM (2R,3S)-2-methylisocitrate, 5 mM MgCl2 and 50 

mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. (b) The sample contained 1 µM ICL2, 

1 mM (2R,3S)-2-methylisocitrate, 25 µM acetyl-CoA, 5 mM MgCl2 and 50 mM Tris/Tris-D11 

(pH 7.5) in 90% H2O and 10% D2O. 
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Figure 4.14: The measurement of amount of acetyl-CoA required for full activation of ICL2 

for turnover of (2R,3S)-2-methylisocitrate. Samples contained 1 µM ICL2, 1 mM (2R,3S)-2-

methylisocitrate, varying concentrations of acetyl-CoA, 5 mM MgCl2 and 50 mM Tris/Tris-

D11 (pH 7.5) in 90% H2O and 10% D2O. The errors shown are the standard deviation from 

three independent measurements (each sample prepared separately for the measurement).  

Error bars are difficult to see because of little variation between data. The line is added to aid 

visualisation.  
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Figure 4.15: The measurement of amount of propionyl-CoA required for full activation of 

ICL2 for turnover of (2R,3S)-2-methylisocitrate. Samples contained 1 µM ICL2, 1 mM 

(2R,3S)-2-methylisocitrate, varying concentrations of propionyl-CoA, 5 mM MgCl2 and 50 

mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. The errors shown are the standard 

deviation from three independent measurements (each sample prepared separately for the 

measurement).  Error bars are difficult to see because of little variation between data. . The line 

is added to aid visualisation. 

 

The KM and kcat values of ICL2 were then measured using (2R,3S)-2-methylisocitrate as 
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suggesting the turnover rate of (2R,3S)-2-methylisocitrate is much slower than DL-isocitrate 

(kcat = 4.1 ± 0.3 s-1). This result is not surprising as the additional methyl group may affect the 

binding affinity and geometry of the substrate to the enzyme active site. A similar trend was 

also observed for ICL1 (Chapter 3). Similar to ICL1 (see Chapter 3), inhibition of ICL2 at high 

(2R,3S)-2-methylisocitrate concentration (above 1000 µM) was observed. (Figure 4.17). This 

is not surprising as the structure and active site of the N-terminal domain of ICL2 and ICL1 

are very similar. 

 

 

Figure 4.16: Hanes-Woolf plot of ICL2 using (2R,3S)-2-methylisocitrate as a substrate. 

Samples contained 1 µM ICL2, 25 µM acetyl-CoA, varying concentrations of (2R,3S)-2-

methylisocitrate, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. 

The errors shown are the standard deviation from three independent measurements (each 

sample prepared separately for the measurement).  Error bars are difficult to see because of 

little variation between data. . 

0

10

20

30

40

50

0 200 400 600 800 1000

[(
2

R
,3

S
)-

2
-

M
e

th
y

li
s

o
c

it
ra

te
]/

V

[(2R,3S)-2-Methylisocitrate]/μM



 

109 

 

 DL-isocitrate (2R,3S)-2-methylisocitrate 

 KM (μM)  kcat (s-1) KM (μM) kcat (s-1) 

ICL1 290 ± 10 µM 4.3 ± 0.1 s-1 560 ± 28 0.5 ± 0.01 

ICL2 320 ± 35 µM  4.1 ± 0.3 s-1 915 ±65 0.89 ± 0.042 

Table 4.4: Kinetic parameters of ICL2 (in the presence of acetyl-CoA) and ICL1 with DL-

isocitrate and (2R,3S)-2-methyisocitrate as substrate. Measurements were made using samples 

containing ICL2 (1 µM)/ICL1 (2 µM), varying concentrations of (2R,3S)-2-methyisocitrate, 5 

mM MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. The errors shown 

are the standard deviation from three independent measurements (each sample prepared 

separately for the measurement).   

 

Figure 4.17: ICL2 kinetics using the substrate (2R,3S)-2-methylisocitrate in the presence of 

acetyl-CoA showing enzyme inhibition at higher substrate concentration (above 1000 µM). 

Measurements were made using samples containing 1 µM ICL2, varying concentrations of 

(2R,3S)-2-methylisocitrate, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 
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10% D2O. The errors shown are the standard deviation from three independent measurements 

(each sample prepared separately for the measurement).  Error bars are difficult to see because 

of little variation between data. The line is added to aid visualisation. 

 

4.6 Thermal shift assay of ICL2 in the presence of acetyl-CoA 

The aforementioned kinetic experiments showing activation of ICL2 in the presence of acetyl-

CoA were also supported by a thermal shift assay (Figure 4.18). The melting temperature (Tm) 

of ICL2 in the presence of MgCl2 was 50.9 ºC. Incubation of acetyl-CoA with ICL2 in the 

presence of MgCl2 increased the Tm by 1.9 ºC (52.8 ºC). This demonstrates acetyl-CoA binds 

to ICL2 to form a stable complex. The increase in Tm as a result of a ligand-protein interaction 

has been reported previously; for example, the binding of tamoxifen to the estrogen receptor 

appeared to increase Tm as a result of a protein-ligand stable complex.33 The increase in the Tm 

of the protein upon binding of the ligand was also discussed in Chapter 3 of this thesis.



 

111 

 

 

Figure 4.18: Protein melt curve for ICL2. Samples contained 20 μM ICL2, 100 µM MgCl2 

(where required) and 100 µM acetyl-CoA (where required) in 50 mM HEPES pH 7.5. 

Temperature was increased from 25 to 95 °C at 1 °C increment every 60 seconds. The melting 

temperature of ICL2 in the absence and presence of MgCl2 was 49.7 °C and 50.9 ºC. The 

melting temperatures of ICL1 in the presence of acetyl-CoA was 52.8 ºC.  

 

4.7 Crystallisation of ICL2 in the presence of acetyl-CoA 

Considering the interesting kinetic results for ICL2 in the presence of acetyl-CoA and 

analogues, protein crystallography was subsequently attempted to solve the structure of ICL2 

in the presence of acetyl-CoA. Using optimal conditions described previously (fine screening 

based on Morpheus D2 and H3) (see Table 4.1), crystals of acetyl-CoA bound ICL2 were 

obtained under two conditions (9 % PEG 4K/18 % GLY, 0.02 M AAs, 0.1 M MES/IMI pH 6.1 

and pH 6.5). The structure was solved by molecular replacement using the acetyl-CoA free 

ICL2 as a search model, in which the N-terminal domain was first used to solve the structure 
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followed by using this partially solved structure as a fixed model to search for the C-terminal 

domain. Model building using Phenix and Coot resulted in a complete model that was refined 

to 2.67 Å resolution, with crystallographic Rvalue of 22.3 % and Rfree of 24.39 %. Ramachandran 

plots produced by MolProbity25 showed that 97.45% of the residues are within the favoured 

regions with 0.28% outliers.  

The acetyl-CoA-bound ICL2 structure also showed a tetrameric arrangement (Figure 4.19), 

with a clear electron density map for the entire molecule, except residues 1-10, 211-220 and 

593-605. The structure revealed one molecule of acetyl-CoA bound to each of the C-terminal 

domains, inducing unprecedented conformational changes in ICL2. Upon binding of acetyl-

CoA, the C-terminal domain from one monomer moves an average of 77 Å towards the centre 

of ICL2 and rotates 176 degrees to form a dimer with the C-terminal domain of the opposing 

monomer (Figure 4.20). The distinctive conformational changes have also been confirmed in 

solution using small-angle X-ray scattering (SAXS) experiments, with acetyl- and propionyl-

CoA (performed by Dr Ghader Bashiri).  
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Figure 4.19: Structure of the acetyl-CoA bound ICL2 tetramer solved at 2.67 Å. Each colour 

represents a monomeric subunit. Acetyl-CoA (coloured by element in PyMOL - cyan carbon 

backbone) and a water molecule (blue white coloured spheres) that involves in the interaction 

of pyrophosphate moiety to AA residues of ICL2 C-terminal domain. 
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Figure 4.20: Structures of acetyl-CoA free and bound ICL2 visualising the conformation 

change upon binding of acetyl-CoA a) acetyl-CoA free ICL2; b) acetyl-CoA bound ICL2. 

Binding of acetyl-CoAs induces the conformational change to form a closed confirmation. 

(Acetyl-CoA is coloured by element in PyMOL - cyan carbon backbone) 

 

Acetyl-CoA binds in the cleft created by α25, α26 and β15 (Figure 4.21a and 4.22). The 

adenosine moiety makes only one hydrogen bond interaction with the side chain of Asp713, 

with the P3 phosphate group interacting with the side chains of Arg687, Lys764 and His724 

residues (Figure 4.22). The pantothenate tail makes hydrogen bond interactions with Thr678, 

Thr711 and Gln676 residues. Similarly to members of the GNAT superfamily (Figure 4.21b), 

a β-bulge (on β15) participates in creating a hydrophobic pocket in which the acetyl moiety is 

tucked in between β15 and β16-α26 loop. The longer propionyl and succinyl moieties of 

b)

a)
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propionyl-CoA and succinyl-CoA could also fit in the hydrophobic cage formed by Val673, 

Gln676, His693, Tyr707 and Asn714 residues. The binding of the pyrophosphate moiety of 

acetyl-CoA is interesting because the R/Q-X-X-G-X-A/G sequence that is conserved amongst 

all GNATs (present in the loop connecting β4 and α3) for pyrophosphate binding is not 

conserved in ICL2. In members of GNAT superfamily, acetyl-CoA interacts via hydrogen 

bonding between the backbone of the conserved motifs and the oxygen atoms of the 

pyrophosphate group.28, 34 In ICL2, in the absence of the conserved R/Q-X-X-G-X-A/G motif, 

six residues are present in the pyrophosphate binding loop of ICL2 (the loop connecting β15 

and α25) are Gly680, Ala681, Glu682, Leu683, Arg684, Glu685 and Lys686. The 

pyrophosphate moiety of acetyl-CoA makes hydrogen bonds to Leu683, Glu685 and Lys686 

present in the loop. The pyrophosphate moiety also interacts with Thr678 of β15 and Leu688 

and Thr690 of α25. The interaction of pyrophosphate with the side chain hydroxyl group of a 

residue in α3 has been observed in some members of GNAT, but interactions with residues in 

β4 have not been reported.27 The pyrophosphate makes four direct hydrogen bond interactions 

with Thr678, Gln685, Arg687 and Thr690 residues. Interestingly, the structure also shows that 

pyrophosphate interacts with Leu683, Lys686, Leu688 residues via either a water molecule or 

a Mg2+ ion (Figure 4.22). It was tested by molecular dynamics experiment (performed by Dr 

Jóhannes Reynisson), which revealed that a water molecule required for binding of 

pyrophosphate to Leu683, Lys686 and Leu688 residues. The interactions of the pyrophosphate 

with residues in the loop via water molecule have also been reported previously.27 
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Figure 4.21: a) Acetyl-CoA bound C-terminal domain of ICL2. Acetyl-CoA binds in the cleft 

created by α25, α26 and β15. An acetyl-CoA and a water molecule are shown as a cyan carbon 

backbone stick and a blue white sphere, respectively. Amino acid residues interact to acetyl-

CoA are shown as wheat coloured sticks and labelled in black; b) Acetyl-CoA bound NatD of 

Schizosaccharomyces pombe, PDB code 4U9V. An acetyl-CoA (a cyan carbon backbone stick) 

binds to the cleft created by α3, α4 and β4. Amino acid residues interact to acetyl-CoA are 

shown as wheat coloured sticks and labelled in black. 
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Figure 4.22 Picture exported from LIGPLOT35 visualising hydrogen bond interactions of 

acetyl-CoA to AA residues in the C-terminal domain. Adenosine moiety interacts with Asp713, 

P3 phosphate group interacts with Arg 687, His724 and Lys764, pantothenate interacts with 

Gln676, Thr678 and Thr711, and pyrophosphate interacts directly with Thr678, Gln685, 

Arg687 and Thr690 and via water with Leu683, Lys686 and Leu688.  
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The overall conformational changes of ICL2 upon acetyl-CoA binding are extensive. 

Specifically, binding of acetyl-CoA induces dissociation of the C-terminal domain dimer 

observed in the acetyl-CoA free ICL2 structure and a new dimer is formed with the C-terminal 

domain of the opposing monomer. The C-terminal domain of acetyl-CoA bound ICL2 

dimerises via interactions (electrostatic and hydrogen bonding) between the loops connecting 

β14/β15 and β12/β13 of opposing monomer (Figure 4.23a). Specifically, the positively charged 

Arg665 interacts with negatively charged Glu640 at the dimer interface. Three β-strands (β16 

and β17 and β18) of the acetyl-CoA free ICL2 are disordered, suggesting a higher dynamic 

state of the dimer. Interestingly, the C-terminal domain of acetyl-CoA bound structure is 

dimerised involving the same three β-strands (β16 and β17 and β18) (Figure 4.23b). These 

three β–strands are well-ordered on top of each other in the less dynamic state, which led to the 

stable dimer. Overall, the binding of acetyl-CoA induces the C-terminal domain to adopt a 

well-ordered and less dynamic state, which could favour to dissociate the existing dimer and 

form a new more stable dimer with the opposing monomer. The decrease in the flexibility of 

β-strands upon binding of a ligand to a protein leading to form a stable dimer has been reported 

previously.36
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Figure 4.23: Dimerisation of the C-terminal domain of ICL2 a) in the absence of acetyl-CoA, 

three β-strands (β16, β17 and β18) are disordered suggesting to higher dynamic state b) in the 

presence of acetyl-CoA, three β-strands (β16, β17 and β18) are well ordered and also involved 

in dimerisation.
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4.8 Active site of ICL2 

Although the ICL2 structures solved in this study did not contain any active site metals or 

ligands, sequence alignment between ICL1 and ICL2 suggested that Cys215 is the catalytic 

residue in the latter. The metal binding residues are also conserved between ICL1 and ICL2 

[Asp108, Asp153 and Glu155 in ICL1, Figure 4.24,26 and Asp123, Asp177 and Asp179 (acidic 

amino acid Glu155 in ICL1) in ICL2, Figure 4.25 (see also sequence alignment, Table 4.2)]. It 

is therefore reasonable to assume that metal and substrate binding at the active sites of ICL1 

and ICL2 should be similar. 

 

 

Figure 4.24: a) ICL1 monomer showing the position of Mg2+ (blue sphere) and the three amino 

acid residues (Asp108, Asp153 and Glu155) it interacts with in the active site; b) Close up of 

the interaction between Mg2+ and Asp108, Asp153 and Glu155 within the ICL1 active site. 
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Figure 4.25: A picture visualising the conserved Mg2+ binding site in ICL2.  

 

ICL1 undergoes a conformational change from the open to the closed conformation upon 

binding of the substrate (DL-isocitrate or (2R,3S)-2-methylisocitrate). The C-terminal end of the 

adjacent subunit then moves towards the active site loop forming a lid over the active site loop, 

keeping the protein in a closed conformation. Electrostatic interactions between positively 

charged lysine residues (Lys189 and Lys190 of ICL1) at the active site loop and the negatively 

charged glutamate residues (Glu423 and Glu424 of ICL1) at the C-terminal lid are important 

to keep enzyme in its catalytically active conformation.37 ICL2 also undergoes a 

conformational change upon acetyl-CoA binding, albeit via a different mechanism to ICL1. 

ICL2 lacks the negatively charged lid from the adjacent subunit, likely a reason for the weak 

Asp177
Asp179

Asp123
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catalytic activity of ICL2 in the absence of acetyl-CoA. Upon binding of acetyl-CoA, 

rearrangement of the C-terminal domains occurs, resulting in closed tetrameric conformation. 

The loop connecting β13/β14 (residues 635-641) of the C-terminal is sandwiched between 

helices α20 and α21 of the N-terminal domain. However, the loop is 32 Å away from the 

catalytic Cys215, which indicates this conformation change is not directly involved in the 

increase of the catalytic activity of ICL2.  

Upon close observation of two adjacent monomers in both acetyl-CoA free and bound ICL2 

tetramers, it is possible to provide a plausible framework for the allosteric modulation of the 

enzyme. The active site loop (loop connecting β4/β5) is well defined in the acetyl-CoA free 

structure. The loop connecting N- and C- terminal domains (residues 586-601) of the adjacent 

monomer is facing away from catalytic loop providing space for the active site loop. This 

results in an open conformation that allows the binding of Mg2+ and the substrate (Figure 4.26). 

This also explains the weak catalytic activity of ICL2 in the absence of acetyl-CoA. Upon 

binding of acetyl-CoA, the orientation of the C-terminal domain changes, i.e. the C-terminal 

domain rotates towards the N-terminal domain. The loop connecting N-and C-terminal 

domains from the adjacent monomer thus move closer to the space that was occupied by the 

active site loop in the acetyl-CoA free structure, thus pushing the active site loop closer to the 

active site, i.e. the close conformation in a similar manner to ICL1 (Figure 4.27). This is aided 

by charge-charge repulsion between the positively charged residues (Lys213 and Lys214) on 

the active site loop and the positively charged loop that connects the N- and C-terminal domains 

(pI =10). Interestingly, instead of a well-defined active site loop covering the entrance of the 

active site, the binding of acetyl-CoA resulted in a patchy and unresolved density for the active 

site loop in three chains of the tetramer. This is likely due to increase in flexibility of the active 

site loop. The presence of Mg2+ and the substrates may have stabilised the active site loop. 

However, the absence of Mg2+ and the substrates in the structure leaves the active site loop 
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flexible. Further experiments, including molecular dynamics calculations, may help provide 

further insight into the activation mechanism. 

 

Figure 4.26: Two monomers of the acetyl-CoA free ICL2 showing the active site loop, metal 

binding site and the loop connecting N- and C- terminal domains of adjacent monomer. The 

picture shows the loop connecting N- and C- terminal domain of adjacent monomer facing 

away from the active site loop. 
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Figure 4.27: Two monomers of acetyl-CoA bound ICL2 showing the change in orientation of 

C-terminal domain upon binding of acetyl-CoA. The picture shows the loop connecting the N- 

and C- terminal domains of the adjacent monomer moves closer to the active site loop, resulting 

the patchy and unresolved active site loop. The patchy and unresolved active site loop is 

highlighted in red circle and the loop connecting N- and C-terminal domain is highlighted in 

black circle. 

Loop connecting N-and C-terminal domains

Patchy and unresolved the active site loop
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4.9 Conclusion 

The work that is described in this chapter summarises efforts in the structural and biochemical 

analysis of ICL2. The structure of ICL2 was solved at 1.8 Å resolution using X-ray 

crystallography. ICL2 was found to be an elongated tetramer with two-distinct N- and C- 

terminal domains. Sequence and structure alignments demonstrated the N-terminal domain is 

similar to ICL1 and a structural similarity search using PDBeFold indicated the C-terminal 

domain is structurally similar to members of GNAT acetyltransferase superfamily. 

Biochemical studies revealed that the binding of acetyl-CoA (or analogues) increased the 

catalytic activity of ICL2. Structural analyses showed that acetyl-CoA binds to the C-terminal 

domain of ICL2, which induces a significant conformational change. The conformational 

change locks ICL2 in a closed tetrameric conformation that stimulates its catalytic activity. The 

conformational change was also confirmed in solution state using SAXS experiments. Overall, 

the experiments provided valuable insight into the long-standing dilemma on the role of ICL2 

in the metabolism of M. tuberculosis. 
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Chapter 5: Itaconic acid as a green and sustainable substrate for pharmaceuticals1 

5.1 Introduction 

5.1.1 Green chemistry 

Green chemistry is the development of new technologies that decrease or exclude the use and 

production of harmful substances.1, 2 It is based on twelve principles developed by Anastas and 

Warner.1  As can be seen in Figure 5.1, the key principles focus on the practice of sustainable, 

safe procedures that minimise waste.3 

Figure 5.1: Twelve principles of green chemistry.1 

                                                 
1 Part of the work from this chapter was published as described in 

Bhusal, R. P.; Sperry, J., Flexible synthesis of diverse N-heterocycles from substrates attainable from biomass. Green Chem. 2016, 18, 2453-

2459. 
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5.1.2 Green pharmaceutical chemistry 

Pharmaceutical companies are ranked first among chemical manufacturers in the production of 

waste including by-products, contaminated solvents, depleted reagents and air pollutants.4 

Implementing green chemistry practices into the pharmaceutical industry will ensure drug 

discovery and production becomes cost effective and environmental friendly. Some leading 

pharmaceutical companies have already started to incorporate the principles of green chemistry 

into manufacturing processes. For example, Pfizer developed a green synthetic pathway to the 

antidepressant drug sertraline by incorporating benign solvents and preventing the formation 

of harmful by-products (Scheme 5.1).5 In the first commercial synthesis, tetralone 20 was 

condensed with methylamine in the presence of titanium tetrachloride in a mixture of solvents 

(toluene, hexanes and THF) to give compound 21, which was hydrogenated using palladium 

on carbon (Pd/C) in THF to give compound 22 as a mixture of cis and trans diastereomers in 

6:1 ratio. The desired cis-diastereomer could be isolated from the mixture by resolution with 

D-mandelic acid. The process generates hazardous solid by-products, titanium dioxide and 

methylamine hydrochloride and uses environmentally hostile solvents like toluene, hexanes 

and THF. The improved synthesis substituted harmful solvents with ethanol and avoided use 

of titanium tetrachloride in conversion of 20 to 22, eliminating formation of titanium dioxide 

and monomethylamine hydrochloride. Moreover, the stereoselectivity and yield of the 

hydrogenation was improved by using Pd/CaCO3 in ethanol leading to 20:1 diastereoselectivity 

in >94 % yield. Overall, the new synthesis eliminates 440 tons of TiO2-MeNH2.HCl and 40 

tons of trans isomer waste per year. 
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Scheme 5.1: 1st commercial and improved synthesis of antidepressant drug sertraline  

 

The synthesis of the HIV integrase inhibitor, raltegravir was redesigned according to green 

chemistry principles by Merck, leading to a 33 % increase in overall yield with 65 % organic 

and aqueous solvent waste reduction (Schemes 5.2 and 5.3).6 In 1st generation synthesis 

(Scheme 5.2), compound 24 was N-methylated with methyl iodide and Mg(OMe)2 in DMSO 

and methanol, followed by addition of 4-fluorobenzylamine (4-FBA) in ethanol to afford 

compound 25 in 63% yield.  The regioselectivity of N-Me to O-Me is 78:22. The Cbz group in 
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compound 25 was hydrogenated using Pd/C and methanesulfonic acid in methanol, which upon 

neutralization gave compound 26 in 99 % yield. The amine 26 was coupled to acyl chloride 27 

in presence of N-methylmorpholine (4-NMM) in THF to give a mixture of raltegravir 28 and 

ester 29, which upon treatment with aqueous methylamine and neutralisation gave pure 

raltegravir 28 in 88 % yield.  

 

Scheme 5.2: First generation synthesis of raltegravir 

 

In the second generation synthesis (Scheme 5.3), compound 24 was first treated with 4-FBA 

and trimethylamine (TEA) in presence of methanol to give an amide, which was further reacted 

with Mg(OH)2, Me3S(O)I in N-methyl-2-pyrrolidone (NMP) to afford 25 in 91 % yield. The 

N-methylation process did not produce any O-methylated by-products. In this step, the yield 

was increased from 63 to 91% and also solvent waste was reduced.  Compound 25 was treated 
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with pivaloyl chloride to form a pivalate ester, which upon hydrolysis of the Cbz group using 

Pd/C in methanol and glycolic acid to afford compound 30, which was crystallized using 

triethylamine. The coupling of amine 30 to acyl chloride 27 in presence of 4-NMM in 

acetonitrile gave compound 31. The new process is more productive, uses 3 times less solvent 

and half the amount of compound 27 in comparison to 1st generation synthesis.  Finally, basic 

hydrolysis of pivaloyl group using potassium hydroxide followed by crystallization using 

aqueous acetic acid gave raltegravir 28 at 97 % yield. 

Scheme 5.3: Second generation synthesis of raltegravir 
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5.1.3 Biomass for synthesis of fine chemicals 

The chemical industry is almost entirely reliant on fossil resources.7 As these finite reserves 

dwindle, a switch to biorenewable resources is required to ensure a supply of these chemicals 

at levels which we enjoy today. Biomass from plants and animals is potential source of platform 

chemicals for the chemical industry.8 In contrast to hydrocarbons in an oil refinery, 

biorefineries comprise oxygen rich heterogeneous solids, so different processing approaches 

are required to obtain core building blocks.9 The first challenge is to develop efficient methods 

for large scale processing of biomass, likely through technological advances in 

thermochemical, biochemical, mechanical and chemical processes.7 The use of these building 

blocks for fine chemical synthesis may not be an economical option at present, but it does 

present the only realistic approach for the future of chemical manufacturing.9  Some 

applications of the use of biomass-derived platforms in fine chemical synthesis are presented 

henceforth. 

 

5.1.3.1 Synthesis of Ranitidine and -aminolevulinic acid from cellulose-derived 5-

(chloromethyl)furfural  

Mascal and co-worker reported the synthesis of ranitidine, a drug for treatment of gastric and 

duodenal ulcers (Scheme 5.4)10 from the cellulose derived platform chemical 5-

(chloromethyl)furfural 32. Upon treatment of 32 with commercially available N-

acetylcysteamine, the thiol 33 was formed. Reductive amination gave tertiary amine 34 that 

upon hydrolysis gave diamine 35. Finally, condensation of 35 with 36 gave ranitidine 37. 
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Scheme 5.4: Synthesis of ranitidine from 5-(chloromethyl)furfural 

 

The same building block was also used in the synthesis of the natural herbicide -

aminolevulinic acid (Scheme 5.5).11 This natural product is also a prodrug (a precursor of 

porphyrin) used in photodynamic therapy for the treatment of actinic keratosis.12 5-

(Chloromethyl)furfural 32 was treated with sodium azide to give azidofuran 38. Upon reaction 

of 38 with singlet oxygen, a mixture of lactone 39 and β-carbonyl acrylic acid 40 were 

produced, which upon catalytic hydrogenation gave -aminolevulinic acid 41. 
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Scheme 5.5: Synthesis of -aminolevulinic acid from 5-(chloromethyl)furfural 

 

5.1.3.2 Synthesis of enantiopure cyclopropyl esters from (–)-levoglucosenone  

(–)-Levoglucosenone (LGO), which is obtained by acid hydrolysis of lignocellulose, is a chiral 

synthon with plethora of applications in chemical synthesis.13 The chiral centres present in 

LGO makes it a valuable building block for the sustainable synthesis of fine chemicals in 

enantiopure form. Recent advances in the large scale production of LGO make it a realistic 

candidate as sustainable platform chemical.14 Greatrex and co-workers reported the synthesis 

of enantiopure cyclopropyl esters starting from LGO (Scheme 5.6A).15 The cyclopropyl esters 

are potential precursors to the central nervous system (CNS) active cyclopropylamino acid 

derivatives such as the GABAc receptor antagonist (1R, 2R)-trans-2-

aminomethylcyclopropanecarboxylic acid [(–)-TAMP] and milnacipran (Scheme 5.6B). LGO 

42 was hydrogenated to give compound 43, which upon Baeyer-Villiger oxidation gave lactone 

(S)-44. The chiral lactone (S)-44 was mesylated to give (S)-45, which upon reaction with 

sodium ethoxide or (1-hydroxycyclohexyl)lithium gave (S)-46 and (S)-47 respectively. 

Finally, lithium bis(trimethylsilyl)amide (LHMDS) promoted intramolecular cylization of (S)-

46 and (S)-47 gave enantiopure cyclopropyl ester (1S, 2S)-48 and (1S, 2S)-49 respectively. In 

a similar fashion, enantiomer (1R, 2R)-49 was also synthesized. Treatment of (S)-46 with 

http://www.sigmaaldrich.com/catalog/product/aldrich/225770?cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-1
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trifluoroacetic acid followed by mesylation gave (R)-47, which upon treatment with LHMDS 

gave (1R, 2R)-49. 

 

Scheme 5.6: [A] Synthesis of enantiopure cyclopropyl esters from (–)-levoglucosenone [B] 

CNS active cyclopropyl amino acid derivatives 
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5.1.3.3 Synthesis of muscarine-like compounds from (1R, 5S)-anhydroisosaccharino--

lactone (LAC) 

The chiral compound (1R, 5S)-anhydroisosaccharino--lactone (LAC), attainable on a gram 

scale (overall 6 % yield) by pyrolysis of cellulose, is a promising candidate for exploratory 

studies as a platform chemical.16 Mancini and co-workers reported the synthesis of potential 

bioactive muscarine-like compounds from LAC (Scheme 5.7A).17 Methanolysis of LAC 50 

gave a 3-hydroxytetrahydrofuran which was converted to tosylate 51. Conversion to azido-

tetrahydrofuran 52 followed by ester hydrolysis, hydrogenation and filtration through cationic 

resin gave the amino acid 53. The amino acid 53 was treated with excess of methyl iodide to 

give muscarine-like compound 54. Treatment of tosylate 51 with various secondary amines 

gave the muscarine derivatives 55, 56 and 57. All the derivatives (54 - 57) displayed good 

binding affinity towards all five muscarinic receptors (M1 - M5) with selectivity towards M1, 

M2 and M3, that was comparable to muscarine (Scheme 5.7B). 
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Scheme 5.7: [A] Synthesis of muscarine-like compounds from (1R, 5S)-anhydroisosaccharino-

-lactone (LAC) [B] Muscarine 

 

5.1.4 Importance of nitrogen-heterocycles  

Nitrogen-heterocycles (cyclic molecules where one or more carbon atoms are replaced with a 

nitrogen) are present in many classes of natural products and a large majority of commercially 

important drugs, agrochemicals, functional materials, dyes, nutraceuticals, fragrances and 

speciality polymers.18-20 For example, pyrrole is an important nitrogen heterocycle present in 

various pharmaceuticals, including atorvastatin, obatoclax, and aloracetam (Figure 5.2A).21 

Pyridine is the most common aromatic N-heterocycle in FDA approved drugs, including 

pharmaceuticals like loratadine, lansoprazole, and crizotinib (Figure 5.2B).18 Indole is 

ubiquitous in pharmaceuticals such as ondansetron, delavirdine and tadalafil (Figure 5.2C).19  
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Figure 5.2: Valuable chemicals containing N-heterocycles 

 

5.1.5 Nitrogen heterocycles from biomass 

5.1.5.1 Conversion of cellulose to N-heterocycles 

Because of the prevalence of nitrogen heterocycles, methods for their sustainable production 

from biomass are of great importance. Cellulose is a biopolymer present in plants that 

represents 1.5  1012 tons of total biomass produced in a year.22 Xu and co-workers reported 

the production of pyrroles, indoles and pyridines upon thermo-catalysis and ammonisation 

(TCC-A) of cellulose using a zeolite (HZSM-5) catalyst (Scheme 5.8).23 The formation of 
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pyrroles was promoted by in situ TCC-A at 500 ºC and a short interaction time. Along with 

pyrroles, a small amount of indoles and pyrazines were also formed using this method.  Ex situ 

TCC-A at 600 ºC using the catalyst with a high Si/Al ratio led to the production of pyridines 

as the major products, also producing a small amount of indoles, pyrroles and anilines. The 

production of indoles as the major component was promoted by low Si/Al ratio in the catalyst 

and a long residence time, which also produced a small amount of pyridines, pyrroles and 

anilines. An issue with these methods is formation of N-containing biochar, non-nitrogen 

aromatics and gases, along with the cumbersome purification of the products. 

  

Scheme 5.8: From biomass to N-heterocycles (pyridines, pyrroles and indoles).23 

 

5.1.5.2 Conversion of biomass-derived building blocks to N-heterocycles 

Xu and co-workers also reported the production of N-heterocycles from bio-derived furan, 

furfural and glycerol.24-26 Furan and furfural are cellulose-derived platform chemicals27, 28 and 

glycerol, a component of all natural fats and oils in the form of fatty acid esters, is produced in 

large amount as a by-product of biodiesel processing (1 kg of glycerol produced per 9 kg of 

biodiesel).29 Upon TCC-A of  furan in the presence of a zeolite (HZSM-5) catalyst, indoles 
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were formed as the major product, along with a small amount of pyrroles and a trace amount 

of pyridines and anilines (Scheme 5.9A).24  The TCC-A of furfural in the presence of a zeolite 

catalyst gave indoles as the major product, along with a small amount of pyridines and a trace 

amount of pyrroles and anilines (Scheme 5.9B).25  Upon TCC-A of glycerol in presence of the 

same zeolite catalyst, pyridines were selectively produced (Scheme 5.9C).26 An issue with all 

three processes is the generation of solid carbon residues, gases and non-nitrogen aromatic 

compounds in the reactor. However, the yields were higher compared to when cellulose was 

used as the substrate. 

 

Scheme 5.9: Thermo-catalytic production of N-heterocycles from biomass-derived platform 

chemicals.24-26 

 

5.1.5.3 Synthesis of N-heterocycles from biomass derived building blocks 

Afonso and co-worker reported the synthesis of a functionalized N-alkyl-pyridinium salt by 

ring expansion of cellulose-derived 5-hydroxymethylfurfural (HMF).30 The treatment of HMF 

58 with n-butylamine 59 in the presence of formic acid gave the n-butyl pyridinium salt 60 in 

good yield (Scheme 5.10A). Pyridinium scaffolds are present in natural products and 
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biologically important compounds such as desmosine, a biomarker for the diagnosis of chronic 

obstructive pulmonary disease (COPD) (Scheme 5.10B). 

 

Scheme 5.10: [A] synthesis of the N-butyl pyridinium salt from HMF [B] Desmosine 

 

Garcia and co-workers reported the synthesis of pyrrolidones and quinolines from the 

biorenewable feedstock levulinic acid (Scheme 5.11).31 Reductive amination of levulinic acid 

61 with amines (aliphatic or benzyl or cyclohexyl) in the presence of a ruthenium catalyst, gave 

a series of pyrrolidones 62 along with a small amount of compounds 63 and/or 64 and/or 65 

(Scheme 5.11A). The condensation of levulinic acid 61 and 2-ethynylaniline 66 gave the 

quinoline 67 (Scheme 5.11B). Furthermore, the condensation of levulinic acid 61 with 2-

ethynylaniline derivatives 68 in the presence of p-toluenesulfonic acid gave quinolines 69 

(Scheme 5.11C).  
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Scheme 5.11: [A] Synthesis of pyrrolidones from levulinic acid [B] and [C] synthesis of 

quinolines from levulinic acid 

 

To date, several other efforts have been employed for the synthesis of pyrrolidones from 

levulinic acid in the presence of different heterogeneous catalysts including an iron-nickel 

alloy,32 a platinum33 and a ruthenium-based catalyst .34, 35
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5.1.6 Itaconic acid (IA) 

Itaconic acid (IA) 1 (Figure 5.3) is a fully sustainable, non-toxic, five carbon chemical building 

block that features on the U.S. DOE National Renewable Energy Laboratory's Top 12 list of 

renewable chemicals attainable from biomass.36  

 

Figure 5.3: Itaconic acid 

 

It was first reported in 1837 by Baup as a product of the thermal decomposition of citric acid.37 

In 1932, Kinoshita reported the production of IA by fungal fermentation of carbohydrates using 

Aspergillus itaconicus.37, 38 At present, Aspergillus terreus NRRL1960 is the best 

microorganism to produce IA, delivering 91 g L-1 IA from glucose.39, 40  

In 2012, Weastra compiled a report addressing the market potential of IA.41 The market price 

of IA is US$1800-2000/MT with the global IA market estimated at 41,400 MT worth US$ 74.5 

million in 2011 and is expected to reach 407,790 MT worth US$ 567.4 million in 2020. The 

production costs have halved from US$ 4.0 kg-1 in 2001 to US$ 2.0 kg-1 in 2013.42 In order to 

substitute petrochemical based platform chemicals, it is estimated the production costs need to 

be decreased to around US$ 1.5 kg-1.43 Over 25 % of the production costs are dictated by the 

feedstock used in the fermentation.44 Molasses, a by-product of sugarcanes and sugar beets 

processing to produce sucrose, is a rich source of glucose45 and has been frequently used for 

the production of IA, but it is not economical because of the sensitivity of A. terreus to 

impurities present and issues with downstream purification process.46  An attractive alternative 

is xylose, attainable by acid hydrolysis of lignocellulose present in the bagasse of sugarcanes,47 

hardwoods48 and agricultural residues.49 At present, the production yield of IA from xylose is 
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38 g L-1, which is low compared to glucose (91 g L-1).50, 51 Saha and co-workers reported that 

the pentose sugar, arabinose delivers 34 g L-1 IA upon fermentation by Aspergillus terreus 

NRRL1961.51 

At present, the applications of IA includes the production of plastics, rubbers, resins, detergents 

and textiles.41 IA has the potential to replace acrylic acid (used in the production of 

superabsorbent polymers), acetone cyanohydrin (methyl methacrylate), maleic anhydride 

(unsaturated polyester resin) and sodium tripolyphosphate (phosphate-free detergents).41 

 

5.1.7 Pyrrole 

At present, pyrrole 71 is produced industrially from furan 70 and ammonia in the presence of 

a silica or alumina catalyst (Scheme 5.12A).52 Furan is mass produced by a palladium catalysed 

decarbonylation of furfural 72 or partial oxidation of 1,3-butadiene 73 (Scheme 5.12B).53 

Ammonia is mass-produced by the Haber process, whereby nitrogen and hydrogen are reacted 

in presence of a catalyst at high temperature (Scheme 5.12C).54 The Haber process accounts 

for 1.2 % global energy demand and represents 0.93 % of global greenhouse gas emissions.55 

Furthermore, it is not sustainable given that hydrogen is obtained from natural gas. 

 

Scheme 5.12: [A] Synthesis of pyrrole from furan [B] Synthesis of furan [C] Haber process 
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Pyrrole is a realistic sustainable platform chemical because both furan and ammonia are 

available from biorenewable sources. The precursor to furan, furfural, is commercially 

produced by the dehydration of pentose sugars like xylose and arabinose, which are attainable 

by the hydrolysis of hemicellulose in biomass including corncob and bagasse of sugarcane.53 

There are also ongoing efforts regarding the development of more efficient procedures for 

furfural production from pentose sugars. Recently, Li and co-workers reported the synthesis of 

furfural by catalytic decarbonylation of xylose using -valerolactone as solvent (Scheme 

5.13A).56 Ammonia is also a biorenewable substrate as it can be obtained from protein waste. 

For example, Liao and co-workers reported the production of ammonia along with biofuels by 

treating protein wastes such as peptone, trypticase peptone, and casein with the protease 

producing Bacillus subtilis (Scheme 5.13B).57 The protease hydrolysed polypeptides to amino 

acids, which upon deamination gave ammonia and the biofuel.. 

 

Scheme 5.13: [A] Synthesis of furfural from xylose. [B] Production of ammonia from 

trypticase peptone, peptone and casein. 

 

There are also ongoing efforts to develop efficient biomass gasification procedures for the 

production of ammonia. Gilbert and co-workers reported the production of ammonia from 
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wood chip gasification.58 Wood chips and nitrogen gas were processed at 1200-1600 ºC and 

30-40 atm in O2-enriched air (55 wt % O2) to produce 1 kg of ammonia per 2.71 kg of biomass 

(35 % moisture content), reducing greenhouse gas emission by 65 % when compared to the 

Haber process. Andersson and co-workers reported a techno-economic analysis of ammonia 

production between a stand-alone plant and a pulp mill integrated gasification process.59 The 

price of ammonia production is estimated to be £581-£882 per ton from the stand-alone plant 

and £509-£774 per ton from the integrated system, values that correlate well with current price 

of fossil-derived ammonia (£514 per ton). 

 

5.2 Objective 

The objective of the work described in this chapter was to synthesise several N-heterocycles 

from two simple biorenewable substrates, itaconic acid and pyrrole. As shown in Scheme 5.14, 

the overall plan hinges on the conjugate addition of pyrrole 71 to dimethyl itaconate 74 to 

access the mono- and di-addition products 75 and 76. With this initial stage successful, the 

presence of the electron-rich heteroaromatic ring and electrophilic esters will be used to affect 

distinct, selective intramolecular C-acylation and N-acylation reactions that would result in a 

diverse array of N-heterocycles. 
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Scheme 5.14: Proposed assembly of N-heterocycles 

 

5.3 Result and Discussion 

5.3.1 Synthesis of dimethyl itaconate 74 

The synthesis of dimethyl itaconate 74 was achieved by heating a solution of itaconic acid 1 in 

methanol in the presence of a small amount of sulfuric acid (Scheme 5.15). 

 

Scheme 5.15: Esterification of itaconic acid to dimethyl itaconate60 

 

In keeping with the theme of this project, we used methanol (wood alcohol) in the esterification 

as it is attainable from the pyrolysis of biomass including tree trunks (yield = 18 wt %), oil 
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from bark wastes (10 %), corn stalks (7 %), sugarcane bagasses (6 %), roots and sawdusts (4 

%).61 Furthermore, methanol is attainable by the pyrolysis of hazelnut shells (8 %), softwoods 

(1 %) and hardwoods (1.7 %).62  

 

5.3.2 Conjugate addition of pyrrole 71 to dimethyl itaconate 74 to give mono-addition 

product 75 and di-addition product 76 

With dimethyl itaconate 74 in hand, a study investigating its conjugate addition reaction with 

pyrrole 71 was initiated. Lewis acids were investigated to find optimum conditions for the 

conjugate addition reaction. Pyrrole 71 and dimethyl itaconate 74 were subjected to BF3OEt2 

in THF and CH2Cl2, but reaction was not observed. The Lewis acids InCl3, TiCl4, Cu(OTf)2, 

and ZnCl2, all resulted in no reaction. When AlCl3 was used (in CH2Cl2, toluene and DCE), 

trace amounts of the mono- and di-addition products 75 and 76 were formed. It has been 

reported that AlCl3 mediated Friedel-Crafts reactions in nitromethane are accelerated by in situ 

formation of an AlCl3MeNO2 complex.63, 64 Pleasingly, a solution of AlCl3 in a 1:1 mixture of 

CH2Cl2 and MeNO2 gave both the mono-addition 75 and di-addition products 76 (Scheme 

5.16). When three equivalents of pyrrole were used, the mono-addition product 75 was formed 

as the major product, along with a small amount of the di-addition product 76, in good yield 

(Scheme 5.16A). Attempts to eliminate the formation of the di-addition product by dilution, 

decreasing the reaction temperature and the duration of the reaction met with failure. The di-

addition product 76 was exclusively formed when two and half equivalents of dimethyl 

itaconate was employed (Scheme 5.16B). 
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Scheme 5.16: Conjugate addition of pyrrole to dimethyl itaconate 

  

The general mechanism of the conjugate addition reaction proceeds by initial activation of the 

α,β-unsaturated carbonyl oxygen of dimethyl itaconate 74 by the Lewis acid AlCl3 (Scheme 

5.17). Subsequently, a -bond electrons of pyrrole attacks electron deficient β-carbon to give 

77. The intermediate 77 undergoes rearrangement leaving AlCl3 to give the mono-addition 

product 75. 

 

Scheme 5.17: Mechanism of conjugate addition of pyrrole to dimethyl itaconate  

 

We first investigated the viability of the mono-addition product 75 to undergo selective C- and 

N-migration. 
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5.3.3 Acid catalysed intramolecular C-acylation and aromatisation 

In an effort to promote intramolecular C-acylation of mono-addition product 75, we 

investigated various Bronsted and Lewis acids. The mono-addition product 75 was treated with 

p-toluene sulfonic acid (PTSA) in toluene, but no reaction was observed. The Lewis acid AlCl3 

in toluene and ZnCl2 in CH2Cl2 were employed, but again no reaction was observed. We 

became aware that polyphosphoric acid (PPA) had been used to promote intramolecular C-

acylation reactions.65 Pyrrole 75 was subjected to PPA in toluene at 100 ºC, and a trace amount 

of the tetrahydroindolone 78 was formed, as determined by 1H NMR. Pleasingly, the treatment 

of pyrrole 75 with PPA under solvent-free conditions gave the tetrahydroindolone 78 in decent 

yield (Scheme 5.18A). Importantly, this reaction was selective for C-acylation and no other 

products were formed. The tetrahydroindolone scaffold can be found in fine chemicals such as 

the antipsychotic medication molindone66 and tetrahydroindolone arylpiperazine derivatives,67 

possible candidates for the treatment of the post-traumatic stress disorder (Scheme 5.18B).  

 

 

Scheme 5.18: [A] Acid catalysed C-acylation [B] Molindone and Tetrahydroindole 

arylpiperizine 
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The mechanism for the intramolecular C-acylation is shown in Scheme 5.19. Protonation of 

the carbonyl oxygen of the pyrrole 75 initiates attack by the C-3 position the adjacent pyrrole 

ring. Aromatisation followed by loss of methanol give the tetrahydroindolone 78. In general, 

the acylation at C-2 position is favoured over C-3. In this instance, the C-3 acylation of pyrrole 

dominates due to the presence of the substituent at C-2. 

 

 

Scheme 5.19: Mechanism for the intramolecular C-acylation 

 

With tetrahydroindole 78 in hand, dehydrogenation was attempted in an effort to access the 

aromatic indole. Palladium on carbon mediated dehydrogenation of 78 in diphenyl ether and 

mesitylene at reflux gave methyl-4-hydroxyindole-6-carboxylate 79 (Scheme 5.20A). Given 

the enormous importance of the indole heterocycle in pharmaceuticals (Scheme 5.20B),68-70
 

sustainable synthetic methodologies that provide indoles are of great importance. Furthermore, 

there are only limited strategies in the literature for the synthesis of 4,6-disubstituted indoles.71-

75  
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Scheme 5.20: [A] Aromatisation of tetrahydroindolone to indole [B] Pharmaceuticals 

containing indole ring 

 

5.3.4 Base mediated N-acylation and aromatisation  

Given that pyrrole 75 underwent selective C-acylation to the dihydroindolone, we subsequently 

switched to basic conditions in an effort to effect selective N-acylation. Upon treating pyrrole 

75 with potassium carbonate in N,N-dimethylformamide, the dihydroindolizinone 80 was 

selectively formed (Scheme 5.21A). The dihydroindolizinone motif is present in the natural 

products polygonatine and kinganone(Scheme 5.21B).76, 77 This methodology could also find 

utility in the synthesis of related alkaloids such as swainsonine and exochomine (Scheme 

5.21C)  
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Scheme 5.21: [A] Base mediated N-acylation [B] polygonatine and kinganone [C] swainsonine 

and exochomine. 

 

The mechanism for the intramolecular N-acylation is shown in Scheme 5.22. Deprotonation of 

pyrrole N-H by hydroxide followed by nucleophilic attack onto the ester gives the 

dihydroindolizinone product with concominant loss of methanol.  

 

Scheme 5.22: Mechanism for the intramolecular N-acylation. 
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In an effort to access a complementary heterocyclic ring system, the dehydrogenation of 

dihydroindolizinone 80 to the corresponding indolizine 81 was attempted (Table 5.1). 

Dihydroindolizinone 80 was heated with Pd/C in various solvents including Ph-O-Ph (entry 1), 

Ph-O-Ph/mesitylene (entry 2), 1,2-dichlorobenzene (entry 3), AcOH (entry 4), xylene (entry 

5), diethylene glycol methyl ether (entry 6), but no reaction was observed in all instances. 

Dihydroindolizinone 80 was also heated with Pd(TFA)2 in the presence of DMAP and  PTSA 

in DMSO78 (entry 7), but again no reaction was observed. Dihydroindolizinone 80 was heated 

with Cu(OAc)2 in DMF at 130 ºC (entry 8) and 160 ºC79 (entry 9), but not reaction was observed 

at 130 ºC, with degradation occurring at 160 ºC. Dihydroindolizinone 80 was heated with DDQ 

at reflux in numerous solvents including xylene (entry 10), 1,2-dichlorobenzene (entry 11), 

THF (entry 12), MeCN (entry 13) and dioxane (entry 14), but again no reaction was observed 

in all cases. Dihydroindolizinone 80 was also heated at 110 ºC with DDQ in presence of AcOH 

in toluene (entry 15), but in this instance degradation was observed. I2 in DMSO (entry 16 and 

17), IBX in DMSO (entry 18) and chloranil in toluene at reflux (entry 19), all gave negative 

results. Dihydroindolizinone 80 was also refluxed with MnO2 in toluene (entry 20), CuBr2/HBr 

in MeCN (entry 21), Ag2O in CH2Cl2 (entry 22), in all cases no reaction was observed. When 

dihydroindolizinone 80 was heated with Pd/C in n-octanol at 195 ºC (entry 23), a new spot was 

observed by TLC and subsequently identified as 2-pyridone 82, as a result of isomerisation 

(Scheme 5.23A) The synthesis of 2-pyridones from biorenewable substrate possesses great 

potential as it is a heterocycle motif found in many bioactive natural products and synthetic 

drugs.80-83 It is present in camptothecin family chemotherapeutic agents like topotecan, 84 

alkaloid mappicine85 and preclinical anti-tumor compound 7-((2-fluoro-4-iodophenyl)amino)-

N-(2-hydroxyethoxy)-6-methyl-5-oxo-1,2,3,5-tetrahydroindolizine-8-carboxamide86 (Scheme 

5.23B).  
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Table 5.1: Attempted aromatization of dihydroindolizinone 80  

 

Entry Oxidising agents Solvents Temp/ °C Time  Outcome 

1 Pd/C Ph-O-Ph 250  72 h No reaction 

2 Pd/C 

Ph-O-Ph and 

Mesitylene 250 72 h No reaction 

3 Pd/C 

1,2-Dichloro 

Benzene reflux 48 h No reaction 

4 Pd/C AcOH 110 48 h No reaction 

5 Pd/C xylene reflux  48 h No reaction 

6 Pd/C 

Diethylene glycol 

methyl ether reflux 24 h No reaction 

7 

Pd(TFA)2, 2-

DMAP, PTSA, 

O2 DMSO 80 24 h No reaction 

8 Cu(OAc)2, O2 DMF 80-130 24 h No reaction 

9 Cu(OAc)2 

DMF : DMSO 

(9:1) 160 24 h Degradation 

10 DDQ Xylene reflux 48 h No reaction 

11 DDQ 

1,2-dichloro 

benzene reflux 48 h No reaction 

12 DDQ  THF reflux 48 h No reaction 

13 DDQ  MeCN reflux 48 h No reaction 

14 DDQ  Dioxane reflux 48 h No reaction 

15 DDQ/AcOH Toluene 110 8 h  degradation 

16 I2 DMSO 110 3 h No reaction 

17 I2 DMSO 110 12 h Degradation 

18 IBX DMSO 100 15 h No reaction 

19 Chloranil Toluene reflux 12 h degradation 

20 MnO2 Toluene reflux 24 h No reaction 

21 CuBr2/ HBr MeCN reflux 24 h No reaction 

22 Ag2O CH2Cl2 reflux 24 h No reaction 

23 Pd/C n-octanol 195 24 h 
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Scheme 5.23: [A] Isomerisation by Pd/C [B] camptothecin, mappicine and 7-((2-fluoro-4-

iodophenyl)amino)-N-(2-hydroxyethoxy)-6-methyl-5-oxo-1,2,3,5-tetrahydroindolizine-8-

carboxamide  

 

The isomerisation of dihydroindolizinone 80 to 2-pyridone 82 appears to be solvent dependent. 

The isomerisation occurs in the presence of the protic solvent n-octanol (Table 5.1, entry 23), 

but did not proceed in the apolar solvents diphenyl ether and mesitylene (Table 5.1, entry 1 and 

2). This result warrants discussion. 

 

Pd/C is commercially manufactured directly from PdCl2, whereby the PdCl2 is adsorbed on an 

activated charcoal surface and reduced in the presence of concentrated HCl. Thus, 

commercially available Pd/C retains trace amounts of PdCl2 and HCl.87-90 Therefore, our 

understanding is that isomerisation is correlated to HCl, which the literature suggests is 

liberated in the presence of protic solvents. 
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In 2003, Hirota and co-worker documented a solvent effect on the cleavage of a silyl protecting 

group under hydrogenation conditions in the presence of Pd/C.88 Tert-

butyl(cinnamyloxy)dimethylsilane 83 was subjected to hydrogenation in various solvents 

leading to a mixture of the dehydrogenated product 84 and the dehydrogenated and deprotected 

product 85 depending on the solvent used (Table 5.2). Upon hydrogenation of 83 in methanol, 

3-phenylpropan-1-ol 85 was exclusively observed, a result of hydrogenation and desilylation 

(entry 1). When the hydrogenation was performed in ethanol, the same product 85 was 

observed, along with the reduced product 84 that had retained the silyl group (entry 2). Upon 

switching to aprotic solvents, no significant amounts of desilylation occurred (entries 3, 4 and 

5) 

Table 5.2: Solvent effects in the hydrogenation of tert-butyl(cinnamyloxy)dimethylsilane 83 

 

  Yield % 

Entry  Solvent 84 85 

1 MeOH 0 100 

2 EtOH 34 66 

3 THF 98 2 

4 Toluene 100 0 

5 EtOAc 100 0 

 

The authors postulated the silyl ether cleavage was promoted by HCl liberated from Pd/C in 

protic solvents (entries 1 and 2). The same group followed up the work and validated this 

hypothesis in a subsequent publication (Table 5.3).89 Pd/C was stirred in methanol under H2 

(entry 1) and air (entry 2) followed by filtration. TES ether 86 was stirred with the filtrate and 

in both cases silyl ether cleavage was observed, resulting in n-decanol 87 as the major product. 

However, the cleavage was completely suppressed by the addition of the acid-scavenging, 
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basic resin Amberlite®IRA-45 when pre-stirring the methanol and Pd/C (entries 3 and 4). This 

finding justified that the desilylation was mediated by liberated acid rather than Pd/C itself. 

 

Table 5.3: Cleavage of TES ether in the Pd/C-methanol filtrate 

 

  Yield % 

Entry  Conditions 86 87 

1 H2 37 63 

2 Air 41 59 

3 H2 + Amberlite®IRA-45 100 0 

4 Air + Amberlite®IRA-45 100 0 

 

Overall, the aforementioned findings validate the release of HCl from Pd/C in a polar solvent 

with or without H2. Therefore, we conclude the isomerisation of dihydroindolizinone 80 to 2-

pyridone 82 in n-octanol was mediated by acid liberated from the Pd/C during the reaction. 

 

The selective formation of indole 79 and dihyroindolizinone 80 from the mono-addition 

product 75 provides efficient access to these heterocyclic motifs from biorenewable substrates 

(Scheme 5.24A) For comparison purposes, it is informative to compare our work to that of  

Vedejs and co-workers, who examined the cyclisation of half ester 90 obtained from the Stobbe 

condensation of pyrrole -2-carboxaldehyde 88 with dimethyl succinate 89 (Scheme 5.24B)71. 

Upon subjecting the half ester 90 to triethylamine in acetic anhydride, indolizine 91 was 

exclusively formed. However, upon heating the half ester 90 in acetic anhydride, a 1:1 mixture 

of indoles 92 and 93 was formed. Moreover, heating the half ester 90 with AcOH in toluene 

gave an 8:1 mixture of indole 92 and indolizine 91. Not only did Vedej’s route fail to provide 
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selective access to both the indole and indolizine, the products are all isolated as their acetate(s), 

which would likely need removal at some point during subsequent use. 

 

Scheme 5.24: [A] Selective routes to indole and indolizinone [B] Vedej’s cyclisation of half 

ester 90 

 

Having established the viability of C-acylation and N-acylation of mono-addition product 75, 

the methodology was subsequently applied to the di-addition product 76. 
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5.3.5 Acid mediated C-acylation of di-addition product 76 and aromatisation 

In an effort to promote C-acylation, PPA catalysed cyclisation of the di-addition product 76 

was investigated (Scheme 5.25A). The di-addition product 76 was heated in PPA, affording 

indole 94 in low yield (condition A). The use of toluene as a solvent in PPA mediated reactions 

is well documented in the literature.91,92 Therefore, the di-addition product 76 was subjected to 

PPA in toluene, which lead to much improved yield of 94 (condition B). Surprisingly, none of 

tetrahydrocarbazole dione 95 was ever formed. The reason for the diacylation product not 

forming is likely due to the electron-withdrawing carbonyl group at C-4 decreasing the electron 

density of the pyrrole ring by resonance effect, resisting the intramolecular C-acylation reaction 

to from tetrahydrocarbazole dione 95 (Scheme 5.25B).93 

 

 

 

Scheme 5.25: [A] C-acylation of the di-addition product 76; [B] deactivation of pyrrole ring 

by a resonance effect. 
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The previous dehydrogenation method using Pd/C in phenyl ether and mesitylene to 

successfully obtain indole 79 from tetrahydroindolone 78 was subsequently attempted to the 

more substituted tetrahydroindolone 94. Upon subjecting 94 to Pd/C in phenyl ether and 

mesitylene, the 2,4,6-trisubstituted indole 96 was afforded in moderate yield (Scheme 5.26).  

 

Scheme 5.26: Aromatisation of the substituted tetrahydroindolone 94 

 

5.3.6 Acid mediated C-acylation of indole 96 and aromatisation 

With the indole 96 in hand, its cyclisation to the corresponding carbazolone was investigated. 

The indole 96 was subjected to PPA in toluene, forming the dihydrocarbazolone 97 in moderate 

yield (Scheme 5.27A). The dihydrocarbazolone 97 is a heterocyclic motif present in 

pharmaceuticals including the anti-emetic drug ondansetron.94 One can envisage that the 

carbazolone could be readily reduced to the corresponding tetrahydroindolone, a motif found 

in numerous pharmaceuticals, such as frovatriptan, which is used for treatment of migraine 

headache (Scheme 5.27B).95  

https://en.wikipedia.org/wiki/Migraine
https://en.wikipedia.org/wiki/Headache
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Scheme 5.27: [A] C-acylation of the indole 96 [B] ondansetron and frovatriptan 

 

With the dihydrocarbazolone 97 in hand, it was subjected to Pd/C mediated dehydrogenation 

using conditions employed previously. A mixture of carbazole 98 and O-methylated carbazole 

99 was formed in a 2.5:1 ratio (Scheme 5.28A). The carbazole ring system is present in a 

plethora of natural products including murrayanine and hyellazole and pharmaceuticals such 

as carvedilol, a drug used in treatment of heart failure and hypertension, and carprofen, a non-

steroidal anti-inflammatory drug (NSAID)  (Scheme 5.28B).96 Carbazoles are also very 

important in materials science. For example, the functional polymers poly(-2-(N-

carbazolyl)ethyl-L-glutamate) and poly(N-epoxypropyl-carbazole) are used as charge 

transporting materials in photocopiers (Scheme 5.28C).97 
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Scheme 5.28: [A] Aromatisation of dihydrocarbazolone; [B] murrayanine, hyellazole, 

carprofen and carvedilol; [C] poly(-2-(N-carbazolyl)ethyl-L-glutamate) and poly(N-

epoxypropyl-carbazole).
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The formation of O-methylated carbazole 99 is an interesting result that requires discussion. It 

is possible the residual water and HCl present in the Pd/C hydrolyses the ester(s) in any of 

compounds 97, 98 and 99 liberating methanol in the process (Scheme 5.29A). The O-

methylated carbazole 99 could result from two pathways (Scheme 5.29B). Methanol could 

attack carbazolone 97 leading to the hemiacetal 103. Upon protonation, either methanol or 

water could serve as the leaving group. As methanol and water are comparable in their leaving 

group ability,98 either of the two carbazoles 104 and 105 could result. Secondly, the liberated 

methanol could directly alkylate the carbazole 104. This is possible as methanol is known to 

serve as an electrophile at high temperatures in the presence of acidic catalysts.99  
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Scheme 5.29: [A] Hydrolysis of esters liberating methanol; [B] Mechanism of O-methylated 

carbazole formation 
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5.3.7 Based mediated N-acylation and isomerization of di-addition product 76 

After the successful C-acylation methodology enabled access to the indole 96 and carbazoles 

98 and 99 from the di-addition product 76, our attention turned towards the base mediated N-

acylation of the same substrate using the conditions employed previously in this thesis (Scheme 

5.30). The di-addition product 76 was subjected to potassium carbonate in DMF at 110 ºC, 

giving the substituted dihydroindolizinone 106 as a result of selective N-acylation. With the 

substituted dihydroindolizinone 106 in hand, its isomerisation to the 2-pyridone 107 was 

investigated using conditions described previously in this thesis (Scheme 5.30). Upon 

subjecting the substituted dihydroindolizinone 106 to the Pd/C in n-octanol at elevated 

temperature, the substituted 2-pyridone 107 was formed. 

 

 

Scheme 5.30: Base mediated N-acylation of the di-addition product 76 followed by 

isomerisation of the dihydroindolizinone 106 

 

5.3.8 Acid mediated C-acylation of dihydroindolizinone 106 

With the substituted dihydroindolizinone 106 in hand, we also attempted the PPA mediated C-

acylation method (Scheme 5.31A). Upon subjecting 106 to PPA, C-acylation occurred to give 

the tricyclic N-heterocycle 108. We hypothesised 108 would undergo dehydrogenation to give 
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the aromatic pyrido[1,2-a]indole 109. Upon subjecting 108 to the dehydrogenation conditions 

successfully employed in this thesis, no reaction was observed. Several other dehydrogenation 

conditions were trialled (refer to Table 5.1), all without success. The reason for the 

unsuccessful dehydrogenation is likely due to the electron withdrawing acyl group at N-1 

making the heterocycle electron deficient and thus resistant to dehydrogenation. Given our 

failure to access the pyrido[1,2-a]indole 109 from the compound 108, we changed the synthetic 

strategy and postulated it could be obtained by the base mediated N-acylation of the previously 

synthesised indole 96 (Scheme 5.31A). Indeed, the indole 96 underwent selective N-acylation 

upon treatment with potassium carbonate, affording the desired pyrido[1,2-a]indole 109. This 

heteroaromatic scaffold is present in alkaloids including strychnine and eburnamonine,100 and 

the potential drug fabesetron,101 which is undergoing clinical trials for the treatment of irritable 

bowel syndrome (Figure 5.31B).  
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Scheme 5.31: [A] Synthesis of the pyrido[1,2-a]indole 109 [B] strychnine, (+)-eburnamonine 

and fabesetron
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5.4 Conclusion  

The chapter describes our efforts towards synthesising several N-heterocycles from two 

substrates attainable from biomass, dimethyl itaconate 74 and pyrrole 71. 

 

Figure 5.4: Dimethyl itaconate and pyrrole 

The study was initiated with the conjugate addition of pyrrole 71 to dimethyl itaconate 74 

(Scheme 5.32). When excess pyrrole was employed, the mono-addition product 75 was formed 

as a major product, along with a small amount of the di-addition product 76. The di-addition 

product 76 was exclusively formed when excess dimethyl itaconate was used. The reactions 

were found to work best using aluminium trichloride as the Lewis acid to promote the reaction. 

 

Scheme 5.32: Conjugate addition of pyrrole 71 to dimethyl itaconate 74 

 

The cyclisation of the mono-addition product 75 were first investigated (Scheme 5.33). In the 

presence of PPA, 75 underwent completely selective C-acylation to give the dihydroindolone 

78, which underwent the facile dehydrogenation giving the indole 79 (Scheme 5.33). Drawing 
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inspiration from successful C-acylation, we attempted a base mediated N-acylation on the 

mono-addition product 75, affording the dihydroindolizinone 80. When attempting the 

dehydrogenation of 80 to give the indolizine 81, the isomerised product 2-pyridone 82 was 

observed. This isomerisation is likely promoted by liberation of HCl from the Pd/C in the 

presence of protic solvent n-octanol at elevated temperatures. 

 

Scheme 5.33: Selective C- and N-acylations of the pyrrole 75  

 

With successful C- and N-acylations achieved on the mono-addition product 75, we applied 

this methodology to the di-addition product 76. C-Acylation in the presence of PPA in toluene 

led to the dihydroindolone 94, which underwent Pd/C mediated dehydrogenation giving the 

indole 96 (Scheme 5.34). Here, the use of toluene as a solvent increased yield of the reaction. 

The C-acylation methodology was subsequently applied to the indole 96. When attempting 

PPA mediated C-acylation to 96, the dihydrocarbazolone 97 was formed, which underwent 

Pd/C mediated dehydrogenation to give a mixture of the carbazole 98 and 99 (Scheme 5.34). 

The formation of the O-methylated carbazole is due to residual methanol generated by ester 

hydrolysis caused by residual H2O and HCl on the Pd/C during the reaction.  
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Scheme 5.34: Preparation of the dihydroindolone, indole, carbazolone and carbazole (94-99) 

 

With successful C-acylation of the di-addition product 76, the base mediated N-acylation 

approach was applied to 76 (Scheme 5.35). In the presence of base, 76 underwent selective N-

acylation giving the substituted dihydroindolizinone 106, which isomerised in the presence of 

Pd/C in n-octanol to the substituted 2-pyridone 107. The PPA mediated C-acylation of 

dihydroindolizinone 106 gave the tricyclic dione 108, which unfortunately could not be 

converted to the pyrido[1,2-a]indole 109 by dehydrogenation. However, the pyrido[1,2-

a]indole 109 could be readily obtained by the base mediated N-acylation of indole 96. 
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Scheme 5.35: Preparation of dihydroindolizinone, 2-pyridone, tricyclic dione and pyrido[1,2-

a]indole (106-109) 

 

A suite of diverse N-heterocycles including dihydroindolone, indole, dihydroindolizinone, 2-

pyridone, pyrido[1,2-a]indole dihydrocarbazolone and carbazole have all been prepared from 

dimethyl itaconate and pyrrole, two compounds attainable from biomass.  
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Chapter 6: Materials and methods 

6.1 Protein production and purification 

6.1.1 Materials 

All chemicals were obtained from Sigma-Aldrich, Environmental Control Products (ECP), 

Bio-Rad or Thermo Fisher Scientific unless otherwise stated. Restriction enzymes and buffers 

were obtained from New England Biolabs (NEB). Synthetic genes and primers were obtained 

from Integrated DNA Technologies. The pNIC28-Bsa4 vector was a gift from Opher Gileadi 

(Addgene plasmid #26103).1 If necessary, pipette tips (Eppendorf or HTL) and microtubes 

(Eppendorf or VWR) were sterilised using a benchtop autoclave (3850 EL Autoclave, 

Tuttnauer) at 121 ºC for 20 min. 

 

6.1.2 Preparation of stock and working solutions of primers and synthetic genes 

Synthetic gene fragments were dissolved in 1 × Tris-EDTA buffer (TE) (Table 6.1) to a stock 

solution of 10 ng/μL concentration. Primers were dissolved in 1 × TE to make a stock solution 

of 100 µM concentration. The stock solutions were diluted ten times with ultrapure water to 

make working solutions of 10 µM concentration.  

Component Amount per 100 mL 

1 M Tris-HCl buffer (pH 8.0)  1 mL 

0.5 M EDTA 200 µL 

Ultrapure water 799 µL 

Table 6.1: Preparation of 1 × TE buffer 

 

6.1.3 Polymerase chain reaction (PCR) 

DNA of interest was amplified by PCR from an appropriate plasmid DNA template using 

PrimeSTAR HS DNA polymerase (Takara Bio Inc.) in a Mastercycler pro S thermocycler 

(Eppendorf) following manufacturer’s specifications. The components of a PCR reaction 

mixture are described in Table 6.2. A negative control in the absence of a primer and a template 



173 

 

was run to detect DNA contamination. PCR products were purified when necessary using 

GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific) to remove primers and 

enzymes or using GeneJET Gel extraction kit (Thermo Fisher Scientific) to isolate a specific 

size DNA after gel electrophoresis. Purified PCR products were either used immediately or 

stored at -20 °C for posterior use.  

Components Amounts per sample (µL) 

PCR enhancer 10 

2  buffer 25 

dNTPs 4 

Forward primer 2 

Reverse primer 2 

Template 1 

Polymerase 0.5 

Ultrapure water 5.5 

Total 50 

Table 6.2: A PCR reaction mixture 

 

6.1.4 Electrophoresis 

6.1.4.1 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed to estimate DNA fragments size. 1 % w/v agarose 

gel was prepared in 1 × Tris acetate-EDTA (TAE) buffer, which was prepared from 50 × TAE 

stock buffer (Table 6.3). 

Components 
Amounts per 

litre 

Tris base 242 g 

Glacial acetic acid 57.1 mL 

500 mM EDTA (pH 8.0) 100 mL 

Table 6.3: Components for 50 × TAE buffer   

 

The setting of the gel was initiated by adding 1% agarose gel in 1 × TAE buffer onto a gel slab 

(Bio-Rad). A comb (Bio-Rad) was immediately inserted to form wells, followed by the addition 
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of ethidium bromide (5-6 µL). Samples were prepared by mixing 5 µL of reaction mixture and 

2 µL of DNA loading buffer. 7 μL of the prestained DNA ladder (Bio-Rad) was loaded onto 

the first well of the gel for molecular weight visualisation followed by loading 7 µL of samples 

to other wells. Electrophoresis was run by a Bio-Rad PowerPac Power Supply and Mini-Sub 

cell GT DNA electrophoresis system using 1 × TAE buffer at a constant voltage of 90 V for 

30 minutes at room temperature (rt). The DNA gel was visualised using Molecular imager Gel 

Doc XR+ with image lab software (Bio-Rad). 

 

6.1.4.2 Denaturing Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) 

SDS-PAGE was performed to estimate protein’s molecular weight. The composition of the 

resolving gel and the stacking gel employed for SDS-PAGE are described in Table 6.4 and 

Table 6.5, respectively. 10% Ammonium persulphate (APS) and 10% sodium dodecyl sulphate 

(SDS) solutions were freshly made for each gel preparation. The setting of the gel was initiated 

by adding APS and tetramethylethylenediamine (TEMED). The resolving gel was firstly 

solidified in a gel cast (Bio-Rad), and the stacking gel was then cast upon the resolving gel, 

and a comb (Bio-Rad) was immediately inserted to form 10 wells on the stacking gel. 

 

Composition Amount 

Ultrapure water 3.3 mL 

Acrylamide/Bis-acrylamide 

(30%/0.8% w/v) 
4 mL 

1.5 M Tris (pH 8.8) 2.5 mL 

10% (w/v) SDS  100 μL 

10%(w/v) APS  100 μL 

TEMED  5 μL 

Total Volume  10 mL 

Table 6.4: Components for two SDS-PAGE resolving gels with 12% acrylamide 
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Composition Amount 

Ultrapure water  1.485 mL 

Acrylamide/Bis-acrylamide 

(30%/0.8% w/v) 
335 µL 

0.5 M Tris (pH 6.8) 625 mL 

10% (w/v) SDS  25 μL 

10%(w/v) APS  25 μL 

TEMED 5 μL  

Total Volume  2.5 mL 

Table 6.5: Components for two SDS-PAGE stacking gels with 4% acrylamide 

 

10 μL of an analyte was mixed with 10 μL of 2 × sample loading buffer (Table 6.6) and then 

heated for at least 3 minutes at 95 ºC using the dry bath (Corning LSE). 8 μL of the 

Kaleidoscope prestained protein marker (Bio-Rad) was loaded onto the first well of the gel for 

molecular weight visualisation and 15 µL of the mixture of the analyte and the loading buffer 

was loaded onto another well. Electrophoresis was run on a Mini-PROTEAN Tetra Cell System 

(Bio-Rad) using the running buffer (Table 6.6) at a constant voltage of 160 V for 1 hour at 

room temperature. The gel was removed from the cast and stained for 30 seconds microwave 

heat followed by 30 minutes room temperature by a Coomassie brilliant blue staining solution 

(Table 6.7). It was then destained overnight using the destain solution (Table 6.7) 
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Solutions Composition Amount 

2 × Sample loading buffer 

0.5 M Tris-HCl (pH 6.8) 1.25 mL 

10% SDS 4 mL 

Glycerol  2.5 mL 

β-mercaptoethanol  1 mL 

1% Bromophenol blue  0.5 mL 

Ultrapure water 0.75 mL 

Total Volume  10 mL 

      

1 × Running Buffer 

Glycine 1.44 g 

Tris Base 3.03 g 

SDS 1 g 

Ultrapure water 1 L 

Total Volume  1 L 

Table 6.6: Components for 2X sample loading buffer and 1X running buffer for SDS-PAGE 

Solution Composition Amount per Litre 

Coomassie stain solution 

Coomassie blue 1 g 

Methanol 400 mL 

Acetic acid 100 mL 

DI water 500 mL 

    

Destain solution 

Methanol  400 mL 

Acetic acid  100 mL 

DI water 500 mL 

Table 6.7: Components for Coomassie stain solution and destain solution 

 

6.1.5 Protein concentration determination 

Concentration of proteins were determined using NanoDrop® 2000c spectrophotometer 

(Thermo Scientific). The Protein A280 and Other protein (E & MW) options were used. The 

buffer solution was used as a blank. Protein molecular weight and extinction coefficient were 

calculated using the ProtParam tool. Typically, 2 µL of the analyte was used per measurement. 

All measurements were done in triplicate. 
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6.1.6 Ligation independent cloning (LIC) 

6.1.6.1 Preparation of vector 

First of all, the pNIC28-Bsa4 vector was digested with BsaI restriction enzyme in a 100 μL 

reaction volume (Table 6.8) by incubating for 3 hrs at 50 ºC. The cut vector was cleaned up 

using the GeneJET PCR purification kit (Thermo Scientific) and eluted with 25 µL elution 

buffer. 

Component Reaction Volume/μL 

Ultrapure Water 57.6 

NEB Buffer 3 10 

BSA 10mg/mL 1 

Vector (0.176 μg/ μL) 28.4 (5 μg) 

BsaI-HF (30 unit) 3 

Total Volume 100 

Table 6.8: Reaction mix for BsaI cut of pNIC28-Bsa4 

 

The purified BsaI cut vector was further digested with T4 DNA polymerase in the presence of 

dGTP (Table 6.9). The mixture was incubated for 30 mins at 22 ºC and then inactivate T4 DNA 

polymerase at 75°C for 20 min. 

Component Reaction Volume/μL 

Ultrapure water 10.75 

BsaI-digested vector 25 

10 × T4 polymerase buffer 5 

dGTP 25 mM 5 

BSA 10mg/mL 0.5 

100 mM DTT 2.5 

T4 DNA polymerase  1.25 

Total Volume 50  

Table 6.9: Reaction mix for T4 DNA polymerase digestion of pNIC28-Bsa4 
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6.1.6.2 Preparation of insert 

A synthetic gene fragment was digested by T4 DNA polymerase in 10 µL reaction mixture 

(Table 6.10). The reaction mixture was incubated for 30 mins at 22 ºC and then T4 DNA 

polymerase was inactivated by incubating for 20 mins at 75 ºC. 

Component Reaction Volume/ μL 

DNA 10 ng/μL 5 

Ultrapure water 2.15 

NEB buffer 2 1 

dCTP 25 mM 1 

100 mM DTT 0.5 

BSA 10mg/mL 0.1 

T4 DNA polymerase  0.25 

Total Volume 10  

Table 6.10: Reaction mix for T4 DNA polymerase digesting of insert  

 

6.1.6.3 Annealing  

1 µL of the T4 DNA polymerase digested insert and 2 µL of the BsaI/T4 DNA polymerase 

digested vector were mixed in a sterilised 1.5 mL microcentrifuge tube (Eppendorf) and 

incubated for 30 minutes at rt.  

 

6.1.7 Cloning in the presence of ligase 

6.1.7.1 Preparation of insert and vector 

A PCR product and pYUB28b vector plasmid were double digested by NdeI and HindIII 

restriction enzymes in a reaction mixture of 60 µL (Table 6.11 and 6.12). The reaction mixtures 

were centrifuged for 3 seconds and incubated for 3 hrs at 37 ºC and then agarose gel 

electrophoresis was run for the confirmation of digestion. To ensure plasmid was digested with 

both the restriction enzymes, controls with single digestion were also employed. The DNAs 

were purified using GeneJET Genomic DNA Purification Kit (Thermo Scientific). 
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Components Amounts (µL)  

PCR product (73 ng/µL) 36 

Buffer 2.1  6 

NdeI 3 

HindIII 3 

Ultrapure water 12 

Total 60 

Table 6.11: Reaction mix for NdeI and HindIII digestion of PCR product 

Components Amounts (µL)  

pYUB28b vector 5 

Buffer 2.1  6 

NdeI 3 

HindIII 3 

Ultrapure water 12 

Total 60 

Table 6.12: Reaction mix for NdeI and HindIII digestion of pYUB28b vector 

 

6.1.7.2 Ligation 

Ligation was performed at 18 ºC for 18 hours using one to three vector to insert ratio. The 

components of ligation mixture are described in Table 6.13.  

Components Amounts (µL)  

pYUB28b plasmid 8.4 (40 ng) 

Insert 1 (56 ng) 

Ligase buffer 1 

Ligase 1 

Table 6.13: Ligation reaction mix  

 

6.1.8 Transformation 

6.1.8.1 Heat shock general procedure  

A frozen aliquot of competent cells was removed from -80 C and allowed to thaw on ice. The 

cells (40 µL) were then mixed with 1-3 µL plasmid and incubated for 20 minutes on ice. The 

mixture was then heat shocked for 45 seconds at 42 ºC in a water bath (Thermo Fisher 

Scientific), and was immediately transferred into ice and kept it for 2 minutes. 200 µL of super 
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optimal broth with catabolite repression (SOC) medium (Table 6.14) or LB medium (Table 

6.15) was then added to the mixture, followed by incubation in a water bath (TechNe) at 37 ºC 

for 60 minutes. Finally, 100 µL of the transformation mixture was plated on an appropriate LB 

agar plate with appropriate antibiotic(s) and incubated overnight at 37°C.  

Component Amount per litre  

Tryptone 20 g 

Yeast extract 5 g 

NaCl 0.58 g 

KCl 0.186 g 

MgCl2 2.03 g 

Glucose 3.6 g 

Table 6.14: Recipes of SOC medium 

Component Amount per litre  

Tryptone 10 g 

Yeast extract 5 g 

NaCl 5 g 

Table 6.15: Recipes of LB medium 

 

6.1.8.2 Electroporation general procedure 

A frozen aliquot of electro-competent cells was removed from -80 °C and allowed to thaw on 

ice. To 40 µL cells, 2 µL of a plasmid was added and incubated for 2 minutes on ice. The 

mixture was transferred to a pre-chilled 0.1 cm sterile electroporation cuvette (Bio-Rad 

Laboratories, Hercules, CA, USA). The TOP10 E.coli cells were electroporated at 1.8 kV, 25 

μF, 200 Ω using Micropulser (BioRad). 1 mL of LB medium was added and then transferred 

to 1.5 mL microcentrifuge tube, followed by incubation in a water bath (TechNe) at 37 ºC for 

60 minutes. 100 µL of transformation mixture was plated on an appropriate LB agar plate with 

appropriate antibiotic(s) and incubated overnight at 37°C  
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6.1.8.3 Transformation of recombinant pNIC28-Bsa4 vector to E. coli XL10-Gold cells 

Heat shock general procedure was followed using an LB agar plate containing 5 % sucrose and 

50 µg/mL kanamycin. 

 

6.1.8.4 Transformation of recombinant pYUB28b vector to E. coli Top10 cells 

Electroporation general procedure was followed using a low salt LB-agar plate with 50 μg/mL 

hygromycin B. 

 

6.1.9 Plasmid preparation and DNA sequencing 

The transformed E.coli XL10-GOLD cells were grown overnight at 37 ºC in 100 mL 2YT 

medium containing 50 µg/mL kanamycin and the transformed E. Coli Top10 cells were grown 

in 10 mL LB medium containing 50 µg/mL hygromycin. GeneJET plasmid miniprep kit 

(Thermo Fisher Scientific) was used to extract and purify plasmids from the transformed 

competent cells. The recombinant plasmid was confirmed by DNA sequencing (DNA 

Sequencing Centre, The University of Auckland). 

 

6.1.10 Small scale optimisation and large scale protein production of ICL1, ICL2a and 

ICL2b using BL21 (DE3) 

6.1.10.1 Transformation of recombinant pNIC28-Bsa4 vector to BL21 (DE3) cells 

Heat shock general procedure was followed using an LB agar plate containing 50 µg/mL 

kanamycin. 

 

6.1.10.2 Starter culture 

A colony of a transformed cell was picked and inoculated into 100 mL 2YT medium (Table 

6.16) containing 50 µg/mL kanamycin in 500 mL Erlenmeyer culture flask (Schott). It was 
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then incubated overnight at 37 ºC in an incubator shaker (Thermo Scientific) with a shaking 

rate 180 rpm. 

Component Amount per litre  

Tryptone 16 g 

Yeast extract 10 g 

NaCl 5 g 

Table 6.16: 2YT medium composition  

 

6.1.10.3 Small scale growth optimisation  

Protein expression was attempted in three isopropyl β-D-1-thiogalactopyranoside (IPTG) 

concentrations (0.2 mM, 0.5 mM and 1 mM) and induced at three temperatures (18 ºC, 28 ºC 

and 37 ºC). 200 μL of freshly prepared starter culture was then inoculated into nine flasks 

containing 100 mL 2YT medium in the presence of 50 µg/mL kanamycin and incubated at 37 

°C in an incubator shaker (Thermo Scientific) till the cell density reached an optical density 

(OD600) of 0.6-0.8. The OD600 was measured using Nanodrop 2000c spectrophotometer 

(Thermo Scientific). Once the OD600 was attained, an appropriate amount (0.2 mL or 0.5 mL 

or 1 mL) of 100 mM IPTG was added to a set of 3 flasks making final concentrations, 0.2 mM, 

0.5 mM and 1 mM and were incubated overnight at three different temperatures, 18 °C, 28 °C 

and 37 ºC. The cell pellets were harvested at 4°C by centrifugation using  Mulifuge 3S-R 

centrifuge (Thermo Electron Corporation) at 4,000 rpm and resuspended into 5 times (w/v) of 

HEPES buffer pH 7.8 (50 mM HEPES, 500 mM NaCl, 5 mM imidazole). The mixture was 

sonicated on ice using a Misonix S-4000 sonicator at an amplitude of 60 for 15 seconds with a 

45-seconds interval for three runs. The cell lysates were collected by centrifugation and amount 

of protein expressed was quantified running SDS-PAGE. 
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6.1.10.4 Large scale growth of ICL1 and ICL2b 

Large scale growth was conducted using 2000 mL Erlenmeyer culture flasks (Schott) each 

containing 500 mL 2YT medium in the presence of 50 µg/mL kanamycin. Freshly prepared 

starter culture (1 mL) was added to each flask, which was then incubated at 37 ºC in an 

incubator shaker (Thermo Scientific) with shaking rate 180 rpm until cell density reached an 

OD600 between 0.6 and 0.8. Once the OD600 was reached, appropriate amount IPTG (for ICL1, 

0.2 mM final concentration and for ICL2b, 0.5 mM) was added to each flask and incubated in 

a shaking incubator for 16 hrs at 18 ºC and 180 rpm. The cells were harvested by centrifugation 

using SORVALL LYNX400 centrifuge (Thermo Scientific) for 30 minutes at 4 ºC and 15000 

rpm. The cells were stored in a resealable plastic bag at -80 ºC in Innova U101 ultra-low 

temperature Freezer (New Brunswick). 

 

6.1.10.5 Cell lysis 

20 g cell pellets were resuspended in 100 mL HEPES buffer pH 7.8 (50 mM HEPES, 500 mM 

NaCl and 5 mM imidazole) containing 1% (v/v) Halt Protease Inhibitor Cocktail (EDTA-Free) 

by stirring on a hot plate stirrer using ice. The cells were lysed by sonication (60 % amplitude, 

four cycles of 20 seconds with 40 seconds rest in between) on ice using a Misonix S-4000 

sonicator. Then, insoluble debris was removed by centrifugation for 20 mins at 4ºC and 15000 

rpm. The supernatant was then filtered using a 0.45 µM filter (Millipore).
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6.1.11 Small scale optimisation and large scale protein production of ICL2 and ICL2a 

using BL21 LOBSTR and M. smegmatis 

 

6.1.11.1 Transformation of recombinant pYUB28b vector to plasmid pGro7 co-

transformed BL21 LOBSTR 

Heat shock general procedure was followed using an LB agar plate containing 50 μg/mL 

hygromycin B and 50 µg/mL chloramphenicol. 

 

6.1.11.2 Transformation of recombinant pYUB28b vector to M. smegmatis MC24517 

Slightly modified electroporation general procedure was followed. 260 µL of 10 % glycerol 

was added to the mixture of cells and plasmids and electroporated at 2500 V, 25 µF, 100  

using 2 mm cuvette by Gene Pulser Xcell (BioRad). LB medium (1 mL) was added followed 

by incubation for 3 hours at 37 ºC and plated on LB agar plate containing 50 μg/mL hygromycin 

B and 50 μg/mL kanamycin and incubated for 3 days at 37 ºC. 

 

6.1.11.3 Starter culture 

6.1.11.3.1 BL21 LOBSTR 

A colony of a transformed cell was picked and inoculated into 10 mL LB medium in a 50 mL 

falcon tube (Thermo Fisher Scientific) containing appropriate antibiotics (50 µg/mL 

hygromycin and 50 µg/mL chloramphenicol). It was then incubated overnight at 37 ºC in an 

incubator shaker (Thermo Fisher Scientific) with a shaking rate 180 rpm. 

 

6.1.11.3.2 M. smegmatis 

A colony of a transformed cell was picked and inoculated into 10 mL LB medium in a 50 mL 

falcon tube containing appropriate antibiotics (50 µg/mL hygromycin B and 50 µg/mL 
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kanamycin). It was then incubated for 3 days at 37 ºC in an incubator shaker (Thermo 

Scientific) with a shaking rate 180 rpm. 

 

6.1.11.4 Small scale growth optimisation 

6.1.11.4.1 BL21 LOBSTR 

Protein expression was attempted in three conditions (leaky, 0.5 mM IPTG and autoinduction) 

and induced at two temperatures (18 ºC and 37 ºC). 20 μL of freshly prepared starter culture 

was inoculated into 4 flasks containing 10 mL terrific broth medium (Table 6.17) and 2 flasks 

containing 10 mL auto-inducing terrific broth medium (Table 6.18) in the presence of 

appropriate antibiotics (50 µg/mL hygromycin and 50 µg/mL chloramphenicol) and incubated 

at 37 °C for 4 hours. Arabinose (final concentration 0.1 %) was added and continued incubation 

at 37 ºC till cell density reached an optical density (OD600) of 0.6-0.8. The OD600 was measured 

using NANODROP 2000c spectrophotometer (Thermo Scientific). Once the OD600 reached, 

an appropriate amount (0.5 mL of 100 mM IPTG) was added to two flasks making 0.5 mM 

final concentration. Cultures were divided into two sets and were incubated at 18 ºC and 37 ºC 

for overnight. The cell pellets were harvested at 4°C by centrifugation using Mulifuge 3S-R 

centrifuge (Thermo Electron Corporation) at 4,000 rpm and resuspended into 1 mL of HEPES 

buffer pH 7.5 (20 mM HEPES pH 7.5, 300 mM NaCl, 5 % glycerol, 20 mM imidazole and 

1mM β-mercaptoethanol). The resuspended cells were transferred to lysis tube containing 

zirconia/silica. Cells were burst using Fastprep FP120 (SAVANT) for 45 seconds at 60 speed. 

The cell lysates were collected by centrifugation for 10 minutes at 4 ºC and 15000 rpm and 

then transferred into a 1.5 microcentrifuge tube containing cobalt beads. It was incubated for 

an hour, followed by centrifugation for a minute at 4 ºC and 5000 rpm. The supernatant was 

discarded and beads were washed with HEPES buffer pH 7.5. Finally, beads were resuspended 
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in 100 µL HEPES buffer pH 7.5 containing 250 mM of imidazole and centrifuged to collect 

the supernatant. The amount of soluble protein expressed was quantified running SDS-PAGE. 

 

Component Amount per litre 

Tryptone 12 g 

Yeast extract 24 g 

Glycerol 4 mL 

K2HPO4 (0.72 M) 50 mL 

KH2PO4 (0.17 M) 50 mL 

Table 6.17: Terrific broth medium composition 

 

Component Amount per litre 

Tryptone 12 g 

Yeast extract 24 g 

Glycerol 8 mL 

Lactose 5 g 

Glucose 0.15 g 

Table 6.18: Auto-induction terrific broth medium composition 

 

6.1.11.4.2 M. smegmatis 

Protein expression was attempted at 37 ºC using the complex autoinduction medium ZYM 

5052 (Table 6.19). 300 μL freshly prepared starter culture was inoculated into the medium 

containing appropriate antibiotics (50 µg/mL hygromycin B and 50 µg/mL kanamycin) and 

0.05 % Tween 80 and incubated at 37 ºC for 3 days, followed by the procedure described in 

6.11.4.1.
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Component 
 

Amount per 

litre 

ZY 
1 % N-Z-amine AS 

957 mL  
0.5 % Yeast extract  

MgSO4 (1 M)  2 mL 

50 × M  

25 mM Na2HPO4 

20 mL 
25 mM KH2PO4 

5 mM Na2SO4 

50 mM NH4Cl 

50 × 5052  

55 mM Glycerol 

20 mL 2.8 mM Glucose 

5.6 mM α-D-Lactose 

1000 × metals  

50mM FeCl3 

1 mL 

20mM CaCl2 

10mM MnCl2  

10mM ZnSO4  

2mM CoCl2  

2mM CuCl2 

2mM NiCl2 

2mM Na2MoO4 

2mM Na2SeO3 

2mM H3BO3 

Table 6.19: ZYM 5052 medium composition (1 L) 

 

6.1.11.5 Large scale growth of ICL2 

Large scale growth was conducted using 2000 mL Erlenmeyer culture flasks (Schott) each 

containing 500 mL terrific broth medium containing 50 µg/mL hygromycin and 50 µg/mL 

chloramphenicol. 1 mL of freshly prepared starter culture was added to each flask, which was 

then incubated at 37 ºC in an incubator shaker with shaking rate 180 rpm until cell density 

reached an OD600 between 0.4-0.6. Once the OD600 was reached, arabinose (final concentration 

0.1 %) was added to each flask and incubated in shaking incubator for 16 hrs at 37 ºC and 180 
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rpm. The cells were harvested by centrifugation using Sorvall Lynx400 centrifuge (Thermo 

Scientific) for 30 minutes at 4 ºC and 15000 rpm. The cells were stored in 50 mL falcon tubes 

at -20 ºC room. 

 

6.1.11.6 Cell lysis 

10 mL cell pellets in the 50 mL falcon tubes were resuspended in 20 mL HEPES buffer pH 7.5 

(20 mM HEPES, 150 mM NaCl, 20 mM imidazole and 1 mM β-mercaptoethanol) containing 

1% (v/v) Halt Protease Inhibitor Cocktail (EDTA-Free) by vortexing. The cells were lysed by 

cell bursting system (Microfluidics). Then, insoluble debris was removed by centrifugation for 

20 mins at 4ºC and 15000 rpm. The supernatant was then filtered using a 0.45 µM filter 

(Millipore). 

 

6.1.12 Chromatography  

All columns were operated with AKTA start (ICL1 and ICL2b) or AKTA primer (ICL2) liquid 

chromatography system (GE Healthcare) and monitored by UV detector at 280 nm. The overall 

procedures of protein purification were performed at 4 ºC.  

 

6.1.12.1 ICL1 and ICL2b 

6.1.12.1.1 Affinity Chromatography  

The components of different buffers used for affinity chromatography are described in Table 

6.20-6.24. All the buffers were filtered through 0.2 µM filter (Millipore) and degassed under 

vacuum for 15 mins before use. 5 mL HisTrap HP column with immobilised metal 

chromatography (IMC) sepharose matrix (GE Healthcare) charged with NiCl2 was washed with 

six column volumes of filtered and degassed ultrapure water and equilibrated with six column 

volumes of binding buffer (Table 6.20). About 100 mL clear cell lysate was loaded onto the 
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column with flow rate 1 mL/min, followed by a wash with six column volumes of wash buffer 

(Table 6.21). Protein was eluted in 3 mL fraction with the help of elution buffer (Table 6.22). 

All fractions with UV absorbance were analysed by SDS-PAGE to determine which fractions 

contained desired purified protein. All fractions with protein were mixed together and 

concentrated to 1 mL using Amicon® Ultra-15 centrifugal filter devices (Merck Millipore) with 

a 30 kDa MWCO (molecular weight cut-off) and centrifugation at 4 ºC and 3000 rpm using 

bench-top centrifuge (Multifuge 3S-R, Thermo Fisher Scientific). The column was finally 

stripped with strip buffer (Table 6.23) followed by a wash with binding buffer and Mili-Q water 

(5 column volume each) and recharged with charge buffer (Table 6.24) and stored in 20 % 

ethanol. 

Component Amount per litre 

Imidazole 0.34 g 

NaCl 29.2 g 

HEPES 11.9 g 

Table 6.20: Binding buffer contained 5 mM imidazole, 500 mM NaCl and 50 mM HEPES 

buffered at pH 7.8. 

Component Amount per litre 

Imidazole 2.0 g 

NaCl 29.2 g 

HEPES 11.9 g 

Table 6.21: Wash buffer contained 30 mM imidazole, 500 mM NaCl and 50 mM HEPES 

buffered at pH 7.8. 

Component Amount per litre 

Imidazole 34.0 g 

NaCl 29.2 g 

HEPES 11.9 g 

Table 6.22: Elution buffer contained 500 mM imidazole, 500 mM NaCl and 50 mM HEPES 

buffered at pH 7.8
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Component Amount per litre 

EDTA 37.2 g 

NaCl 29.2 g 

HEPES 11.9 g 

Table 6.23: Strip buffer contained 100 mM EDTA, 500 mM NaCl and 50 mM HEPES buffered 

at pH 7.8. 

Component Amount per litre 

NiSO4·7H2O 14.0 g 

Table 6.24: Charge buffer contained 50 mM NiSO4 (no pH adjustment). 

 

6.1.12.1.2 Size exclusion chromatography (SEC) 

The components of the buffer used are described in Table 6.25. The buffer was filtered through 

0.2 µM filter (Millipore) and degassed under vacuum for 15 mins before use. SEC was 

conducted using HiPrep 16/60 sephacryl S-100 HR (GE Healthcare) at a flow rate of 0.5 

mL/min. The column was washed with two column volume of ultrapure water followed by two 

column volume of SEC buffer. The protein (1 mL) was loaded onto the column with a 1 mL 

injection loop. The protein was eluted with SEC buffer in 1 mL fraction. All fractions with UV 

absorbance were analysed by SDS-PAGE to determine which fractions contained purified 

protein. The fractions with proteins were mixed and concentrated to 400 µL. 200 µL was 

aliquoted 20 µL each to 1.5 mL microcentrifuge tube and stored in -80 ºC after rapid freezing 

in liquid nitrogen. Remaining 200 µL was buffer exchanged into NMR buffer (50 mM tris-D11, 

pH 7.5) by spin concentration using Amicon Ultra-15 centrifugal filter devices (Merck 

Millipore) with a 30 kDa MWCO at 4 ºC and 3000 rpm for at least 5 rounds of dilution. Finally, 

it was aliquoted and stored at -80 ºC until use.
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Component 
Amount per litre 

Tris HCl 6.05 g 

NaCl 8.76 g 

Table 6.25: SEC buffer used for purification of ICL1 and ICl2b containing 50 mM Tris and 

150 mM NaCl buffered at pH 7.5. 

 

6.1.12.2 ICL2 

6.1.12.2.1 Affinity Chromatography  

All the buffers were filtered through 0.2 µM filter (Millipore) and degassed under vacuum for 

15 mins before use. All the process were conducted maintaining flow rate 1 mL/min. 5 mL 

HisTrap HP column with immobilised metal chromatography (IMC) sepharose matrix (GE 

Healthcare) charged with NiCl2 was washed with six column volumes of filtered and degassed 

Mili-Q water and equilibrated with six column volumes of slightly modified binding buffer (20 

mM HEPES, 150 mM NaCl, 20 mM imidazole, 1 mM β-mercaptoethanol and buffered at pH 

7.5). 100 mL clear cell lysate was loaded onto the column using the peristaltic pump (GE 

Healthcare). The column was attached to AKTA followed by a wash with aforementioned 

modified binding buffer till UV flattened out. Protein was eluted using slightly modified elution 

buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 500 mM imidazole and 1 mM β-

mercaptoethanol buffered at pH 7.5) in 3 mL fraction using gradient elution technique setting 

100 % elution buffer in 150 minutes. All fractions with UV absorbance were analysed by SDS-

PAGE to determine which fractions contained desired purified protein. All fractions with 

protein were mixed and concentrated to 2 mL by centrifugation at 4 ºC and 3000 rpm using 

bench-top centrifuge (Multifuge 3S-R, Thermo electron) using Amicon Ultra-15 centrifugal 

filter devices (Merck Millipore) with a 100 kDa MWCO. 
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6.1.12.2.2 Size exclusion chromatography (SEC) 

The components of the buffer used are described in Table 6.26.  The buffer was filtered through 

0.2 µM filter (Millipore) and degassed under vacuum for 15 mins before use. SEC was 

conducted using HiPrep 16/60 sephacryl S-100 HR (GE Healthcare) at a flow rate of 0.5 

mL/min. The column was washed with two column volume of ultrapure water followed by two 

column volume of SEC buffer. The protein (0.5 mL) was loaded onto the column with a 0.5 

mL injection loop. The protein was eluted with SEC buffer (Table 6.26) in 1 mL fraction. All 

fractions with UV absorbance were analysed by SDS-PAGE to determine which fractions 

contained purified protein. The process of injection and elution were repeated for 4 times. The 

main fractions from each run mixed and used for crystallisation. The others fractions containing 

proteins were mixed and concentrated 500 µL using Amicon® Ultra-15 centrifugal filter 

devices (Merck Millipore) with a 100 kDa MWCO and stored in -80 ºC after rapid freezing in 

liquid nitrogen. 

Component Amount per litre 

1 M HEPES pH 7.5 20 mL 

5 M NaCl 30 mL 

β-Mercaptoethaol 34.965 µL 

Table 6.26: SEC buffer for ICL2 purification containing 20 mM HEPES and 150 mM NaCl 

and 1 mM β-mercaptethanol buffered at pH 7.5. 

 

6.1.13 Digestion of polyhistidine tag by tobacco etch virus (TEV) protease 

The plasmid of TEV protease was a gift from A/Prof. Christopher J. Squire laboratory (School 

of Biological Sciences, The University of Auckland). TEV protease was produced and purified 

according to procedures described by Tropea et al.2 25 mg of ICL2b was mixed with 0.5 mg 

of TEV protease making 1 to 50 of TEV protease to protein, which was incubated at 4 ºC for 

18 hrs. The mixture was then applied through affinity chromatography to remove the cleaved 

polyhistidine tag and TEV protease. The protein was collected in the flow through.
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6.2 NMR Methods 

6.2.1 Materials 

D2O and DMSO-D6 were obtained from Cambridge Isotope Laboratories, USA. Tris-D11 was 

obtained from Euriso-top or Cortecnet. All other chemicals obtained from Sigma-Aldrich 

otherwise stated.  

 

6.2.2 Buffer for NMR experiment 

50 mM Tris-D11 buffer was made up in Ultrapure water and buffered at pH 7.5 using 

concentrated HCl. pH adjustments were carried out using pH meter (INESA). Electrodes were 

calibrated either to pH 7.0 or 4.0 or 9.0 before use. All buffers were filter sterilised through 

0.22 µM filters (Millipore) and were stored in 50 mL falcon tubes at 4 ºC. 

 

6.2.3 Sample preparation  

Stock solutions of magnesium chloride, DL-isocitrate and (2S,3R)-2-methylisocitrate were 

prepared in Tris-D11 and all other compounds were prepared in DMSO-D6. The stock solutions 

stored at -20 ºC before use. All samples (500 µL) for NMR were prepared just before the 

experiment in 1.5 mL Eppendorf tubes, mixed by vortexing and transferred to standard 5 mm 

NMR tubes (Wilmad) followed by centrifugation.  

 

6.2.3.1 ICL1  

For kinetic parameters, all samples contained appropriate amount of ICL1 (for DL-isocitrate, 

190 nM; for (2S,3R)-2-methylisocitrate, 2 µM), 5 mM MgCl2, variable concentration of DL-

isocitrate (50 µM-1 mM)/(2S,3R)-2-methylisocitrate (250 µM-2 mM) and buffered with 50 

mM Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. For single concentration inhibition study, 

all samples contained 190 nM ICL1, 1 mM DL-isocitrate, 5 mM MgCl2, 100 µM inhibitors and 
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buffered with 50 mM Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. For IC50 measurement, all 

samples contained 190 nM ICL1, 1 mM DL-isocitrate, 5 mM MgCl2, variable concentration 

inhibitors (0.1 µM-300µM where possible) and buffered with 50 mM Tris-D11 (pH 7.5) in 90% 

H2O and 10% D2O. 

 

6.2.3.2 ICL2  

For kinetic parameters in the absence of acetyl-CoA, all samples contained 2 µM ICL2, 5 mM 

MgCl2, variable concentration of DL-isocitrate (250 µM-2 mM) and buffered with 50 mM Tris-

D11 (pH 7.5) in 90% H2O and 10% D2O. For single concentration modulation study, all samples 

contained 500 nM ICL2, 1 mM DL-isocitrate, 5 mM MgCl2, and 200 µM acetyl-CoA/propionyl-

CoA/succinyl-CoA/CoA and buffered with 50 mM Tris-D11 (pH 7.5) in 90% H2O and 10% 

D2O. For the measurement of amount of acetyl-CoA and propionyl-CoA needed for full 

activation, all samples contained 200 nM ICL2, 1 mM DL-isocitrate/1mM (2S,3R)-2-

methylisocitrate, 5 mM MgCl2, variable concentration of acetyl-CoA (0.5 µM-50 

µM)/propionyl-CoA (10 µM-400µM) and buffered with 50 mM Tris-D11 (pH 7.5) in 90% H2O 

and 10% D2O. For kinetic parameters in the presence of acetyl-CoA using DL-isocitrate as 

substrate, all sample contained 200 nM ICL2, variable concentration of DL-isocitrate (100 µM-

1 mM), 5 mM MgCl2, 25 µM acetyl-CoA and buffered with 50 mM Tris-D11 (pH 7.5) in 90% 

H2O and 10% D2O. For kinetic parameters in the presence of acetyl-CoA using (2S,3R)-2-

methylisocitrate as substrate, all sample contained 1 µM ICL2, variable concentration of 

(2S,3R)-2-methylisocitrate (250 µM-2 mM), 5 mM MgCl2, 25 µM acetyl-CoA and buffered 

with 50 mM Tris-D11 (pH 7.5) in 90% H2O and 10% D2O.  
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6.2.4 Sample acquisition and processing  

NMR experiments were conducted at a 1H frequency of 500 MHz using a Bruker Avance III 

HD spectrometer equipped with a BBFO probe. The instrument was operated by TopSpin 3.1 

software. Experiments were conducted at 300 K. The pulse tip-angle calibration using the 

single-pulse nutation method (Bruker pulsecal routine) was undertaken for each sample.3 

Water suppression was achieved using the excitation sculpting method.4 Unless otherwise 

stated, the number of transients was 16, and the relaxation delay was 2 seconds. A sample 

without protein was prepared and run as a control followed by addition of protein to the sample. 

The lag time between the addition of an enzyme and the end of the first experiment was usually 

4 minutes. All measurements were performed in triplicate.  

 

6.2.5 Data treatment 

All data were processed using TopSpin 3.5pl7. Initial rates were calculated by linear fitting 

using Excel 2013 (Microsoft) for data points up to 20% turnover (typically 4 minutes). Kinetic 

parameters were obtained using the Hanes plot. For single concentration inhibition assay, 

concentration vs time was plotted using Excel 2013. IC50 values were obtained by SigmaPlot 

13 and fitted with the sigmoid, 3 parameter model. 

 

6.3 Thermal shift assay 

Thermal shift assay was carried out using a MyiQ real time PCR instrument (Bio-Rad) or a 

QuantStudio 3 (applied Biosystems) by increasing temperature from 25 to 95 °C at 1 °C 

increment every 60 seconds. A sample was prepared in a mass mixture of 80 µL in 1.5 mL 

Eppendorf tube each containing 20 μM enzyme, 1 mM compound and 1 mM MgCl2 in 50 mM 

Tris-HCl pH 7.5 and 8 µL of SYPRO Orange dye (Sigma Aldrich) which was prepared to 200X 

dilution in 50 mM Tris-HCl (pH 7.5) of stock (5000X concentrate). The sample was incubated 
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on ice for an hour and was aliquoted to 3 x 25 µL in a 96 well plate (BioRad). A standard was 

prepared by excluding compounds. Protein unfolding was monitored by measuring the 

fluorescence of the dye. For determination of protein melting temperature values, a melting 

curve for each data set was analysed by SigmaPlot 13 (USA) and fitted with the Sigmoid, 3 

parameter model. 

 

6.4 X-ray crystallography 

6.4.1 Acetyl-CoA free ICL2 

6.4.1.1 Sample preparation 

A sample mixture containing 8 mg/mL ICL2 in buffer (20 mM HEPES, 150 mM NaCl and 1 

mM β-mercaptoethanol), 1 mM MgCl2 and 1 mM succinate was prepared followed by 

incubation on ice for at least 10 minutes. 

 

6.4.1.2 Initial Screening 

Initial crystallisation screening was carried out using the sitting-drop vapour diffusion method 

in 96-well plate format (Intelliplate™, Art Robbins Instrument) using an Oryx4 robot (Douglas 

Instruments) dispensing system at 18 C. Three commercial screens were employed for initial 

screening, JCSG-plus5, Morpheus6 and PACT premier7. 50 μL of each crystallization screen 

solution was manually dispensed in the reservoirs of the crystallisation plate. The plate was 

then transferred to the Oryx robotic system, which was set up to dispense drops by consecutive 

dispensing of protein solution and crystallisation reservoir solutions. 50 µL of a protein sample 

was prepared and used for the screening. Protein and reservoir solution were mixed in one to 

one ratio (0.15 μL protein plus 0.15 μL precipitant). 
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6.4.1.3 Fine Screening 

A fine screening was designed based on the initial conditions that gave crystals with slightly 

different parameters such as protein precipitant and salt concentrations. The fine screening was 

carried out in 96 well CrystalClear P strips (HAMPTON RESEARCH) using sitting drop 

method. 80 μL of the crystallisation reservoir solutions were manually transferred into wells. 

Protein and screen were mixed to a final volume of 2 μL in one to one ratio of protein to 

crystallisation reservoir solution and sealed with crystal clear tape.  

 

6.4.1.4 Additive screening  

Morpheus additive screening8 was used to further optimise the best condition obtained from 

the fine screening experiments. The additive screening was typically carried out in 96 well 

CrystalClear P strips (HAMPTON RESEARCH) using the sitting drop method. Crystallisation 

reservoir solutions were prepared by manually transferring 70 µL of mother liquor (the best 

condition from fine screening) and 10 µL of additive screen into wells. Protein and 

crystallisation reservoir solutions were mixed to a final volume of 2 µL in one to one ratio of 

protein to crystallisation reservoir solution and sealed with crystal clear tape. 

 

6.4.1.5 X-ray Data collection and processing 

The X-ray diffraction data sets were collected at the Australian Synchrotron, Melbourne, 

Australia. This facility is equipped with two beamlines, MX1 (with a bending magnet) and 

MX2 (with an ondulator). The data were collected with both beamlines MX1 and MX2 using 

the Blu-Ice software.9 All initial data sets were indexed and processed using XDS10, and scaled 

with AIMLESS11 from the CCP4 program suite12. The structure was solved by molecular 

replacement using Phaser13 with the isocitrate lyase of Aspergillus nidulans (PDB code:1DQU) 

as a search model.14 The initial structure was refined using REFMAC515 and cycles of 
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automatic (phenix.autobuild16) and manual model building (COOT17) resulted in a protein 

model that contained the structure for N-terminal of the ICL2 protein. A new data set from a 

crystal grown in the presence of sodium tungstate was subsequently collected that was then 

used to solve the structure of the ICL2 using the afore-mentioned N-terminal structure of the 

ICL2 protein. Repeated building cycles with phenix.autobuild16 and COOT17 resulted in a 

protein model that contained both the N- and C-terminal domains. The final structure was then 

refined using REFMAC5. The PDB_redo program18 was used in the final stages of refinement. 

Water molecules were identified by their spherical electron density and appropriate hydrogen 

bond geometry with the surrounding structure Preliminary coordinates were visualised and 

figures produced using Pymol.19 

 

6.4.2 Acetyl-CoA bound structure 

6.4.2.1 Sample preparation 

A sample mixture containing 6 mg/mL ICL2 in buffer (20 mM HEPES, 150 mM NaCl and 1 

mM β-mercaptoethanol), 2 mM MgCl2, 1 mM succinate and 1 mM acetyl-CoA was prepared 

followed by incubation on ice for at least 10 minutes. 

 

6.4.2.2 Screening 

Screening using the fine screens (described in 6.4.1.3 ) was carried out in 96 well CrystalClear 

P strips (HAMPTON RESEARCH) using sitting drop method. 80 μl of the crystallisation 

reservoir solutions were manually transferred into wells. Protein and screen were mixed to a 

final volume of 2 μl in one to one ratio of protein to crystallisation reservoir solution and sealed 

with crystal clear tape.  
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6.4.2.3 X-ray Data collection and processing 

The data collection was done as described in 6.4.1.5. The structure was solved by molecular 

replacement using MOLREP20 with the apo-ICL2 structure as a search model. The N-terminal 

domain was separately used to solve the structure, followed by using the resulting model to 

search for the C-terminal domain. The structure was completed by cycles of automated 

(phenix.autobuild16) and manual (COOT17) building and refinement using REFMAC515. Water 

molecules were identified by their spherical electron density and appropriate hydrogen bond 

geometry with the surrounding structure Preliminary coordinates were visualised and figures 

produced using Pymol.19
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6.5 Synthesis of N-heterocycles 

6.5.1 General  

Commercially available reagents were used throughout without purification unless otherwise 

stated. Anhydrous solvents were used as supplied. Dichloromethane and toluene were dried 

using LC Technology Solutions Inc. SP-1 solvent purification system under an atmosphere of 

dry nitrogen. All reactions were routinely carried out in oven-dried glassware under a nitrogen 

atmosphere unless otherwise stated. Analytical thin layer chromatography was performed 

using 0.2 mm silica plates and compounds were visualized under 365 nm ultraviolet irradiation 

followed by staining with either alkaline permanganate or ethanolic vanillin solution. Infrared 

spectra were obtained using a Perkin Elmer spectrum One Fourier Transform Infrared 

spectrometer as thin films between sodium chloride plates. Absorption maxima are expressed 

in wavenumbers (cm–1). Melting points were recorded on an Electrothermal melting point 

apparatus and are uncorrected. NMR spectra were recorded as indicated on an NMR 

spectrometer operating at 500, 400 and 300 MHz for 1H nuclei and 125, 100 and 75 MHz for 

13C nuclei. Chemical shifts are reported in parts per million (ppm) relative to the 

tetramethylsilane peak recorded as δ 0.00 ppm in CDCl3/ TMS solvent, or the residual acetone 

(δ 2.05 ppm), chloroform (δ 7.26 ppm), DMSO (δ 2.50 ppm) or methanol (δ 3.31 ppm) peaks. 

The 13C NMR values were referenced to the residual acetone (δ 29.9 ppm) chloroform (δ 77.1 

ppm), DMSO (δ 39.5 ppm) or methanol (δ 49.0 ppm) peaks. 13C NMR values are reported as 

chemical shift δ and assignment. 1H NMR shift values are reported as chemical shift δ, relative 

integral, multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; quin, quintet; m, multiplet), 

coupling constant (J in Hz) and assignment. Assignments are made with the aid of DEPT 90, 

DEPT 135, COSY, NOESY and HSQC experiments. High resolution mass spectra were 

obtained by electrospray ionization in positive ion mode at a nominal accelerating voltage of 

70 eV on a microTOF mass spectrometer.  
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6.5.2 General Procedure A; C-acylation 

To polyphosphoric acid (PPA) at 100 ºC was added a solution of substrate in toluene and the 

mixture was stirred at 100 ºC for the time stated. The reaction mixture was quenched with ice 

cold water (10 mL), the aqueous suspension extracted with ethyl acetate and the organic layer 

was washed with water, brine, dried (Na2SO4), filtered and concentrated in vacuo. The crude 

residue was purified by flash chromatography on silica gel with eluent stated to give the desired 

product. 

 

6.5.3 General Procedure B; N-acylation 

A solution of substrate and potassium carbonate in DMF (4 mL) was stirred at 110 ºC for the 

time stated. The solvent was concentrated in vacuo and water was added to the residue. The 

resulting aqueous suspension was extracted with ethyl acetate and the organic layer was washed 

with water, brine, dried (Na2SO4), filtered and concentrated in vacuo. The crude residue was 

purified by flash chromatography on silica gel with eluent stated to give the desired product. 

 

6.5.4 General Procedure C; Dehydrogenation 

A suspension of substrate and Pd/C (10 %) in phenylether-mesitylene or n-octanol was heated 

at the temperature and time stated. The reaction mixture was filtered through Celite® and the 

residual catalyst washed with ethyl acetate. The filtrate was concentrated in vacuo and the 

residue purified by flash chromatography on silica gel with eluent stated to give the desired 

product.
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6.5.5 Synthesis  

Dimethyl 2-((1H-pyrrol-2-yl)methyl)succinate 75 

 

To a solution of dimethyl 2-methylenesuccinate (500 mg, 3.16 mmol) in dichloromethane (5 

mL) and nitromethane (5 mL) was added pyrrole (0.62 mL, 9.48 mmol) and aluminium 

trichloride (443 mg, 9.48 mmol) and the solution was stirred at room temperature for 45 min. 

The reaction mixture was then quenched with water (20 mL). The aqueous layer was extracted 

with dichloromethane and the organic layer washed with brine, dried (Na2SO4), filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography on silica gel 

using hexanes-ethyl acetate (3:1) as eluent to afford the title compound (427 mg, 1.90 mmol, 

60%) as light yellow liquid; νmax (neat)/cm– 1 3383, 2953, 1722, 1570, 1509, 1436, 1409, 1357, 

1269, 1194, 1165, 1121, 1095, 1027, 1004, 885, 837, 789, 717; δH (400 MHz, CDCl3) 8.36 (1 

H, br s, NH), 6.69-6.67 (1 H, m, ArH), 6.09 (1 H, q, J 2.9 Hz, ArH), 5.93-5.92 (1 H, m, ArH), 

3.71 (3 H, s, Me), 3.67 (3 H, s, Me), 3.10 (1 H, quint, J 6.6, CH), 3.00 (1 H, dd, J 14.8 and 6.4, 

CH of CH2), 2.90 (1 H, dd, J 14.8 and 6.4, CH of CH2), 2.68 (1 H, dd, J 16.4 and 7.2, CH of 

CH2), 2.50 (1 H, dd, J 16.5 and 6.4, CH of CH2); δC (100 MHz, CDCl3) 175.0 (C), 172.4 (C), 

128.0 (C), 117.2 (CH), 108.3 (CH), 107.3 (CH), 52.2 (Me), 51.9 (Me), 41.9 (CH), 35.0 (CH2), 

29.0 (CH2); HRMS (ESI, [M + Na]+) found 248.0893. [C11H15NO4 + Na]+ requires 248.0898.
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Tetramethyl 2,2'-((1H-pyrrole-2,5-diyl)bis(methylene))disuccinate 76 

 

To a solution of pyrrole (0.2 mL, 2.88 mmol) in  dichloromethane (5 mL) and nitromethane (5 

mL) was added dimethyl 2-methylenesuccinate (1.40 g, 7.2 mmol) and aluminium trichloride 

(960 mg, 7.2 mmol) and the solution was stirred at room temperature for 45 min. The mixture 

was then quenched with water (20 mL). The resulting solution was extracted with 

dichloromethane and the organic layer washed with brine, dried (Na2SO4), filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography on silica gel 

using hexanes-ethyl acetate (2:1) as eluent to afford the title compound (1.08 g, 2.82 mmol, 

98%) as brown liquid; νmax (neat)/cm– 1 3383, 1727, 1436, 1355, 1263, 1193, 1163, 1094, 1038, 

998, 890, 839, 773; δH (400 MHz, CDCl3) 8.33 (1 H, br s, NH), 5.76 (2 H, d, J 2.6, 2 x ArH), 

3.70 (6 H, s, 2 x Me), 3.67 (6 H, s, 2 x Me), 3.06 (2 H, quin, J 6.7, 2 x CH), 2.93 (2 H, dd, J 

14.8 and 6.4, 2 x CH of CH2), 2.83 (2 H, dd, J 14.8 and 6.7, 2 x CH of CH2), 2.66 (2 H, dd, J 

16.5 and 7.6, 2 x CH of CH2), 2.46 (2H, dd, J 16.5 and 6.2, 2 x CH of CH2); δC (100 

MHz, CDCl3) 175.04 (C), 175.00 (C), 172.5 (2 x C), 127.60 (C), 127.58 (C), 107.43 (CH), 

107.42 (CH), 52.2 (2 x Me), 51.9 (2 x Me), 42.07 (CH), 42.02 (CH), 35.10 (CH2), 35.06 (CH2), 

29.4 (CH2), 29.3 (CH2); HRMS (ESI, [M + Na]+) found 406.1472. [C18H25NO8 + Na]+ requires 

406.1478.
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Methyl 4-oxo-4,5,6,7-tetrahydro-1H-indole-6-carboxylate 78 

 

General procedure A was performed using PPA (2 g) and 75 (100 mg, 0.45 mmol) in toluene 

(1 mL) for 3 h. Workup and column chromatography eluting with hexanes-ethyl acetate (1:1) 

gave the title compound (27 mg, 0.14 mmol, 31%) as a colourless solid; M.p. 127-131 ºC; 

νmax (neat)/cm–1 3289, 3130, 2952, 2922, 2851, 1725, 1632, 1569, 1505, 1474, 1435, 1377, 

1350, 1293, 1271, 1244, 1234, 1193, 1152, 1116, 1077, 1003, 913, 902, 881, 866, 799, 764, 

720, 692; δH (400 MHz, CDCl3) 8.80 (1 H, br s, NH), 6.70 (1 H, t, J 2.6, ArH), 6.54 (1 H, t, J 

2.8, ArH), 3.72 (3 H, s, Me), 3.29-3.22 (1 H, m, CH), 3.13-3.10 (2 H, m, CH2), 2.82-2.69 (2 H, 

m, CH2); δC (100 MHz, CDCl3) 191.6 (C), 173.6 (C), 141.1 (C), 120.3 (C), 119.5 (CH), 106.2 

(CH), 52.4 (Me), 41.3 (CH), 40.0 (CH2), 25.5 (CH2); HRMS (ESI, [M + Na]+) found 216.0631. 

[C10H11NO3 + Na]+ requires 216.0637. 

 

Methyl 4-hydroxy-1H-indole-6-carboxylate 79 

 

General procedure C was performed using 78 (100 mg, 0.52 mmol) and Pd/C (100 mg) in 

phenylether (3.6 mL) and mesitylene (0.4 mL) for 240 ºC for 36 h. Workup and column 

chromatography eluting with hexanes then hexanes-ethyl acetate (1:1) gave the title 

compound (52 mg, 0.27 mmol, 54%) as a brown solid; δH (400 MHz, CD3OD) 7.68 (1 H, d, J 

1.0, ArH), 7.30 (1 H, d, J 3.3, ArH), 7.06 (1 H, d, J 1.4, ArH), 6.58 (1 H, dd, J 0.8, 3.3, ArH), 
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3.88 (3 H, s, Me); δC (100 MHz, CD3OD) 170.2 (C), 151.1 (C), 138.6 (C), 127.4 (C), 124.9 

(C), 123.5 (CH), 107.4 (CH), 104.5 (CH), 100.0 (CH), 52.3 (Me); spectroscopic data consistent 

with the literature.21 

 

Methyl 5-oxo-5,6,7,8-tetrahydroindolizine-7-carboxylate 80 

 

General procedure B was performed using 75 (375 mg, 1.7 mmol) and potassium carbonate 

(470 mg, 3.4 mmol) in DMF (4 mL) for 12 h. Workup and column chromatography eluting 

with hexanes-ethyl acetate (4:1) gave the title compound (198 mg, 1.02 mmol, 60%) as a fawn 

solid; M.p. 83-85 ºC; νmax (neat)/cm–1 1716, 1575, 1449, 1429, 1379, 1354, 1302, 1229, 1214, 

1199, 1151, 1100, 1068, 1031, 1022, 1005, 917, 870, 825, 802, 750, 621, 594; δH (400 MHz, 

CDCl3) 7.35 (1 H, dd, J 3.6 and 1.4, ArH), 6.22 (1 H, t, J 3.3, ArH), 6.03-6.02 (1 H, m, ArH), 

3.73 (3 H, s, Me), 3.23-3.17 (1 H, m, CH of CH2), 3.16-3.10 (1 H, m, CH), 3.03-2.97 (1 H, m, 

CH of CH2), 2.94-2.85 (2 H, m, CH2); δC (100 MHz, CDCl3) 172.8 (C), 166.4 (C), 130.1 (C), 

116.6 (CH), 113.1 (CH), 110.0 (CH), 52.5 (Me), 39.2 (CH), 35.3 (CH2), 25.9 (CH2); HRMS 

(ESI, [M + Na]+) found 216.0631. [C10H11NO3 + Na]+ requires 216.0637. 

 

Methyl 5-oxo-1,2,3,5-tetrahydroindolizine-7-carboxylate 82 

 

General procedure C was performed using 80 (40 mg, 0.21 mmol) and Pd/C (40 mg) in n-

octanol (2 mL) at 195 ºC for 12 h. Workup and column chromatography eluting with ethyl 
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acetate-methanol (9.5:0.5) gave the title compound (30 mg, 0.155 mmol, 75%) as a colourless 

solid; M.p. 75-80 ºC; νmax (neat)/cm–1 1714, 1577, 1383, 1360, 1306, 1231, 1200, 1155, 1034, 

1008, 827, 754; δH (400 MHz, CDCl3) 7.03 (1 H, d, J 1.2, ArH), 6.61 (1 H, d, J 1.3, ArH), 4.16 

(2 H, t, J 7.3, CH2), 3.89 (3 H, s, Me), 3.12 (2 H, t, J 7.8, CH2), 2.22 (2 H, quin, J 7.5, CH2); 

δC (100 MHz, CDCl3) 165.6 (C), 161.9 (C), 151.1 (C), 141.2 (C), 119.2 (CH), 99.8 (CH), 52.7 

(Me), 48.9 (CH2), 31.8 (CH2), 21.3 (CH2); HRMS (ESI, [M + Na]+) found 216.0634. 

[C10H11NO3 + Na]+ requires 216.0637. 

 

Dimethyl 2-((6-(methoxycarbonyl)-4-oxo-4,5,6,7-tetrahydro-1H-indol-2-yl)methyl)succinate 

94 

 

General procedure A was performed using PPA (2 g) and 76 (321 mg, 0.84 mmol) in toluene 

(2 mL) for 45 min. Workup and column chromatography eluting with hexanes-ethyl acetate 

(1:1.5) gave the title compound (216 mg, 0.65 mmol, 73%) as a brown solid; M.p. 74-77 ºC; 

νmax (neat)/cm–1 3249, 2955, 1729, 1631, 1484, 1436, 1365, 1239, 1168, 1192, 1052, 1003, 915, 

891, 813, 729; δH (400 MHz, CDCl3) 8.93 (2 H, br s, 2 x NH), 6.234 (1 H, s, ArH), 6.228 (1 

H, s, ArH), 3.72 (12 H, s, 4 x Me), 3.670 (3 H, s, Me), 3.667 (3 H, s Me), 3.26-3.18 (2 H, m, 2 

x CH), 3.11-3.00 (6 H, m, 2 x CH + 2 x CH2), 2.96-2.84 (4 H, m, 2 x CH2), 2.77-2.64 (6 H, m, 

2 x CH of CH2 + 2 x CH2), 2.56-2.50 (2 H, m, 2 x CH of CH2); δC (100 MHz, CDCl3) 191.2 (2 

x C), 175.12 (C), 175.05 (C), 173.6 (2 x C), 172.3 (C), 172.2 (C), 141.2 (2 x C), 130.3 (2 x C), 

120.3 (2 x C), 104.72 (CH), 104.69 (CH), 52.5 (2 x Me), 52.4 (2 x Me), 52.1 (2 x Me), 41.41 

(CH), 41.38 (CH), 41.2 (2 x CH), 39.8 (2 x CH2), 35.1 (2 x CH2), 28.7 (2 x CH2), 25.4 (2 x 

CH2); HRMS (ESI, [M + Na]+) found 374.1210. [C17H21NO7 + Na]+ requires 374.1216. 
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Dimethyl 2-((4-hydroxy-6-(methoxycarbonyl)-1H-indol-2-yl)methyl)succinate 96  

 

General procedure C was performed using 94 (156 mg, 0.44 mmol) and Pd/C (237 mg) in 

phenylether (2.7 mL) and mesitylene (0.3 mL) for 240 ºC for 18 h. Workup and column 

chromatography eluting with hexanes-ethyl acetate (1:1) gave the title compound (100 mg, 

0.29 mmol, 66%) as a yellow oil; νmax (neat)/cm–1 3351, 2953, 1710, 1686, 1591, 1546, 1435, 

1368, 1279, 1222, 1166, 1092, 1070, 1001, 867, 795, 769; δH (400 MHz, CDCl3) 8.80 (1 H, 

brs, NH), 7.71 (1 H, d, J 1.0, ArH), 7.20 (1 H, d, J 1.3, ArH), 6.38 (1 H, d, J 1.1, ArH), 5.43 (1 

H, br s, OH), 3.91 (3 H, s, Me), 3.73 (3 H, s, Me), 3.67 (3 H, s, Me), 3.25-3.16 (2 H, m, CH + 

CH of CH2), 3.13-3.07 (1 H, m, CH of CH2), 2.76-2.71 (1 H, m, CH of CH2), 2.58-2.53 (1 H, 

m, CH of CH2); δC (100 MHz, CDCl3) 174.9 (C), 172.3 (C), 168.2 (C), 148.1 (C), 137.8 (C), 

137.2 (C), 124.3 (C), 122.0 (C), 106.9 (CH), 105.1 (CH), 98.9 (CH), 52.6 (Me), 52.2 (2 x Me), 

41.5 (CH), 35.2 (CH2), 29.5 (CH2); HRMS (ESI, [M + Na]+) found 372.1054. [C17H19NO7 + 

Na]+ requires 372.0962. 

 

Dimethyl 5-hydroxy-4-oxo-2,3,4,9-tetrahydro-1H-carbazole-2,7-dicarboxylate 97  

 

General procedure A was performed using PPA (2 g) and 96 (40 mg, 0.12 mmol) in toluene (1 

mL) for 45 min. Workup and column chromatography eluting with hexanes-ethyl acetate 
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(1:1.5) gave the title compound (20 mg, 0.06 mmol, 55%) as a brown solid; M.p. 255-259 ºC; 

νmax (neat)/cm–1 3287, 2953, 1706, 1589, 1476, 1436, 1404, 1344, 1315, 1226, 1199, 1147, 

1086, 1062, 994, 896, 875, 788, 768, 690; δH (400 MHz, DMSO-d6) 12.49 (1 H, br s, NH), 

10.76 (1 H, s, OH), 7.52 (1 H, d, J 1.4, ArH) 7.03 (1 H, d, J 1.4, ArH), 3.84 (3 H, s, Me), 3.65 

(3 H, s, Me), 3.56-3.49 (1 H, m, CH), 3.35-3.22 (2 H, m, CH2), 2.84-2.83 (2 H, m, CH2); δC (100 

MHz, DMSO-d6) 193.9 (C), 172.9 (C), 166.5 (C), 153.3 (C), 150.2 (C), 137.3 (C), 126.7 (C), 

117.5 (C), 112.0 (C), 106.6 (CH), 105.2 (CH), 52.1 (Me), 52.0 (Me), 39.9 (CH), 37.9 (CH2), 

24.8 (CH2); HRMS (ESI, [M + Na]+) found 340.0792. [C16H15NO6 + Na]+ requires 340.0797. 

 

Dimethyl 4,5-dihydroxycarbazole-2,7-dicarboxylate 98 and dimethyl 4-hydroxy-5-

methoxycarbazole-2,7-dicarboxylate 99 

 

General procedure C was performed using 97 (100 mg,0.31 mmol) and Pd/C (170 mg) in 

phenylether (2.7 mL) and mesitylene (0.3 mL) for 240 °C for 18 h. Workup (filtration through 

silica gel instead of Celite®) and column chromatography eluting with hexanes-ethyl acetate 

(1:1) gave the title compounds: 

14 (25 mg, 0.08 mmol, 25%) as a brown solid; M.p. 325-330 ºC;  νmax (neat)/cm–1 3313, 1692, 

1590, 1518, 1456, 1436, 1427, 1360, 1334, 1313, 1226, 1190, 1089, 1074, 1010, 992, 912, 861, 

848, 796, 759, 722; δH (400 MHz, DMSO-d6) 11.82 (1 H, s, NH), 11.19 (2 H, s, 2 x OH), 7.64 

(2 H, d, J 1.37, 2 x ArH), 7.18 (2 H, d, J 1.34, 2 x ArH), 3.88 (6 H, s, 2 x Me); δC (100 

MHz, DMSO-d6) 166.5 (2 x C), 150.3 (2 x C), 141.2 (2 x C), 128.7 (2 x C), 113.3 (2 x C), 



209 

 

104.6 (4 x CH), 52.2 (2 x Me) ; HRMS (ESI, [M + Na]+) found 338.0635. [C16H13NO6 + 

Na]+ requires 338.0641.  

 

15 (11 mg, 0.03 mmol, 10%) brown solid; M.p. 245-250 °C; νmax (neat)/cm− 1 3302, 1695, 1637, 

1571, 1518, 1498, 1432, 1332, 1315, 1256, 1211, 1116, 1090, 1083, 1046, 1012, 964, 862, 790, 

759, 729; δH (400 MHz, DMSO-d6) 11.98 (1 H, s, NH), 9.31 (1 H, s, OH), 7.82 (1 H, d, J 1.0, 

ArH), 7.64 (1 H, d, J 1.2, ArH), 7.33 (1 H, s, ArH), 7.12 (1 H, d, J 1.0, ArH), 4.19 (3 H, s, Me), 

3.91 (3 H, s, Me), 3.88 (3 H, s, Me); δC (100 MHz, DMSO-d6) 166.5 (C), 166.3 (C), 152.1 (C), 

151.1 (C), 141.4 (C), 140.8 (C), 129.1 (C), 128.4 (C), 113.4 (C), 112.6 (C), 107.2 (CH), 105.0 

(CH), 104.2 (CH), 100.7 (CH), 56.8 (Me), 52.3 (Me), 52.2 (Me); HRMS (ESI, [M + Na]+) 

found 352.0792. [C17H15NO6 + Na]+ requires 352.0797. 

 

Dimethyl 2-((7-(methoxycarbonyl)-5-oxo-5,6,7,8-tetrahydroindolizin-3-yl)methyl)succinate 

106 

 

General procedure B was performed using 76 (420 mg, 1.09 mmol) and potassium carbonate 

(757 mg, 5.47 mmol) in DMF (5 mL) for 12 h. Workup and column chromatography eluting 

dichloromethane-ethyl acetate (15:1) gave the title compound (222 mg, 0.63 mmol, 58%) as a 

yellow oil; νmax (neat)/cm–1 1720, 1436, 1388, 1350, 1305, 1252, 1195, 1167, 1075, 1049, 1003, 

920, 889, 835, 789; δH (400 MHz, CDCl3) 5.93 (1 H, s, ArH), 5.92 (1 H, s, ArH), 5.88-5.87 (2 

H, m, 2 x ArH), 3.72 (6 H, s, 2 x Me), 3.65 (3 H, s, Me), 3.64 (3 H, s, Me), 3.62 (3 H, s, Me), 

3.61 (3 H, s, Me), 3.34-2.84 (16 H, m, 4 x CH + 6 x CH2), 2.73-2.65 (2 H, m, 2 x CH of CH2), 

2.53-2.47 (2 H, m, 2 x CH of CH2); δC (100 MHz, CDCl3) 175.14 (C), 175.11 (C), 172.8 (2 x 
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C), 172.3 (2 x C), 168.1 (C), 168.0 (C), 131.0 (4 x C), 113.93 (CH), 113.88 (CH), 108.6 (2 x 

CH), 52.5 (2 x Me), 52.0 (2 x Me), 51.8 (2 x Me), 40.8 (2 x CH), 38.9 (2 x CH), 36.7 (2 x CH2), 

35.7 (CH2), 35.6 (CH2), 31.6 (CH2), 31.5 (CH2), 26.6 (2 x CH2); HRMS (ESI, [M + Na]+) found 

374.1210. [C17H21NO7 + Na]+ requires 374.1216. 

 

Dimethyl 2-((7-(methoxycarbonyl)-5-oxo-1,2,3,5-tetrahydroindolizin-3-yl)methyl)succinate 

107 

 

General procedure C was performed using 106 (32 mg, 0.09 mmol) and Pd/C (32 mg) in n-

octanol (2 mL) at 195 ºC for 12 h. Workup and column chromatography eluting with hexanes-

ethyl acetate (1:1) gave the title compound (25 mg, 0.07 mmol, 78%) as a yellow oil; 

νmax (neat)/cm–1 2954, 1727, 1663, 1587, 1540, 1436, 1368, 1251, 1163, 1073, 988, 878, 839, 

722; δH (400 MHz, CDCl3) 6.98 (1 H, s, ArH), 6.97 (1 H, s, ArH), 6.56 (2 H, s, ArH), 4.84-

4.78 (1 H, m, CH), 4.77-4.72 (1 H, m, CH), 3.88 (6 H, s, 2 x Me), 3.74 (3 H, s, Me), 3.69 (3 H, 

s, Me), 3.68 (3 H, s, Me), 3.67 (3 H, s, Me), 3.25-3.13 (2 H, m, CH2), 3.05-2.94, (4 H, m, 2 x 

CH + CH2), 2.89-2.78 (2 H, m, CH2), 2.70-2.57 (2 H, m, CH2), 2.43-2.34 (1 H, m, CH of CH2), 

2.32-2.22 (2 H, m, CH2), 2.11-2.02 (3 H, m, CH2 + CH of CH2), 1.99-1.92 (1 H, m, CH of 

CH2), 1.72-1.65 (1 H, m, CH of CH2); δC (100 MHz, CDCl3) 174.6 (C), 174.2 (C) 172.29 (C), 

172.25 (C), 165.6 (2 x C), 161.8 (C) 161.7 (C), 150.7 (2 x C), 141.4 (C), 141.3 (C), 120.0 (CH), 

119.9 (CH), 99.93 (CH), 99.91 (CH), 59.8 (CH), 59.2 (CH), 52.9 (2 x Me), 52.35 (Me), 52.33 

(Me), 52.1 (Me), 52.0 (Me), 39.1 (CH), 38.9 (CH), 36.0 (CH2), 35.9 (CH2), 33.9 (CH2) 33.8 

(CH2), 30.14 (CH2), 30.12 (CH2), 26.9 (CH2), 26.8 (CH2); HRMS (ESI, [M + Na]+) found 

374.1210. [C17H21NO7 + Na]+ requires 374.1216. 
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Dimethyl 1,6-dioxo-1,2,3,4,6,7,8,9-octahydropyrido[1,2-a]indole-3,8-dicarboxylate 108 

 

General procedure A was performed using PPA (2 g) and 106 (170 mg, 0.48 mmol) in toluene 

(2 mL) for 3 h. Workup and column chromatography eluting with hexanes-ethyl acetate (1:1) 

gave the title compound (82 mg, 0.26 mmol, 53%) as a colourless solid; M.p. 82-87 ºC; 

νmax (neat)/cm–1 1725, 1657, 1574, 1435, 1373, 1356, 1274, 1246, 1177, 1134, 1069, 1029, 

1003, 916, 756; δH (400 MHz, CDCl3) 6.34 (2 H, t, J 1.3, 2 x ArH), 3.735 (3 H, s, Me), 3.730 

(3 H, s, Me), 3.726 (3 H, s, Me), 3.721 (3 H, s, Me), 3.70-3.68 (1 H, m, CH of CH2), 3.65-3.63 

(1 H, m, CH of CH2), 3.44-3.37 (2 H, m, CH2), 3.28-3.10 (6 H, m, 4 x CH + 2 x CH2), 3.08-

3.01 (2 H, m, 2 x CH of CH2), 2.98-2.96 (4 H, m, 2 x CH2), 2.75 (2 H, s, CH2), 2.73 (2 H, s, 

CH2); δC (100 MHz, CDCl3) 192.12 (C), 192.09 (C), 173.5 (C), 173.4 (C), 172.5 (C), 172.4 

(C), 168.3 (2 x C), 141.8 (2 x C), 131.8 (C), 131.7 (C), 123.5 (2 x C), 105.4 (2 x CH), 52.7 (2 

x Me), 52.4 (2 x Me), 40.9 (CH), 40.7 (CH), 39.74 (CH2), 39.69 (CH2), 38.4 (CH), 38.3 (CH), 

36.54 (CH2), 36.51 (CH2), 27.4 (2 x CH2), 26.3 (CH2), 26.2 (CH2); HRMS (ESI, [M + Na]+) 

found 342.0948. [C16H17NO6 + Na]+ requires 342.0998.
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Dimethyl 1-hydroxy-6-oxo-6,7,8,9-tetrahydropyrido[1,2-a]indole-3,8-dicarboxylate 109 

 

General procedure B was performed using 96 (20 mg, 0.057 mmol) and potassium carbonate 

(24 mg, 0.17 mmol) in DMF (1 mL) for 2 h. Workup and column chromatography eluting with 

hexanes-ethyl acetate (1.5:1) gave the title compound (12 mg, 0.038 mmol, 67%) as a 

colourless solid; M.p. 225-230 ºC; νmax (neat)/cm–1 1731 1695, 1578, 1432, 1326, 1313, 1233, 

1198, 1056, 1024, 996, 886, 824, 771; δH (400 MHz, DMSO-d6) 10.12 (1 H, br s, OH), 8.43 (1 

H, d, J 1.1, ArH), 7.27 (1 H, d, J 1.1, ArH), 6.60 (1 H, s, ArH), 3.85 (3 H, s, Me), 3.62 (3 H, s, 

Me), 3.46-3.35 (2 H, m, CH + CH of CH2), 3.20-3.14 (1 H, m, CH of CH2), 3.01-3.00 (2 H, m, 

CH2); δC (100 MHz, DMSO-d6) 172.8 (C), 168.0 (C), 166.7 (C), 149.5 (C), 137.9 (C), 135.1 

(C), 126.0 (C), 122.7 (C), 109.3 (CH), 108.8 (CH), 102.2 (CH), 52.1 (Me), 52.0 (Me), 37.4 

(CH), 35.5 (CH2), 25.7 (CH2).; HRMS (ESI, [M + Na]+) found 340.0792 . [C16H15NO6 + 

Na]+ requires 340.0797. 

 

 



213 

 

References 

Chapter 1 references 

1. Zumla, A.; Raviglione, M.; Hafner, R.; von Reyn, C. F., Tuberculosis. N. Engl. J. Med. 

2013, 368 (8), 745-755. 

2. Pai, M.; Behr, M. A.; Dowdy, D.; Dheda, K.; Divangahi, M.; Boehme, C. C.; Ginsberg, 

A.; Swaminathan, S.; Spigelman, M.; Getahun, H.; Menzies, D.; Raviglione, M., Tuberculosis. 

Nat Rev Dis Primers 2016, 2, 16076. 

3. Russell, D. G.; VanderVen, B. C.; Lee, W.; Abramovitch, R. B.; Kim, M. J.; Homolka, 

S.; Niemann, S.; Rohde, K. H., Mycobacterium tuberculosis Wears What It Eats. Cell Host 

Microbe 2010, 8 (1), 68-76. 

4. Li, W.; Xie, J. P., Role of mycobacteria effectors in phagosome maturation blockage 

and new drug targets discovery. J. Cell. Biochem. 2011, 112 (10), 2688-2693. 

5. Haas, M.; Belknap, R., A review of rifapentine for the treating active and latent 

tuberculosis. Clin. Investig. (Lond.) 2015, 5 (11), 829-838. 

6. Gandhi, N. R.; Moll, A.; Sturm, A. W.; Pawinski, R.; Govender, T.; Lalloo, U.; Zeller, 

K.; Andrews, J.; Friedland, G., Extensively drug-resistant tuberculosis as a cause of death in 

patients co-infected with tuberculosis and HIV in a rural area of South Africa. The Lancet 2006, 

368 (9547), 1575-1580. 

7. Selwyn, P. A.; Hartel, D.; Lewis, V. A.; Schoenbaum, E. E.; Vermund, S. H.; Klein, R. 

S.; Walker, A. T.; Friedland, G. H., A prospective study of the risk of tuberculosis among 

intravenous drug users with human immunodeficiency virus infection. N. Engl. J. Med. 1989, 

320 (9), 545-550. 

8. Rustad, T. R.; Sherrid, A. M.; Minch, K. J.; Sherman, D. R., Hypoxia: a window into 

Mycobacterium tuberculosis latency. Cell. Microbiol. 2009, 11 (8), 1151-1159. 



214 

 

9. de Carvalho, L. P. S.; Fischer, S. M.; Marrero, J.; Nathan, C.; Ehrt, S.; Rhee, K. Y., 

Metabolomics of Mycobacterium tuberculosis reveals compartmentalized co-catabolism of 

carbon substrates. Chem. Biol. 2010, 17 (10), 1122-1131. 

10. Schnappinger, D.; Ehrt, S.; Voskuil, M. I.; Liu, Y.; Mangan, J. A.; Monahan, I. M.; 

Dolganov, G.; Efron, B.; Butcher, P. D.; Nathan, C.; Schoolnik, G. K., Transcriptional 

adaptation of Mycobacterium tuberculosis within macrophages: Insights into the phagosomal 

environment. J. Exp. Med. 2003, 198 (5), 693-704. 

11. Segal, W.; Bloch, H., Biochemical differentiation of Mycobacterium tuberculosis 

grown in vivo and in vitro. J. Bacteriol. 1956, 72 (2), 132-141. 

12. Munoz-Elias, E. J.; McKinney, J. D., Carbon metabolism of intracellular bacteria. Cell. 

Microbiol. 2006, 8 (1), 10-22. 

13. Forrellad, M. A.; McNeil, M.; Santangelo, M. D.; Blanco, F. C.; Garcia, E.; Klepp, L. 

I.; Huff, J.; Niederweis, M.; Jackson, M.; Bigi, F., Role of the Mce1 transporter in the lipid 

homeostasis of Mycobacterium tuberculosis. Tuberculosis 2014, 94 (2), 170-177. 

14. Amarasingham, C. R.; Davis, B. D., Regulation of alpha-ketoglutarate dehydrogenase 

formation in Escherichia coli. J. Biol. Chem. 1965, 240 (9), 3664-3668. 

15. Cronan Jr, J.; Laporte, D., Tricarboxylic acid cycle and glyoxylate bypass. EcoSal Plus 

2005, 1 (2). 

16. Berg, J. M.; Tymoczko, J. L.; Stryer, L., Biochemistry. 5th ed.; WH Freeman: New 

York, 2002. 

17. Ensign, S. A., Revisiting the glyoxylate cycle: alternate pathways for microbial acetate 

assimilation. Mol. Microbiol. 2006, 61 (2), 274-276. 

18. Kornberg, H.; Krebs, H., Synthesis of cell constituents from C2-units by a modified 

tricarboxylic acid cycle. Nature 1957, 179 (4568), 988-991. 



215 

 

19. Walsh, K.; Koshland, D. E., Determination of flux through the branch point of two 

metabolic cycles. The tricarboxylic acid cycle and the glyoxylate shunt. J. Biol. Chem. 1984, 

259 (15), 9646-9654. 

20. Lee, W.; VanderVen, B. C.; Fahey, R. J.; Russell, D. G., Intracellular Mycobacterium 

tuberculosis exploits host-derived fatty acids to limit metabolic stress. J. Biol. Chem. 2013, 288 

(10), 6788-6800. 

21. Rezanka, T.; Sigler, K., Odd-numbered very-long-chain fatty acids from the microbial, 

animal and plant kingdoms. Prog. Lipid Res. 2009, 48 (3-4), 206-238. 

22. Griffin, J. E.; Pandey, A. K.; Gilmore, S. A.; Mizrahi, V.; Mckinney, J. D.; Bertozzi, 

C. R.; Sassetti, C. M., Cholesterol catabolism by Mycobacterium tuberculosis requires 

transcriptional and metabolic adaptations. Chem. Biol. 2012, 19 (2), 218-227. 

23. Yang, X. X.; Nesbitt, N. M.; Dubnau, E.; Smith, I.; Sampson, N. S., Cholesterol 

metabolism increases the metabolic pool of propionate in Mycobacterium tuberculosis. 

Biochemistry 2009, 48 (18), 3819-3821. 

24. Thomas, S. T.; VanderVen, B. C.; Sherman, D. R.; Russell, D. G.; Sampson, N. S., 

Pathway profiling in Mycobacterium tuberculosis: elucidation of cholesterol-derived catabolite 

and enzymes that catalyze its metabolism. J. Biol. Chem. 2011, 286 (51), 43668-43678. 

25. Munoz-Elias, E. J.; Upton, A. M.; Cherian, J.; McKinney, J. D., Role of the 

methylcitrate cycle in Mycobacterium tuberculosis metabolism, intracellular growth, and 

virulence. Mol. Microbiol. 2006, 60 (5), 1109-1122. 

26. Savvi, S.; Warner, D. F.; Kana, B. D.; McKinney, J. D.; Mizrahi, V.; Dawes, S. S., 

Functional characterization of a vitamin B12-dependent methylmalonyl pathway in 

Mycobacterium tuberculosis: implications for propionate metabolism during growth on fatty 

acids. J. Bacteriol. 2008, 190 (11), 3886-95. 



216 

 

27. Upton, A. M.; McKinney, J. D., Role of the methylcitrate cycle in propionate 

metabolism and detoxification in Mycobacterium smegmatis. Microbiology 2007, 153 (12), 

3973-3982. 

28. Pandey, A. K.; Sassetti, C. M., Mycobacterial persistence requires the utilization of host 

cholesterol. Proc. Natl. Acad. Sci. U.S.A. 2008, 105 (11), 4376 – 4380. 

29. Soto-Ramirez, M. D.; Aguilar-Ayala, D. A.; Garcia-Morales, L.; Rodriguez-Peredo, S. 

M.; Badillo-Lopez, C.; Rios-Muniz, D. E.; Meza-Segura, M. A.; Rivera-Morales, G. Y.; Leon-

Solis, L.; Cerna-Cortes, J. F.; Rivera-Gutierrez, S.; Helguera-Repetto, A. C.; Gonzalez-Y-

Merchand, J. A., Cholesterol plays a larger role during Mycobacterium tuberculosis in vitro 

dormancy and reactivation than previously suspected. Tuberculosis 2017, 103, 1-9. 

30. Textor, S.; Wendisch, V. F.; De Graaf, A. A.; Müller, U.; Linder, M. I.; Linder, D.; 

Buckel, W., Propionate oxidation in Escherichia coli: evidence for operation of a methylcitrate 

cycle in bacteria. Arch. Microbiol. 1997, 168 (5), 428-436. 

31. Vanni, P.; Giachetti, E.; Pinzauti, G.; Mcfadden, B. A., Comparative structure, function 

and regulation of isocitrate lyase, an important assimilatory enzyme. Comp. Biochem. Physiol. 

B: Biochem. Mol. Biol. 1990, 95 (3), 431-458. 

32. Honer Zu Bentrup, K.; Miczak, A.; Swenson, D. L.; Russell, D. G., Characterization of 

activity and expression of isocitrate lyase in Mycobacterium avium and Mycobacterium 

tuberculosis. J. Bacteriol. 1999, 181 (23), 7161-7167. 

33. Kondrashov, F. A.; Koonin, E. V.; Morgunov, I. G.; Finogenova, T. V.; Kondrashova, 

M. N., Evolution of glyoxylate cycle enzymes in Metazoa: evidence of multiple horizontal 

transfer events and pseudogene formation. Biol. Direct 2006, 1, 31. 

34. Cole, S. T.; Brosch, R.; Parkhill, J.; Garnier, T.; Churcher, C.; Harris, D.; Gordon, S. 

V.; Eiglmeier, K.; Gas, S.; Barry, C. E., 3rd; Tekaia, F.; Badcock, K.; Basham, D.; Brown, D.; 

Chillingworth, T.; Connor, R.; Davies, R.; Devlin, K.; Feltwell, T.; Gentles, S.; Hamlin, N.; 



217 

 

Holroyd, S.; Hornsby, T.; Jagels, K.; Krogh, A.; McLean, J.; Moule, S.; Murphy, L.; Oliver, 

K.; Osborne, J.; Quail, M. A.; Rajandream, M. A.; Rogers, J.; Rutter, S.; Seeger, K.; Skelton, 

J.; Squares, R.; Squares, S.; Sulston, J. E.; Taylor, K.; Whitehead, S.; Barrell, B. G., 

Deciphering the biology of Mycobacterium tuberculosis from the complete genome sequence. 

Nature 1998, 393 (6685), 537-544. 

35. Fleischmann, R. D.; Alland, D.; Eisen, J. A.; Carpenter, L.; White, O.; Peterson, J.; 

DeBoy, R.; Dodson, R.; Gwinn, M.; Haft, D.; Hickey, E.; Kolonay, J. F.; Nelson, W. C.; 

Umayam, L. A.; Ermolaeva, M.; Salzberg, S. L.; Delcher, A.; Utterback, T.; Weidman, J.; 

Khouri, H.; Gill, J.; Mikula, A.; Bishai, W.; Jacobs, W. R.; Venter, J. C.; Fraser, C. M., Whole-

genome comparison of Mycobacterium tuberculosis clinical and laboratory Strains. J. 

Bacteriol. 2002, 184 (19), 5479-5490. 

36. Gould, T. A.; van de Langemheen, H.; Munoz-Elias, E. J.; McKinney, J. D.; 

Sacchettini, J. C., Dual role of isocitrate lyase 1 in the glyoxylate and methylcitrate cycles in 

Mycobacterium tuberculosis. Mol. Microbiol. 2006, 61 (4), 940-947. 

37. Munoz-Elias, E. J.; McKinney, J. D., Mycobacterium tuberculosis isocitrate lyases 1 

and 2 are jointly required for in vivo growth and virulence. Nat. Med. 2005, 11 (6), 638-644. 

38. Saxena, A.; Srivastava, V.; Srivastava, R.; Srivastava, B. S., Identification of genes of 

Mycobacterium tuberculosis upregulated during anaerobic persistence by fluorescence and 

kanamycin resistance selection. Tuberculosis 2008, 88 (6), 518-525. 

39. Shi, L.; Sohaskey, C. D.; Pheiffer, C.; Datta, P.; Parks, M.; McFadden, J.; North, R. J.; 

Gennaro, M. L., Carbon flux rerouting during Mycobacterium tuberculosis growth arrest. Mol. 

Microbiol. 2010, 78 (5), 1199-1215. 

40. Gengenbacher, M.; Rao, S. P.; Pethe, K.; Dick, T., Nutrient-starved, non-replicating 

Mycobacterium tuberculosis requires respiration, ATP synthase and isocitrate lyase for 

maintenance of ATP homeostasis and viability. Microbiology 2010, 156 (1), 81-87. 



218 

 

41. McKinney, J. D.; Honer zu Bentrup, K.; Munoz-Elias, E. J.; Miczak, A.; Chen, B.; 

Chan, W. T.; Swenson, D.; Sacchettini, J. C.; Jacobs, W. R., Jr.; Russell, D. G., Persistence of 

Mycobacterium tuberculosis in macrophages and mice requires the glyoxylate shunt enzyme 

isocitrate lyase. Nature 2000, 406 (6797), 735-738. 

42. Lorenz, M. C.; Fink, G. R., Life and death in a macrophage: role of the glyoxylate cycle 

in virulence. Eukaryot. Cell 2002, 1 (5), 657-662. 

43. Wayne, L. G.; Sohaskey, C. D., Nonreplicating persistence of Mycobacterium 

tuberculosis. Annu. Rev. Microbiol. 2001, 55, 139-163. 

44. Wayne, L. G.; Lin, K. Y., Glyoxylate metabolism and adaptation of Mycobacterium 

tuberculosis to survival under anaerobic conditions. Infect. Immun. 1982, 37 (3), 1042-1049. 

45. Eoh, H. J.; Rhee, K. Y., Multifunctional essentiality of succinate metabolism in 

adaptation to hypoxia in Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. U. S. A. 2013, 110 

(16), 6554-6559. 

46. Pecsi, I.; Hards, K.; Ekanayaka, N.; Berney, M.; Hartman, T.; Jacobs, W. R.; Cook, G. 

M., Essentiality of succinate dehydrogenase in Mycobacterium smegmatis and its role in the 

generation of the membrane potential under hypoxia. Mbio 2014, 5 (4), e01093-14. 

47. Eoh, H.; Rhee, K. Y., Methylcitrate cycle defines the bactericidal essentiality of 

isocitrate lyase for survival of Mycobacterium tuberculosis on fatty acids. Proc. Natl. Acad. 

Sci. U. S. A. 2014, 111 (13), 4976-4981. 

48. Nandakumar, M.; Nathan, C.; Rhee, K. Y., Isocitrate lyase mediates broad antibiotic 

tolerance in Mycobacterium tuberculosis. Nat. Commun. 2014, 5, 4306. 

49. Zhou, M. L.; Xie, L. X.; Yang, Z. Z.; Zhou, J. H.; Xie, J. P., Lysine succinylation of 

Mycobacterium tuberculosis isocitrate lyase (ICL) fine-tunes the microbial resistance to 

antibiotics. J. Biomol. Struct. Dyn. 2017, 35 (5), 1030-1041. 



219 

 

50. Sharma, V.; Sharma, S.; Hoener zu Bentrup, K.; McKinney, J. D.; Russell, D. G.; 

Jacobs, W. R., Jr.; Sacchettini, J. C., Structure of isocitrate lyase, a persistence factor of 

Mycobacterium tuberculosis. Nat. Struct. Biol. 2000, 7 (8), 663-668. 

51. Moynihan, M. M.; Murkin, A. S., Cysteine is the general base that serves in catalysis 

by isocitrate lyase and in mechanism-based inhibition by 3-nitropropionate. Biochemistry 

2014, 53 (1), 178-187. 

52. Jongkon, N.; Chotpatiwetchkul, W.; Gleeson, M. P., Probing the catalytic mechanism 

involved in the isocitrate lyase superfamily: hybrid quantum mechanical/molecular mechanical 

calculations on 2,3-dimethylmalate Lyase. J. Phys. Chem. B 2015, 119 (35), 11473-11484. 

53. Rehman, A.; McFadden, B. A., Cysteine 195 has a critical functional role in catalysis 

by isocitrate lyase from Escherichia coli. Curr. Microbiol. 1997, 35 (5), 267-269. 

54. Pham, T. V.; Murkin, A. S.; Moynihan, M. M.; Harris, L.; Tyler, P. C.; Shetty, N.; 

Sacchettini, J. C.; Huang, H.-l.; Meek, T. D., Mechanism-based inactivator of isocitrate lyases 

1 and 2 from Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. U.S.A 2017, 114 (29), 7617-

7622. 

55. Liu, Y.; Zhou, S.; Deng, Q.; Li, X. H.; Meng, J. Z.; Guan, Y.; Li, C. Y.; Xiao, C. L., 

Identification of a novel inhibitor of isocitrate lyase as a potent antitubercular agent against 

both active and non-replicating Mycobacterium tuberculosis. Tuberculosis 2016, 97, 38-46. 

56. Shukla, H.; Kumar, V.; Singh, A. K.; Singh, N.; Kashif, M.; Siddiqi, M. I.; Yasoda 

Krishnan, M.; Sohail Akhtar, M., Insight into the structural flexibility and function of 

Mycobacterium tuberculosis isocitrate lyase. Biochimie 2015, 110, 73-80. 

57. Geissler, W. G.; Kindl, H., Reactivation by a bacterial acetate: Enzyme ligase of plant 

glyoxysomal isocitrate lyase. FEBS Lett. 1975, 58 (1), 322-324. 



220 

 

58. Vincenzini, M. T.; Vanni, P.; Giachetti, E.; Hanozet, G. M.; Pinzauti, G., Steady-state 

kinetic analysis of isocitrate lyase from Lupinus seeds: considerations on a possible catalytic 

mechanism of isocitrate lyase from plants. J. Biochem 1986, 99 (2), 375-383. 

59. Buckel, W.; Ziegert, K.; Eggerer, H., Acetyl‐CoA‐dependent cleavage of citrate on 

inactivated citrate lyase. The FEBS Journal 1973, 37 (2), 295-304. 

60. Yang, M. K.; Wang, Y.; Chen, Y.; Cheng, Z. Y.; Gu, J.; Deng, J. Y.; Bi, L. J.; Chen, C. 

B.; Mo, R.; Wang, X. D.; Ge, F., Succinylome analysis reveals the involvement of lysine 

succinylation in metabolism in pathogenic Mycobacterium tuberculosis. Mol. Cell. Proteomics 

2015, 14 (4), 796-811. 

61. Xie, L. X.; Wang, X. B.; Zeng, J.; Zhou, M. L.; Duan, X. K.; Li, Q. M.; Zhang, Z.; Luo, 

H. P.; Pang, L.; Li, W.; Liao, G. J.; Yu, X.; Li, Y. X.; Huang, H. R.; Xie, J. P., Proteome-wide 

lysine acetylation profiling of the human pathogen Mycobacterium tuberculosis. Int. J. 

Biochem. Cell Biol. 2015, 59, 193-202. 

62. Murima, P.; Zimmermann, M.; Chopra, T.; Pojer, F.; Fonti, G.; Dal Peraro, M.; Alonso, 

S.; Sauer, U.; Pethe, K.; McKinney, J. D., A rheostat mechanism governs the bifurcation of 

carbon flux in mycobacteria. Nat. Commun. 2016, 7, 12527. 

63. Bi, J.; Wang, Y.; Yu, H.; Qian, X.; Wang, H.; Liu, J.; Zhang, X., Modulation of central 

carbon metabolism by acetylation of isocitrate lyase in Mycobacterium tuberculosis. Sci. Rep. 

2017, 7, 44826. 

64. Mcfadden, B. A.; Purohit, S., Itaconate, an isocitrate lyase-directed inhibitor in 

Pseudomonas indigofera. J. Bacteriol. 1977, 131 (1), 136-144. 

65. Schloss, J. V.; Cleland, W. W., Inhibition of isocitrate lyase by 3-nitropropionate, a 

reaction-intermediate analog. Biochemistry 1982, 21 (18), 4420-4427. 

66. Ko, Y. H.; Mcfadden, B. A., Alkylation of isocitrate lyase from Escherichia coli by 3-

bromopyruvate. Arch. Biochem. Biophys. 1990, 278 (2), 373-380. 



221 

 

67. Finkelstein, M.; Gold, H.; Paterno, C. A., Pharmacology of itaconic acid and its sodium, 

magnesium, and calcium salts. J. Am. Pharm. Assoc. Am. Pharm. Assoc. 1947, 36 (6), 173-

179. 

68. Booth, A. N.; Taylor, J.; Wilson, R. H.; Deeds, F., The inhibitory effects of itaconic 

acid in vitro and in vivo. J. Biol. Chem. 1952, 195 (2), 697-702. 

69. Greene, J. G.; Sheu, S. S.; Gross, R. A.; Greenamyre, J. T., 3-Nitropropionic acid 

exacerbates N-methyl-D-aspartate toxicity in striatal culture by multiple mechanisms. 

Neuroscience 1998, 84 (2), 503-510. 

70. Ko, Y. H.; Smith, B. L.; Wang, Y. C.; Pomper, M. G.; Rini, D. A.; Torbenson, M. S.; 

Hullihen, J.; Pedersen, P. L., Advanced cancers: eradication in all cases using 3-bromopyruvate 

therapy to deplete ATP. Biochem. Biophys. Res. Commun. 2004, 324 (1), 269-275. 

71. Shoshan, M. C., 3-bromopyruvate: Targets and outcomes. J. Bioenerg. Biomembr. 

2012, 44 (1), 7-15. 

72. Alston, T. A.; Mela, L.; Bright, H. J., 3-Nitropropionate, the toxic substance of 

Indigofera, is a suicide inactivator of succinate dehydrogenase. Proc. Natl. Acad. Sci. 1977, 74 

(9), 3767-3771. 

73. Liu, X. T.; Zang, Y.; Sun, B.; Yin, Y. H., Optimization of phage heptapeptide library-

screening process for developing inhibitors of the isocitrate lyase homologue from 

Mycobacterium tuberculosis. Med. Chem. Res. 2014, 23 (5), 2543-2553. 

74. Sharma, R.; Das, O.; Damle, S. G.; Sharma, A. K., Isocitrate lyase: a potential target 

for anti-tubercular drugs. Recent Pat Inflamm Allergy Drug Discov 2013, 7 (2), 114-123. 

75. Bai, B.; Xie, J. P.; Yan, J. F.; Wang, H. H.; Hu, C. H., A high throughput screening 

approach to identify isocitrate lyase inhibitors from traditional Chinese medicine sources. Drug 

Dev. Res. 2006, 67 (10), 818-823. 



222 

 

76. Ananthan, S.; Faaleolea, E. R.; Goldman, R. C.; Hobrath, J. V.; Kwong, C. D.; 

Laughon, B. E.; Maddry, J. A.; Mehta, A.; Rasmussen, L.; Reynolds, R. C.; Secrist, J. A.; 

Shindo, N.; Showe, D. N.; Sosa, M. I.; Suling, W. J.; White, E. L., High-throughput screening 

for inhibitors of Mycobacterium tuberculosis H37Rv. Tuberculosis 2009, 89 (5), 334-353. 

77. Ji, L.; Long, Q.; Yang, D.; Xie, J., Identification of mannich base as a novel inhibitor 

of Mycobacterium tuberculosis isocitrate by high-throughput screening. Int. J. Biol. Sci. 2011, 

7 (3), 376-382. 

78. Yin, Y.; Niu, X.; Sun, B.; Teng, G.; Zhao, Y.; Wu, C., Screening peptide inhibitors 

using phage peptide library with isocitrate lyase in Mycobacterium tuberculosis as target. 

Chem. Res. Chin. Univ. 2011, 27 (4), 635-640. 

79. Kratky, M.; Vinsova, J.; Novotna, E.; Mandikova, J.; Wsol, V.; Trejtnar, F.; Ulmann, 

V.; Stolarikova, J.; Fernandes, S.; Bhat, S.; Liu, J. O., Salicylanilide derivatives block 

Mycobacterium tuberculosis through inhibition of isocitrate lyase and methionine 

aminopeptidase. Tuberculosis 2012, 92 (5), 434-439. 

80. Kratky, M.; Vinsova, J.; Novotna, E.; Stolarikova, J., Salicylanilide pyrazinoates inhibit 

in vitro multidrug-resistant Mycobacterium tuberculosis strains, atypical mycobacteria and 

isocitrate lyase. Eur. J. Pharm. Sci. 2014, 53, 1-9. 

81. Kratky, M.; Volkova, M.; Novotna, E.; Trejtnar, F.; Stolarikova, J.; Vinsova, J., 

Synthesis and biological activity of new salicylanilide N,N-disubstituted carbamates and 

thiocarbamates. Bioorg. Med. Chem. 2014, 22 (15), 4073-4082. 

82. Kratky, M.; Novotna, E.; Saxena, S.; Yogeeswari, P.; Sriram, D.; Svarcova, M.; 

Vinsova, J., Salicylanilide diethyl phosphates as potential inhibitors of some mycobacterial 

enzymes. Sci. World J. 2014, 703053. 



223 

 

83. Kozic, J.; Novotná, E.; Volková, M.; Stolaříková, J.; Trejtnar, F.; Vinšová, J., Synthesis 

and in vitro antimycobacterial activity of 2-methoxybenzanilides and their thioxo analogues. 

Eur. J. Med. Chem. 2012, 56, 387-395. 

84. Kozic, J.; Novotna, E.; Volkova, M.; Stolarikova, J.; Trejtnar, F.; Wsol, V.; Vinsova, 

J., Synthesis and in vitro antimycobacterial and isocitrate lyase inhibition properties of novel 

2-methoxy-2'-hydroxybenzanilides, their thioxo analogues and benzoxazoles. Eur. J. Med. 

Chem. 2012, 56, 108-119. 

85. Sriram, D.; Yogeeswari, P.; Senthilkumar, P.; Dewakar, S.; Rohit, N.; Debjani, B.; 

Bhat, P.; Veugopal, B.; Pavan, V. V.; Thimmappa, H. M., Novel phthalazinyl derivatives: 

synthesis, antimycobacterial activities, and inhibition of Mycobacterium tuberculosis isocitrate 

lyase enzyme. Med. Chem. 2009, 5 (5), 422-433. 

86. Sriram, D.; Yogeeswari, P.; Vyas, D. R. K.; Senthilkumar, P.; Bhat, P.; Srividya, M., 

5-Nitro-2-furoic acid hydrazones: Design, synthesis and in vitro antimycobacterial evaluation 

against log and starved phase cultures. Bioorg. Med. Chem. Lett. 2010, 20 (15), 4313-4316. 

87. Sriram, D.; Yogeeswari, P.; Senthilkumar, P.; Naidu, G.; Bhat, P., 5-Nitro-2,6-

dioxohexahydro-4-pyrimidinecarboxamides: synthesis, in vitro antimycobacterial activity, 

cytotoxicity, and isocitrate lyase inhibition studies. J. Enzyme Inhib. Med. Chem. 2010, 25 (6), 

765-772. 

88. Sriram, D.; Yogeeswari, P.; Methuku, S.; Vyas, D. R.; Senthilkumar, P.; Alvala, M.; 

Jeankumar, V. U., Synthesis of various 3-nitropropionamides as Mycobacterium tuberculosis 

isocitrate lyase inhibitor. Bioorg. Med. Chem. Lett. 2011, 21 (18), 5149-5154. 

89. Shukla, H.; Kumar, V.; Singh, A. K.; Rastogi, S.; Khan, S. R.; Siddiqi, M. I.; Krishnan, 

M. Y.; Akhtar, M. S., Isocitrate lyase of Mycobacterium tuberculosis is inhibited by quercetin 

through binding at N-terminus. Int. J. Biol. Macromol. 2015, 78, 137-141. 

 



224 

 

Chapter 2 references 

1. Honer Zu Bentrup, K.; Miczak, A.; Swenson, D. L.; Russell, D. G., Characterization of 

activity and expression of isocitrate lyase in Mycobacterium avium and Mycobacterium 

tuberculosis. J Bacteriol 1999, 181 (23), 7161-7167. 

2. Liu, Y.; Zhou, S.; Deng, Q.; Li, X. H.; Meng, J. Z.; Guan, Y.; Li, C. Y.; Xiao, C. L., 

Identification of a novel inhibitor of isocitrate lyase as a potent antitubercular agent against 

both active and non-replicating Mycobacterium tuberculosis. Tuberculosis 2016, 97, 38-46. 

3. Sharma, V.; Sharma, S.; Hoener zu Bentrup, K.; McKinney, J. D.; Russell, D. G.; 

Jacobs, W. R., Jr.; Sacchettini, J. C., Structure of isocitrate lyase, a persistence factor of 

Mycobacterium tuberculosis. Nat Struct Biol 2000, 7 (8), 663-668. 

4. Gould, T. A.; van de Langemheen, H.; Munoz-Elias, E. J.; McKinney, J. D.; 

Sacchettini, J. C., Dual role of isocitrate lyase 1 in the glyoxylate and methylcitrate cycles in 

Mycobacterium tuberculosis. Mol Microbiol 2006, 61 (4), 940-947. 

5. Pham, T. V.; Murkin, A. S.; Moynihan, M. M.; Harris, L.; Tyler, P. C.; Shetty, N.; 

Sacchettini, J. C.; Huang, H.-l.; Meek, T. D., Mechanism-based inactivator of isocitrate lyases 

1 and 2 from Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. U.S.A 2017, 114 (29), 7617-

7622. 

6. Savitsky, P.; Bray, J.; Cooper, C. D.; Marsden, B. D.; Mahajan, P.; Burgess-Brown, N. 

A.; Gileadi, O., High-throughput production of human proteins for crystallization: the SGC 

experience. J. Struct. Biol. 2010, 172 (1), 3-13. 

7. Gileadi, O.; Burgess-Brown, N. A.; Colebrook, S. M.; Berridge, G.; Savitsky, P.; Smee, 

C. E.; Loppnau, P.; Johansson, C.; Salah, E.; Pantic, N. H., High throughput production of 

recombinant human proteins for crystallography. Humana Press: New York, 2008; p 221-246. 

8. Codon Optimization Tool. https://sg.idtdna.com/CodonOpt (accessed Feb 05, 2018). 



225 

 

9. Gay, P.; Le Coq, D.; Steinmetz, M.; Berkelman, T.; Kado, C., Positive selection 

procedure for entrapment of insertion sequence elements in gram-negative bacteria. J. 

Bacteriol. 1985, 164 (2), 918-921. 

10. Aslanidis, C.; de Jong, P. J., Ligation-independent cloning of PCR products (LIC-PCR). 

Nucleic Acids Res 1990, 18 (20), 6069-6074. 

11. Porath, J.; Carlsson, J.; Olsson, I.; Belfrage, G., Metal chelate affinity chromatography, 

a new approach to protein fractionation. Nature 1975, 258, 598-599. 

12. Hochuli, E.; Bannwarth, W.; Döbeli, H.; Gentz, R.; Stüber, D., Genetic approach to 

facilitate purification of recombinant proteins with a novel metal chelate adsorbent. Nat. 

Biotechnol. 1988, 6 (11), 1321-1325. 

13. Hong, P.; Koza, S.; Bouvier, E. S., A review size-exclusion chromatography for the 

analysis of protein biotherapeutics and their aggregates. J. Liq. Chromatogr. Related Technol. 

2012, 35 (20), 2923-2950. 

14. Goldstone, R. M.; Moreland, N. J.; Bashiri, G.; Baker, E. N.; Lott, J. S., A new 

Gateway® vector and expression protocol for fast and efficient recombinant protein expression 

in Mycobacterium smegmatis. Protein Expr. Purif 2008, 57 (1), 81-87. 

15. Bashiri, G.; Baker, E. N., Production of recombinant proteins in Mycobacterium 

smegmatis for structural and functional studies. Protein Sci. 2015, 24 (1), 1-10. 

16. Triccas, J. A.; Ryan, A. A., Heterologous expression of genes in mycobacteria. 

Mycobacteria Protocols: Second Edition 2009, 243-253. 

17. Cooper, J.; McIntyre, K.; Badasso, M. O.; Wood, S. P.; Zhang, Y.; Garbe, T.; Young, 

D., X-ray structure analysis of the iron-dependent superoxide dismutase from Mycobacterium 

tuberculosis at 2.0 Ångstroms resolution reveals novel dimer–dimer interactions. J. Mol. Biol. 

1995, 246 (4), 531-544. 



226 

 

18. Snapper, S.; Melton, R.; Mustafa, S.; Kieser, T.; WR Jr, J., Isolation and 

characterization of efficient plasmid transformation mutants of Mycobacterium smegmatis. 

Mol Microbiol 1990, 4 (11), 1911-1919. 

19. Wang, F.; Jain, P.; Gulten, G.; Liu, Z.; Feng, Y.; Ganesula, K.; Motiwala, A. S.; Ioerger, 

T. R.; Alland, D.; Vilchèze, C., Mycobacterium tuberculosis dihydrofolate reductase is not a 

target relevant to the antitubercular activity of isoniazid. Antimicrob. Agents Chemother. 2010, 

54 (9), 3776-3782. 

20. Bashiri, G.; Rehan, A. M.; Greenwood, D. R.; Dickson, J. M.; Baker, E. N., Metabolic 

engineering of cofactor F420 production in Mycobacterium smegmatis. PLoS One 2010, 5 (12), 

e15803. 

21. Designing PCR primers and probes. http://www.idtdna.com/pages/decoded/decoded-

articles/pipet-tips/decoded/2013/10/21/designing-pcr-primers-and-probes (accessed Jan 13, 

2018). 

22. Andersen, K. R.; Leksa, N. C.; Schwartz, T. U., Optimized E. coli expression strain 

LOBSTR eliminates common contaminants from His‐tag purification. Proteins: Struct., 

Funct., Bioinf. 2013, 81 (11), 1857-1861. 

23. Hartl, F. U., Molecular chaperones in cellular protein folding. Nature 1996, 381 (6583), 

571-580. 

24. Ellis, R. J.; Van der Vies, S. M., Molecular chaperones. Annu. Rev. Biochem 1991, 60 

(1), 321-347. 

25. Nishihara, K.; Kanemori, M.; Kitagawa, M.; Yanagi, H.; Yura, T., Chaperone 

coexpression plasmids: differential and synergistic roles of DnaK-DnaJ-GrpE and GroEL-

GroES in assisting folding of an allergen of Japanese cedar pollen, Cryj2, in Escherichia coli. 

Appl Environ Microbiol 1998, 64 (5), 1694-1699. 

http://www.idtdna.com/pages/decoded/decoded-articles/pipet-tips/decoded/2013/10/21/designing-pcr-primers-and-probes
http://www.idtdna.com/pages/decoded/decoded-articles/pipet-tips/decoded/2013/10/21/designing-pcr-primers-and-probes


227 

 

26. Yan, X.; Hu, S.; Guan, Y. X.; Yao, S. J., Coexpression of chaperonin GroEL/GroES 

markedly enhanced soluble and functional expression of recombinant human interferon-

gamma in Escherichia coli. Appl Microbiol Biot 2012, 93 (3), 1065-1074. 

27. Wang, W.; Nema, S.; Teagarden, D., Protein aggregation-pathways and influencing 

factors. Int. J. Pharm. 2010, 390 (2), 89-99. 

28. Song, J. M.; An, Y. J.; Kang, M. H.; Lee, Y.-H.; Cha, S.-S., Cultivation at 6–10 ºC is 

an effective strategy to overcome the insolubility of recombinant proteins in Escherichia coli. 

Protein Expr. Purif 2012, 82 (2), 297-301. 

29. Ferrer, M.; Chernikova, T. N.; Yakimov, M. M.; Golyshin, P. N.; Timmis, K. N., 

Chaperonins govern growth of Escherichia coli at low temperatures. Nat. Biotechnol. 2003, 21 

(11), 1266-1267. 

30. Schein, C. H., Production of soluble recombinant proteins in bacteria. Nat. Biotechnol. 

1989, 7 (11), 1141-1149. 

31. Rosano, G. L.; Ceccarelli, E. A., Recombinant protein expression in Escherichia coli: 

advances and challenges. Front Microbiol 2014, 5 (172) 1-17. 

32. Baneyx, F., Recombinant protein expression in Escherichia coli. Curr. Opin. 

Biotechnol. 1999, 10 (5), 411-421. 

 

Chapter 3 references 

1. Vanni, P.; Giachetti, E.; Pinzauti, G.; McFadden, B. A., Comparative structure, function 

and regulation of isocitrate lyase, an important assimilatory enzyme. Comp. Biochem. Physiol. 

B 1990, 95 (3), 431-458. 

2. Dixon, G.; Kornberg H. L., Assay methods for key enzymes of the glyoxylate cycle. 

Biochem. J 1959, 72, 3. 



228 

 

3. Lui, N. S. T.; Roels, O. A., An improved method for determining glyoxylic acid. Anal. 

Biochem. 1970, 38 (1), 202-209. 

4. Honer Zu Bentrup, K.; Miczak, A.; Swenson, D. L.; Russell, D. G., Characterization of 

activity and expression of isocitrate lyase in Mycobacterium avium and Mycobacterium 

tuberculosis. J. Bacteriol. 1999, 181 (23), 7161-7167. 

5. Chenault, H. K.; Whitesides, G. M., Lactate dehydrogenase-catalyzed regeneration of 

NAD from NADH for use in enzyme-catalyzed synthesis. Bioorg. Chem. 1989, 17 (4), 400-

409. 

6. Pham, T. V.; Murkin, A. S.; Moynihan, M. M.; Harris, L.; Tyler, P. C.; Shetty, N.; 

Sacchettini, J. C.; Huang, H.-l.; Meek, T. D., Mechanism-based inactivator of isocitrate lyases 

1 and 2 from Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. U.S.A 2017, 114 (29), 7617-

7622. 

7. Sogo, P. B.; Tolbert, B. M., Nuclear and electron paramagnetic resonance and its 

application to biology. Advances in Biol. and Med. Phys. 1957, 5, 1-35 

8. Kato, G., Studies on serum cholinesterase kinetics by nuclear magnetic resonance 

spectroscopy. Mol. Pharmacol. 1968, 4 (6), 640-644. 

9. Feather, M. S.; Lybyer, M. J., An NMR study of the phosphoglucose and phosphoribose 

isomerase reactions. Biochem. Biophys. Res. Commun. 1969, 35 (4), 538-541. 

10. Dalvit, C., NMR methods in fragment screening: theory and a comparison with other 

biophysical techniques. Drug Discovery Today 2009, 14 (21), 1051-1057. 

11. Gossert, A. D.; Jahnke, W., NMR in drug discovery: A practical guide to identification 

and validation of ligands interacting with biological macromolecules. Prog. Nucl. Magn. 

Reson. Spectrosc. 2016, 97, 82-125. 

12. Pantoliano, M. W.; Petrella, E. C.; Kwasnoski, J. D.; Lobanov, V. S.; Myslik, J.; Graf, 

E.; Carver, T.; Asel, E.; Springer, B. A.; Lane, P.; Salemme, F. R., High-density miniaturized 



229 

 

thermal shift assays as a general strategy for drug discovery. J. Biomol. Screen. 2001, 6 (6), 

429-440. 

13. Pace, C. N.; McGrath, T., Substrate stabilization of lysozyme to thermal and guanidine 

hydrochloride denaturation. J. Biol. Chem. 1980, 255 (9), 3862-3865. 

14. Schellman, J. A., Macromolecular binding. Biopolymers 1975, 14 (5), 999-1018. 

15. Matulis, D.; Kranz, J. K.; Salemme, F. R.; Todd, M. J., Thermodynamic stability of 

carbonic anhydrase: Measurements of binding affinity and stoichiometry using ThermoFluor. 

Biochemistry 2005, 44 (13), 5258-5266. 

16. Cimmperman, P.; Baranauskiene, L.; Jachimoviciute, S.; Jachno, J.; Torresan, J.; 

Michailoviene, V.; Matuliene, J.; Sereikaite, J.; Bumelis, V.; Matulis, D., A quantitative model 

of thermal stabilization and destabilization of proteins by ligands. Biophys. J. 2008, 95 (7), 

3222-3231. 

17. Semisotnov, G.; Rodionova, N.; Razgulyaev, O.; Uversky, V.; Gripas, A.; Gilmanshin, 

R., Study of the “molten globule” intermediate state in protein folding by a hydrophobic 

fluorescent probe. Biopolymers 1991, 31 (1), 119-128. 

18. Zhang, R. M.; Monsma, F., Fluorescence-based thermal shift assays. Curr. Opin. Drug 

Discovery Dev. 2010, 13 (4), 389-402. 

19. Lo, M. C.; Aulabaugh, A.; Jin, G. X.; Cowling, R.; Bard, J.; Malamas, M.; Ellestad, G., 

Evaluation of fluorescence-based thermal shift assays for hit identification in drug discovery. 

Anal. Biochem. 2004, 332 (1), 153-159. 

20. Hwang, T.-L.; Shaka, A., Water suppression that works. Excitation sculpting using 

arbitrary wave-forms and pulsed-field gradients. J. Magn. Reson., Ser. A 1995, 112 (2), 275-

279. 

21. Smith, R. A.; Gunsalus, I., Isocitritase: enzyme properties and reaction equilibrium. J. 

Biol. Chem. 1957, 229 (1), 305-319. 



230 

 

22. Giachetti, E.; Vanni, P., Effect of Mg2+ and Mn2+ on isocitrate lyase, a non-essentially 

metal-ion-activated enzyme. A graphical approach for the discrimination of the model for 

activation. Biochem. J 1991, 276 (1), 223-230. 

23. Cowan, J., Structural and catalytic chemistry of magnesium-dependent enzymes. 

BioMetals 2002, 15 (3), 225-235. 

24. Ritchie, R. J.; Prvan, T., Current statistical methods for estimating the KM and Vmax of 

Michaelis-Menten kinetics. Biochem. Educ. 1996, 24 (4), 196-206. 

25. Gould, T. A.; van de Langemheen, H.; Munoz-Elias, E. J.; McKinney, J. D.; 

Sacchettini, J. C., Dual role of isocitrate lyase 1 in the glyoxylate and methylcitrate cycles in 

Mycobacterium tuberculosis. Mol. Microbiol. 2006, 61 (4), 940-947. 

26. Darley, D. J.; Selmer, T.; Clegg, W.; Harrington, R. W.; Buckel, W.; Golding, B. T., 

Stereocontrolled synthesis of (2R, 3S)‐2‐methylisocitrate, a central intermediate in the 

methylcitrate cycle. Helv. Chim. Acta 2003, 86 (12), 3991-3999. 

27. Alagona, G.; Ghio, C.; Nagy, P. I., The catalytic effect of water on the keto–enol 

tautomerism. Pyruvate and acetylacetone: a computational challenge. PCCP 2010, 12 (35), 

10173-10188. 

28. Lin, Y.; Lu, P.; Tang, C.; Mei, Q.; Sandig, G.; Rodrigues, A. D.; Rushmore, T. H.; 

Shou, M., Substrate inhibition kinetics for cytochrome P450-catalyzed reactions. Drug Metab. 

Disposition 2001, 29 (4), 368-374. 

29. Reed, M. C.; Lieb, A.; Nijhout, H. F., The biological significance of substrate 

inhibition: a mechanism with diverse functions. Bioessays 2010, 32 (5), 422-429. 

30. Musser, S. M.; Stowell, M. H.; Lee, H. K.; Rumbley, J. N.; Chan, S. I., Uncompetitive 

substrate inhibition and noncompetitive inhibition by 5-n-undecyl-6-hydroxy-4, 7-

dioxobenzothiazole (UHDBT) and 2-n-nonyl-4-hydroxyquinoline-N-oxide (NQNO) is 



231 

 

observed for the cytochrome bo3 complex: implications for a Q(H2)-loop proton translocation 

mechanism. Biochemistry 1997, 36 (4), 894-902. 

31. Kühn-Velten, W.; Bunse, T.; Förster, M., Enzyme kinetic and inhibition analyses of 

cytochrome P450XVII, a protein with a bifunctional catalytic site. Quantification of effective 

substrate concentrations at the active site and their significance for intrinsic control of the 

hydroxylase/lyase reaction sequence. J. Biol. Chem. 1991, 266 (10), 6291-6301. 

32. LiCata, V. J.; Allewell, N. M., Is substrate inhibition a consequence of allostery in 

aspartate transcarbamylase? Biophys. Chem. 1997, 64 (1-3), 225-234. 

33. Wu, B., Substrate inhibition kinetics in drug metabolism reactions. Drug Metab. Rev. 

2011, 43 (4), 440-456. 

34. Dong, D.; Wu, B., What are the real causes of substrate inhibition in the glucuronidation 

reaction. Single Cell Biol 2012, 1 (1), 1000e105. 

35. Liu, Y.; Zhou, S.; Deng, Q.; Li, X. H.; Meng, J. Z.; Guan, Y.; Li, C. Y.; Xiao, C. L., 

Identification of a novel inhibitor of isocitrate lyase as a potent antitubercular agent against 

both active and non-replicating Mycobacterium tuberculosis. Tuberculosis 2016, 97, 38-46. 

36. Sharma, V.; Sharma, S.; Hoeer zu Bentrup, K.; McKinney, J. D.; Russell, D. G.; Jacobs, 

W. R., Jr.; Sacchettini, J. C., Structure of isocitrate lyase, a persistence factor of Mycobacterium 

tuberculosis. Nat. Struct. Biol. 2000, 7 (8), 663-668. 

37. Schloss, J. V.; Cleland, W. W., Inhibition of isocitrate lyase by 3-nitropropionate, a 

reaction-intermediate analog. Biochemistry 1982, 21 (18), 4420-4427. 

38. Shukla, H.; Kumar, V.; Singh, A. K.; Singh, N.; Kashif, M.; Siddiqi, M. I.; Yasoda 

Krishnan, M.; Sohail Akhtar, M., Insight into the structural flexibility and function of 

Mycobacterium tuberculosis isocitrate lyase. Biochimie 2015, 110, 73-80. 

 

 



232 

 

Chapter 4 references 

1. Honer Zu Bentrup, K.; Miczak, A.; Swenson, D. L.; Russell, D. G., Characterization of 

activity and expression of isocitrate lyase in Mycobacterium avium and Mycobacterium 

tuberculosis. J. Bacteriol. 1999, 181 (23), 7161-7167. 

2. Gould, T. A.; van de Langemheen, H.; Munoz-Elias, E. J.; McKinney, J. D.; 

Sacchettini, J. C., Dual role of isocitrate lyase 1 in the glyoxylate and methylcitrate cycles in 

Mycobacterium tuberculosis. Mol. Microbiol. 2006, 61 (4), 940-947. 

3. McKinney, J. D.; Honer zu Bentrup, K.; Munoz-Elias, E. J.; Miczak, A.; Chen, B.; 

Chan, W. T.; Swenson, D.; Sacchettini, J. C.; Jacobs, W. R., Jr.; Russell, D. G., Persistence of 

Mycobacterium tuberculosis in macrophages and mice requires the glyoxylate shunt enzyme 

isocitrate lyase. Nature 2000, 406 (6797), 735-738. 

4. Munoz-Elias, E. J.; McKinney, J. D., Mycobacterium tuberculosis isocitrate lyases 1 

and 2 are jointly required for in vivo growth and virulence. Nat. Med. 2005, 11 (6), 638-644. 

5. Ilari, A.; Savino, C., Protein structure determination by X-ray crystallography. 

Bioinformatics, Humana press, New York, 2008; pp 63-87. 

6. Wüthrich, K., Protein structure determination in solution by NMR spectroscopy. J. 

Biol. Chem. 1990, 265 (36), 22059-22062. 

7. Carroni, M.; Saibil, H. R., Cryo electron microscopy to determine the structure of 

macromolecular complexes. Methods 2016, 95, 78-85. 

8. Yee, A. A.; Savchenko, A.; Ignachenko, A.; Lukin, J.; Xu, X.; Skarina, T.; 

Evdokimova, E.; Liu, C. S.; Semesi, A.; Guido, V., NMR and X-ray crystallography, 

complementary tools in structural proteomics of small proteins. J. Am. Chem. Soc. 2005, 127 

(47), 16512-16517. 

9. Vonck, J.; Mills, D. J., Advances in high-resolution cryo-EM of oligomeric enzymes. 

Curr. Opin. Struct. Biol. 2017, 46, 48-54. 



233 

 

10. Kendrew, J. C.; Bodo, G.; Dintzis, H. M.; Parrish, R.; Wyckoff, H.; Phillips, D. C., A 

three-dimensional model of the myoglobin molecule obtained by x-ray analysis. Nature 1958, 

181 (4610), 662-666. 

11. Perutz, M. F.; Rossmann, M. G.; Cullis, A. F.; Muirhead, H.; Will, G.; North, A., 

Structure of hæmoglobin: a three-dimensional Fourier synthesis at 5.5-Å. resolution, obtained 

by X-ray analysis. Nature 1960, 185 (4711), 416-422. 

12. Blake, C.; Koenig, D.; Mair, G.; North, A.; Phillips, D.; Sarma, V., Structure of hen 

egg-white lysozyme: a three-dimensional Fourier synthesis at 2 Å resolution. Nature 1965, 206 

(4986), 757-761. 

13. McPherson, A., Introduction to protein crystallization. Methods 2004, 34 (3), 254-265. 

14. McPherson, A., Current approaches to macromolecular crystallization. The FEBS 

Journal 1990, 189 (1), 1-23. 

15. Chayen, N. E.; Saridakis, E., Protein crystallization: from purified protein to 

diffraction-quality crystal. Nat. Methods 2008, 5 (2), 147-153. 

16. Phillips, J. C.; Wlodawer, A.; Yevitz, M. M.; Hodgson, K. O., Applications of 

synchrotron radiation to protein crystallography: preliminary results. Proc. Natl. Acad. Sci. 

1976, 73 (1), 128-132. 

17. Rossmann, M. G., The molecular replacement method. Acta Crystallogr. Sect. A: 

Found. Crystallogr. 1990, 46 (2), 73-82. 

18. Hendrickson, W. A., Determination of macromolecular structures from anomalous 

diffraction of synchrotron radiation. Science 1991, 254 (5028), 51-58. 

19. JCSG-plusTM HT-96. 

https://www.moleculardimensions.com/applications/upload/MD1-40.pdf (accessed 28 Jan 

2018). 

http://www.moleculardimensions.com/applications/upload/MD1-40.pdf


234 

 

20. Gorrec, F., The MORPHEUS protein crystallization screen. J. Appl. Crystallogr. 2009, 

42 (6), 1035-1042. 

21. PACT premierTM HT-96. 

https://www.moleculardimensions.com/applications/upload/MD1-

36%20PACT%20premier%20HT-96.pdf (accessed 28 Jan 2018). 

22. McPherson, A.; Gavira, J. A., Introduction to protein crystallization. Acta Crystallogr., 

Sect. F: Struct. Biol. Commun. 2014, 70 (1), 2-20. 

23. The Morpheus® Additive Screen 

https://www.moleculardimensions.com/applications/upload/MD1-

93%20The%20Morpheus%20Additive%20Screen.pdf (accessed 28 Jan 2018). 

24. Bijelic, A.; Rompel, A., The use of polyoxometalates in protein crystallography–An 

attempt to widen a well-known bottleneck. Coord. Chem. Rev. 2015, 299, 22-38. 

25. Davis, I. W.; Murray, L. W.; Richardson, J. S.; Richardson, D. C., MOLPROBITY: 

structure validation and all-atom contact analysis for nucleic acids and their complexes. Nucleic 

Acids Res. 2004, 32, W615-W619. 

26. Sharma, V.; Sharma, S.; Hoener zu Bentrup, K.; McKinney, J. D.; Russell, D. G.; 

Jacobs, W. R., Jr.; Sacchettini, J. C., Structure of isocitrate lyase, a persistence factor of 

Mycobacterium tuberculosis. Nat. Struct. Biol. 2000, 7 (8), 663-668. 

27. Dyda, F.; Klein, D. C.; Hickman, A. B., GCN5-related N-acetyltransferases: a structural 

overview. Annu. Rev. Biophys. Biomol. Struct. 2000, 29 (1), 81-103. 

28. Vetting, M. W.; de Carvalho, L. P. S.; Yu, M.; Hegde, S. S.; Magnet, S.; Roderick, S. 

L.; Blanchard, J. S., Structure and functions of the GNAT superfamily of acetyltransferases. 

Arch. Biochem. Biophys. 2005, 433 (1), 212-226. 

29. Favrot, L.; Blanchard, J. S.; Vergnolle, O., Bacterial GCN5-related N-

acetyltransferases: From resistance to regulation. Biochemistry 2016, 55 (7), 989-1002. 

http://www.moleculardimensions.com/applications/upload/MD1-36%20PACT%20premier%20HT-96.pdf
http://www.moleculardimensions.com/applications/upload/MD1-36%20PACT%20premier%20HT-96.pdf
http://www.moleculardimensions.com/applications/upload/MD1-93%20The%20Morpheus%20Additive%20Screen.pdf
http://www.moleculardimensions.com/applications/upload/MD1-93%20The%20Morpheus%20Additive%20Screen.pdf


235 

 

30. Salah Ud-Din, A. I. M.; Tikhomirova, A.; Roujeinikova, A., Structure and functional 

diversity of GCN5-related N-acetyltransferases (GNAT). Int. J. Mol. Sci. 2016, 17 (7), 1018. 

31. Bi, J.; Wang, Y.; Yu, H.; Qian, X.; Wang, H.; Liu, J.; Zhang, X., Modulation of central 

carbon metabolism by acetylation of isocitrate lyase in Mycobacterium tuberculosis. Sci. Rep. 

2017, 7, 44826. 

32. Munoz-Elias, E. J.; Upton, A. M.; Cherian, J.; McKinney, J. D., Role of the 

methylcitrate cycle in Mycobacterium tuberculosis metabolism, intracellular growth, and 

virulence. Mol. Microbiol. 2006, 60 (5), 1109-1122. 

33. Pantoliano, M. W.; Petrella, E. C.; Kwasnoski, J. D.; Lobanov, V. S.; Myslik, J.; Graf, 

E.; Carver, T.; Asel, E.; Springer, B. A.; Lane, P.; Salemme, F. R., High-density miniaturized 

thermal shift assays as a general strategy for drug discovery. J. Biomol. Screen. 2001, 6 (6), 

429-440. 

34. Majorek, K. A.; Kuhn, M. L.; Chruszcz, M.; Anderson, W. F.; Minor, W., Structural, 

Functional, and Inhibition Studies of a Gcn5-related N-Acetyltransferase (GNAT) Superfamily 

Protein PA4794 a new c-terminal lysine protein acetyltransferase from Pseudomonas 

aeruginosa. J. Biol. Chem. 2013, 288 (42), 30223-30235. 

35. Wallace, A. C.; Laskowski, R. A.; Thornton, J. M., LIGPLOT: a program to generate 

schematic diagrams of protein-ligand interactions. Protein Eng., Des. Sel. 1995, 8 (2), 127-

134. 

36. Hall, J.; Hall, A.; Pursifull, N.; Barbar, E., Differences in Dynamic Structure of LC8 

Monomer, Dimer, and Dimer− Peptide Complexes. Biochemistry 2008, 47 (46), 11940-11952. 

37. Shukla, H.; Kumar, V.; Singh, A. K.; Singh, N.; Kashif, M.; Siddiqi, M. I.; Yasoda 

Krishnan, M.; Sohail Akhtar, M., Insight into the structural flexibility and function of 

Mycobacterium tuberculosis isocitrate lyase. Biochimie 2015, 110, 73-80. 

 



236 

 

Chapter 5 references 

1. Anastas, P. T.; Warner, J. C., Green chemistry: theory and practice. Oxford university 

press, New York, 2000. 

2. Anastas, P.; Eghbali, N., Green chemistry: principles and practice. Chem. Soc. Rev. 

2010, 39 (1), 301-312. 

3. Sheldon, R. A., Green chemistry and resource efficiency: towards a green economy. 

Green Chem. 2016, 18 (11), 3180-3183. 

4. Cue, B. W.; Zhang, J., Green process chemistry in the pharmaceutical industry. Green 

Chem. Lett. Rev. 2009, 2 (4), 193-211. 

5. Taber, G. P.; Pfisterer, D. M.; Colberg, J. C., A new and simplified process for 

preparing N-[4-(3, 4-dichlorophenyl)-3, 4-dihydro-1 (2H)-naphthalenylidene] methanamine 

and a telescoped process for the synthesis of (1 S-cis)-4-(3, 4-dichlorophenol)-1, 2, 3, 4-

tetrahydro-N-methyl-1-naphthalenamine mandelate: key intermediates in the synthesis of 

sertraline hydrochloride. Org. Process Res. Dev. 2004, 8 (3), 385-388. 

6. Humphrey, G. R.; Pye, P. J.; Zhong, Y.-L.; Angelaud, R.; Askin, D.; Belyk, K. M.; 

Maligres, P. E.; Mancheno, D. E.; Miller, R. A.; Reamer, R. A., Development of a second-

generation, highly efficient manufacturing route for the HIV integrase inhibitor raltegravir 

potassium. Org. Process Res. Dev. 2010, 15 (1), 73-83. 

7. Cherubini, F., The biorefinery concept: using biomass instead of oil for producing 

energy and chemicals. Energy Convers. Manage. 2010, 51 (7), 1412-1421. 

8. Sustainable biofuels:prospects and challenges; The Royal Society, London, 2008, 

https://royalsociety.org/~/media/Royal_Society_Content/policy/publications/2008/7980.pdf 

9. Brun, N.; Hesemann, P.; Esposito, D., Expanding the biomass derived chemical space. 

Chem. Sci. 2017, 8 (7), 4724-4738. 



237 

 

10. Mascal, M.; Dutta, S., Synthesis of ranitidine (Zantac) from cellulose-derived 5-

(chloromethyl)furfural. Green Chem. 2011, 13 (11), 3101-3102. 

11. Mascal, M.; Dutta, S., Synthesis of the natural herbicide -aminolevulinic acid from 

cellulose-derived 5-(chloromethyl)furfural. Green Chem. 2011, 13 (1), 40-41. 

12. Garcia-Zuazaga, J.; Cooper, K. D.; Baron, E. D., Photodynamic therapy in 

dermatology: current concepts in the treatment of skin cancer. Expert Rev. Anticancer Ther. 

2005, 5 (5), 791-800. 

13. Miftakhov, M. S. y.; Valeev, F. A.; Gaisina, I. N., Levoglucosenone: the properties, 

reactions, and use in fine organic synthesis. Russ. Chem. Rev. 1994, 63 (10), 869-882. 

14. De bruyn, M.; Fan, J.; Budarin, V. L.; Macquarrie, D. J.; Gomez, L. D.; Simister, R.; 

Farmer, T. J.; Raverty, W. D.; McQueen-Mason, S. J.; Clark, J. H., A new perspective in bio-

refining: levoglucosenone and cleaner lignin from waste biorefinery hydrolysis lignin by 

selective conversion of residual saccharides. Energy Environ. Sci. 2016, 9 (8), 2571-2574. 

15. Stockton, K. P.; Greatrex, B. W., Synthesis of enantiopure cyclopropyl esters from (−)-

levoglucosenone. Org. Biomol. Chem. 2016, 14 (31), 7520-7528. 

16. Fabbri, D.; Torri, C.; Mancini, I., Pyrolysis of cellulose catalysed by nanopowder metal 

oxides: production and characterisation of a chiral hydroxylactone and its role as building 

block. Green Chem. 2007, 9 (12), 1374-1379. 

17. Defant, A.; Mancini, I.; Matucci, R.; Bellucci, C.; Dosi, F.; Malferrari, D.; Fabbri, D., 

Muscarine-like compounds derived from a pyrolysis product of cellulose. Org. Biomol. Chem. 

2015, 13 (22), 6291-6298. 

18. Vitaku, E.; Smith, D. T.; Njardarson, J. T., Analysis of the structural diversity, 

substitution patterns, and frequency of nitrogen heterocycles among US FDA approved 

pharmaceuticals: miniperspective. J. Med. Chem. 2014, 57 (24), 10257-10274. 



238 

 

19. Barden, T. C., Indoles: industrial, agricultural and over-the-counter uses. Heterocyclic 

Scaffolds II, Springer, Berlin, 2010; pp 31-46. 

20. Pozharskii, A. F.; Soldatenkov, A. T.; Katritzky, A. R., Heterocycles in life and society: 

an introduction to heterocyclic chemistry, biochemistry and applications. John Wiley & Sons, 

New York, 2011. 

21. Bhardwaj, V.; Gumber, D.; Abbot, V.; Dhiman, S.; Sharma, P., Pyrrole: a resourceful 

small molecule in key medicinal hetero-aromatics. RSC Advances 2015, 5 (20), 15233-15266. 

22. Klemm, D.; Heublein, B.; Fink, H. P.; Bohn, A., Cellulose: fascinating biopolymer and 

sustainable raw material. Angew. Chem. Int. Ed. 2005, 44 (22), 3358-3393. 

23. Xu, L.; Yao, Q.; Deng, J.; Han, Z.; Zhang, Y.; Fu, Y.; Huber, G. W.; Guo, Q., 

Renewable N-heterocycles production by thermocatalytic conversion and ammonization of 

biomass over ZSM-5. ACS Sustainable Chem. Eng. 2015, 3 (11), 2890-2899. 

24. Xu, L.; Jiang, Y.; Yao, Q.; Han, Z.; Zhang, Y.; Fu, Y.; Guo, Q.; Huber, G. W., Direct 

production of indoles via thermo-catalytic conversion of bio-derived furans with ammonia over 

zeolites. Green Chem. 2015, 17 (2), 1281-1290. 

25. Yao, Q.; Xu, L.; Han, Z.; Zhang, Y., Production of indoles via thermo-catalytic 

conversion and ammonization of bio-derived furfural. Chem. Eng. J. 2015, 280, 74-81. 

26. Xu, L.; Han, Z.; Yao, Q.; Deng, J.; Zhang, Y.; Fu, Y.; Guo, Q., Towards the sustainable 

production of pyridines via thermo-catalytic conversion of glycerol with ammonia over zeolite 

catalysts. Green Chem. 2015, 17 (4), 2426-2435. 

27. Cai, C. M.; Zhang, T.; Kumar, R.; Wyman, C. E., Integrated furfural production as a 

renewable fuel and chemical platform from lignocellulosic biomass. J. Chem. Technol. 

Biotechnol. 2014, 89 (1), 2-10. 

28. Lejemble, P.; Gaset, A.; Kalck, P., From biomass to furan through decarbonylation of 

furfural under mild conditions. Biomass 1984, 4 (4), 263-274. 



239 

 

29. Zheng, Y.; Chen, X.; Shen, Y., Commodity chemicals derived from glycerol, an 

important biorefinery feedstock. Chem. Rev. 2008, 108 (12) 5253-5277 

30. Sowmiah, S.; Veiros, L. F.; Esperanca, J. M.; Rebelo, L. P.; Afonso, C. A., 

Organocatalyzed one-step synthesis of functionalized N-alkyl-pyridinium salts from biomass 

derived 5-hydroxymethylfurfural. Org. Lett. 2015, 17 (21), 5244-5247. 

31. Ortiz-Cervantes, C.; Flores-Alamo, M.; García, J. J., Synthesis of pyrrolidones and 

quinolines from the known biomass feedstock levulinic acid and amines. Tetrahedron Lett. 

2016, 57 (7), 766-771. 

32. Chieffi, G.; Braun, M.; Esposito, D., Continuous reductive amination of biomass‐

derived molecules over carbonized filter paper‐supported FeNi Alloy. ChemSusChem 2015, 8 

(21), 3590-3594. 

33. Touchy, A. S.; Hakim Siddiki, S.; Kon, K.; Shimizu, K.-i., Heterogeneous Pt catalysts 

for reductive amination of levulinic acid to pyrrolidones. ACS Catalysis 2014, 4 (9), 3045-

3050. 

34. Huang, Y. B.; Dai, J. J.; Deng, X. J.; Qu, Y. C.; Guo, Q. X.; Fu, Y., Ruthenium‐

catalyzed conversion of levulinic acid to pyrrolidines by reductive amination. ChemSusChem 

2011, 4 (11), 1578-1581. 

35. Wu, C.; Luo, X.; Zhang, H.; Liu, X.; Ji, G.; Liu, Z.; Liu, Z., Reductive 

amination/cyclization of levulinic acid to pyrrolidones versus pyrrolidines by switching the 

catalyst from AlCl3 to RuCl3 under mild conditions. Green Chem. 2017, 19 (15), 3525-3529. 

36. Medway, A. M.; Sperry, J., Heterocycle construction using the biomass-derived 

building block itaconic acid. Green Chem. 2014, 16 (4), 2084-2101. 

37. Willke, T.; Vorlop, K.-D., Biotechnological production of itaconic acid. Appl. 

Microbiol. Biotechnol. 2001, 56 (3), 289-295. 



240 

 

38. Kinoshita, K., Über die Produktion von Itaconsäure und Mannit durch einen neuen 

Schimmelpilz Aspergillus itaconicus. Acta Phytochim 1932, 5, 271-287. 

39. El-Imam, A. A.; Du, C., Fermentative itaconic acid production. J Biodivers Biopros 

Dev 2014, 1 (2), 1000119. 

40. Kuenz, A.; Gallenmüller, Y.; Willke, T.; Vorlop, K.-D., Microbial production of 

itaconic acid: developing a stable platform for high product concentrations. Appl. Microbiol. 

Biotechnol. 2012, 96 (5), 1209-1216. 

41. Determination of market potential for selected platform chemicals. Itaconic acid, 

succinic acid, 2, 5-furandicarboxylic acid; 2012, 

https://www.cbp.fraunhofer.de/content/dam/cbp/en/documents/BioConSepT_Market-

potential-for-selected-platform-chemicals_report1.pdf. 

42. Steiger, M. G.; Blumhoff, M. L.; Mattanovich, D.; Sauer, M., Biochemistry of 

microbial itaconic acid production. Front. Microbiol. 2013, 4 (23), 1-5. 

43.  Development of integrated production of polyitaconic acid from northeast hardwood 

biomass. National institute of food and agriculture: ITACONIX, LLC 2009, 

https://reeis.usda.gov/web/crisprojectpages/0220209-development-of-integrated-production-

of-polyitaconic-acid-from-northeast-hardwood-biomass.html. 

44. Okabe, M.; Lies, D.; Kanamasa, S.; Park, E. Y., Biotechnological production of itaconic 

acid and its biosynthesis in Aspergillus terreus. Appl. Microbiol. Biotechnol. 2009, 84 (4), 597-

606. 
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Teaser Tuberculosis is a global threat and is quickly becoming drug-resistant. The role of the
Mycobacterium tuberculosis enzyme isocitrate lyase during infection is discussed, together

with the potential and challenges associated with targeting this enzyme in drug discovery
programmes.
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Tuberculosis (TB) is an infectious disease caused by Mycobacterium

tuberculosis that can remain dormant for many years before becoming

active. One way to control and eliminate TB is the identification and

treatment of latent TB, preventing infected individuals from developing

active TB and thus eliminating the subsequent spread of the disease.

Isocitrate lyase (ICL) is involved in the mycobacterial glyoxylate and

methylisocitrate cycles. ICL is important for the growth and survival of M.

tuberculosis during latent infection. ICL is not present in humans and is

therefore a potential therapeutic target for the development of anti-TB

agents. Here, we explore the evidence linking ICL to persistent survival of

M. tuberculosis. The structure, mechanism and inhibition of the enzyme is

also discussed.

Introduction
Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis [1,2]. M. tuberculosis

can live inside the human body for years without causing disease – resulting in a syndrome that is

known as latent TB. TB has a latency period that is longer than any other infectious disease [3–5].

It is estimated that at least a quarter of the world’s population is infected by the bacteria [6], of

which around 5–15% will develop active TB in their lifetime, a probability that increases

dramatically if the infected individual becomes immunocompromised.

The World Health Organisation End TB Strategy aims to reduce the mortality rate by 90% and

the incidence rate by 80% by 2030 [7]. Treatment of latent TB infection, especially for people from

high-risk groups such as those who are infected by HIV, is a viable strategy to control the disease

because M. tuberculosis can only spread from people who have developed active pulmonary TB [8–

10]. Current medication regimens used to treat latent TB infection require high patient compli-

ance, which typically involves regular (sometimes daily) intake of antimicrobial drugs for up to 9

months [11,12]. In addition, these drugs can induce severe hepatotoxicity and other unpleasant

Ram Bhusal is carrying out
PhD research under the
supervision of Dr Ivanhoe
Leung and A/Prof. Jonathan
Sperry at the University of
Auckland. His PhD is focused
on the structural, mechanistic
and inhibition studies of
Mycobacterium tuberculosis isocitrate lyase. Before
joining the University of Auckland, he obtained his
undergraduate degree in Pharmacy from Pokhara
University, Nepal, and his MSc in Medicinal Chemistry from
Wonkwang University, South Korea. He also has
experience working as a lecturer and pharmacist in his
home country, Nepal. His long-term interest is in teaching
and research.

Ghader Bashiri received his
PhD in structural biology at
the University of Auckland in
2009. He is currently a Sir
Charles Hercus Fellow,
awarded through the Health
Research Council of New
Zealand. His research
investigates proteins of
biomedical significance, with a focus on bacterial
biochemistry and physiology. As part of the Maurice Wilkins
Centre, a national Centre of Research Excellence, he utilises
a structure-based drug discovery approach with the ultimate
goal of developing a new generation of anti-TB agents.

Jonathan Sperry obtained
his BSc (Hons) in biological
and medicinal chemistry in
2002 from the University of
Exeter, UK. He conducted his
PhD under the supervision of
Professor Chris Moody at the
same institution, before
moving to New Zealand
where he spent 3.5 years as a postdoctoral researcher
with Distinguished Professor Margaret Brimble at the
University of Auckland. He took up a lectureship at the
same institution in 2009, where he is currently an
Associate Professor and a Royal Society of New Zealand
Rutherford Discovery Fellow.

Ivanhoe Leung attained his
MChem in Chemistry in 2007
from the University of Oxford,
UK, as a member of St Peter’s
College. He completed a DPhil
in the laboratories of Profs
Christopher J. Schofield FRS
and Timothy D.W. Claridge at
the same institution. After his
DPhil he spent a further 2 years in the same groups as a
postdoctoral research assistant. He joined the School of
Chemical Sciences at the University of Auckland in
September 2014, where he is currently a senior lecturer.
His research focuses on the application of biophysical

techniques to a variety of problems in chemistry and
biology.

Corresponding authors: Sperry, J. (j.sperry@auckland.ac.nz), Leung, Ivanhoe K.H. (i.leung@auckland.ac.nz)

1008 www.drugdiscoverytoday.com
1359-6446/ã 2017 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.drudis.2017.04.012

http://crossmark.crossref.org/dialog/?doi=10.1016/j.drudis.2017.04.012&domain=pdf
mailto:j.sperry@auckland.ac.nz
mailto:i.leung@auckland.ac.nz
http://dx.doi.org/10.1016/j.drudis.2017.04.012


Drug Discovery Today �Volume 22, Number 7 � July 2017 REVIEWS
Re
vi
ew

s
� K

EY
N
O
TE

R
EV

IE
W

side effects [13]. The development of more-effective and less toxic

drugs to treat latent TB infection is therefore required if the goals

set out by the WHO are to be met.

ICL in M. tuberculosis
Isocitrate lyase (ICL) is an Mg2+-dependent enzyme that catalyses

the reversible lysis of a C–C bond of D-isocitrate to form glyoxylate

and succinate (Fig. 1a) [14]. ICL is present in bacteria (including

mycobacteria), fungi and plants, but not in humans or animals

[15]. In M. tuberculosis there are two known isoforms of ICL: ICL1

and ICL2, which are encoded by the genes icl1 and aceA (also

known as icl2), respectively [16,17]. Exceptions can be found in

some mycobacterial species including M. tuberculosis H37Rv, one

of the most studied laboratory strains, in which the gene aceA is

split into two open reading frames: aceAa and aceAb [17]. It is not
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FIGURE 1

(a) Isocitrate lyase (ICL) catalyses the reversible conversion of isocitrate or methyliso
ICL catalysis. An unidentified residue acts as a general base to deprotonate the hydr
or His180. The catalytic cysteine (Cys191) serves as a general acid to aid the format
the catalytic cysteine to aid the formation of the aci-carboxylate intermediate.
known whether these two genes (aceAa and aceAb) encode stable

proteins and/or whether the proteins that these genes encode

possess ICL activities. Sequence analyses indicate that, although

ICL1 and ICL2 share 27% sequence identity, ICL1 is a prokaryotic-

like ICL isoform whereas ICL2 is a eukaryotic-like ICL isoform

[16,17]. To date, the most studied isoform of M. tuberculosis ICLs is

ICL1, because recombinant ICL2 was found to be unstable in vitro

[14]. ICL1 has a stronger affinity to the substrate D-isocitrate than

ICL2 (as reflected by the Michaelis constant KM), and is more active

than ICL2 in vitro [18].

ICL was first proposed to play a part in fatty acid metabolism of

M. tuberculosis. Genetic studies showed that the expression level of

icl1 and aceA increased when mycobacteria were grown in media

containing palmitate or acetate (i.e., metabolites of fatty acids)

[14]. M. tuberculosis mutants lacking the icl1 and aceA genes were
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citrate to succinate and glyoxylate or pyruvate. (b) Consensus mechanism for
oxyl group of isocitrate. In ICL1 this residue was proposed to be Arg228, Tyr89
ion of the succinate co-product. The histidine residue (His193) interacts with
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found unable to grow and survive in media with fatty acids as the

sole carbon source and a carbon mixture that contained fatty acids.

However, the growth of the same mutant was not affected in

media with carbohydrates as the carbon source [19]. Interestingly,

complementation of the same mutant with plasmids carrying icl1

or aceA genes restored growth on fatty acids [19]. These experi-

ments suggest that ICL1 and ICL2 are essential for fatty acid

metabolism of M. tuberculosis during the actively replicating state,

although there might be some functional redundancy among

these two enzymes in their fatty acid metabolism roles.

ICLs also have a functional role in the survival of M. tuberculosis

during nonreplicating persistent or latent infection. The gene that

encodes ICL was found to be upregulated when M. tuberculosis was

grown under hypoxic conditions [20] and in growth-arrested

bacilli in mice (to mimic persistent infection) [21]. ICL was also

found to be essential for the survival of nonreplicating M. tubercu-

losis in nutrient-deprived (but oxygen-rich) media, as demonstrat-

ed by experiments using an icl1 deletion mutant of M. tuberculosis

H37Rv, which also lacks the aceA gene [22]. These experiments

showed that ICL activity is essential for the survival of M. tubercu-

losis in the nonreplicating dormant phase.

Unlike the functional redundancy of ICL1 and ICL2 in fatty acid

metabolism during the actively replicating state of M. tuberculosis

[19], the roles of ICL1 and ICL2 in the survival of M. tuberculosis in

the nonreplicating dormant phase are not well-understood. An

early study using an icl1 deletion mutant of M. tuberculosis was

found unable to survive long-term within macrophages or cause

virulence in mice, although the role of aceA was not addressed in

that study [23]. A follow-up study by the same authors found that

ICL1 and ICL2 were required for the survival of M. tuberculosis in

macrophages and mice by using a mutant with icl1 and aceA

deleted [19]. The results were further supported by studies supple-

menting wild-type M. tuberculosis with an inhibitor that blocks

ICL1 and ICL2: 3-nitropropionate (see below), in which the bac-

teria showed a similar growth pattern in fatty acids to that of the

icl1 and aceA double-deletion mutant [19]. In contrast to the earlier

findings [23], single deletion of icl1 or aceA showed little effect on

bacterial growth in macrophages and in mice. It is likely that,

during the persistent phase of infection, M. tuberculosis exists in a

mixture of different metabolic states and ICL1 and ICL2 are

important for growth and survival. Further studies, for example

using chemical probes that selectively inhibit ICL1 and ICL2,

would be an informative strategy to elucidate the roles of ICL1

and ICL2 in latent M. tuberculosis at different metabolic states

during persistent infection.

ICL and the glyoxylate cycle
One of the most well-known roles of ICL is its involvement as the

first enzyme in the glyoxylate cycle, which was first identified from

cell-free extracts of Pseudomonas aeruginosa in 1953 [24]. The

glyoxylate cycle is an alternative pathway to the tricarboxylic acid

(TCA) cycle (Fig. 2) [25,26]. The early steps of the glyoxylate cycle

resemble those in the TCA cycle, in which acetyl-coenzyme A

(CoA) is converted into D-isocitrate via citrate and cis-aconitate.

The major point of difference between these two cycles is the role

of D-isocitrate [27]. In the TCA cycle, D-isocitrate is first converted

into 2-oxoglutarate, and subsequently into succinyl-CoA. In the

glyoxylate cycle, the two decarboxylation steps in the TCA cycle
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are bypassed. ICL competes with isocitrate dehydrogenase (an

enzyme of the TCA cycle) for the substrate D-isocitrate [27], and

catalyses the conversion of D-isocitrate into succinate and glyox-

ylate. The second enzyme in the glyoxylate cycle, malate synthase

(encoded by the gene glcB), then catalyses the formation of malate

from glyoxylate and acetyl-CoA. Other TCA cycle intermediates,

including oxaloacetate, are replenished by anaplerotic reactions

from succinate and malate, products of the glyoxylate cycle.

Unlike other pathogens that tend to consume one carbon

source before adapting to the next source, M. tuberculosis can

catabolise multiple carbon sources simultaneously [28]. These

carbon sources include fatty acids, which are abundant for actively

replicating and latent M. tuberculosis inside macrophages [29–33].

Fatty acids and lipids may even be the preferred carbon sources of

M. tuberculosis during infection and dormancy [31–33]. When fatty

acids are utilised as a carbon source, b-oxidation can lead to an

increase in acetyl-CoA. The glyoxylate cycle thus enables assimi-

lation of these extra acetyl-CoAs as carbon substrates into the

intermediates of the bacteria’s central carbon metabolism. At the

same time, carbon loss in the form of carbon dioxide is also

prevented. Because M. tuberculosis utilises fatty acids as a carbon

source during the actively replicating and the nonreplicating

latent phases [28], the role that ICL has in the glyoxylate cycle

can be attributed to the functional essentiality of the enzyme to

the growth and survival of the bacteria. The glyoxylate cycle can be

particularly important for latent M. tuberculosis that lays dormant

within macrophages. Because the conditions inside macrophages

are relatively hypoxic and lacking in external nutrients [29], the

glyoxylate cycle can enable the bacteria to utilise these carbons

(which otherwise might be lost as carbon dioxide) for carbohy-

drate synthesis (gluconeogenesis). This upregulation of the glyox-

ylate cycle (regarding ICL and malate synthase) during persistent

infection inside macrophages is well documented for many other

bacteria [34]. However, in M. tuberculosis, although the expression

of icl1 was induced, the level of glcB was not significantly altered in

the active state when grown in media containing fatty acids as the

carbon source [14]. The level of glcB was even found to be down-

regulated in the dormant state [21]. This lack of coordination in

the regulation of ICL and malate synthase in the glyoxylate cycle is

unique to M. tuberculosis and has not been found in other bacteria.

There are proposals that succinate and glyoxylate formed as a

result of ICL catalysis could have other roles rather than their

canonical roles in fatty acid metabolism and gluconeogenesis.

There might exist a glyoxylate-to-glycine shunt, the proposed

main function of which is to replenish the pool of NAD to support

the minimal hypoxic metabolism in the bacteria’s latent state

[35,36]. However, such a pathway has not been fully characterised.

It has also been shown that, under hypoxic conditions, succinate,

another product of ICL catalysis, might be the preferred respiratory

electron donor to sustain succinate dehydrogenase activity and

facilitate oxidative synthesis of ATP [37,38].

ICL and the methylcitrate cycle
During infection, the pools of carbon that M. tuberculosis can

utilise include fatty acids from the host as well as the bacteria’s

internal lipid reserves [39]. Although natural animal fatty acids are

composed of an even number of carbons, bacteria including

mycobacteria possess the ability to synthesise odd-chain fatty
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FIGURE 2

The early steps of the glyoxylate cycle (blue) resembles the TCA cycle (green), in which acetyl-CoA is converted into D-isocitrate. In the TCA cycle, D-isocitrate
undergoes two decarboxylation steps to form succinyl-CoA, whereas in the glyoxylate cycle isocitrate lyase (ICL) catalyses the conversion of D-isocitrate to
glyoxylate and succinate. When odd-chain fatty acids are used as a carbon source, the methylcitrate cycle (red) is activated to remove propionyl-CoA, which is
toxic to mycobacteria. ICL is proposed to catalyse the final step of the methylcitrate cycle in Mycobacterium tuberculosis, in which methylisocitrate is converted
into pyruvate and succinate.
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acids [40]. However, b-oxidation of odd-chain fatty acids is po-

tentially harmful to the bacteria, because the process generates

propionyl CoA and propionate [41–43], both of which are toxic

[44–46]. In addition to fatty acids, mycobacteria can also utilise

cholesterol as a carbon source [47,48], the metabolism of which

also yields propionyl CoA as a by-product [41–43].

The methylcitrate cycle is a well-studied pathway that bacteria

employ to transform propionate and propionyl CoA into less toxic
forms (Fig. 2) [44–46]. Three enzymes, including methylcitrate

synthase, methylcitrate dehydratase and methylisocitrate lyase are

involved in the bacterial methylcitrate cycle. However, bioinfor-

matics studies infer that the genome of M. tuberculosis encodes

only the homologues of methylcitrate synthase and methylcitrate

dehydratase, but not methylisocitrate lyase, even though M. tu-

berculosis can survive in a concentrated propionate environment

[29].
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REVIEWS Drug Discovery Today �Volume 22, Number 7 � July 2017

Review
s
�K

EY
N
O
TE

R
EV

IEW
To identify the enzyme that is responsible for the lysis of

methylisocitrate in M. tuberculosis, its growth in media containing

propionate was studied. Interestingly, ICL was found to be essen-

tial for the growth of M. tuberculosis in propionate, because the icl1

deletion mutant of M. tuberculosis cannot grow in propionate or

cholesterol-containing media, despite the presence of saturated

amounts of carbohydrates and fatty acids [19,46,49]. A M. tubercu-

losis mutant that lacks the icl1 and aceA genes cannot grow in

media containing propionate as the sole carbon source [19,44].

However, complementing the double-deletion mutant with plas-

mids encoding icl1 and aceA could restore mycobacterial growth in

propionate media [19]. These experiments showed that ICLs prob-

ably play a part in the glyoxylate and methylcitrate cycles in M.

tuberculosis.

In addition, in vitro experiments with purified ICL1 and ICL2

proteins showed that both enzymes could use isocitrate and

methylisocitrate as substrates (Fig. 1a), although isocitrate is the

preferred substrate over methylisocitrate for ICL1 and ICL2 [18].

To understand the substrate selectivity of ICL, crystallisation of the

C191S variant of ICL1, in which the catalytic cysteine residue in

the active site was mutated to a serine residue to slow down the

catalytic activity of the enzyme, was attempted in the presence of

methylisocitrate [18]. Interestingly, in the resulting crystal struc-

tures the reaction products pyruvate and succinate were observed

inside the enzyme active site instead of methylisocitrate, indicat-

ing the mutant was still active during crystallisation. Nevertheless,

the results showed that ICL1 could accommodate the methyl

group of methylisocitrate in the hydrophobic pocket of the en-

zyme, further supporting the proposal that ICL can have a dual

role in the survival of M. tuberculosis in a high fatty acid content

environment that is characteristic of active and persistent infec-

tions.

ICL and its potential role in antibiotic tolerance of M.
tuberculosis
Recently, ICL was linked to the development of antibiotic resis-

tance in M. tuberculosis. By using metabolomics and gene expres-

sion analyses it was demonstrated that ICL was activated when M.

tuberculosis was subjected to sublethal doses of three different anti-

TB drugs: rifampicin, streptomycin or isoniazid [50]. M. tuberculosis

with an icl1 deletion showed a 100-fold increase in sensitivity to

these antibiotics [50]. Furthermore, studies that used a M. tubercu-

losis mutant complemented with a K189E variant of ICL1, the

mutation of which kept the enzyme in an open conformation and

hence reduced its catalytic activity (see below), showed increased

sensitivity towards rifampicin and streptomycin but not to isoni-

azid [51]. These experiments suggest that the catalytic activity of

ICL could play a part in mycobacterial defence against (at least

some) antibiotics, although the exact molecular mechanism is not

clear. Interestingly, when the icl1 deletion mutant was co-incu-

bated with antioxidants including thiourea or Tempol, the height-

ened susceptibility towards the antibiotics was reduced [50]. The

results suggest that ICL could play a part in the metabolic defence

against antibiotic-induced oxidative stress. This discovery is sig-

nificant because long-term treatments and increasing antibiotic

resistance are two of the biggest challenges preventing the eradi-

cation of TB. These recent studies increase the appeal of ICL as a

target in anti-TB drug discovery programmes.
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Structure and catalytic mechanism of ICL
The exact mechanism by which ICL converts isocitrate into

glyoxylate and succinate is not fully understood, but a retro

Claisen-type condensation pathway has been inferred (Fig. 1b)

[52]. The first step involves deprotonation of the isocitrate hy-

droxyl group followed by fragmentation of the isocitrate to form

glyoxylate and succinate [53,54]. Mutagenesis and bioinformat-

ics studies showed that the highly conserved KKCGH sequence

motif at the enzyme active site (residues 189–193 in ICL1, also

found in ICLs from other organisms) is essential for the catalytic

activity of the enzyme [53,55]. Three residues are proposed to be

involved in the catalytic cycle, including the cysteine and histi-

dine residues in the conserved KKCGH sequence motif, along

with an unidentified residue that is close to the substrate at the

active site [53,54]. The catalytic cysteine residue (Cys191 in ICL1)

serves as a general acid to aid the formation of the succinate co-

product, whereas the histidine residue (His193 in ICL1) interacts

with the catalytic cysteine, decreasing its pKa and aiding the

formation of the aci-carboxylate intermediate that forms upon

C(2)–C(3) bond cleavage [53]. The unidentified residue presum-

ably acts as a general base to deprotonate the C(2) hydroxyl group

of the isocitrate substrate. In ICL1 this residue is proposed to be

either an arginine (Arg228), tyrosine (Tyr89) or histidine (His180)

[54].

Divalent metal ions play an important part in the catalytic

activity of ICL1 and ICL2 [14]. The substrate D-isocitrate binds

to ICL by chelating the active site metal ion via the C(1) carboxylic

group and C(2) hydroxyl group. Mg2+ is required for optimal

catalytic activity, whereas replacement of the Mg2+ by Mn2+ results

in a 60% loss of catalytic activity. Other divalent cations are not

effective substitutes for Mg2+, and negligible activities were

detected in the absence of divalent cations.

To date, only the crystal structure of ICL1 has been solved (PDB

IDs: 5DQL, 1N8I, 1F8I, 1F8M and 1F61) [52]. ICL2 was found to be

unstable and no structural information is available [14]. The

crystal structures of ICL1 in its apo and inhibitor-bound forms

were first reported in 2000 [52]. ICL1 crystallised as either a dimer

or tetramer, with each monomer subunit containing 14 a-helices
and 14 b-strands. The core of ICL1 contains eight a-helices and

eight b-strands forming an a/b-barrel-like structure. The highly

conserved KKCGH sequence motif extends from b5 of the

a/b-barrel forming a loop structure (residues 185–196) and con-

nects to a small b-sheet domain that consists of five short

b-strands (b6, b7, b9, b10, b11). At the C-terminal, a12–a14
project away from the barrel and interact with the nearby subunit

(Fig. 3a).

When comparing the crystal structure of apo-ICL1 and the holo

forms with glyoxylate, nitropropionate (a mimic of the product

succinate) or bromopyruvate (an inhibitor of ICL) conformational

changes are observed (Fig. 3b) [52]. In particular, big changes are

apparent around the active site loop region that includes the

catalytically essential sequence motif KKCGH (residues 185–196

of ICL1), and the C-terminal end (residues 411–428 of ICL1) of the

adjacent subunit. In the open conformation, the catalytic cysteine

(Cys191) is relatively far away from other active site residues, thus

allowing the substrate (and other solvent molecules) to access the

binding site. Upon binding of the substrate, the enzyme adopts a

closed conformation and access to the active site is then blocked
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FIGURE 3

(a) Crystal structure of apo isocitrate lyase (ICL)1 (PDB id: 1f61), which crystallised as a dimer (subunit A: blue and subunit B: orange). Four a-helices are involved
in the dimerisation between the two subunits. (b) Conformational change was observed when ICL1 was bound to glyoxylate and nitropropionate (PDB ID: 1F8I;
subunit A: red; subunit B: wheat; only two subunits shown). The active site loop was found to be in the closed conformation in the presence of glyoxylate and
nitropropionate (insert: blue to red), and the C-terminal of the adjacent subunit moves over to the space that was previously occupied by the active site loop
(insert: orange to wheat).
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by the active site loop (residues 185–196). The C-terminal end of

the adjacent subunit then moves to the space that was opened up

as a result of the closure of the active site loop, forming a lid.

Electrostatic interactions between positively charged lysine resi-

dues at the active site loop (Lys189 and Lys190) and the negatively

charged glutamate residues at the C-terminal lid (Glu423 and

Glu424) are important to keep the enzyme in its catalytically

active conformation [56]. Disrupting these interactions can lead

to a reduction in the enzyme’s catalytic activity [56].

Interestingly, His180, one of the residues that was proposed to

act as a general base during the catalytic cycle of ICL1, is also an

important residue for the enzyme’s catalytic activity and oligo-

merisation state [56]. Mutagenesis studies showed that ICL1

H180A is a monomer that is catalytically inactive. Molecular

dynamics calculations showed that loss of interactions between

His180 and Tyr89 (another residue that was proposed to be im-

portant for ICL1 activity) could cause changes in the orientation of

a6 and the C-terminal helices (a12–a14), thus affecting the

protein’s ability to interact with other monomer subunits to form

an oligomer. The loss of such interactions also affects the stability

of ICL1 in its catalytically active conformation, because the active
site loop is no longer being held together by the lid of the adjacent

subunit in the tetramer.

It has long been proposed that bacterial and plant ICLs could be

switched on and off by reversible acetylation and succinylation,

respectively [57–59], although the exact molecular and structural

basis of such control is not known. Recently, two post-translation-

al modifications were found on M. tuberculosis ICL, including

lysine acetylation and lysine succinylation [51,60,61]. Interesting-

ly, one of the succinylated lysine residues (Lys189) is located in the

catalytically essential conserved sequence motif (KKCGH) [51].

Although it is not possible to recombinantly produce (at least in

large quantity) succinylated ICL1 for structural and mechanistic

studies, the effect of lysine succinylation can be mimicked by a

lysine to glutamate mutation. Structural and kinetic studies using

ICL K189E showed that replacing the positively charged lysine

with the negatively charged glutamate (a similar effect to lysine

succinylation) could keep the enzyme in the open form, thus

rendering the enzyme catalytically inactive. The regulation of

the TCA and glyoxylate cycles is important for the survival of

M. tuberculosis because both cycles take D-isocitrate as an interme-

diate [27]. A recent study showed that glyoxylate (a product of the
www.drugdiscoverytoday.com 1013
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glyoxylate cycle) can positively control the activity of M. tubercu-

losis isocitrate dehydrogenase (an enzyme in the TCA cycle) [62].

The presence of another potential feedback mechanism involving

reversible succinylation of the active site lysine in ICL1 to activate

and deactivate the glyoxylate cycle is not surprising given the tight

control that is required to regulate these two closely related cycles.

Further studies into the interplay and control mechanisms be-

tween the TCA and glyoxylate cycles could enable the develop-

ment of new anti-TB drugs that can selectively activate and

deactivate ICL and isocitrate dehydrogenase at different stages

of infection.

Inhibitors of ICL
Given the central role ICL has in the glyoxylate and methylisoci-

trate cycles, ICL is a current inhibition target for antimicrobial

applications including (but not limited to) latent TB. However,

despite considerable efforts by academia and industry, no com-

pounds have progressed through to the clinical trial stage. There

are three major challenges in targeting ICLs: (i) the polar nature of

the ICL binding pocket; (ii) the small size of the natural substrates;

and (iii) the need to target ICL1 and ICL2.

The polar nature of the ICL binding pocket favours small, polar

molecules. It is therefore not surprising that early inhibitor dis-

covery work that involved plant, fungal and bacterial ICLs has

resulted in compounds that are analogues of the substrate isoci-

trate, or succinate and glyoxylate. These included itaconic acid

[63], 3-nitropropionate [64] and 3-bromopyruvate. Itaconic acid

and 3-nitropropionate are noncovalent inhibitors of ICL [63,64]

but 3-bromopyruvate was found to covalently bind to ICL via the

catalytic cysteine residue at the active site [65]. Although these

compounds are relatively potent inhibitors against M. tuberculosis

ICL, they are nonselective and possess high toxicity, rendering

them unsuitable as potential drug candidates [66–70]. For exam-

ple, whereas 3-nitropropionate can be a potent inhibitor of ICL1

and ICL2, it also inhibits (human) succinate dehydrogenase [71],

an important enzyme in the TCA cycle. Interestingly, recent

studies have suggested that animals, including mice and humans,

could produce itaconic acid as a natural antibiotic in macrophages

during inflammation [72,73]. These findings raise the possibility of

using itaconic acid (or analogues) as a starting point for ICL

inhibitor discovery programmes, although the design of structural

analogues that can balance the polar nature of the molecule and

permeability of the hydrophobic TB cell wall will be a challenge. A

potential method to bypass the polar active site is to target the

oligomerisation interface of ICL1, because monomeric ICL1 was

shown to be catalytically inactive. Liu et al. used molecular dock-

ing to help design peptide-based ICL1 inhibitors [74]. Although

the best reported peptidyl inhibitor was only moderately potent in

vitro (IC50 = 126 mM), it demonstrates that the oligomerisation

interface could be a potential inhibition target. Future peptide-

based inhibitor work would focus on improving the potency, in

vivo stability and cell permeability of the peptides.

Recent efforts to discover new ICL inhibitors have focused on

high-throughput screening (HTS), with at least five studies pub-

lished in the past decade [75–79]. The relatively small size of the

ICL1 binding pocket is challenging for HTS because the number of

compounds that can fit the binding pocket is limited, which also

restricts the scope of any SAR studies. The two most notable HTS
1014 www.drugdiscoverytoday.com
studies involved GlaxoSmithKline (GSK) and the Global Alliance

for TB Drug Development (GATB), who screened 900 000 com-

pounds, and the Tuberculosis Antimicrobial Acquisition and

Coordinating Facility (TAACF), who screened just under

101 000 compounds. The TAACF screen was moderately successful

[77]. For instance, 4-(2-pyridyl)-2-thiazolamine was identified as a

potentially new scaffold for TB inhibitors. In addition, heterocy-

clic benzopyranones were also identified as ICL inhibitors. Because

there are few previous reports of compounds containing these

scaffolds as anti-TB drug candidates they constitute interesting

starting points for future medicinal chemistry programmes.

In addition to these industrial efforts, several academic research

groups have worked on the development of ICL1 inhibitors.

Vinová and co-workers have focused on synthesising derivatives

of salicylanilides and benzanilide [80–84]. The group of Sriram

synthesised derivatives of 3-nitropropionamides, 5-nitro-2-furoic

acid hydrazones, 5-nitro-2,6-dioxohexahydro-4-pyrimidinecar-

boxamides, phthalazin-4-ylacetamides and isatinyl semicarbazone

[85–90]. However, the lack of complete SAR data of these deriva-

tives has, at least to date, limited the potential of these compounds

to synthetic medicinal chemistry projects. A comprehensive list of

ICL inhibitors that have been developed to date can be found in

two reviews [91,92].

Concluding remarks
ICL is an attractive inhibition target for the treatment of latent TB

because it is vital for bacterial survival and, in addition, humans do

not possess this enzyme. Existing ICL inhibitors are mimics of the

native substrate (or products) that keeps the enzyme in the closed

confirmation, as observed in the inhibitor-bound structures of

ICL1. The inherent toxicity of these inhibitors is probably caused

by their binding to other human enzymes, for example those that

take isocitrate or succinate as substrates. Designing inhibitors that

are selective for ICLs presents a significant challenge, the answer to

which might lie in the mechanism that regulates the M. tuberculo-

sis glyoxylate and TCA cycles through post-translational modifi-

cation of the active site lysine residue, which could enable the

design of compounds that selectively target the catalytically inac-

tive open form of the enzyme. Although ICL1 and ICL2 are both

required for the survival of M. tuberculosis during persistent infec-

tion, further research into understanding the roles of the two

isoforms at different stages of infection could enable the develop-

ment of more-efficient treatments. One way to approach this is

through the development of isoform-specific ICL1 and ICL2 inhi-

bitors as chemical probes, a tactic that is generally milder than

genetic manipulations such as gene knockouts. However, an ob-

stacle is the lack of structural information on ICL2, because

recombinant ICL2 was found to be unstable [14]. The design of

alternative ICL2 constructs could enhance the stability of the

recombinant enzyme for structural and mechanistic studies.

Overall, it is evident that ICL plays an important part in the

survival of M. tuberculosis during persistent infection, including

the metabolism of odd- and even-chain fatty acids and cholesterol

as carbon sources to produce energy. ICL is also linked to the

development of antibiotic resistance of the bacteria, although the

mechanism of this process is not fully understood. A detailed

understanding of the structure and catalytic mechanism of ICL1

has inspired the development of some ICL1 inhibitors, but further
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complementary studies are required (especially those that focus on

ICL2) before ICL inhibitors can be seriously considered as potential

therapeutics against latent TB.
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19 Muñoz-Elı́as, E.J. and McKinney, J.D. (2005) Mycobacterium tuberculosis isocitrate

lyases 1 and 2 are jointly required for in vivo growth and virulence. Nat. Med. 11,

638–644

20 Saxena, A. et al. (2008) Identification of genes of Mycobacterium tuberculosis

upregulated during anaerobic persistence by fluorescence and kanamycin resistance

selection. Tuberculosis 88, 518–525

21 Shi, L. et al. (2010) Carbon flux rerouting during Mycobacterium tuberculosis

growth arrest. Mol. Microbiol. 78, 1199–1215

22 Gengenbacher, M. et al. (2010) Nutrient-starved, non-replicating Mycobacterium

tuberculosis requires respiration, ATP synthase and isocitrate lyase for maintenance

of ATP homeostasis and viability. Microbiology 156, 81–87

23 McKinney, J.D. et al. (2000) Persistence of Mycobacterium tuberculosis in

macrophages and mice requires the glyoxylate shunt enzyme isocitrate lyase. Nature

406, 735–738

24 Campbell, J.J.R. et al. (1953) A deviation from the conventional tricarboxylic acid

cycle in Pseudomonas aeruginosa. Biochim. Biophys. Acta 11, 594

25 Ensign, S.A. (2006) Revisiting the glyoxylate cycle: alternate pathways for microbial

acetate assimilation. Mol. Microbiol. 61, 274–276

26 Kornberg, H.L. and Krebs, H.A. (1957) Synthesis of cell constituents from C2-units

by a modified tricarboxylic acid cycle. Nature 179, 988–991

27 Walsh, K. and Koshland, D.E., Jr (1984) Determination of flux through the branch

point of two metabolic cycles. The tricarboxylic acid cycle and the glyoxylate shunt.

J. Biol. Chem. 259, 9646–9654

28 de Carvalho, L.P.S. et al. (2010) Metabolomics of Mycobacterium tuberculosis reveals

compartmentalized co-catabolism of carbon substrates. Chem. Biol. 17, 1122–1131

29 Schnappinger, D. et al. (2003) Transcriptional adaptation of Mycobacterium

tuberculosis within macrophages: insights into the phagosomal environment. J. Exp.

Med. 198, 693–704

30 Russell, D.G. et al. (2010) Mycobacterium tuberculosis wears what it eats. Cell Host

Microbe 8, 68–76
31 Bloch, H. and Segal, W. (1956) Biochemical differentiation of Mycobacterium

tuberculosis grown in vivo and in vitro. J. Bacteriol. 72, 132–141
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The enzymes isocitrate lyase (ICL) isoforms 1 and 2 are essential for Mycobacterium tuberculosis survival

within macrophages during latent tuberculosis (TB). As such, ICLs are attractive therapeutic targets for the

treatment of tuberculosis. However, there are few biophysical assays that are available for accurate kinetic

and inhibition studies of ICL in vitro. Herein we report the development of a combined NMR spectroscopy

and thermal shift assay to study ICL inhibitors for both screening and inhibition constant (IC50) measure-

ment. Operating this new assay in tandem with virtual high-throughput screening has led to the discovery

of several new ICL1 inhibitors.

Introduction

Tuberculosis (TB) is a high burden infectious disease that is
caused by Mycobacterium tuberculosis.1,2 In 2015, there were
over 10 million new TB cases and around 1.8 million TB-
related deaths.3 TB has a long latency period; once a human
is infected with M. tuberculosis, the bacteria may stay inactive
within macrophages for many years leading to a syndrome
that is known as latent TB.4–6 The environment inside macro-
phages is relatively hypoxic and lacking in external nutrients.
In order to survive under these conditions, M. tuberculosis is
able to simultaneously catabolise different carbon sources,
including fatty acids and cholesterol that are available in rela-
tive abundance inside macrophages.7–9 The enzymes iso-
citrate lyase (ICL) isoforms 1 and 2 play essential roles in this
metabolic adaptation.10 ICLs are key enzymes in both the
M. tuberculosis glyoxylate and methylcitrate cycles. In the
glyoxylate cycle, ICLs catalyse the conversion of the tricarbox-
ylic acid (TCA) cycle intermediate isocitrate into glyoxylate
and succinate (Fig. 1a), thus bypassing the two decarboxyl-

ation steps in the TCA cycle and preserving these carbons for
gluconeogenesis.11,12 In the methylcitrate cycle, ICLs catalyse
the conversion of methylisocitrate, an intermediate of the
propionate degradation pathway, to pyruvate and succinate.
Propionate, which is toxic to the bacteria, is generated by
β-oxidation of odd chain fatty acids and cholesterol that M.
tuberculosis may utilise as carbon sources.12,13

Given the pivotal roles ICLs play in the survival of M. tu-
berculosis inside macrophages, ICLs are attractive inhibition
targets for the treatment of latent TB.14–16 We recently insti-
gated a research programme aimed at identifying new inhibi-
tors of ICLs, but it was readily apparent that few accurate bio-
physical assays are available to study ICL kinetics and
inhibition in vitro. Most ICL assays rely on ultraviolet/visible
(UV/vis) spectrophotometry to determine the amount of
glyoxylate that is formed as a result of ICL-catalysed reac-
tions. For example, one method uses lactate dehydrogenase
(LDH) to catalyse the reduction of glyoxylate to glycolate, dur-
ing which NADH (a cosubstrate of LDH) is oxidised to NAD+.
The decrease in NADH concentration is then measured by
UV/vis spectrophotometry using a tetrazolium/formazan
dye.17 Another method relies on the reaction phenylhydrazine
with glyoxylate to form a hydrazone, which is subsequently
analysed by UV/vis spectrophotometry.18 In addition to ki-
netic assays, the use of native non-denaturing mass spectro-
metry and intrinsic protein fluorescence to monitor ICL-
inhibitor binding interactions have also been reported.19

However, these assays have several drawbacks. Auto-oxidation
of NADH to NAD+ may affect the accuracy of the LDH-
coupled assay.20 In addition, this method is not suitable for
measuring the methylisocitrate lyase activity of ICLs because
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LDH cannot take pyruvate as substrate.20 For the
phenylhydrazine-coupled assay, the accuracy of the assay may
be compromised by the rate of the glyoxylate-
phenylhydrazone complex formation, which is pH dependent
and gets slower above pH 7.21,22 Phenylhydrazine is also un-
stable at pH 7 and above, with the breakdown products may
lead to a slow increase in the UV absorption, thus affecting
the accuracy of the measurements.21,22

1H nuclear magnetic resonance (NMR) spectroscopy is an
established technique for the study of enzyme kinetics that
has been used to characterise different enzyme systems in-
cluding (but not limited to) carbohydrate-processing en-
zymes,23,24 enzymes related to antibiotic resistance25 and

oxygenases.26,27 1H NMR spectroscopy enables the direct
monitoring of reaction kinetics in real time and accurate,
quantitative information can be obtained by following
changes in the peak area of the resonances associated with
the substrate and/or reaction productĲs). In contrast, thermal
shift assay is a simple and high-throughput method that can
be used to study protein–ligand binding interactions by mea-
suring the melting temperature of a protein by the use of a
fluorescence dye that is sensitive to changes in hydrophobic
environment.28–30 When a protein unfolds, it exposes its hy-
drophobic core. This enables the dye to bind to the exposed
hydrophobic regions, which lead to fluorescence. Ligand
binding may stabilise or destabilise the protein towards

Fig. 1 (a) Isocitrate lyase catalyses the conversion of isocitrate to glyoxylate and succinate; (b) 1H NMR spectroscopy to monitor ICL1-catalysed
turnover of isocitrate into succinate; (c) corresponding plot of the isocitrate turnover data. The curve was added to aid visualisation. Sample
contained 190 nM ICL1, 1 mM DL-isocitrate, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. The hashtag (#) indicates Tris/
Tris-D11 peak. The errors shown are the standard deviation from three separate measurements.
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thermal denaturation, leading to a positive or negative shift
in the protein's melting temperature.31,32 We reasoned that a
strategy that combined 1H NMR spectroscopy and a thermal
shift assay would provide a good way to accurately monitor
ICL kinetics and inhibition. By using M. tuberculosis ICL1 as
a model system, we have optimised the experimental condi-
tions and demonstrated the feasibility of applying a joint
NMR and thermal shift strategy for inhibitor screening, inhi-
bition constant (IC50) measurement and for elucidating the
modes of action of ICL inhibitors. Finally, this technique is
exemplified by work in tandem with virtual high-throughput
screening, which subsequently led to the discovery of several
novel ICL1 inhibitors. ICL2 was not used in this study be-
cause it was reported to be unstable in vitro17 and it pos-
sesses relatively low catalytic activity when compared to
ICL1.12

Results and discussion
ICL1 enzyme kinetics by 1H NMR

We first tested the use of 1H NMR spectroscopy to monitor
the ICL1-catalysed turnover of isocitrate to succinate and
glyoxylate. DL-Isocitrate, which is available commercially, was
used as the substrate. MgCl2 was added to the reaction mix-
ture as it was previously shown to be important for ICL1 ac-
tivity.17 1H spectra were recorded at ∼1.3 minute intervals.
Upon addition of the enzyme, the peaks corresponding to iso-
citrate dropped in intensity, which was accompanied by the
appearance of a new singlet peak at 2.3 ppm, corresponding
to succinate (Fig. 1b). Integration of the isocitrate and succi-
nate peaks showed that the reaction appeared to slow down
when ∼50% of the isocitrate was consumed (Fig. 1c). As the
isocitrate was a racemic mixture, this result infers that ICL1
has a preference for one enantiomer, which is in agreement
with a previous study that showed D-isocitrate is the preferred
substrate of the enzyme.33

Divalent metals play important role in the activity of ICL1.
Previous studies showed that Mg2+ (and to a lesser extent,
Mn2+) are required for optimal ICL1 activity.17,34 In order to
confirm the concentration of divalent magnesium that is re-
quired for optimal activity of the enzyme, the reaction was
run using different concentrations of MgCl2. Under our reac-
tion conditions, 500 μM of MgCl2 was required for the opti-
mal activity (Fig. S1†). At least 500 μM of MgCl2 was used in
all subsequent kinetic and inhibition assays.

The kinetic parameters for ICL1 with DL-isocitrate were
then evaluated by 1H NMR. The Michaelis constant (KM) was
found to be 290 ± 10 μM and the catalytic constant (kcat) was
determined to be 4.3 ± 0.1 s−1 (Fig. S2†). These values were
similar to those obtained by Gould et al. using the aforemen-
tioned LDH assay, which were 190 μM and 5.24 s−1 respec-
tively (Table 1).12 The slight discrepancy between the two
measurements is likely due to differences in the reaction con-
ditions. Overall, this validated the accuracy of our 1H NMR
assay to study ICL1 kinetics.

We then tested the use of 1H NMR spectroscopy to moni-
tor the ICL1-catalysed turnover of methylisocitrate to pyruvate
and succinate (Fig. S3a†). (2S,3R)-2-Methylisocitrate was used
as substrate. In the presence of ICL1 and Mg2+, two new
singlet signals at ∼2.3 ppm, one corresponded to succinate
and the other corresponded to pyruvate, were found to in-
crease in intensity over time (Fig. S3b†). This was coupled
with a drop in intensity of the methylisocitrate signals. We
then repeated the experiments at different methylisocitrate
concentrations. Interestingly, substrate inhibition was ob-
served when methylisocitrate concentration exceeded 1 mM
(Fig. S4†). Substrate inhibition was not observed when iso-
citrate was used as substrate. Further investigations are re-
quired to fully understand the biological significance of these
observations. Overall, our results showed that 1H NMR
spectroscopy is a versatile and informative tool to study ICL1
kinetics that allows the use of different substrates and en-
ables kinetic information to readily be measured and
quantified.

Inhibition studies of ICL1 by 1H NMR

We then applied our new NMR-based assay to study ICL1 in-
hibition. Initially, we chose four known ICL inhibitors, in-
cluding three so-called first generation inhibitors itaconic
acid,35 3-nitropropionate36 and 3-bromopyruvate.37 Itaconic
acid and 3-nitropropionate are noncovalent inhibitors of ICL1
whereas 3-bromopyruvate inhibits ICL1 in a covalent manner.
Methyl 4-(4-methoxyphenyl)-4-oxobut-2-enoate, an inhibitor
that was discovered last year by Liu et al. using high-
throughput screening, was also evaluated (Table 2).38

Single concentration inhibition experiments were first
conducted (Fig. S5†). In agreement with previous studies,17

our 1H NMR assay showed that 3-nitropropionate was the
most potent inhibitor amongst 3-nitropropionate,
3-bromopyruvate and itaconic acid. Under our assay condition,
methyl 4-(4-methoxyphenyl)-4-oxobut-2-enoate was the weakest
of the four tested. We then repeated our measurements at
different inhibitor concentrations in order to obtain quantita-
tive inhibition information (IC50; Table 2 and Fig. S6–S9†).
The IC50 values of 3-nitropropionate, 3-bromopyruvate,
itaconic acid and methyl 4-(4-methoxyphenyl)-4-oxobut-2-
enoate were found to be 14.7 ± 1.8 μM, 17.5 ± 1.0 μM, 29.4 ±
4.1 μM and 250 ± 7 μM respectively. The reported IC50 value
for methyl 4-(4-methoxyphenyl)-4-oxobut-2-enoate was 30.9
μM.38 The slight discrepancy in our measured and reported

Table 1 Kinetic parameters of ICL1 with DL-isocitrate as substrate. Mea-
surements were made using samples contained 190 nM ICL1, varying
concentration of DL-isocitrate, 5 mM MgCl2 and 50 mM Tris/Tris-D11 (pH
7.5) in 90% H2O and 10% D2O. The errors shown are the standard devia-
tion from three separate measurements

KM/μM kcat/s
−1

This study 290 ± 10 4.3 ± 0.1
Gould et al.12 190 5.24
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IC50 values for methyl 4-(4-methoxyphenyl)-4-oxobut-2-enoate
is likely due to the different reaction conditions and assays
used in the two studies. Overall, our results show that
1H NMR is a useful tool to study ICL1 inhibition in vitro, en-
abling a rapid evaluation of inhibitor strength as well as pro-
viding quantitative information such as IC50.

Thermal shift assay to study ICL1-inhibitor interactions

Although 1H NMR spectroscopy was found to be a useful
method to study ICL1 inhibition, it is relatively low through-
put and labour intensive. A high throughput assay is needed
to facilitate the efficient screening and development of new
ICL inhibitors. Thermal shift assays are a widely-used
method to study protein–ligand interactions.28–30 The princi-
ple of a thermal shift assay is based on the premise that li-
gand binding can stabilise or destabilise protein to thermal
denaturing, and therefore lead to a shift in the protein's
melting temperature.

First, the melting temperature of ICL1 was measured. As
MgCl2 is important for the activity of the enzyme, a saturat-
ing concentration of 1 mM was used. The melting tempera-
ture of ICL1 in the presence of MgCl2 was found to be 43.0

°C. Next, the melting temperatures of ICL1 in the presence of
a saturating concentration (1 mM) of the aforementioned in-
hibitors and MgCl2 were measured. Addition of
3-bromopyruvate or itaconic acid were found to stabilise
ICL1, with positive shifts to melting temperatures of 52.5 °C
and 53.3 °C respectively. Interestingly, 3-nitropropionate and
methyl 4-(4-methoxyphenyl)-4-oxobut-2-enoate were found to
destabilise the protein, with negative thermal shifts to 40.9
°C and 37.6 °C respectively (Fig. S10†).

A negative thermal shift upon ligand binding has been
previously observed for other protein systems.31,32 A positive
thermal shift may be observed if the ligand induces the pro-
tein to adapt a more stable ‘closed’ conformation, whilst neg-
ative thermal shift may be observed if the ligand keeps the
protein in a less stable ‘open’ conformation. Previous struc-
tural studies by Sharma et al. showed that ICL1 may undergo
a two-step conformation change upon substrate binding
(Fig. S11†).39 Indeed, a crystal structure of ICL1 in the
presence of both 3-nitropropionate and glyoxylate was
found to adapt a ‘closed’ conformation (PDB id: 1F8I).
3-Nitropropionate is a structural analogue of succinate.36 We
reasoned that the binding of 3-nitropropionate on its own
may keep ICL1 in the open conformation in order to allow

Table 2 IC50 values of ICL1 inhibitors with DL-isocitrate as substrate. Measurements were made using samples contained 190 nM ICL1, 1 mM
DL-isocitrate, 5 mMMgCl2, varying concentration of inhibitor and 50 mM Tris/Tris-D11 (pH 7.5) in 90% H2O and 10% D2O. The errors shown are the standard
deviation from three separate measurements. Compounds 29 and 38 were obtained by virtual high-throughput screening (see Fig. S12–S14)

Inhibitor Structure IC50/μM

3-Nitropropionate 14.7 ± 1.8

3-Bromopyruvate 17.5 ± 1.0

Itaconic acid 29.4 ± 4.1

Methyl-4-(4-methoxyphenyl)-4-oxobut-2-enoate 250 ± 7

Compound 29 >100

Compound 38 >100
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glyoxylate to bind. However, in the presence of both
3-nitropropionate and glyoxylate, the protein can then un-
dergo conformational change to the ‘closed’ conformation,
as suggested by the crystal structure, to catalyse the reverse
reaction. This proposal is consistent with the mechanism
suggested by Sharma et al.39 It should also be noted that
binding of 3-nitropropionate or methyl 4-(4-methoxyphenyl)-4-
oxobut-2-enoate may induce a change in the oligomeric state
of ICL1, which exists as a tetramer in solution.39 However,
based on evidence from X-ray crystallography39 and molecu-
lar docking,38 both compounds are not known to bind at the
oligomerisation interface between the ICL1 monomers, or
interfere with the residues that were previously identified as
important for the protein's oligomerisation.40

Application of the combined 1H NMR and thermal shift
assays with virtual high-throughput screening

Virtual high-throughput screening is a cost-effective and effi-
cient strategy to identify chemical structures that are poten-
tially important for binding to a target protein.41–43 Obvi-
ously, the hits identified by virtual high-throughput
screening needed to be verified experimentally. In order to
test the applicability of the 1H NMR and thermal shift assays
and to identify new inhibitors of ICL1, a virtual screen was
conducted. Using the crystal structure of ICL1 (PDB ID: 1F8I,
resolution 2.25 Å),39 a screen was performed with the Inter-
BioScreen Ltd natural product collection.44 9050 compounds
were screened and four different scoring functions, including
GoldScore (GS),45 ChemScore (CS),46,47 Piecewise Linear
Potential (ChemPLP)48 and Astex Statistical Potential (ASP),49

were used. Ten docking runs were allowed for each com-
pound with virtual screening setting (30%). Based on the
scores, ligands with predicted low GS (<45), CS (<20),
ChemPLP (<45), ASP (<20) as well as those with no hydrogen
bonding (HB = 0) were eliminated, which resulted in 840
compounds. These compounds were screened again with
high search efficiency (100%) and fifty docking runs. Candi-
dates with low GS (<38), CS (<17), ChemPLP (<38), ASP
(<17) as well as those with predicted limited hydrogen bond-
ing (HB < 1) were eliminated, resulting in 205 candidates.
For both rounds of screening the cut-off values of the scores
were determined based on the scores of the known inhibitors
itaconic acid, 3-nitropropionate and 3-bromopyruvate. Fur-
thermore, only compounds with predicted hydrogen bonding
were taken forward since hydrogen bond is important not
only for the affinity but also the specificity of the ligand bind-
ing.50 These candidates were then visually inspected for con-
sensus of the best predicted configuration of the ligands be-
tween the scoring functions. Ligands that showed plausible
configurations, i.e., not strained, lipophilic moieties not
pointing into the water environment resulting in an entropy
penalty, were taken forward. Furthermore, compounds that
did not contain undesirable moieties that are linked to gen-
eral cell toxicity (e.g. thiourea and aliphatic ketones) and
chemical reactivity (e.g. Michael acceptors and imines), were

chosen.51,52 This screening methodology has been success-
fully applied previously to find active ligands for various bio-
molecular systems.53–56 In total, 41 compounds were selected
for experimental testing (Fig. S12 and Table S1†).

We then applied the 1H NMR and thermal shift assays to
verify the hits obtained from the virtual screen. First, we
tested the compounds using the thermal shift assay. Out of
the 41 compounds, 19 induced a shift of more than 0.5 °C
(positive or negative) in the melting temperature of ICL
(Fig. S13†). This was followed with 1H NMR-based single
concentration inhibition experiment to test the 19 hits. The
result showed that two molecules significantly inhibited
ICL1 (compounds 29 and 38, Fig. S14†). The IC50 of the
molecules were both >100 μM (Fig. S15 and S16† and
Table 2). Molecular modelling suggests compounds 29 and
38 both occupy the substrate and Mg2+ binding sites. The
reason for the relatively low IC50 values is due to the re-
moval of the Mg2+ ion from the binding pocket upon inhib-
itor binding. Mg2+ sits within a cavity that is predicted to be
occupied by aliphatic moieties of the inhibitors. Thus, the in-
hibitors need to displace the magnesium ion to bind effi-
ciently, which would require a considerable energy expendi-
ture due to the saturation concentration (5 mM) of the ion
in the experimental setup. The main stream molecular de-
scriptors (molecular weight, log P, hydrogen bond donors/ac-
ceptors, polar surface area and rotatable bonds see Table
S2†) for compounds 29 and 38 were calculated and they
conform to drug-like chemical space except log P and num-
bers of hydrogen bond donors, which are in lead-like chemi-
cal space (for the definition of chemical space see ref. 57).
Furthermore, the molecular weight for the hits is in the low
to mid 300s, making them excellent starting points for
chemical modification and further development. Finally,
nine close structural derivatives were purchased to generate
a structural activity (SAR) profile (Fig. S17†), but none
showed any activity. In general, docking to the binding site
showed that these compounds are too bulky to fit into it.
Overall, our results show that combining 1H NMR and ther-
mal shift assays is an effective strategy for screening poten-
tial ICL1 inhibitors.

Conclusions

ICL isoforms 1 and 2 are important enzymes for the survival
of M. tuberculosis in macrophages, enabling the bacteria to
utilise fatty acids and cholesterol as carbon sources. ICLs
are attractive inhibition targets for the treatment of latent
TB. By using ICL1 as a model system, we have demon-
strated the general applicability of a combined 1H NMR and
thermal shift assays to screen for and evaluate ICL inhibi-
tors. Both methods presented herein are relatively simple to
carry out. In contrast to current fluorescence-based assays
that rely on enzyme or chemically coupled reactions, the
NMR assay described herein enables a direct observation of
substrate consumption and product formation and is there-
fore less prone to errors. One minor drawback of the NMR
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assay is the low throughput associated with monitoring re-
actions in real time. Typically, around 15 to 20 minutes of
measurement time (six to eleven 1H experiments) were
needed to obtain an initial rate. This equates to around
seven hours of total measurement time to obtain a full ki-
netic analysis or a complete IC50 curve with, for example,
six concentration points in triplicate. In contrast, the ther-
mal shift assay is a high-throughput method enabling semi-
automatic measurements using multi-well plates. Ligand
binding to ICL1 was easily identified through a change in
the protein's melting temperature. Interestingly, we observed
both positive (i.e. stabilising) and negative (i.e. destabilising)
thermal shifts of ICL1 with four known inhibitors, likely
due to the inhibitors keeping ICL1 in either the open or
closed conformations. We have demonstrated the utility of
these assays by validating a small library of compounds that
were obtained by a virtual high-throughput screen. This ulti-
mately led to the discovery of two novel ICL1 inhibitors that
are the subject of ongoing medicinal chemistry studies in
our laboratories.

Experimental section
Materials

Unless otherwise stated, all chemicals were purchased from
Sigma-Aldrich/Merck, Thermo Fisher Scientific, Environmen-
tal Control Products (ECP), AK Scientific, Global Science – a
VWR/Bio-Strategy Company and Bio-Rad. Tris-D11 and D2O
were from Cambridge Isotope Laboratories or Cortecnet. Re-
striction enzymes BasI-HF and T4 DNA polymerase were
obtained from New England Biolabs. Competent cells XL10-
Gold and BL21 (DE3) were obtained from Agilent. The Bio-
Rad Precision Plus Protein Kaleidoscope Prestained Protein
Standards were used for sodium dodecylsulphate polyacryl-
amide gel electrophoresis (SDS-PAGE). Methyl 4-(4-methoxy-
phenyl)-4-oxobut-2-enoate was obtained from Enamine. Com-
pounds from virtual screening were obtained from
InterBioScreen.

Cloning of ICL1

Synthetic gene (gBlocks) encoding M. tuberculosis ICL1 (Table
S3†) were obtained from Integrated DNA Technologies. The
pNIC28-Bsa4 vector was a gift from Opher Gileadi (Addgene
plasmid #26103).58 In order to clone onto the pNIC28-Bsa4
vector, the tacttccaatccatg sequence was added to the 5′ end
and taacagtaaaggtggata was added to the 3′ end of the DNA
sequence encoding M. tuberculosis ICL1 (Table S3†) when de-
signing the synthetic gene. The synthetic gene and the
pNIC28-Bsa4 vector were prepared and cloned using the pro-
cedure reported by Gileadi et al. with XL10-Gold.59 The re-
combinant plasmid was confirmed by DNA sequencing (DNA
Sequencing Centre, The University of Auckland). The correct
plasmid were then used to transform BL21 (DE3) competent
cells for protein expression.

Production and purification of ICL1

The recombinant plasmid was first transformed in E. coli
BL21(DE3). Starter culture was incubated overnight at 37 °C
with shaking in 2YT media. The starter culture was then di-
luted with fresh 2YT media, which was then incubated at
37 °C with shaking until OD600 of 0.6. Isopropyl-β-D-
thiogalactopyranoside (IPTG; 200 μM final concentration) was
then added and further incubated at 18 °C with shaking for a
further 16 to 20 hours. Cells were harvested by centrifuga-
tion. Cell pellets were obtained by centrifugation and
resuspended in 50 mM HEPES buffer pH 7.8 with 5 mM im-
idazole and 500 mM NaCl. The cells were lysed on ice by son-
ication (4 × 20 seconds) burst at 60% amplitude with 40 sec-
onds rest in between. The protein was purified by 5 mL
His-trap column eluting with Tris-HCl buffer pH 7.8 with
500 mM imidazole and followed by gel filtration using
50 mM Tris-HCl buffer pH 7.5.

Thermal shift assay

Thermal shift assay was carried out using a BioRad MyiQ real
time PCR instrument. The assay was carried out using 20 μM
ICL1, 1 mM compounds and 1 mM MgCl2 in 50 mM Tris-HCl
pH 7.5. Protein unfolding was monitored by measuring the
fluorescence of the SYPRO Orange dye. The dye stock (5000×
concentrate) was first diluted in 50 mM Tris-HCl (pH 7.5) to
a 200× concentrate before diluting by 5 times into the sam-
ple. Temperature was increased from 25 to 95 °C at 1 °C in-
crement every 60 seconds. All measurements were performed
in triplicate. For determination of protein melting tempera-
ture values, melting curve for each data set was analysed by
SigmaPlot 13 (USA) and fitted with the Sigmoid, 3 parameter
model.

NMR experiments

NMR experiments were conducted at a 1H frequency of 500
MHz using a Bruker Avance III HD spectrometer equipped
with a BBFO probe. Experiments were conducted at 300 K.
Standard 5 mm NMR tubes (Wilmad) using a sample volume
of 500 μL were used in all experiments. The pulse tip-angle
calibration using the single-pulse nutation method (Bruker
pulsecal routine) was undertaken for each sample.60 All mea-
surements were performed in triplicate.

Time course experiments were monitored by standard
Bruker 1H experiments with water suppression by excitation
sculpting. Unless otherwise stated, the number of transients
was 16, and the relaxation delay was 2 seconds. The lag time
between addition of enzyme and the end of the first experi-
ment was usually 4 minutes. Initial rates were calculated by
linear fitting using Excel 2013 (Microsoft) for data points up
to 20% turnover. Kinetic parameters were obtained using the
Hanes plot. Linear fitting was done using Excel 2013 (Micro-
soft). All NMR samples contained 190 nM ICL1, 1 mM DL-
isocitrate and 5 mM MgCl2 buffered with 50 mM Tris-D11 (pH
7.5) in 90% H2O and 10% D2O. For kinetic parameter mea-
surements, the isocitrate concentrations ranged from 50 μM
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to 750 μM. For single concentration inhibition assay, 100 μM
inhibitors was used. For IC50 measurements, varying concen-
trations of inhibitors were used. IC50 values were obtained by
SigmaPlot 13 and fitted with the Sigmoid, 3 parameter model.

Virtual high throughput screening

The compounds were docked to the crystal structure of ICL I
(PDB ID: 1F8I),39 which was obtained from the Protein Data
Bank (PDB).61,62 The Scigress version FJ 2.6 program
(Scigress: Version FJ 2.6; Fijitsu Limited, 2008–2016) was
used to prepare the crystal structure for docking, i.e., hydro-
gen atoms added, the co-crystallised succinic acid and
glyoxylic acid were removed from protein, the magnesium
ion as well as crystallographic water molecules. The Scigress
software suite was also used to transfer the structures from
2D to 3D followed by structural optimisation using the MM2
force field.63 The centre of the binding was defined on the
co-crystallised ligand with coordinates (x = 5.931, y = 56.950,
z = 83.843) with 10 Å radius. For the initial screen 30% search
efficiency was used (virtual screen) with ten runs per com-
pound. For the second phase (re-dock) 100% efficiency was
used in conjunction with fifty docking runs. The GoldScore,45

ChemScore,46,47 ChemPLP48 and ASP49 scoring functions
were implemented to validate the predicted binding modes
and relative energies of the ligands using GOLD v5.2 software
suite. The InterBioScreen Ltd natural product collection was
used for the screening.44 The robustness of the protocol was
tested by re-docking the co-crystallised ligand (succinic acid)
with these results: RMSD (root-mean-square deviation) GS –

1.750 Å, CS – 0.929 Å, PLP – 0.747 Å and ASP – 1.882 Å, verify-
ing the validity of the procedure. The QikProp v3.21 (QikProp
v3.2, Schrödinger, New York, 3.2, 2009) software package was
used to calculate the molecular descriptors of the com-
pounds. The reliability of the prediction power of QikProp is
established for the molecular descriptors used in this
study.64

Synthesis of (2S,3R)-2-methylisocitrate

(2S,3R)-2-Methylisocitrate was prepared according to the pro-
cedure reported by Darley et al.65
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Flexible synthesis of diverse N-heterocycles from
substrates attainable from biomass†

Ram Prasad Bhusal and Jonathan Sperry*

A suite of diverse N-heterocycles including dihydroindolone, indole, dihydroindolizinone, 2-pyridone,

pyrido[1,2-a]indole, dihydrocarbazolone and carbazole have all been prepared from dimethyl itaconate

and pyrrole, two compounds attainable from biomass.

Introduction

Nitrogen-heterocycles (N-heterocycles) are present in many
society-reliant chemicals1 including pharmaceuticals, agro-
chemicals, dyes, nutraceuticals, fragrances and specialty poly-
mers. At present, these compounds are mainly produced by
synthetic chemistry using building-blocks derived from finite
resources. Flexible synthetic routes to N-heterocycles that
employ substrates attainable from biomass will ensure the
supply of this important class of compounds will continue to
meet demand as fossil-fuel levels decline.

Itaconic acid (1, Fig. 1) is produced by the fungal fermenta-
tion of xylose (extracted from hardwood and agricultural resi-
dues) or glucose (typically in the form of molasses from sugar
cane or beets).2,3 Itaconic acid is classed as a fully sustainable
chemical building block that features on the U.S. DOE
National Renewable Energy Laboratory’s Top 12 list of renew-
able chemicals attainable from biomass.4 An ongoing interest
in the synthetic utility of the bio-based molecule 15 led us to
examine its potential in the sustainable synthesis of important
N-heterocycles, a strategy that requires a nitrogeneous building
block also attainable from biomass. Pyrrole was chosen as it is
currently mass-produced from furan and ammonia,6 both of
which are available from biorenewable sources.7–9

The overall plan hinges on the conjugate addition of
pyrrole to dimethyl itaconate (2)10 selectively providing the
mono- and di-addition products 3 and 4 (Scheme 1). With this
initial stage successful, the presence of the electron-rich
heteroaromatic ring and electrophilic esters in 3 and 4 will be
used to effect distinct, selective intramolecular cyclization reac-
tions that would result in a series of N-heterocycles derived
from two simple substrates attainable from biomass
(Scheme 1).

Results and discussion

A study investigating the conjugate addition of pyrrole to
dimethyl itaconate (2) was initiated (Scheme 2). Lewis acids
performed better than Brønsted acids in this reaction and
specifically, aluminium trichloride was optimal. When an
excess of pyrrole was used, the mono-addition product 3 was
formed in good yield, along with a small amount of the di-
addition product 4 (Scheme 2A). The di-addition product 4
could exclusively formed when an excess of dimethyl itaconate
was employed (Scheme 2B).11

The intramolecular cyclization reactions of pyrrole 3 were
investigated. In the presence of polyphosphoric acid (PPA),
pyrrole 3 underwent intramolecular C-acylation12 to form the
tetrahydroindolone 5, a heterocyclic motif present in the anti-
psychotic medication molindole.13 Dehydrogenation of 5
delivered methyl-4-hydroxyindole-6-carboxylate 6 in what con-
stitutes an overall type 9 indole synthesis.14 Given the
enormous importance of the indole heterocycle,1,15–17 sustain-
able synthetic methodologies that provide indoles are of great
importance. The mode of cyclization could be switched upon
treating pyrrole 3 with base, effecting selective N-acylation to
give the dihydroindolizinone 7, a motif present in the alka-
loids polygonatine and kinganone.18 In an interesting result,
attempts to aromatize 7 to the indolizine 8 only effected iso-
merization19 to the 2-pyridone 9, a heterocycle found in many
bioactive natural products and synthetic drugs.20 The synthesis
outlined in Scheme 3 provides a complementary alternative to
the synthesis of 4-hydroxyindole-6-carboxylates and indolizines
from the half ester obtained from Stobbe condensation of
pyrrole-2-carboxaldehyde with a dialkyl succinate.21–24

Fig. 1 Itaconic acid (1).

†Electronic supplementary information (ESI) available. See DOI: 10.1039/c5gc02837j

Centre for Green Chemical Science, School of Chemical Sciences, The University of

Auckland, 23 Symonds Street, Auckland, New Zealand.

E-mail: j.sperry@auckland.ac.nz

This journal is © The Royal Society of Chemistry 2016 Green Chem., 2016, 18, 2453–2459 | 2453

Pu
bl

is
he

d 
on

 1
8 

D
ec

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 T
he

 U
ni

ve
rs

ity
 o

f 
A

uc
kl

an
d 

L
ib

ra
ry

 o
n 

13
/0

3/
20

18
 0

5:
16

:4
3.

 

View Article Online
View Journal  | View Issue

www.rsc.org/greenchem
http://crossmark.crossref.org/dialog/?doi=10.1039/c5gc02837j&domain=pdf&date_stamp=2016-04-11
http://dx.doi.org/10.1039/c5gc02837j
http://pubs.rsc.org/en/journals/journal/GC
http://pubs.rsc.org/en/journals/journal/GC?issueid=GC018008


The methodology outlined in Scheme 3 was subsequently
applied to the double conjugate addition product 4
(Scheme 4). Upon exposing 4 to PPA, a single C-acylation
occurred to give the tetrahydroindolone 10. None of tetra-
hydrocarbazole dione 11 was ever formed despite extensive
optimization efforts. However, dehydrogenation of 10 gave
indole 12 which did undergo C-acylation to give the dihydro-

carbazolone 13, a heterocyclic motif present in the anti-emetic
drug ondansetron.25 Dehydrogenation of 13 gave carbazoles 14
and 15.26 Carbazole is a tricyclic heterocycle present in a
plethora of natural products27 and functional polymers.28 As
the synthesis of carbazoles is often accomplished by the con-
struction of the central ring using one of the many known C–N
bond forming processes, the synthesis of 14/15 from pyrrole
follows a relatively uncommon strategy for the construction of
this heterocycle.29

Treating 4 with base led to exclusive N-acylation and for-
mation of dihydroindolizinone 16, which underwent the same
Pd/C-mediated isomerization described in Scheme 3 to give
the 2-pyridone 17. Upon subjecting 16 to PPA, C-acylation
occurred to give the tricycle 18 which resisted attempts at
dehydrogenation to the desired tricycle 19. However, base-
mediated cyclization of indole 12 did provide the desired
pyrido[1,2-a]indolone 19, a heterocyclic motif present in many
alkaloids including strychnine.30

Scheme 1 Proposed assembly of biomass-derived N-heterocycles.

Scheme 2 Conjugate addition of pyrrole to dimethyl itaconate (2).

Scheme 3 Biomass-derived indole 6 and pyridone 9.
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Conclusions

In conclusion, a series of chemically diverse N-heterocycles
have been rapidly assembled from two substrates available
from biomass, demonstrating that biorenewable building
blocks can provide a sustainable alternative for the synthesis
of valuable small molecules currently acquired from finite
resources.31 By only using compounds attainable from
biomass in synthetic programmes,32 interesting chemical
transformations can be discovered that lead to the production
of new ‘sustainable chemical space’. Current focus is geared
towards adopting environmentally friendly purification pro-
cedures33 and eliminating toxic solvents34 during the explo-
ration of new sustainable chemical space. Results from our
efforts in this area will be reported in due course.

Experimental
General

All reactions were carried out in oven-dried glassware under a
nitrogen atmosphere unless otherwise stated. Analytical thin
layer chromatography was performed using 0.2 mm silica
plates and compounds were visualized under 365 nm ultra-
violet irradiation followed by staining with either alkaline per-
manganate or ethanolic vanillin solution. Infrared spectra
were obtained as thin films between sodium chloride plates.
Absorption maxima are expressed in wavenumbers (cm−1).
Melting points were recorded on a melting point apparatus
and are uncorrected. NMR spectra were recorded as indicated
on an NMR spectrometer operating at 500, 400 and 300 MHz

for 1H nuclei and 125, 100 and 75 MHz for 13C nuclei. Chemi-
cal shifts are reported in parts per million (ppm) relative to
the tetramethylsilane peak recorded as δ 0.00 ppm in CDCl3/
TMS solvent, or the residual acetone (δ 2.05 ppm), chloroform
(δ 7.26 ppm), DMSO (δ 2.50 ppm) or methanol (δ 3.31 ppm)
peaks. The 13C NMR values were referenced to the residual
acetone (δ 29.9 ppm) chloroform (δ 77.1 ppm), DMSO
(δ 39.5 ppm) or methanol (δ 49.0 ppm) peaks. 13C NMR values
are reported as chemical shift δ and assignment. 1H NMR shift
values are reported as chemical shift δ, relative integral, multi-
plicity (s, singlet; d, doublet; t, triplet; q, quartet; quin,
quintet; m, multiplet), coupling constant ( J in Hz) and assign-
ment. Assignments are made with the aid of DEPT 90, DEPT
135, COSY, NOESY and HSQC experiments. High resolution
mass spectra were obtained by electrospray ionization in posi-
tive ion mode at a nominal accelerating voltage of 70 eV on a
microTOF mass spectrometer.

General procedure A; C-acylation

To polyphosphoric acid (PPA) at 100 °C was added a solution
of substrate in toluene and the mixture was stirred at 100 °C
for the time stated. The reaction mixture was quenched with
ice cold water (10 mL), the aqueous suspension extracted with
ethyl acetate and the organic layer was washed with water,
brine, dried (Na2SO4), filtered and concentrated in vacuo. The
crude residue was purified by flash chromatography on silica
gel with eluent stated to give the desired product.

General procedure B; N-acylation

A solution of substrate and potassium carbonate in DMF
(4 mL) was stirred at 110 °C for the time stated. The solvent

Scheme 4 Biomass-derived tricyclic N-heterocycles.
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was concentrated in vacuo and water was added to the residue.
The resulting aqueous suspension was extracted with ethyl
acetate and the organic layer was washed with water, brine,
dried (Na2SO4), filtered and concentrated in vacuo. The crude
residue was purified by flash chromatography on silica gel
with eluent stated to give the desired product.

General procedure C; dehydrogenation

A suspension of substrate and Pd/C (10%) in phenylether-
mesitylene or n-octanol was heated at the temperature and
time stated. The reaction mixture was filtered through Celite®
and the residual catalyst washed with ethyl acetate. The filtrate
was concentrated in vacuo and the residue purified by flash
chromatography on silica gel with eluent stated to give the
desired product.

Dimethyl 2-((pyrrol-2-yl)methyl)succinate (3)

To a solution of dimethyl 2-methylenesuccinate (500 mg,
3.16 mmol) in dichloromethane (5 mL) and nitromethane
(5 mL) was added pyrrole (0.62 mL, 9.48 mmol) and alu-
minium trichloride (443 mg, 9.48 mmol) and the solution was
stirred at room temperature for 45 min. The reaction mixture
was then quenched with water (20 mL). The aqueous layer was
extracted with dichloromethane and the organic layer washed
with brine, dried (Na2SO4), filtered and concentrated in vacuo.
The crude residue was purified by flash chromatography on
silica gel using hexanes–ethyl acetate (3 : 1) as eluent to afford
the title compound (427 mg, 1.90 mmol, 60%) as a light yellow
liquid; νmax (neat)/cm−1 3383, 2953, 1722, 1570, 1509, 1436,
1409, 1357, 1269, 1194, 1165, 1121, 1095, 1027, 1004, 885, 837,
789, 717; δH (400 MHz, CDCl3) 8.37 (1 H, br s, NH), 6.68 (1 H,
td, J 2.7 and 1.5, ArH), 6.09 (1 H, dt, J 5.8 and 2.7, ArH),
5.93–5.92 (1 H, m, ArH), 3.71 (3 H, s, Me), 3.67 (3 H, s, Me),
3.10 (1 H, q, J 6.4, CH), 3.00 (1 H, dd, J 14.8 and 6.4, CH of
CH2), 2.90 (1 H, dd, J 14.8 and 6.4, CH of CH2), 2.68 (1 H, dd,
J 16.4 and 7.2, CH of CH2), 2.50 (1 H, dd, J 16.4 and 6.4, CH of
CH2); δC (100 MHz, CDCl3) 175.0 (C), 172.3 (C), 128.0 (C), 117.2
(CH), 108.3 (CH), 107.3 (CH), 52.2 (Me), 51.9 (Me), 41.9 (CH),
35.0 (CH2), 29.0 (CH2); HRMS (ESI, [M + Na]+) found 248.0893.
[C11H15NO4 + Na]+ requires 248.0898. Compound 4 was also
isolated (149 mg, 0.39 mmol, 13%), spectroscopic data
described below.

Tetramethyl 2,2′-((pyrrole-2,5-diyl)bis(methylene))disuccinate
(4)

To a solution of pyrrole (0.2 mL, 2.88 mmol) in dichloro-
methane (5 mL) and nitromethane (5 mL) was added dimethyl
2-methylenesuccinate (1.40 g, 7.2 mmol) and aluminium tri-
chloride (960 mg, 7.2 mmol) and the solution was stirred at
room temperature for 45 min. The mixture was then quenched
with water (20 mL) and extracted with dichloromethane. The
organic layer was washed with brine, dried (Na2SO4), filtered
and concentrated in vacuo. The crude residue was purified by
flash chromatography on silica gel using hexanes–ethyl acetate
(2 : 1) as eluent to afford the title compound (1.08 g, 2.82 mmol,
98%) as a brown liquid; νmax (neat)/cm−1 3383, 1727, 1436,

1355, 1263, 1193, 1163, 1094, 1038, 998, 890, 839, 773; δH
(400 MHz, CDCl3) 8.33 (1 H, br s, NH), 5.76 (2 H, d, J 2.6, 2 ×
ArH), 3.71 (6 H, s, 2 × Me), 3.67 (6 H, s, 2 × Me), 3.06 (2 H,
quin, J 6.5, 2 × CH), 2.93 (2 H, dd, J 14.8 and 6.5, 2 × CH of
CH2), 2.83 (2 H, ddd, J 14.8 6.5 and 1.7, 2 × CH of CH2), 2.66
(2 H, dd, J 16.5 and 7.6, 2 × CH of CH2), 2.46 (2 H, dd, J 16.5
and 6.4, 2 × CH of CH2); δC (100 MHz, CDCl3) 175.04 (C),
175.00 (C), 172.5 (2 × C), 127.60 (C), 127.58 (C), 107.43 (CH),
107.42 (CH), 52.2 (2 × Me), 51.9 (2 × Me), 42.1 (CH), 42.0 (CH),
35.10 (CH2), 35.06 (CH2), 29.4 (CH2), 29.3 (CH2); HRMS (ESI,
[M + Na]+) found 406.1472. [C18H25NO8 + Na]+ requires
406.1478.

Methyl 4-oxo-4,5,6,7-tetrahydroindole-6-carboxylate (5)

General procedure A was performed using PPA (2 g) and 3
(100 mg, 0.45 mmol) in toluene (1 mL) for 3 h. Workup and
column chromatography eluting with hexanes–ethyl acetate
(1 : 1) gave the title compound (27 mg, 0.14 mmol, 31%) as a
colourless solid; m.p. 127–131 °C; νmax (neat)/cm

−1 3289, 3130,
2952, 2922, 2851, 1725, 1632, 1569, 1505, 1474, 1435, 1377,
1350, 1293, 1271, 1244, 1234, 1193, 1152, 1116, 1077, 1003,
913, 902, 881, 866, 799, 764, 720, 692; δH (400 MHz, CDCl3)
8.80 (1 H, br s, NH), 6.70 (1 H, t, J 2.7, ArH), 6.54 (1 H, t, J 2.7,
ArH), 3.72 (3 H, s, Me), 3.29–3.22 (1 H, m, CH), 3.13–3.10 (2 H,
m, CH2), 2.82–2.69 (2 H, m, CH2); δC (100 MHz, CDCl3) 191.6
(C), 173.6 (C), 141.1 (C), 120.3 (C), 119.5 (CH), 106.2 (CH), 52.4
(Me), 41.3 (CH), 40.0 (CH2), 25.5 (CH2); HRMS (ESI, [M + Na]+)
found 216.0631. [C10H11NO3 + Na]+ requires 216.0637.

Methyl 4-hydroxyindole-6-carboxylate (6)

General procedure C was performed using 5 (100 mg,
0.52 mmol) and Pd/C (100 mg) in phenylether (3.6 mL) and
mesitylene (0.4 mL) for 240 °C for 36 h. Workup and column
chromatography eluting with hexanes then hexanes–ethyl
acetate (1 : 1) gave the title compound (52 mg, 0.27 mmol, 54%)
as a brown solid; δH (400 MHz, CD3OD) 7.68 (1 H, t, J 0.9,
ArH), 7.30 (1 H, d, J 3.5, ArH), 7.06 (1 H, d, J 1.4, ArH), 6.58
(1 H, dd, J 3.5 and 0.9, ArH), 3.88 (3 H, s, Me); δC (100 MHz,
CD3OD) 170.2 (C), 151.1 (C), 138.6 (C), 127.4 (C), 124.9 (C),
123.5 (CH), 107.4 (CH), 104.5 (CH), 100.0 (CH), 52.3 (Me);
spectroscopic data consistent with the literature.21

Methyl 5-oxo-5,6,7,8-tetrahydroindolizine-7-carboxylate (7)

General procedure B was performed using 3 (375 mg,
1.7 mmol) and potassium carbonate (470 mg, 3.4 mmol) in
DMF (4 mL) for 12 h. Workup and column chromatography
eluting with hexanes–ethyl acetate (4 : 1) gave the title com-
pound (198 mg, 1.02 mmol, 60%) as a fawn solid; m.p.
83–85 °C; νmax (neat)/cm

−1 1716, 1575, 1449, 1429, 1379, 1354,
1302, 1229, 1214, 1199, 1151, 1100, 1068, 1031, 1022, 1005,
917, 870, 825, 802, 750, 621, 594; δH (400 MHz, CDCl3) 7.35
(1 H, dd, J 3.4 and 1.4, ArH), 6.22 (1 H, t, J 3.4, ArH), 6.03–6.02
(1 H, m, ArH), 3.73 (3 H, s, Me), 3.23–3.17 (1 H, m, CH of
CH2), 3.16–3.10 (1 H, m, CH), 3.03–2.97 (1 H, m, CH of CH2),
2.94–2.85 (2 H, m, CH2); δC (100 MHz, CDCl3) 172.8 (C), 166.4
(C), 130.1 (C), 116.6 (CH), 113.1 (CH), 110.0 (CH), 52.5 (Me),

Paper Green Chemistry

2456 | Green Chem., 2016, 18, 2453–2459 This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 1
8 

D
ec

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 T
he

 U
ni

ve
rs

ity
 o

f 
A

uc
kl

an
d 

L
ib

ra
ry

 o
n 

13
/0

3/
20

18
 0

5:
16

:4
3.

 
View Article Online

http://dx.doi.org/10.1039/c5gc02837j


39.2 (CH), 35.3 (CH2), 25.9 (CH2); HRMS (ESI, [M + Na]+) found
216.0631. [C10H11NO3 + Na]+ requires 216.0637.

Methyl 5-oxo-1,2,3,5-tetrahydroindolizine-7-carboxylate (9)

General procedure C was performed using 7 (40 mg,
0.21 mmol) and Pd/C (40 mg) in n-octanol (2 mL) at 195 °C for
12 h. Workup and column chromatography eluting with ethyl
acetate–methanol (9.5 : 0.5) gave the title compound (30 mg,
0.155 mmol, 75%) as a colourless solid; m.p. 75–80 °C; νmax

(neat)/cm−1 1714, 1577, 1383, 1360, 1306, 1231, 1200, 1155,
1034, 1008, 827, 754; δH (400 MHz, CDCl3) 7.03 (1 H, d, J 1.3,
ArH), 6.61 (1 H, d, J 1.3, ArH), 4.16 (2 H, t, J 7.3, CH2), 3.89
(3 H, s, Me), 3.12 (2 H, t, J 7.7, CH2), 2.22 (2 H, quin, J 7.7,
CH2); δC (100 MHz, CDCl3) 165.6 (C), 161.9 (C), 151.1 (C), 141.2
(C), 119.2 (CH), 99.8 (CH), 52.7 (Me), 48.9 (CH2), 31.8 (CH2),
21.3 (CH2); HRMS (ESI, [M + Na]+) found 216.0634. [C10H11NO3

+ Na]+ requires 216.0637.

Dimethyl 2-((6-(methoxycarbonyl)-4-oxo-4,5,6,7-
tetrahydroindol-2-yl)methyl)succinate (10)

General procedure A was performed using PPA (2 g) and 4
(321 mg, 0.84 mmol) in toluene (2 mL) for 45 min. Workup
and column chromatography eluting with hexanes–ethyl
acetate (1 : 1.5) gave the title compound (216 mg, 0.65 mmol,
73%, 1 : 1 mixture of diastereomers) as a brown solid; m.
p. 74–77 °C; νmax (neat)/cm−1 3249, 2955, 1729, 1631, 1484,
1436, 1365, 1239, 1168, 1192, 1052, 1003, 915, 891, 813, 729;
δH (400 MHz, CDCl3) 8.93 (2 H, br s, 2 × NH), 6.234 (1 H, s,
ArH), 6.228 (1 H, s, ArH), 3.72 (12 H, s, 4 × Me), 3.670 (3 H, s,
Me), 3.668 (3 H, s Me), 3.26–3.18 (2 H, m, 2 × CH), 3.11–3.00
(6 H, m, 2 × CH + 2 × CH2), 2.96–2.84 (4 H, m, 2 × CH2),
2.77–2.64 (6 H, m, 2 × CH of CH2 + 2 × CH2), 2.56–2.50 (2 H,
m, 2 × CH of CH2); δC (100 MHz, CDCl3) 191.2 (2 × C), 175.12
(C), 175.05 (C), 173.6 (2 × C), 172.3 (C), 172.2 (C), 141.2 (2 × C),
130.3 (2 × C), 120.3 (2 × C), 104.72 (CH), 104.69 (CH), 52.5
(2 × Me), 52.4 (2 × Me), 52.1 (2 × Me), 41.41 (CH), 41.38 (CH),
41.2 (2 × CH), 39.8 (2 × CH2), 35.1 (2 × CH2), 28.7 (2 × CH2),
25.4 (2 × CH2); HRMS (ESI, [M + Na]+) found 374.1210.
[C17H21NO7 + Na]+ requires 374.1216.

Dimethyl 2-((4-hydroxy-6-(methoxycarbonyl)indol-2-yl)methyl)
succinate (12)

General procedure C was performed using 10 (156 mg,
0.44 mmol) and Pd/C (237 mg) in phenylether (2.7 mL) and
mesitylene (0.3 mL) for 240 °C for 18 h. Workup and column
chromatography eluting with hexanes–ethyl acetate (1 : 1) gave
the title compound (100 mg, 0.29 mmol, 66%) as a yellow oil;
νmax (neat)/cm−1 3351, 2953, 1710, 1686, 1591, 1546, 1435,
1368, 1279, 1222, 1166, 1092, 1070, 1001, 867, 795, 769; δH
(400 MHz, CDCl3) 8.80 (1 H, brs, NH), 7.71 (1 H, d, J 1.0, ArH),
7.20 (1 H, d, J 1.3, ArH), 6.38 (1 H, m, ArH), 5.43 (1 H, br s,
OH), 3.91 (3 H, s, Me), 3.73 (3 H, s, Me), 3.67 (3 H, s, Me),
3.25–3.16 (2 H, m, CH + CH of CH2), 3.13–3.07 (1 H, m, CH of
CH2), 2.76–2.71 (1 H, m, CH of CH2), 2.58–2.53 (1 H, m, CH of
CH2); δC (100 MHz, CDCl3) 174.9 (C), 172.3 (C), 168.2 (C), 148.1
(C), 137.8 (C), 137.2 (C), 124.3 (C), 122.0 (C), 106.9 (CH), 105.1

(CH), 98.9 (CH), 52.6 (Me), 52.2 (2 × Me), 41.5 (CH), 35.2 (CH2),
29.5 (CH2); HRMS (ESI, [M + Na]+) found 372.1054.
[C17H19NO7 + Na]+ requires 372.0962.

Dimethyl 5-hydroxy-4-oxo-2,3,4,9-tetrahydrocarbazole-2,7-
dicarboxylate (13)

General procedure A was performed using PPA (2 g) and 12
(40 mg, 0.12 mmol) in toluene (1 mL) for 45 min. Workup and
column chromatography eluting with hexanes–ethyl acetate
(1 : 1.5) gave the title compound (20 mg, 0.06 mmol, 55%) as a
brown solid; m.p. 255–259 °C; νmax (neat)/cm−1 3287, 2953,
1706, 1589, 1476, 1436, 1404, 1344, 1315, 1226, 1199, 1147,
1086, 1062, 994, 896, 875, 788, 768, 690; δH (400 MHz, DMSO-
d6) 12.49 (1 H, br s, NH), 10.76 (1 H, s, OH), 7.52 (1 H, d, J 1.4,
ArH) 7.03 (1 H, d, J 1.4, ArH), 3.84 (3 H, s, Me), 3.65 (3 H, s,
Me), 3.56–3.49 (1 H, m, CH), 3.35–3.22 (2 H, m, CH2),
2.84–2.83 (2 H, m, CH2); δC (100 MHz, DMSO-d6) 193.9 (C),
172.9 (C), 166.5 (C), 153.3 (C), 150.2 (C), 137.3 (C), 126.7 (C),
117.5 (C), 112.0 (C), 106.6 (CH), 105.2 (CH), 52.1 (Me), 52.0
(Me), 39.9 (CH), 37.9 (CH2), 24.8 (CH2); HRMS (ESI, [M + Na]+)
found 340.0792. [C16H15NO6 + Na]+ requires 340.0797.

Dimethyl 4,5-dihydroxycarbazole-2,7-dicarboxylate (14) and
dimethyl 4-hydroxy-5-methoxycarbazole-2,7-dicarboxylate (15)

General procedure C was performed using 13 (100 mg,
0.31 mmol) and Pd/C (170 mg) in phenylether (2.7 mL) and
mesitylene (0.3 mL) for 240 °C for 18 h. Workup (filtration
through silica gel instead of Celite®) and column chromato-
graphy eluting with hexanes–ethyl acetate (1 : 1) gave the title
compounds:

14 (25 mg, 0.08 mmol, 25%) as a brown solid; m.
p. 325–330 °C; νmax (neat)/cm

−1 3313, 1692, 1590, 1518, 1456,
1436, 1427, 1360, 1334, 1313, 1226, 1190, 1089, 1074, 1010,
992, 912, 861, 848, 796, 759, 722; δH (400 MHz, DMSO-d6)
11.82 (1 H, s, NH), 11.19 (2 H, s, 2 × OH), 7.64 (2 H, d, J 1.3,
2 × ArH), 7.18 (2 H, d, J 1.3, 2 × ArH), 3.88 (6 H, s, 2 × Me); δC
(100 MHz, DMSO-d6) 166.5 (2 × C), 150.3 (2 × C), 141.2 (2 × C),
128.7 (2 × C), 113.3 (2 × C), 104.6 (4 × CH), 52.2 (2 × Me);
HRMS (ESI, [M + Na]+) found 338.0635. [C16H13NO6 + Na]+

requires 338.0641.
15 (11 mg, 0.03 mmol, 10%) brown solid; m.p. 245–250 °C;

νmax (neat)/cm−1 3302, 1695, 1637, 1571, 1518, 1498, 1432,
1332, 1315, 1256, 1211, 1116, 1090, 1083, 1046, 1012, 964, 862,
790, 759, 729; δH (400 MHz, DMSO-d6) 11.98 (1 H, s, NH), 9.31
(1 H, s, OH), 7.82 (1 H, d, J 1.0, ArH), 7.64 (1 H, d, J 1.2, ArH),
7.33 (1 H, s, ArH), 7.12 (1 H, d, J 1.0, ArH), 4.19 (3 H, s, Me),
3.91 (3 H, s, Me), 3.88 (3 H, s, Me); δC (100 MHz, DMSO-d6)
166.5 (C), 166.3 (C), 152.1 (C), 151.1 (C), 141.4 (C), 140.8 (C),
129.1 (C), 128.4 (C), 113.4 (C), 112.6 (C), 107.2 (CH), 105.0
(CH), 104.2 (CH), 100.7 (CH), 56.8 (Me), 52.3 (Me), 52.2 (Me);
HRMS (ESI, [M + Na]+) found 352.0792. [C17H15NO6 + Na]+

requires 352.0797.
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Dimethyl 2-((7-(methoxycarbonyl)-5-oxo-5,6,7,8-
tetrahydroindolizin-3-yl)methyl)succinate (16)

General procedure B was performed using 4 (420 mg,
1.09 mmol) and potassium carbonate (757 mg, 5.47 mmol) in
DMF (5 mL) for 12 h. Workup and column chromatography
eluting dichloromethane–ethyl acetate (15 : 1) gave the title
compound (222 mg, 0.63 mmol, 58%, 1 : 1 mixture of diastereo-
mers) as a yellow oil; νmax (neat)/cm

−1 1720, 1436, 1388, 1350,
1305, 1252, 1195, 1167, 1075, 1049, 1003, 920, 889, 835, 789;
δH (400 MHz, CDCl3) 5.93 (1 H, s, ArH), 5.92 (1 H, s, ArH),
5.88–5.87 (2 H, m, 2 × ArH), 3.72 (6 H, s, 2 × Me), 3.65 (3 H, s,
Me), 3.64 (3 H, s, Me), 3.62 (3 H, s, Me), 3.61 (3 H, s, Me),
3.34–2.84 (16 H, m, 4 × CH + 6 × CH2), 2.73–2.65 (2 H, m, 2 ×
CH of CH2), 2.53–2.47 (2 H, m, 2 × CH of CH2); δC (100 MHz,
CDCl3) 175.14 (C), 175.11 (C), 172.8 (2 × C), 172.3 (2 × C), 168.1
(C), 168.0 (C), 131.0 (4 × C), 113.93 (CH), 113.88 (CH), 108.6 (2
× CH), 52.5 (2 × Me), 52.0 (2 × Me), 51.8 (2 × Me), 40.8 (2 ×
CH), 38.9 (2 × CH), 36.7 (2 × CH2), 35.7 (CH2), 35.6 (CH2), 31.6
(CH2), 31.5 (CH2), 26.6 (2 × CH2); HRMS (ESI, [M + Na]+) found
374.1210. [C17H21NO7 + Na]+ requires 374.1216.

Dimethyl 2-((7-(methoxycarbonyl)-5-oxo-1,2,3,5-
tetrahydroindolizin-3-yl)methyl)succinate (17)

General procedure C was performed using 16 (32 mg,
0.09 mmol) and Pd/C (32 mg) in n-octanol (2 mL) at 195 °C for
12 h. Workup and column chromatography eluting with
hexanes–ethyl acetate (1 : 1) gave the title compound (25 mg,
0.07 mmol, 78%, 1 : 1 mixture of diastereomers) as a yellow oil;
νmax (neat)/cm−1 2954, 1727, 1663, 1587, 1540, 1436, 1368,
1251, 1163, 1073, 988, 878, 839, 722; δH (400 MHz, CDCl3) 6.98
(1 H, s, ArH), 6.97 (1 H, s, ArH), 6.56 (2 H, s, ArH), 4.84–4.78
(1 H, m, CH), 4.77–4.72 (1 H, m, CH), 3.88 (6 H, s, 2 × Me),
3.74 (3 H, s, Me), 3.69 (3 H, s, Me), 3.68 (3 H, s, Me), 3.67 (3 H,
s, Me), 3.25–3.13 (2 H, m, CH2), 3.05–2.94, (4 H, m, 2 × CH +
CH2), 2.89–2.78 (2 H, m, CH2), 2.70–2.57 (2 H, m, CH2),
2.43–2.34 (1 H, m, CH of CH2), 2.32–2.22 (2 H, m, CH2),
2.11–2.02 (3 H, m, CH2 + CH of CH2), 1.99–1.92 (1 H, m, CH of
CH2), 1.72–1.65 (1 H, m, CH of CH2); δC (100 MHz, CDCl3)
174.6 (C), 174.2 (C) 172.29 (C), 172.25 (C), 165.6 (2 × C), 161.8
(C) 161.7 (C), 150.7 (2 × C), 141.4 (C), 141.3 (C), 120.0 (CH),
119.9 (CH), 99.93 (CH), 99.91 (CH), 59.8 (CH), 59.2 (CH), 52.9
(2 × Me), 52.4 (Me), 52.3 (Me), 52.1 (Me), 52.0 (Me), 39.1 (CH),
38.9 (CH), 36.0 (CH2), 35.9 (CH2), 33.9 (CH2) 33.8 (CH2), 30.14
(CH2), 30.12 (CH2), 26.9 (CH2), 26.8 (CH2); HRMS (ESI,
[M + Na]+) found 374.1210. [C17H21NO7 + Na]+ requires
374.1216.

Dimethyl 1,6-dioxo-1,2,3,4,6,7,8,9-octahydropyrido[1,2-a]
indole-3,8-dicarboxylate (18)

General procedure A was performed using PPA (2 g) and 16
(170 mg, 0.48 mmol) in toluene (2 mL) for 3 h. Workup and
column chromatography eluting with hexanes–ethyl acetate
(1 : 1) gave the title compound (82 mg, 0.26 mmol, 53%,
1 : 1 mixture of diastereomers) as a colourless solid;
m.p. 82–87 °C; νmax (neat)/cm

−1 1725, 1657, 1574, 1435, 1373,

1356, 1274, 1246, 1177, 1134, 1069, 1029, 1003, 916, 756; δH
(400 MHz, CDCl3) 6.34 (2 H, t, J 1.3, 2 × ArH), 3.74 (3 H, s, Me),
3.730 (3 H, s, Me), 3.726 (3 H, s, Me), 3.721 (3 H, s, Me),
3.70–3.68 (1 H, m, CH of CH2), 3.65–3.63 (1 H, m, CH of CH2),
3.44–3.37 (2 H, m, CH2), 3.28–3.10 (6 H, m, 4 × CH + 2 × CH2),
3.08–3.01 (2 H, m, 2 × CH of CH2), 2.98–2.96 (4 H, m, 2 × CH2),
2.75 (2 H, s, CH2), 2.73 (2 H, s, CH2); δC (100 MHz, CDCl3)
192.12 (C), 192.09 (C), 173.5 (C), 173.4 (C), 172.5 (C), 172.4 (C),
168.3 (2 × C), 141.8 (2 × C), 131.8 (C), 131.7 (C), 123.5 (2 × C),
105.4 (2 × CH), 52.7 (2 × Me), 52.4 (2 × Me), 40.9 (CH), 40.7
(CH), 39.74 (CH2), 39.69 (CH2), 38.4 (CH), 38.3 (CH), 36.54
(CH2), 36.51 (CH2), 27.4 (2 × CH2), 26.3 (CH2), 26.2 (CH2);
HRMS (ESI, [M + Na]+) found 342.0948. [C16H17NO6 + Na]+

requires 342.0998.

Dimethyl 1-hydroxy-6-oxo-6,7,8,9-tetrahydropyrido[1,2-a]
indole-3,8-dicarboxylate (19)

General procedure B was performed using 12 (20 mg,
0.057 mmol) and potassium carbonate (24 mg, 0.17 mmol) in
DMF (1 mL) for 2 h. Workup and column chromatography
eluting with hexanes–ethyl acetate (1.5 : 1) gave the title com-
pound (12 mg, 0.038 mmol, 67%) as a colourless solid; m.
p. 225–230 °C; νmax (neat)/cm−1 1731 1695, 1578, 1432, 1326,
1313, 1233, 1198, 1056, 1024, 996, 886, 824, 771; δH (400 MHz,
DMSO-d6) 10.12 (1 H, br s, OH), 8.43 (1 H, d, J 1.1, ArH), 7.27
(1 H, d, J 1.1, ArH), 6.60 (1 H, s, ArH), 3.85 (3 H, s, Me), 3.62
(3 H, s, Me), 3.46–3.35 (2 H, m, CH + CH of CH2), 3.20–3.14
(1 H, m, CH of CH2), 3.01–3.00 (2 H, m, CH2); δC (100 MHz,
DMSO-d6) 172.8 (C), 168.0 (C), 166.7 (C), 149.5 (C), 137.9 (C),
135.1 (C), 126.0 (C), 122.7 (C), 109.3 (CH), 108.8 (CH), 102.2
(CH), 52.1 (Me), 52.0 (Me), 37.4 (CH), 35.5 (CH2), 25.7 (CH2).
HRMS (ESI, [M + Na]+) found 340.0792. [C16H15NO6 + Na]+

requires 340.0797.
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