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Abstract  

Introduction: Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis 
(TB). TB claimed 1.4 million lives in 2019. It is estimated that one-quarter of the world’s 
population is infected with latent TB. Current first- and second-line drugs used to treat 
TB require adherence to an extended period of therapy (at least six months) and do 
not target latent TB. It has been shown that the enzyme isocitrate lyase (ICL) is 
essential for the survival and persistence of Mtb in latent TB. ICL plays an important 
role in two metabolic pathways required during TB latency, the glyoxylate and 
methylcitrate cycle. ICL is absent in humans, and therefore, it is considered a 
promising drug target. Herein, is reported a novel family of ICL inhibitors that is 
effective in vitro against both the enzyme and Mtb. 

Methods: The His-tagged ICL1 enzyme was expressed using E. coli as a host and 
purified by Ni-NTA chromatography. The recombinant enzyme was used to set up 
crystallisation trials and in vitro enzymatic assay was performed on ICL1 inhibitors. 
The synthesis of D/L-threo-2-methylisocitrate and the methylation of five other drug 
candidates were described. Both co-crystallisation and soaking techniques were 
performed to obtain an ICL1:CL-54-04 complex crystal, whose structure was solved. 
The CL-54 drug family was tested against Mtb. A checkerboard assay was utilised to 
test the combinatory effect of CL-54-04 with rifampicin or bedaquiline in both glycerol 
and propionate media. To investigate the role of acetate metabolism in drug tolerance, 
∆pckA, ICL knock-down and ∆prpD Mtb mutants were assessed. 

Results: Seven new conditions to crystallise ICL1 were identified, and eleven drugs 
were tested against the isolated enzyme. A promising new family of drugs have been 
identified as the most potent ICL1 inhibitors reported to date. One of the analogues, 
CL-54-04, had a bacteriostatic effect at 10 µM and a bactericidal effect at 100 µM 
against Mtb in vitro. A drug combination screening of CL-54-04 with rifampicin or 
bedaquiline led to an additive effect in the checkerboard assay and a significant impact 
in the colony-forming unit assay. The role of fatty acid metabolism in drug tolerance 
was investigated by testing three central carbon metabolism mutant strains against 
isoniazid.  

Discussion: From the three CL-54 analogues tested, only CL-54-04 caused a 
bactericidal effect against Mtb. A solved ICL1:CL-54-04 complex crystal structure 
showed that the catalytic loop had a distinctive move of 13.8 Å, suggesting that the 
binding of ICL with CL-54-04 leads to a close conformation of the active site. A 
superimposition of the solved ICL1:CL-54-04 complex and the ICL1 structure 
alignment with 3-nitropropionate demonstrates that CL-54-04 inhibitor binds and 
causes the same conformational changes as 3-nitropropionate. Using metabolomics 
analysis, the combination of rifampicin and CL-54-04 causes an accumulation of the 
methylcitrate cycle metabolites in propionate media, suggesting that the ICL has been 
inhibited. Fatty acid as a sole carbon source showed to increase the drug tolerance of 
all three Mtb mutants against isoniazid. 

Conclusion: A new drug family has been identified as lead compounds against ICL. 
The estimated IC50 of CL-54-01 is approximately half of the 3-nitropropionamide, and 
it causes the exact conformational change to the enzyme as 3-nitropropionate (the 
analogue of 3-nitropropionamide). These findings suggest that this drug family are the 
most promising ICL1 inhibitors reported to date.  
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Chapter 1 – Introduction  

 

1.1 History and epidemiology of Tuberculosis 
 

Tuberculosis (TB) has haunted humankind throughout history. Archaeologists have 

traced TB back to 9,000 years from the remains of a mother and a child buried in a 

city, Atlit-Yam, which is now under the Mediterranean Sea (Levy, 2012). The earliest 

written records about TB were in India 3,300 years ago, though the first evidence of 

TB was found in the Granville mummy’s lung from 600 B.C. (Donoghue et al., 2010). 

Throughout history, TB was referred to as ‘phthisis’ in ancient Greece, ‘tabes’ in 

ancient Rome as  ‘schachepheth’ in ancient Hebrew, and later called the ‘consumption’ 

or ‘white plague’ in the 1700s (CDC, 2018). All terms refer to a progressive, decaying 

and fatal disease. In 1882, Mycobacterium tuberculosis (Mtb) was first described by 

the German microbiologist and physicist Robert Koch (Sakula, 1982). Before 

antibiotics were introduced in 1944, surgery and isolation in sanatoriums were the 

measures taken to treat and prevent the spread of the disease. Nevertheless, the 

spread of the disease inevitably occurred in human history due to migration such as 

pilgrimage and traders as well as military routes (Liverani, 2015).  

Although TB was never eradicated with the introduction of antibiotics, mortality rates 

have significantly dropped over the last decades. WHO (2018) reports that 60 million 

people have been documented as treated and cured since 2000; however, TB is still 

ranked as one of the top 10 causes of death worldwide (WHO, 2018) – Figure 1-1A, 

and the leading cause of death from a single infectious agent (WHO, 2018) – Figure 

1-1B. In 2016, TB accounted for 1.7 million deaths, and it is estimated that 10 million 

people fall ill with TB every year (WHO, 2018). Humanity is now facing a health security 

threat with the rise of multi-drug resistance (MDR) strains of Mtb. Nearly 500 000 new 

cases of multi drug-resistant Mtb were reported in 2016 (WHO, 2018).  
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Figure 1-1: Top 10 causes of death and death by an infectious agent. A) Top 10 causes of 

death worldwide in 2016 (WHO, 2018). Deaths from TB among HIV-positive patients are 

shown in grey. B) Top 10 causes of death by an infectious agent. Data shown is the average 

disease death per day worldwide for endemic pathogens and average disease death per 

number of outbreaks for pandemic pathogens (Data taken from WHO, 2018 and Furin et al., 

2019). 

 

TB has been a major international public health concern for many decades, but it is a 

burden in low- and medium-income countries, mainly African and Asian countries such 

as China, India, Myanmar, Indonesia, Nigeria, Ethiopia, Angola, Kenya, Mozambique, 

Zimbabwe and South Africa (Figure 1-2).  

 

Thousands (2018) 

A) B) 
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Figure 1-2: List of 30 countries with high TB, multi-drug resistance (MDR-TB) and TB/HIV 
burden based on the incidence cases per 100,000 population per year (WHO, 2019). 

 

There are two key reasons for catastrophic TB epidemics in developing countries. The 

first one is the inadequate prevention and control measures as well as the lack of 

diagnostic tools and treatments available. Secondly, immune-compromised patients 

such as the ones carrying HIV, with diabetes or renal insufficiency, or with poor lifestyle 

factors such as drug or alcohol abuse, malnutrition and air pollution are more likely to 

fall ill with TB due to the weakened immune system (Aziz et al., 2006; Glaziou et al., 

2018).  

 

1.2 The evolution of Mycobacterium tuberculosis  
 

Mycobacteria have been classified depending on their growth rate phenotype as 

either slow or fast growers. The former takes more than seven days to grow in vitro, 

and the latter within 2-7 days (Kim et al., 2013), which is considered slow-growing 

compared to other bacteria. Most of the pathogenic Mycobacterium strains 

responsible for causing diseases in humans and animals, such as M. tuberculosis, 

M. leprae and M. bovis, are slow-growers (Wee et al., 2017). A limited number of 
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opportunistic pathogen mycobacterial species can be fast-growers (Philley and 

Griffith, 2015), such as M. abscessus that is a non-tuberculous, multi-drug resistant 

mycobacteria commonly found in soil and water. Although this mycobacterium is 

distantly related to the slow-growing Mtb, it can cause lung disease (Wee et al., 

2017) and is known to be present in healthcare settings through medical device 

contamination (Lee et al., 2015).  

There are more than 170 species in the Mycobacterium genus. The majority are 

environmental organisms found in soil and water, such as M. smegmatis and M. 

phlei (Fedrizzi et al., 2017). They are rapid-growing and non-pathogenic species 

(Philley and Griffith, 2015). From phylogenetic analysis, it is believed that slow-

growers have evolved from the rapid growers' mycobacteria (Devulder et al., 2005). 

Wee et al. (2017) have demonstrated through a comparative genome analysis of 28 

mycobacterial species that during the evolution, the slow-growers have gained 77 

genes and lost 55 genes compared to the rapid growers. Among the 55 genes that 

were lost, there were genes involved in growth rate, such as access to extracellular 

nutrients. On the other hand, the rapid growers have gained 51 genes and lost only 

8 genes (Wee et al., 2017). Another study, comparing 157 mycobacterial genomes, 

identified that rapid-growing species have enriched genes related to amino acid 

transport and metabolism (31 genes in rapid growers vs 16 genes in slow growers) 

and transcription (26 genes in rapid growers vs 14 genes in slow growers) 

(Bachmann et al., 2020). A phylogenetic tree containing 157 genomes of all well-

characterised mycobacteria species is depicted in Figure 1-3. It shows five distinct 

sub-genera and indicates that slow-growing mycobacteria evolved from more 

ancestral fast-growing species (Bachmann et al., 2020). These studies strengthen 

the view that rapid-growing mycobacteria led to slow growers species through gene 

losses responsible for growth rate. Moreover, the growth rate is also determined by 

a set of genes encoding several virulence determinants (Beste et al., 2009).  For 

instance, the mce1 locus promotes bacteria uptake by nonphagocytic cells (Chitale 

et al., 2001) with multiple roles during different periods of infection (Joshi et al., 

2006), which is a component of the switch to slow growth rate (Beste et al., 2009). 

Thus, there was a trade-off between a fast growth rate and becoming a virulent 

strain that is consistent with the slow growth rate and virulence of Mtb (Beste et al., 

2009).  
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Figure 1-3: Phylogenetic tree of mycobacteria. Highlighted in yellow are M. absessus (top left) 

as an unusual example of a fast-growing and virulent species, M. smegmatis (top centre) and 

M. phlei (top right) as an example of fast-growing and non-virulent species, and M. leprae, 

Mtb, M. bovis (bottom centre) and M. avium (bottom left) as examples of slow-growing and 

virulent species. Adapted from Bachmann et al. (2020). 

 

There are multiple species and sub-species of Mtb that share 99.9% DNA sequence 

identity but differ in the mammalian host range and are referred to as Mycobacterium 

tuberculosis complex (MTC) (Brites and Gagneux, 2015). A possible event in the 

evolution of these environmental organisms to becoming host pathogens was the 

ability to exploit an intracellular niche, such as surviving in free-living protozoa that 

feed on environmental bacteria (Jang et al., 2008), by acquiring new genes through 

horizontal gene transfer (Behr, 2013). In the process of becoming obligatory 

pathogens, the early form of MTC had four major adaptations. First, it lost the ability 

to replicate outside a host. Secondly, it evolved the ability to transmit between hosts 
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(such as humans and animals); thirdly, the ability to go into dormancy state to avoid 

extinction in small populations (Brites and Gagneux, 2012) and finally, it developed 

strategies to overcome and hide from the host’s immune system (discussed further 

in section 1.3). The trajectory towards host-specialisation has allowed the MTC 

ancestor to spread all over the world, becoming one of the most successful human 

pathogens (Brites and Gagneux, 2015). The human-adapted MTC co-existed with its 

host causes pulmonary disease as a means of transmission between individuals 

(Brites and Gagneux, 2012), eventually flaring into active disease when a person is 

weakened by hunger (Levy, 2012). Genetic analysis of Mtb strains suggests that 

tuberculosis has evolved among our ancestors in Africa and spread as the human 

population increased (Levy, 2012).  

 

1.3 The immunology response to Mycobacterium tuberculosis  

 

Tuberculosis is predominantly an infection in the airways and lung parenchyma (Wolf 

et al., 2007). Still, it can also infect other parts of the body (such as eyes, bones, 

kidneys, brain and spine), known as extrapulmonary TB (CDC, 2012), accounting for 

22.4% of TB incidence (Kulchavenya, 2014). Symptoms of pulmonary TB include a 

persistent cough, usually with phlegm and blood that lasts more than three weeks, 

weight loss, night sweats, fever, tiredness and fatigue, loss of appetite and swelling in 

the neck (NHS, 2019).  

There are three outcomes when Mtb encounters the host’s immune system: immune 

response resulting in latent infection (discussed in section 1.7), tubercular disease or 

the complete clearance of the pathogen (Trauner et al., 2012). Looking at the 

tubercular disease, the Mtb triggers both innate and adaptive immune responses (de 

Martino et al., 2019). By inhaling aerosol droplets carrying a small number of bacteria 

(Kaufmann, 2001), the bacteria travels until it reaches the host’s lungs (Figure 1-4).  
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Figure 1-4: Overview of Mtb colonising the host's immune system. Created with 
BioRender.com. Adapted from Ndlovu and Marakalala (2016). 

 

The airway epithelial cells are the first physical barrier that comes in contact with Mtb, 

but it can also detect the bacteria’s presence through pattern recognition receptors (de 

Martino et al., 2019). The recognition triggers a modulation in the composition of the 

airways surface liquid, production of inflammatory cytokines and activation of mucosal-

associated invariant T cells stimulating IFN-γ and tumour necrosis factor (TNF)-α 

production (Li et al., 2012; Harriff et al., 2014). The first line of defence is the 

macrophages, and when in abundance and immediately recruited, the infection can 

be cleared (Queval et al., 2017). Mtb is phagocytosed by the alveolar macrophages 

(Wolf et al., 2007; Eum et al., 2010). The innate immune is then triggered and begins 

to recruit mature macrophages surrounded by fibroblasts as well as neutrophils, 

dendritic cells and natural killer cells, forming a granuloma (de Martino et al., 2019). 

Natural killer cells have been of particular interest recently, as it has been shown that 

these cells can interact with both macrophages and Mtb directly and play an important 

role in triggering the adaptive immune response. It has multiple receptors that allow it 
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to recognise Mtb upon entry into the lung tissue through toll-like receptor 2 (TLR2) 

(Marcenaro et al., 2008), as well as recognise and lyse Mtb-infected macrophages via 

NKG2D and NKp46 receptors (Garg et al., 2006). 

Initially, as an effort of the immune system to contain and fight against the 

mycobacteria (Malani, 2012), the granuloma can also be exploited by Mtb to subvert 

the immune response, replicate and spread (Queval et al., 2017). Moreover, the 

recruited cells do not leave the granuloma, preventing antigen presentation both 

locally and in lymph nodes, which delays the adaptive immune response (Silva 

Miranda et al., 2012). Whilst necrosis with cell lysis begins to occur, allowing the Mtb 

to propagate locally and increasing the pathogen load, other cells undergo apoptosis 

that maintains the cellular membrane as a defence mechanism, favouring 

mycobacterial containment (Hinchey et al., 2007; Behar et al., 2011). The granuloma 

is a very dynamic and complex environment originally as a host-preventive structure 

by the accumulation of macrophages and other immune cells.  

The adaptive immune responses are delayed in the early granuloma for several 

reasons. They rely on the presentation of a specific antigen by dendritic cells (under 

control and help by natural killer T cells) (Moretta, 2002; Vivier et al., 2011), and it is 

only triggered by the apoptosis of Mtb-infected neutrophils (Blomgran et al., 2012) and 

by the presence of infected-dendritic cells in the lymph node due to bacterial 

persistence in alveoli and lung tissues (Gallegos et al., 2008; Wolf et al., 2008). 

Therefore, the adaptive immune response slowly builds upon the initial innate 

response as an attempt in containing Mtb replication. The response begins in the 

lymph nodes, where regulatory CD4+ T cells (Treg), T helper 1 (Th1) CD8+ T 

lymphocytes migrate to the affected tissue (Shafiani et al., 2010), crucial for the killing 

of Mtb, but also responsible for the failure in eradicating Mtb in the long run –  as 

Kursar et al. (2007) demonstrated in mice model. Furthermore, the chronic antigenic 

load leads to the destruction of the lung tissue and the formation of cavities, which 

only increases the transmission potential of the mycobacteria (Ernst, 2012). 

During the infection, different stages of the granulomas coexist, creating a range of 

microenvironments to which Mtb has to adapt to assure survival. This leads to a range 

of subpopulations of Mtb employing dormant-metabolism remodelling to cope with 

these drastic environmental changes in the granuloma such as nutrient limitation and 
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low oxygen levels (Gengenbacher and Kaufmann, 2012). These changes include cell 

wall remodelling and virulence factor production to counteract the macrophages’ 

efforts in suppressing the pathogen, such as acidification, reactive oxygen and 

nitrogen species, hydrolytic enzymes (Liu et al., 2017) and heavy metal poisoning 

(Botella et al., 2011). For instance, PDIM (phthiocerol dimycocerosates), a cell wall 

lipid component produced by all virulent clinical isolates (Jackson, 2014) and known 

to be crucial for Mtb survival in mice (Cox et al., 1999), allows Mtb to go unnoticed by 

the innate immune system because it masks the pathogen-associated molecular 

patterns that are recognised by toll-like receptors (TLRs) during pathogen infection 

(Cambier et al., 2014). Moreover, it was later discovered that PDIM is also responsible 

for escaping the phagosome, inducing host cell necrosis and macroautophagy 

(Quigley et al., 2017). Other mechanisms, such as the neutralisation of reactive 

oxygen and nitrogen species and acidification, are also used by Mtb to persist infection 

(Chen et al., 2015; Lerner et al., 2015). 

 

1.4 History of anti-TB drugs and mode of action 

 

Current drugs are classified as first-line and second-line drugs (Table 1) based on their 

efficacy and safety for treatment (Nath and Ryoo, 2013). These are antimicrobial 

molecules that usually target active replicating bacteria by inhibiting the cell wall 

formation or chromosomal replication (Evangelopoulos et al., 2015). Only 18 anti-TB 

drugs have been discovered since the 1940s – Figure 1-5. The first TB drug, para-

aminosalicylic acid (PAS), was found in 1940 by Frederick Bernheim (Ryan, 1992) and 

was administered to a patient in October 1944 (Lehmann, 1964). It is a pro-drug whose 

mechanism of action is not fully understood, but evidence shows that it may inhibit the 

folate pathway (Zheng et al., 2013). From 1939 to 1944, a microbiologist found a series 

of effective but toxic compounds, which later led to the discovery of a less toxic and 

just as effective compound, streptomycin (Schatz et al., 1944), and it was first injected 

into humans in November 1944 (Rawlins, 2012). This drug disrupts the initiation and 

elongation step in protein synthesis by binding to the 30S ribosomal subunit (Moazed 

and Noller, 1987; Ruiz et al., 2002). Resistance to streptomycin quickly emerged in 

vitro with mutations occurring in the rspL gene, which codes for the ribosomal protein 

S12 (Funatsu and Wittmann, 1972), and in the rrs gene that codes for 16S rRNA 
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(Moazed and Noller, 1987). However, some streptomycin-resistant Mtb clinical 

isolates did not have a mutation on either of these genes (Honore and Cole, 1994). 

This indicates other possible mechanisms of resistance, such as modifications of other 

ribosomal components, or more likely, changes in cell membrane permeability, which 

decreases the drug uptake as observed in M. avium (Honore and Cole, 1994).  

Although synthesised in 1912, the antitubercular proprieties of isonicotinic hydrazide 

(later renamed isoniazid) was only discovered in the 1950s simultaneously by three 

independent pharmaceutical companies (McDermott, 1969). The structure of isoniazid 

(INH) had already been published by a chemist, so it could not have been patented 

(Daniel, 1997). INH became the most commonly used medication to treat TB because 

of its potency and specificity to mycobacteria (Chakraborty and Rhee, 2015). The 

regimen of combining PAS, streptomycin and isoniazid for six months was quickly 

established to delay the development of resistance (Fox et al., 1999). It was used as 

a 9-month monotherapy for latent infections (Ma et al., 2010). Isoniazid is a pro-drug 

that enters the cell by passive diffusion (Bardou et al., 1998) and is activated by the 

catalase-peroxidase, KatG. Active-INH targets InhA, an NADH-dependent enoyl acyl 

carrier reductase protein involved in the synthesis of mycolic acid (Vilchèze et al., 

2006), a highly-abundant component of the Mtb cell wall membrane (Rozwarski et al., 

1998). A major site for INH resistance is the katG gene  (Zhang et al., 1992; Zhang et 

al., 1996; Slayden and Barry, 2000), in which mutations result in a partially active 

protein that can both maintain bacterial survival and reduce INH toxicity (Rouse et al., 

1995; Marttila et al., 1998; Ramaswamy and Musser, 1998). On the downside, INH 

can cause acute clinically liver injury that can be severe and even fatal (National 

Institute of Diabetes and Digestive and Kidney Diseases, 2018). 

Between 1952 and 1961, five more drugs were discovered: pyrazinamide, d-

cycloserine, kanamycin, ethionamide and ethambutol. Unlike other antibiotics, 

pyrazinamide has no activity against actively growing Mtb (Zhang et al., 2002; Hu et 

al., 2006). Also a pro-drug, pyrazinamide (PZA), is converted to pyrazinoic acid by 

pyrazinamidase enzyme (Zhang et al., 2008). Once active, it inhibits multiple targets 

such as ATP production and the coenzyme A pathway in non-growing bacteria (Zhang 

et al., 2002; Hu et al., 2006). Interestingly, PZA has been shown to only be active in 

vitro at acidic pH (Zhang et al., 2014). Pyrazinamide is used in combination with INH 

and rifampicin to shorten the chemotherapy from 9-12 months to 6 months (British 
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Thoracic Association, 1976, 1982; Fox et al., 1999). Discovered in the 1950s, D-

cycloserine (DCS) is a second-line drug to treat multi and extensive drug resistance 

Mtb (WHO, 2018). DCS inhibits two enzymes, alanine race-mase (Alr) and D-Ala:D-

Ala ligase (Ddl), in the peptidoglycan biosynthesis (Walsh, 1989; Helt and Rubin, 

2008). Although the bactericidal effect comes from the inhibition of Ddl (Prosser and 

de Carvalho, 2013a, 2013b), the dual-target causes the low frequency of resistance in 

clinical isolates (Silver, 2007) as the emergence of DCS-resistance mutants provides 

no-fitness phenotypes that can propagate during infection (Evangelopoulos et al., 

2019). Given the associated neurological toxicity, DCS is limitedly used for treating 

multi-drug resistance TB patients (Caminero et al., 2010).  
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Figure 1-5: Timeline of the anti-TB drug discovery and the development of first-line regimens. Adapted from Ma et al. (2010). 
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Kanamycin, a second-line drug, also inhibits polypeptide synthesis by binding to 30S 

subunit of the bacterial ribosome, resulting in a misread that causes the wrong amino 

acid to be placed into the peptide (Moazed and Noller, 1987). It eventually leads to the 

breakdown of polysomes and detachment of mRNA (Oizumi et al., 1974). This 

injectable agent is used to treat multidrug resistance (WHO, 2010). Ethionamide is 

structurally similar to isoniazid, and therefore, it has a similar mode of action by 

inhibiting InhA (Grumbach et al., 1956). However, it is one of the less tolerable anti-

TB drugs due to its strong side effects such as frequent gastric adverse events (Chan 

et al., 2004; Nathanson et al., 2004); thus, it is only used to treat multi-drug resistance 

TB (WHO, 2010). Another anti-TB agent to be administrated to treat multi-drug 

resistant TB is ethambutol (Thomas et al., 1961; Shepherd et al., 1966). Its primary 

role is to curtail the resistance, but it also has strong side effects usually associated 

with increased light sensitivity, eye movement pain, blurred vision and even temporary 

vision loss (Bennett et al., 2015). Its mode of action is not fully known but thought to 

target the early step of a mycobacterial cell wall component by inhibiting arabinosyl 

transferase (Goude et al., 2009). This enzyme converts arabinose to arabinan, which 

is further catalysed into the arabinogalactan, a cell wall constituent. Mutations in this 

enzyme (emB gene) were observed in ethambutol treated TB patients (Bennett et al.,  

2015). 

Rifampicin was discovered in 1957 from a soil sample in Italy, and it was the last first-

line TB drug until 2007 (Sensi, 1983). Rifampicin binds to the β-subunit of the RNA 

polymerase, inhibiting the elongation of mRNA (Wehrli, 1983; Palomino and Martin, 

2014). It is also used to treat other bacterial infections such as meningitis (Lee et al., 

2017) but is most frequently prescribed to treat TB as a first-line drug. In 2012, a new 

class of drugs was discovered. Bedaquiline is the first ATP synthase inhibitor and is 

used to treat active multi-drug resistant strains as a second-line drug (Goel, 2014; 

Worley and Estrada, 2014). It kills Mtb by interacting with the hydrophobic region of 

subunit c, as well as with subunit ε of the F1F0-ATP synthase (Biuković et al., 2013). 

Inhibition of C-ring rotation due to disruption in the C-ring: ε subunit interaction results 

in inhibition of ATP production and subsequent cell death (Cholo et al., 2017). 

Bedaquiline inhibition was initially thought to not cross-react with the human ATP 

synthase complex (Haagsma et al., 2009); however, recent evidence shows that this 

drug can inhibit the human mitochondrial ATP synthase (Luo et al., 2020). Common 
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side effects include nausea, joint pain, headache and chest pain and potentially 

causing fatal heart arrhythmia (CDC, 2014; Guglielmetti et al., 2017; Luo et al., 2020). 

An overview of the first- and second-line drugs and their side effects, mode of action, 

genes involved in resistance and mutation frequency are shown in Table 1.  
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Table 1: Overview of current first- and second-line drugs, their adverse effects, their mechanism of action and the genes involved in resistance. 
Adapted from Njire et al. (2015) and Zhang and Yew (2015). 

Drug Drug 

class 

Adverse effects  Mechanism of action Gene(s) 

involved in 

resistance 

Mutation 

frequency in 

clinical isolates 

General comments 

Isoniazid 

(INH) 

First-line 

drug 

Numbness and tingling, hepatitis, 

nausea and vomiting, upset 

stomach, fever and rash. 

Inhibition of mycolic 

acid synthesis. 

katG S315 

inhA 

50-95% 

8-43% 

Active against growing Mtb. inhA mutation 

leads to cross-resistance to ethionamide drug. 

 

Pyrazinamide 

(PZA) 

First-line 

drug 

Nausea, upset stomach, vomiting, 

loss of appetite, mild muscle and 

joint pain and fatigue. 

Depletion of 

membrane energy 

inhibition of 

translation, 

pantothenate and 

CoA synthesis. 

pncA 

rpsA 

panD 

72-99% It has to be converted into an active form by 

pncA coding enzyme. It kills non-growing 

bacteria. Analog structure to nicotinamide 

(Vitamin B3). It is used in combination with INH 

and RIF to shorten the treatment period. 

 

Rifampicin 

(RIF) 

First-line 

drug 

Upset stomach, heartburn, 

nausea, menstrual changes, 

headache, drowsiness and 

dizziness. 

Inhibition of RNA 

synthesis. 

rpoB 95% Induces hydroxyl formation. 

Ethambutanol 

(EMB) 

First-line 

drug 

Blurred vision or trouble focusing, 

loss of vision in one eye that lasts 

an hour or longer, photosensitivity, 

loss of colour vision, pain with eye 

movement and pain behind your 

eyes. 

Inhibition of 

arabinogalactan 

synthesis. 

embB 47-65% Mutation in ubiA linked with a high level of 

EMB resistance. 

Amikacin/ 

kanamycin, 

Streptomycin, 

Capreomycin 

Second-

line drug 

Changes in your hearing, spinning 

sensation, problems with balance, 

ringing or roaring sound in your 

ears, numbness or tingling of your 

skin, muscle twitching, seizure 

and urinating less than usual or 

not at all. 

Inhibition of protein 

synthesis. 

rrs, eis, whiB7 

rpsL S12, rrs 

16S 

tlyA 

76% 

50%, 20% 

85% 

Mutations in gidB may be involved in 

Streptomycin drug resistance. 
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Quinolones 

(Levofloaxin, 

Moxifloxacin, 

Gatifloxacin) 

Second-

line drug 

Nausea, diarrhoea, headache, 

vomiting, dizziness, nervousness, 

agitation and nightmares. 

Inhibition of DNA 

synthesis. 

gyrA  

gyrB  

75-94% It seems to become more resistant to 

quinolone when administrated with RMP.  

D-cycloserine 

(DCS) 

Second-

line drug 

 

Seizure, confusion, depressed 

mood, unusual thoughts or 

behaviour, severe drowsiness, 

severe dizziness or spinning 

sensation, swelling, rapid weight 

gain, overactive reflexes, tremors 

or shaking, trouble speaking and 

muscle weakness. 

Dual inhibition of D-

Ala-D-Ala branch of 

peptidoglycan 

biosynthesis. 

N/A N/A Inhibition of Ddl is responsible for killing Mtb, 

but the co-inhibition of Alr makes resistance 

unfeasible. 

It is used to treat MDR-TB. 

Ethionamide 

(ETH) 

Second-

line drug  

Nausea, vomiting, diarrhoea; 

stomach pain, loss of appetite, 

increased salivation, metallic taste 

in your mouth, blisters or ulcers in 

your mouth, red or swollen gums, 

trouble swallowing, headache, 

dizziness, drowsiness, depressed 

mood and restless feeling. 

Inhibition of mycolic 

acid synthesis. 

etaA/ethA 

ethR 

inhA 

37-56% Inhibits the same target as INH. 

Para-

aminosalicylic 

acid 

(PAS) 

Second-

line drug 

Persistent nausea, vomiting, 

diarrhoea, fatigue. May cause 

hepatitis. 

Inhibition of folic acid 

and thymine 

nucleotide 

metabolism. 

thyA, dfrA, 

folC,ribD 

37% Mutations causing PAS resistance is not fully 

understood.  

Bedaquiline Second-

line drug 

 

Nausea, joint and chest pain, and 

headache.  

Increased risk of death and 

arrhythmias. 

Inhibits ATP 

synthase, leading to 

depletion of energy. 

atpE subunit 

C, rv0678, 

rv2535c 

Not yet 

determined 

Active against both growing and non-growing 

bacteria.  

Evidence of efficiency against MDR-TB strains 

in vitro and mice. Promising effects when 

combined with PZA. 
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The treatment duration (between 6-9 months) and complexity of drug regimens affect 

adherence. Thus, the search for better regimens with effective, non-toxic drugs that 

can shorten the treatment duration is urgently needed (WHO, 2019). Besides 

bedaquiline, two other drugs (delamanid and pretomanid) have received regulatory 

approval to treat multi-drug resistance TB (WHO, 2019). Delamanid is a dihydro-

nitroimidazooxazole derivative that inhibits methoxy mycolic acid and ketomycolic acid 

synthesis – important cell wall components. This pro-drug is activated by the 

deazaflavin dependent nitroreductase (Rv3547) enzyme (Xavier and Lakshmanan, 

2014). Although the incidence of QT interval prolongation was higher in delamanid-

based treatment, this drug has not been associated with arrhythmia (Blair and Scott, 

2015). Reported side effects so far are gastrointestinal adverse events and insomnia.  

Pretomanid is a novel nitroimidazooxazine drug that is effective against both 

replicating and non-replicating Mtb through different mechanisms. Against actively 

replicating Mtb, this drug works by inhibiting mycolic acid biosynthesis, whilst against 

non-replicating Mtb, pretomanid works by inhibiting protein synthesis (Keam, 2019). 

Unlike bedaquiline and delamanid, pretomanid does not cause serious adverse events 

such as QT prolongation (Keam, 2019).  

There are 20 drugs currently in Phase I, II or III clinical trials. Thirteen are new 

compounds, of which 7 of them belong to a new chemical class (BTZ-043, GSK-

3036656, macozinone, OPC-167832, Q203, SPR720 and TBA-7371) – Table 2. The 

remaining 7 are repurposed drugs that are undergoing further testing (WHO, 2019). 
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Table 2: Overview of seven TB drugs, from new chemical classes, that are currently in clinical trials. 

Drug name Structure Chemical class Mechanism of action Clinical trial stage 

BTZ-043 

 

Benzothiazinone Mtb cell wall synthesis by blocking the decaprenyl- 

phosphoribose-2′-epimerase (DprE1), necessary for 

the synthesis of D-Arabinofuranose, a component of 

arabinogalactan and arabinomannan (Makarov et al., 

2009). 

Started Phase 2a 

in South Africa 

(November 2020).   

GSK-3036656 

(GSK 656, GSK 

070) 

 

Oxaborole cytoplasmic protein synthesis inhibition; highly 

specific for the Mtb LeuRS leucyl-tRNA synthetase 

enzyme (Palencia et al., 2016; Li et al., 2019; Tenero 

et al., 2019). 

Started Phase 2a 

(March 2019).  

Macozinone 

(PBTZ-169, 

MCZ) 

 

Benzothiazinone Covalently inhibits DprE1, an enzyme essential for the 

biosynthesis of key cell wall components. It has 

synergic effects with bedaquiline and clofazimine in 

preclinical models (Makarov et al., 2015). 

Started Phase 1 

trial in EU 

(December 2017). 

Started Phase 2A 

trial in Russia and 

Belarus (2017). 
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OPC-167832 

 

3,4-dihydrocarbostyril 

derivative 

Inhibiting decaprenylphosphoryl-β-D-ribose 2’-oxidase 

(DprE1), an essential enzyme for cell wall 

biosynthesis of Mtb (Hariguchi et al., 2021). 

Started Phase 1 

(2018). 

Q203 

(Telacebec, 

IAP6, CAS No. 

1334719-95-7) 

 

Imidazopyridine 

amide 

Targeting the respiratory cytochrome bc1 complex - a 

critical component of the electron transport chain 

(Pethe et al., 2013). 

Started Phase 2 in 

South Africa (July 

2018). 

SPR720 

 

 

Ethyl urea 

benzimidazole 

Inhibitor of DNA gyrase B/ParE with broad spectrum 

antibacterial activity. Developed for the treatment of 

rare non-tuberculous mycobacterial (NTM) infections 

(Stokes et al., 2020). 

Started Phase 2a 

for the treatment 

of patients with 

Mycobacterium 

Avium Complex 

(MAC) pulmonary 

disease 

(November 2020). 

TBA-7371 

 

Azaindole Non-covalent inhibitor of decaprenylphosphoryl-β-D-

ribose 2’-epimerase (DprE1), an essential enzyme for 

cell wall biosynthesis of Mtb. It also inhibits human 

PDE6 – a protein in the photoreceptor cells of the eye 

(Gawad and Bonde, 2018). 

Completed Phase 

1 (July 2018). 
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1.5 The rise of multi-drug (MDR) and extensive multi-drug resistant (XDR) 

strains 

 

Mtb that is resistant to first-line drugs (mainly isoniazid and rifampicin), is considered 

as MDR-TB (Njire et al., 2015; Zhang and Yew, 2015). Mycobacteria can naturally 

become resistant to antibiotics through a series of mechanisms such as horizontal 

gene transfer and spontaneous mutations in genes coding for drug targets (Read and 

Woods, 2014). The latter is the most common mechanism of resistance in Mtb 

(Musser, 1995), though there is also evidence of mutations in bacterial efflux pumps 

that upregulates its activity, resulting in a decrease of the intracellular drug 

concentrations, which overall reduces the susceptibility to several drug groups (Louw 

et al., 2009; Miotto et al., 2012).  

Nonetheless, inadequate overuse and misuse of antibiotics create a natural selection 

pressure (Aziz et al., 2006; Glaziou et al., 2018), and so, they also drive the evolution 

of resistance (Read and Woods, 2014). Overall, the misuse and overuse happen as 

antibiotics are overprescribed worldwide, and in some countries without antibiotics 

regulation, as they are available over the counter without a prescription (‘The antibiotic 

alarm.’, 2013). It is also possible to buy them online, including in countries where 

antibiotics are regulated (Michael et al., 2014). Moreover, the severe side effects 

coupled with the long treatment period can lead patients to discontinue the treatment, 

preventing Mtb to be eradicated from the host and allowing it to persist (TB Alliance, 

2020). In developing countries, patients often cannot complete the treatment due to 

unavailability of drugs (Frieden, 2013), or the drugs available are either expired or of 

low quality, leading to a sub-dose of the antibiotic that makes it more favourable for 

the bacteria to become resistant (Chokshi et al., 2019). It has been shown that 

resistance rates are increased by 2-6 fold when using expired medication compared 

to unexpired drugs (Chokshi et al., 2019).  

Another aggravating factor is the cross-war with the HIV pandemic. HIV-positive 

patients are 20 times more likely to become ill with TB than those that are HIV-negative 

(WHO, 2019). Treatment of this co-infection is further complicated due to drug-drug 

interaction between anti-TB drugs and antiretroviral therapies (Fry et al., 2019). This 

causes an accumulation of drug toxicities, which may often lead to a lower likelihood 

of TB treatment completion (Chen et al., 2003; Orenstein et al., 2009). 
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Multi-drug resistant Mtb can become further resistant to second-line drugs 

(fluoroquinolones, streptomycin, aminoglycosides amikacin and kanamycin), and this 

is referred to as extensively multi-drug resistant (XDR) (Glaziou et al., 2018). 

Treatment of MDR-TB with second-line drugs increases fourfold the risk for developing 

XDR-TB, and the treatment period increases to 18-20 months (Zhang and Yew, 2015). 

The treatment success rate for drug-susceptible TB is 85%, and only 56% for MDR-

TB and 39% for XDR-TB (WHO, 2019), resulting in insufficient control of resistant Mtb 

(Scardigli et al., 2016). Another concern is the cost of treating MDR and XDR-TB. In 

the US, it costs $164,000 and $526,000 per MDR and XDR case, respectively, as it 

consists of over 14,000 pills and daily injections for at least six months (Frieden, 2013). 

The complexity and cost of MDR and XDR treatment mean that few patients will 

receive proper treatment, aggravating the TB-health crisis. The countries with the 

highest MDR-TB burden are China, India and the Russian Federation, accounting for 

47% of the global total (WHO, 2019) – Figure 1-6.  

 

Figure 1-6: Estimated incidences of MDR-TB in 2018 for countries with at least 1000 incident 

cases. White dots represent islands. Adapted from WHO (2019).  

 

With 500,000 new cases of drug resistance TB every year (WHO, 2019), there is an 

urgent need to find new, effective TB drugs to treat multi-drug resistant strains.  
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1.6 Mycobacterium tuberculosis and its four phenotypes: drug-susceptible, 

drug-tolerant, drug-resistant and persister populations 

 

Mycobacterium tuberculosis is a rod shape bacterium of 1-5 microns in diameter. It is 

classified as neither a Gram-positive nor Gram-negative as its cell wall contains 

characteristics of both (Fu and Fu-Liu, 2002). Its cell membrane is rich in mycolic acids 

with chain variations, as well as other lipids such as trehalose monomycolate and 

dimycolate (TMM and TDM), phthiocerol dimycocerosate (PDIM) and mannose-

capped lipoarabinomannan (ManLAM) (Jackson, 2014). The bacterium’s cell wall is 

one of the major issues in drug penetration (Chiaradia et al., 2017), drug resistance 

as well as in hiding from the host’s immune system (Jackson, 2014). Mtb has the ability 

to adapt physiologically to a range of environments encountered in the host (Warner, 

2015), which leads to a mixed population of Mtb with multiple metabolic phenotypes, 

drug-resistant, drug-tolerant, drug-susceptible and persisters (Figure 1-7). This mixed 

population with diverse metabolic states complicates drug treatment (Baer et al., 

2015).  

 

Figure 1-7: Diagrammatic representation of the differences between resistant, susceptible 
and persister Mtb cells upon antibiotic exposure. Susceptible cells are rapidly killed by 
antibiotics. Resistant cells have a gene mutation that allows them to be immune to the 
antibiotics, whereas persisters cells are genetically identical to the susceptible population but 
can temporarily survive in minimal inhibitory concentrations of antibiotics due to metabolic 
changes. 
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Drug-susceptible Mtb is the cell population that lack adaptive response, such as gene 

mutation or metabolic changes and are rapidly killed by the antibiotics (Blair et al., 

2015). Drug resistance is a result of a gene mutation encoding either the target of the 

drug or the enzyme which activates the pro-drug that leads to a decrease in the 

effectiveness of the drug (Koch et al., 2018). Drug tolerance can be achieved through 

slow growth and a range of metabolic states that allow survival upon lethal 

concentrations of antibiotics (Brauner et al., 2016). Phenotypically drug-tolerant 

populations have similar minimal inhibitory concentrations (MIC) to susceptible cells, 

but the minimum length of time for killing 99% of the bacteria (MDK99) is much higher 

(Koch et al., 2018). Persisters are similar to the drug-tolerant population, in which they 

can also transiently survive in the presence of an inhibitory concentration of antibiotics, 

but only 0.0001% of a population displays this phenotype. This is because the 

persisters are genetically identical to the susceptible population but are metabolic 

different, and therefore, they are killed much more slowly upon antibiotics (Koch et al., 

2018).  

This surviving mechanism to the hostile environment has been seen by all bacterial 

species studied to date, but much of what is known is based on E. coli (Torrey et al., 

2016). In Mtb, there were five times more downregulated genes in persisters than 

upregulated ones (1,408 vs 282); of those downregulated, the majority are related to 

energy-metabolism pathways (Keren et al., 2011). Thus, the persister population are 

specialised survivor cells that go into dormancy and become highly tolerant to 

antibiotics (Lewis, 2010). Although a 14-day treatment of isoniazid is enough to kill the 

susceptible Mtb population, TB regimens are 6-9 months long to avoid the regrow of 

the persisters that are the likely causes of recurrence TB (Jindani et al., 2003; Torrey 

et al., 2016). It has been proposed that the ability of Mtb to form persisters is the root 

of latent TB (Torrey et al., 2016).  

 

1.7 Latent TB 

 

Latent TB is when Mtb has infected the host, but no symptoms are shown because 

the mycobacteria are in a dormant stage where the disease is not yet active (Sharma 

et al., 2000). The latent, asymptomatic carrier can develop acute disease months or 

years after infection (Lillebaek et al., 2002). It is estimated that one-quarter of the 
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global population harbours latent TB and that there is a 5-15% annual risk of the Mtb 

becoming active and the host falling ill with TB (WHO, 2019). 

As the host’s immune response fails to eliminate the pathogen, Mtb has evolved 

multiple strategies that manipulate the host cells as well as their own cell remodelling 

that allows them to persist (Ahmad, 2011). A large part of the Mtb genome has been 

devoted to functions that promote its intracellular survival in mammalian cells, 

including macrophages (Ahmad, 2011), giving the ability to adapt to distinct metabolic 

states (Liu et al., 2016). Mtb activates a bacterial regulon, DosR-DosS signal 

transduction system when in the presence of hypoxia, carbon monoxide or nitric oxide 

– stimuli that are present inside the macrophage (Park et al., 2003). This leads to an 

expression of genes that allows the use of alternative energy sources (Bozzano et al., 

2014), such as cholesterol and fatty acids, as the energy source to maintain its 

bacteriostatic state (Sharma et al., 2000). Latent TB becomes highly dependent on 

purine, amino acid and pantothenate biosynthesis, iron acquisition, glyoxylate shunt, 

β-oxidation of fatty acids and gluconeogenesis, rather than the primary energy source 

pathway, glycolysis (Liu et al., 2016). The glyoxylate shunt is upregulated to allow 

anaplerotic maintenance of the tricarboxylic acid cycle (TCA) and assimilation of 

carbon via gluconeogenesis. It means Mtb has the ability to intake multiple carbon 

sources (de Carvalho et al., 2010). Moreover, when investigating the effect of the 

macrophage’s environment (low oxygen and lack of glucose) on dormant Mtb, the non-

replicating nutrient-starved mycobacteria is extremely drug-tolerant. Both models of 

nutrient-starved and hypoxic conditions of mycobacteria have shown 5-fold less ATP 

in these conditions (from 3.39±0.21×10−18 to 0.59±0.10×10−18 mol c.f.u.−1) (Rao et al., 

2008; Gengenbacher et al., 2010). These results suggest that Mtb undergoes a series 

of transcriptional and metabolic changes depending upon its environment that are 

crucial for adaptation to quiescent survival. 

Reactivation of latent TB requires Mtb cells to exit dormancy. This is one of the most 

obscure areas in our understanding, as factors underlying the transition from latency 

to TB infection are only partially understood with a lack of precise mechanisms that 

induce the reactivation (Bozzano et al., 2014). There are several factors involving both 

the mycobacteria and the host that could trigger the reactivation into acute infection, 

such as the weakening of the immune system (Ahmad, 2011). For instance, the co-

infection with HIV, which causes the depletion of CD4+
 T cells, and functional 
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abnormalities of CD4+ and CD8+ T cells that are crucial in protecting against active TB 

(Wells et al., 2007). Further, Mtb infection accelerates the progression of 

asymptomatic HIV infection, leading to acquired immunodeficiency syndrome (AIDS), 

and eventually, death (Ahmad, 2011). Interestingly, Mtb has 30 functional toxin-

antitoxin gene pair systems involved in either maintaining latency or progress to 

virulence depending on regulation (Ramage et al., 2009). The toxin-antitoxin system 

is involved in the depletion of CD4+ T cells or impairment of TNF-α signalling that 

allows the mycobacteria to infect (Bozzano et al., 2014).  

Although during latent TB, the bacterium is not transmissible, being able to diagnose 

and treat this efficiently before it becomes active would decrease the morbidity and 

mortality numbers (WHO, 2019). Latent TB is indirectly diagnosed by evaluating the 

immunological response to both in vivo and in vitro stimulation by mycobacterial 

antigens through the tuberculin skin test and interferon-gamma release assay (WHO, 

2019). None of the anti-TB drugs is specifically effective to treat latent TB, but the 

current regimen options are a 6-month monotherapy of isoniazid or a 3-month 

combination of rifampicin and isoniazid (Hamada et al., 2018). Recently, it has been 

proposed that ICL1 is an attractive target to treat tuberculosis as it is an essential 

enzyme for latent Mtb, and it is absent in mammals (Liu et al., 2016).  

 

1.8 Isocitrate Lyase  

 

Isocitrate lyase (ICL, types 1 and 2) plays an important role in Mtb metabolism during 

the dormancy stage. ICL is a key enzyme in two pathways, the glyoxylate and 

methylcitrate cycle (Gould et al., 2006). Both pathways are activated in latent TB due 

to the depletion of glucose and oxygen, which is the environment inside of the 

macrophage (Shukla et al., 2015). These conditions deactivate the enzymes in the 

TCA cycle and upregulate the enzymes responsible for the glyoxylate and 

methylcitrate cycles to continue to generate energy from a different carbon source, 

such as lipids (Bentrup et al., 1999). The glyoxylate pathway resembles the 

tricarboxylic acid cycle, which operates as an anaplerotic route to replenish the TCA 

cycle during Mtb’s growth on fatty acid substrates, where the first two reactions in both 

cycles are the same, followed by the catalysis of isocitrate to form succinate and 

glyoxylate by ICL (Sharma et al., 2000) – Figure 1-8. In the methylcitrate cycle, ICL 
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participates in the last enzymatic step of the propionate degradation route, a by-

product of the β-oxidation of odd fatty acids chains, where pyruvate and succinate are 

formed from 2-methylisocitrate (Bentrup et al., 1999; Gould et al., 2006). The purpose 

of the methylcitrate cycle is to remove a toxic by-product, propionyl-CoA, which results 

from β-oxidation of odd chains fatty acids (Eoh and Rhee, 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-8: Diagrammatic representation of the metabolic change of Mtb inside the host’s 
macrophages. The lack of glucose and oxygen inactivates glycolysis (shown as dot arrows), 
and lipids become the main carbon source, activating the glyoxylate and methylcitrate cycles. 
The glyoxylate cycle by-passes three TCA cycle reactions (shown as dot arrows). Full names: 
GLU for Glucose; PYR for Pyruvate; ACCOA for Acetyl-CoA; CIT for Citrate; ICIT for Isocitrate; 
α-KG for alpha-ketoglutarate; SUCCOA for Succinyl-CoA; SUCC for Succinate; FUM for 
Fumarate; MAL for Malate; OAA for Oxaloacetate; ICL for Isocitrate Lyase; GLX for 
Glyoxylate; PCOA for Propionyl-CoA; MCIT for Methylcitrate and MICIT for Methylisocitrate. 
No by-product, co-factors or enzymes (besides ICL) are shown. Adapted from Muñoz-Elías et 
al. (2006). 

 

Hence, inhibiting ICL will result in both starvation and the intoxication of the 

mycobacteria (Eoh and Rhee, 2014). Previous studies have demonstrated that the 
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disruption of the ICL gene attenuates the persistence of Mtb in mice and inflammatory 

macrophages in mice (McKinney et al., 2000; Sharma et al., 2000). Moreover, 

Gengenbacher et al. (2010) have concluded that ICL is key to non-replicating Mtb 

survival and regulation of intracellular ATP levels in a nutrient-depleted environment, 

such as the one in macrophages. There is also recent evidence that ICL plays an 

important role in antibiotic resistance (Nandakumar et al., 2014; Zhou et al., 2017). 

When the wild-type Mtb was exposed to a sub-lethal dose of anti-TB drugs, the 

activation of ICL and induction of oxidative stress response genes were observed, 

whilst in ICL mutant strain (Δicl1/2), the expression of oxidative stress response genes 

were basal levels. The ICL knock-out (KO) strain was also 100-fold more sensitive to 

anti-TB drugs than the wild-type (Nandakumar et al., 2014). Another study investigated 

the succinylation of specific ICL1 residues, as at least three succinylated lysine 

residues (K189, K322, and K334) have been reported in Mtb ICL1 (Zhou et al., 2017). 

These authors found that a mutant strain of ICL1-K189E was more sensitive to 

rifampicin and streptomycin than the wild-type, suggesting that regulation of K189 

succinylation aids in antibiotic resistance (Zhou et al., 2017). These results show that 

Mtb can fine-tune ICL at a metabolic and translational level to achieve bacterial 

resistance. 

Both enzymes (ICL1 and ICL2) are essential for in vivo growth and virulence (Muñoz-

Elías and McKinney, 2005). ICL1 (428 amino acids) is encoded by the icl1 gene, whilst 

ICL2 (766 amino acids) is encoded by the aceA gene (McKinney et al., 2000; Muñoz-

Elías and McKinney, 2005; Gould et al., 2006). Most studies have focused on ICL1 as 

the Mtb enzyme structure was solved in 2000 by Sharma et al., and only recently the 

structure of Mtb ICL2 was solved (Bhusal et al., 2019). Both enzymes are essential for 

in vivo growth and virulence (McKinney et al., 2000; Muñoz-Elías and McKinney, 

2005). The ICL2 N-terminal domain contains the α/β-barrel core common to all ICLs 

and is folded similarly to ICL1 (Sharma et al., 2000). Its active site contains the 

conserved catalytic motif ‘KKCGH’ – Figure 1-9. One could conclude that an ICL 

inhibitor would inhibit both ICL1 and 2. 
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Figure 1-9: Sequence alignment of ICL1 and ICL2. A) Alignment sequence of ICL1 (ACEA1) 
amino acids 157-216 and ICL2 (ACEA2) amino acids 181-240. The conserved active site motif 
‘KKCGH’ is highlighted. B) Superimposition of ICL1 (brown, 1F61) and ICL2 (blue, 6EE1) with 

a zoom in the active site highlighting the amino acids motif.  

 

It is worth pointing out that ICL2 possess an additional helical structure in the N-

terminal domain that is not present in ICL1 (helices α10–α16; residues 278–427) 

(Bhusal et al., 2019). The role of this isoform is not fully known, but recent evidence 

shows that it may act as a gate-keeping enzyme that regulates both glyoxylate shunt 

and the methylcitrate cycle by allosteric activation upon acetyl-CoA binding (Bhusal et 

al., 2019).  

ICL1 requires magnesium (Mg) ions for activity (Kumar and Bhakuni, 2008). The 

catalytic mechanism has been suggested by Pham et al. (2017) based on the crystal 

structure and kinetic analysis - Figure 1-10. In a two-step reaction, the substrate 

coordinates an active-site Mg ion and undergoes a base-catalysed retro-aldol reaction 

to form glyoxylate and the aci-anion of succinate, then Cys191 protonates C-2 of aci-

anion of succinate to afford succinate (Pham et al., 2017). 

A) 

B) 
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Figure 1-10: Catalytic mechanism of ICL1 with isocitric acid to form glyoxylate and succinate. 
B referes to a general base. Adapted from Pham et al. (2017) and created with 

BioRender.com. 

 

ICL1 is composed of a homotetramer (Figure 1-11A), and both bioinformatics and 

mutagenesis analysis suggests that the motif ‘KKCGH’ (residues 189-193) is highly 

conserved and crucial for catalytic activity (Moynihan and Murkin, 2014) – Figure 1-

11B, orange box. The interaction between glutamic acid (Glu423) and glutamic acid 

(Glu424) with lysine (Lys189) and lysine (Lys190), respectively, are important to keep 

the enzyme in its catalytically active conformation (Shukla et al., 2015). Disrupting 

these interactions can lead to a reduction in the enzyme’s catalytic activity – Figure 1-

11B, blue boxes. Moreover, two lysine residues (K322 and K392) were found to play 

a role in the regulatory function in ICL1 by acetylation in response to changes of carbon 

sources (Bi et al., 2017) – Figure 1-11B, green boxes.  
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Figure 1-11: The structure of ICL1. A) Ribbon representation of the ICL1 homotetramer 
(Shukla et al., 2017). B) Amino acid sequence of Mycobacterium tuberculosis isocitrate lyase. 
The orange box highlights the amino acids responsible for the active site (Moynihan and 
Murkin, 2014). The dark blue box around the 18 residues is a loop that acts as a lid to the 
catalytic site, opening when the enzyme is active and closing when the enzyme binds with the 
substrate (Shukla et al., 2015). The two lysine residues in green are part of a regulatory 
mechanism of ICL1 by acetylation (Bi et al., 2017). The sequence was obtained from the 
UniProt (2018) database. 

 

A strategy for the development of enzyme inhibitors was synthesising compounds that 

form covalent bonds with cysteine residues in or near the active site (Sharma et al., 

2000; Singh et al., 2011). This was a good strategy for ICL1 as there is a conserved 

catalytic cysteine (Cys191) in the active site that is less prone to mutation (Pham et al., 

2017). ICL1 inhibitors can be used to treat latent TB as well as active TB in synergy 

with current first-line drugs to reduce the duration of the chemotherapy (Sharma et al., 

A) 

B) 
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2000). ICL1 is present in many organisms such as plants, fungi, nematodes, protists 

and bacteria, but is absent in mammals (McKinney, 2005; Kondrashov et al., 2006; 

Lee et al., 2015). This means that ICL1 inhibitors could be candidates for the treatment 

of other pathogens that show persistent infections, including Pseudomonas (Rao and 

McFadden, 1965) and Salmonella (Wilson and Maloy, 1987). 

1.9 ICL1 inhibitors 

 

There have been previous attempts to inhibit Mtb’s ICL1. The rationale was to design 

inhibitors that are similar to the substrate, in which the important properties such as 

polarity and size would match with the active site-specificity. Three inhibitors were 

developed: itaconic acid/ itaconate (McFadden and Purohit, 1977), 3-nitropropionate 

(Schloss and Cleland, 1982) and 3-bromopyruvate (Ko and McFadden, 1990)  – 

Figure 1-12. 

 

Figure 1-12: Structure of ICL substrates (isocitrate and 2-methylisocitrate) and the three ICL1 
inhibitors: itaconate, 3-bromopyruvate and 3-nitropropionate (McFadden and Purohit, 1977; 
Schloss and Cleland, 1982; Ko and McFadden, 1990). 
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Itaconate is an ICL1 competitive inhibitor that has been shown to cause hypertonicity 

of blood pressure when administrated to cats (Finkelstein et al., 1947) and growth 

impairment in rats (Booth et al., 1952). Itaconate is not suited to be a drug, but it been 

a point of interest in immunology since it was reported to be biosynthesised by 

mammalian macrophages as an anti-microbial response during infection (Sugimoto et 

al., 2011). Itaconate was detected in the lung tissue of Mtb-infected mice, and 

Michelucci et al. (2013) demonstrated that macrophages produce it as an attempt to 

inhibit the pathogen’s growth by inhibiting the glyoxylate shunt. Although 3-

nitropropionate binds 65,000 times more tightly to ICL1 than succinate (Schloss and 

Cleland, 1982), this compound extracted from the Indigofera can bind to succinate 

dehydrogenase, a key enzyme in the Krebs cycle and electron transport chain (Alston 

et al., 1977). Greene et al. (1998) demonstrated that 3-nitropropionate leads to 

neuronal death in rats, and thus, it is not safe for clinical trials. 3-bromopyruvate was 

also identified as an ICL1 inhibitor because of its affinity to the enzyme (Ko et al., 

2004). The crystal structure of Mtb ICL1 treated with 3-bromopyruvate revealed 

cysteine 191 had been S-pyruvoylated (Sharma et al., 2000). This is the residue 

thought to be involved in the protonation of C-2 to afford succinate, as seen in Figure 

1-11. 3-bromopyruvate is not a safe drug either because it also inhibits ATP production 

(Ko et al., 2004). Thus, the search for a compound that shows a high affinity to ICL1 

with low toxicity remains. 

Despite of many high-throughput screenings in the past 18 years, with more than 

1,000,000 compounds being screened for activity against ICL1, no inhibitors have 

been successfully moved to clinical trials due to their high toxicity (Bhusal et al., 2017) 

– Figure 1-13 shows a timeline of the ICL1 inhibitors developed to date. This is likely 

because most inhibitors are substrate-analogues and could be binding with other 

enzymes that use isocitrate or succinate as substrates, such as isocitrate 

dehydrogenase and succinate dehydrogenase (Bhusal et al., 2017). The review of Lee 

et al. (2015) discusses in depth the attempts to design inhibitors for Mtb ICL1. A table 

with all published ICL1 inhibitors and their half-maximal inhibitory concentration (IC50) 

can be found in Appendix A, Table A1.  
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 Figure 1-13: A timeline of the ICL1 inhibitors developed to date (1977-2016).



34 
 

An ideal candidate would be a drug to be taken with current first- and second-line 

drugs, and that also shortens the long treatment period as this would lead to more 

people completing the course of the antibiotics and overall increasing treatment 

efficiency (WHO, 2019). 

1.10 Aim of this research 

 

The ultimate goal was to identify a potent ICL1 inhibitor that can inhibit the isolated 

enzyme and the bacteria in vitro. 

This was achieved by: 

1. Optimisation of ICL1 expression and purification. 

2. Synthesising of a series of ICL1 inhibitors. 

3. Testing the inhibitory effect of potential compounds against the isolated 

enzyme.  

4. X-ray crystallography of the lead compound bound to the isolated enzyme to 

confirm the inhibitor’s affinity to the active site and visualise the modifications 

caused to the enzyme. 

5. Testing the inhibitor’s efficiency against Mycobacterium tuberculosis and 

establishing if they are bactericidal or bacteriostatic, and performing 

metabolomics analysis to understand the impact of the drug on the 

metabolome. 

6. Combining ICL1 inhibitor with current anti-TB drugs, such as rifampicin and 

bedaquiline, in an ex vivo assay to assess whether it can decrease the 

treatment period. 
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Chapter 2 – Isocitrate lyase 1 expression, purification 
and crystallisation 

 

Introduction  

 
Isocitrate lyase 1 (ICL1) is an important enzyme for Mycobacterium tuberculosis (Mtb) 

during persistent infection (Schnappinger et al., 2003). For crystallography and in vitro 

assay purposes, this enzyme will be expressed and purified. To achieve that, the icl1 

gene containing a polyhistidine-tag was inserted into a pET-28a plasmid (Figure 2-1) 

provided by Professor Eoh’s laboratory (University of Southern California, USA) – 

under kanamycin selection. The overexpression of the ICL1 protein was achieved in 

Escherichia coli Rosetta gami DE3 pLysS where the desired protein was induced by 

the lactose analogue, IPTG (isopropyl β-D-1-thiogalactopyranoside). The total cells 

protein is then used to purify the protein of interest by nickel-affinity chromatography.  

 

Figure 2-1: Representation of the plasmid, pET28a, with the antibiotic resistance marker 

(kanamycin) and the gene coding for isocitrate lyase (ICL1). Created with BioRender.com. 

 

The purified enzyme was used for X-ray crystallisation. This technique is used by 

applying a beam of X-rays in a protein crystal that creates a diffraction pattern of the 

electron density, which can be used to reconstruct a three-dimensional shape of 

proteins (Hauptman, 1990) by measuring the angles and intensity of these diffracted 
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beams (Ryu, 2017). The data must be interpreted using semi-automatic computational 

methodologies (Khanna et al., 2019).  

Obtaining good quality protein crystals is desirable for high-resolution structural 

determination of the proteins using crystallography, and getting such crystals has long 

been a bottleneck (Hassell et al., 2006). The crystal quality is affected by the growth 

environment and growth methods, such as pH, salt and protein concentration, 

temperature (Schmit and Dill, 2012; McPherson and Gavira, 2014). There are a 

number of methodologies for crystallisation trials, which involves the screening step 

(the identification of a crystallisation agent that can crystallise the targeted protein) 

(Luft et al., 2003; McPherson and Gavira, 2014) and the optimisation step (the 

conditions for crystallisation are optimised to obtain diffracting protein crystals) 

(Brzozowski and Walton, 2001). Two vapour diffusion methods are generally 

employed: hanging drop and sitting drop (Figure 2-2).  

 

Figure 2-2: Overview of the two methodologies for crystallisation trial: hanging drop and 
sitting drop. Created with BioRender.com. 

 

In vapour diffusion, a drop containing a mixture of precipitant and protein solutions is 

sealed in a chamber with pure precipitant. The water vapour then diffuses out of the 

drop until the osmolarity of both the drop and the precipitant are equal, reaching an 

equilibrium (McPherson and Gavira, 2014; Hou et al., 2019). In hanging drop vapour 

diffusion, the protein mixed with the precipitant drop is suspended in siliconised glass 
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coverslips, whilst sitting drop is located in an elevated reservoir that is different from 

the precipitant reservoir. There are five outcomes when setting up a crystallisation trial, 

1) obtaining no crystals; precipitation may occur or not, 2) obtaining a shower of small 

crystals that are not suitable for diffraction, 3) obtaining large crystals that do not 

diffract, 4) obtaining reasonable crystals that require improvement and 5) obtaining 

good crystals that are suitable to diffract but are often difficult to reproduce (Govada 

and Chayen, 2019). The growth of a diffraction-quality crystal is one of the major 

obstacles in X-ray crystallography (Wiencek, 1999; Kierzek and Zielenkiewicz, 2001; 

McPherson and Gavira, 2014). 

Crystal formation happens when the protein solution is under-saturated to start with 

and attains super-saturation upon equilibrium with the precipitant in the reservoir over 

the course of the trial (Hou et al., 2019) – Figure 2-3. The concentration of the protein 

is an important factor, as it must be the highest concentration possible without leading 

to aggregation or precipitation, and thus, finding the protein concentration range is 

often a challenge. Introducing a precipitating agent can promote either protein 

aggregation or the nucleation of protein crystals that can result in large three-

dimensional crystals (Hou et al., 2019).  

 

Figure 2-3: Solubility curve for crystal formation. Image adapted from Chayen and Saridakis 
(2008). 
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Isocitrate lyase crystallisation efforts  

To date, ten solved Mtb ICL1 structures are available at Protein Data Bank (PDB). 

Three of them were solved by Sharma et al. (2000) using the icl1 gene sequence from 

Mtb H37Rv strain. The first structure is the enzyme alone with magnesium ions at 2.00 

Ångström (Å) resolution (PDB 1F61), the second one is with an inhibitor, 3-

bromopyruvate of 1.80 Å (PDB 1F8M), and the final one was solved with succinic acid 

and glyoxylic acid as ligands which formed an ICL1:nitropropionate:glyoxylate 

complex of 2.25 Å resolution (PDB 1F8I). The technique employed was the vapour 

diffusion method and 100 mM HEPES pH 7.5, 1.4 M sodium citrate as the precipitation 

buffer or 0.1 M Tris.HCl (pH 8.0), 0.2 M sodium acetate, 20–30% (w/v) PEG 4000 

(Sharma et al., 2000).  

In another three entries available at PDB, the authors solved a crystal of ICL1 from 

Mtb Erdman (ATCC 35801). The first group solved the ICL1 structure with the ligand 

4-hydroxy-2-oxobutanoic acid, creating a Michael substrate, 2-vinyl glyoxylate (PDB 

5DQL) (Pham et al., 2017). The second group solved two crystals, one with pyruvate 

and 3-nitropropionate of 1.80 Å resolution (PDB 6C4A), and the second one was ICL1 

with glyoxylate and pyruvate of 2.20 Å resolution (PDB 6C4C) (Ray et al., 2018).  

The last four entries were recently added to the PDB. The first solved structure of ICL1 

with itaconate of 1.55 Å (PDB 6XPP) was reported by Kwai et al. (2021). Two 

structures of cis-2,3-Epoxy-succinic acid bound to ICL1 were solved; one at 1.75 Å 

resolution (PDB 6WSI) and the other as a covalent adduct at 1.88 Å resolution (PDB 

6VB9) (Pham et al., 2021). Finally, an ICL1 complex with succinate and itaconate was 

solved at 2.58 Å resolution (PDB 7CP1) (Kwon et al., 2021). The structures of ICL1 

has been solved for other organisms, for example, Aspergillus species such as 

nidulans (Britton et al., 2000), Fusarium graminearum, Magnaporthe oryzae (Park et 

al., 2016) and E. coli (Britton et al., 2001).  

The Mtb ICL2 was only solved recently by Bhusal et al. (2019), which until then was 

an isoform poorly understood. The authors obtained ligand-free ICL1 crystals in the 

apo form at 1.80 Å resolution (PDB 6EDW) and co-crystals with acetyl-CoA complex 

at 2.67 Å and 2.36 Å resolution (PDB 6EDZ and 6EE1) using sitting drop vapour 

diffusion (Bhusal et al., 2019). Further, a known ICL1 inhibitor, 3-nitropropionate, was 
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added to the drops containing ICL2:Acetyl-CoA complex crystals, and the solved 

crystal was 2.36 Å resolution (Bhusal et al., 2019).   

Both ICL1 and ICL2 active sites are conserved, and thus, the solved crystal structure 

of either isoform can give a better insight into the development of an isocitrate lyase 

inhibitor. In this study, two strategies are employed: crystallisation of ligand-free ICL1 

so novel inhibitors can be added to the crystal-containing drops and co-crystallisation 

of ICL1 and novel inhibitors – which will be further discussed in Chapter 5. In this 

chapter, the attempts to crystallise ligand-free ICL1 will be addressed.  

Materials and Methods 
 
Strains and plasmid 

Both Escherichia coli Rosetta gami DE3 pLysS and BL21 strains were used for 

transformations. The recombinant plasmid pET 28a-ICL1, which expresses the ICL1 

protein with N-terminal His6-tag was sent from our collaborators, the Eoh Lab, 

University of Southern California, USA. The plasmid was stored at -20 °C. Chemically 

competent Escherichia coli BL21 (ThermoFisher, UK) was transformed with pET 28a-

ICL1 for plasmid stock purposes, where the plasmid was extracted using the Spin 

Miniprep kit (QIAGEN) following the manufacturer’s instruction. In general, the pellet 

of an overnight culture of BL21 cells was resuspended in 250 µL buffer P1 and gently 

mixed with 250 µL buffer P2, followed by 350 µL buffer N3 and centrifuged for 10 

minutes at 17,900 x g as per guidelines. Then, 800 µL of supernatant was washed 

with 0.75 mL buffer PE using QIAprep 2.0 Spin Column, and the DNA was eluded with 

50 µL buffer EB. The plasmid was stored at -20 °C. Escherichia coli Rosetta gami DE3 

pLysS (Sigma-Aldrich, UK) were transformed with pET28a-ICL1 for protein 

expression.  

Bacterial Transformation 

E. coli BL21 and Rosetta gami DE3 pLysS competent cells were thawed on ice for 10 

minutes, and 1 µL of pET28a-ICL1 DNA was added, and the mixture was incubated 

on ice for 30 minutes. The cells were then heat shocked at 42 °C for 60 seconds and 

placed on ice for 2 minutes. 500 µL of SOC (2% tryptone, 0.5% yeast extract, 10 mM 

NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM glucose) media was 

added and the cells were incubated at 37 °C for 1 hour, shaking at 250 rpm. The cells 
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were then transferred to 10 mL LB (10% tryptone, 10% NaCl, 5% yeast extract) media 

with kanamycin (50 µg/mL) and grown overnight at 37 °C at 250 rpm. The overnight 

culture was used to extract the plasmid from the BL21 host using the Spin Miniprep kit 

(QIAGEN), and to overexpress ICL1 in the Rosetta gami DE3 pLysS host.   

ICL1 Expression and Purification 

For overexpression, an overnight culture of E. coli Rosetta gami DE3 pLysS was 

diluted 1/1000 in a 400 mL LB with kanamycin (50 µg/mL) and grown until OD595= 0.5-

1.2 at 37 °C and 250 rpm. The cells were then incubated on ice for 30 minutes and 

the protein expression was induced with 0.4 mM IPTG and 2% (v/v) ethanol. The 

protein expression lasted for 20 hours at 18 °C at 250 rpm. The cells were then 

harvested by centrifugation at 4500 rpm (Megafuge 8, ThermoFischer™) for 1 hour, 

and resuspended in 10 mL of TGN (50 mM Tris.HCl pH 7.5, 10% (v/v) glycerol, 250 

mM NaCl and 10 mM imidazole). The cells were lysed or frozen at -80 °C.  

Cell lysis. 1 mg/mL final concentration of lysozyme (Sigma) was added to the cells 

from the protein expression step and incubated on ice for 30 minutes. 0.1% (v/v) final 

concentration Triton-X was added to the cells and incubated on ice for 30 minutes. 

The cells were then sonicated for 3 x 30 seconds on ice at 40% power (Status US 200, 

Philip Harris Scientific) with rest in between cycles. The soluble protein was then 

harvested by centrifugation at 24,700 x g at 4 °C for 1 hour. The soluble protein was 

frozen at -80 °C.  

ICL1 Purification. The Ni-NTA (ThermoFisher, UK) was washed 4 times in TGN  (50 

mM Tris.HCl pH 7.5, 10% (v/v) glycerol, 250 mM NaCl and 10 mM imidazole) and 

harvested by centrifugation at 800 x g for 1 minute. 1 mL of the resuspended nickel 

resin was added to the soluble protein and gently shaken at 4 °C for 1 hour. The bound 

protein was harvested by centrifugation at 1500 rpm for 5 minutes at 4 °C. The 

supernatant (unbound protein) was stored at -80 °C. The pellet was resuspended in 5 

mL TGN and transferred to the purification column. The column was washed with 50 

mL of TGN, and an aliquot was taken in the first and last 1 mL of the wash. The protein 

was then eluted in five separate 1 mL fractions of buffer containing 50 mM Tris.HCl 

pH 7.5, 10% (v/v) glycerol, 100 mM NaCl and a gradient of imidazole (50 mM, 100 

mM, 150 mM, 200 mM and 300 mM). The purified fractions with ICL1 were analysed 
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by SDS-PAGE, and the concentration was determined by the Bradford protein assay. 

The fractions were stored at -80 °C until required.  

Sodium-dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

To analyse whether ICL1 is present in the eluted fractions from purifications, the 

samples were run on an SDS-PAGE described by Laemmli (1970). Briefly, the 

resolving gel was set by adding ammonium persulphate and TEMED in a 5:1 volume 

ratio, roughly 10 µL of ammonium sulphate per mL of gel solution. Once set, the 

stacking gel was prepared by adding ammonium persulphate and TEMED in a 1:5 

volume ratio and poured on top of the resolving gel. The gel was run in Tris.glycine 

buffer (250 mM Tris.HCl pH 7.5, 1.92 M glycine, 1% (w/v) SDS). The molecular marker 

and samples were mixed with 5X DTT dye (BioRad), heated at 95 °C for 5 minutes 

and loaded onto the gel. The gel was run for 30-45 minutes at 180 V then stained with 

Coomassie Blue (40% (v/v) methanol, 10% (v/v) acetic acid, 50% deionised water and 

0.25% (w/v) Brilliant Blue R) for 30 minutes on shaker at 40 rpm and de-stained (40% 

(v/v) methanol, 10% (v/v) acetic acid and 50% deionised water) for 30 minutes.  

Bradford Protein Assay with Bovine Serum Albumin (BSA) 

The BSA standard curve was used to estimate ICL1’s concentration in the elution 

samples from purification. 0.2 mg/mL of BSA was prepared and stored at 4 °C. The 

standard curve was prepared for 0-6 µg of BSA with dH2O and Bradford assay dye 

(BioRad), mixed by inverting three times and incubated at room temperature for 5 

minutes. 5 µL of the nickel column elution was mixed with dH2O and Bradford assay 

dye and incubated at room temperature for 30 minutes. The absorbance was 

measured at OD595. Based on the direct relationship between the BSA protein 

concentration, it was possible to estimate the concentration of the ICL1 preparation.  

Desalting ICL1 

HiTrap Desalting columns with Sephadex G-25 resin by GE Healthcare were used to 

desalt the Ni-NTA purified-recombinant ICL1. The desalting columns were equilibrated 

with 20 mM Tris.HCl pH 7.5, 100 mM NaCl as instructed in the manual. 25 µL of the 

recombinant ICL1 was combined with 80 µL of 20 mM Tris.HCl pH 7.5, 100 mM NaCl, 

applied to the G-25 column and harvested by centrifugation at 800 x g for 2 minutes. 

The concentration (mg/mL) was determined by the Beer-Lambert law where the 
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recombinant ICL1 coefficient of extinction used was 71975, and the absorbance was 

determined by Nanodrop at 280 nm. The desalted ICL1 was used to set crystal trials 

at the specified condition.  

Crystal Trials of Recombinant ICL1  

The hanging drop vapour diffusion crystallisation technique was used to produce ICL1 

crystals. The CleneGlass™ Coverslips were siliconised by dipping sequentially into 

Repelcote VS water repellent (VWR Chemicals), 96.5% (v/v) ethanol and deionised 

water and air-dried. The 24-well crystallisation plate (Hampton Research) were 

greased with Dow Corning® High Vacuum Grease (Hampton Research). The solution 

(0.1 M sodium cacodylate pH 6.5, 27% (w/v) PEGmme 2000) with 10% and 20% (v/v) 

glycerol was used as a cryoprotectant, and the crystals were flash-frozen in liquid 

nitrogen for X-ray data collection. ICL1 crystals were also obtained by using 0.5 mL of 

20% (w/v) PEG 4,000 in the reservoir, a 1:1 ratio of protein with a solution of 0.2 M 

imidazole malate pH 6.0, 20% (w/v) PEG 4000 in the drop within an ICL1 concentration 

of 5.76 mg/mL and 4.11 mg/mL.  

X-ray diffraction 

The crystal was removed from the drop by ‘fishing’ using a nylon loop before being 

plunged sequentially into the precipitant solution supplemented with first 10% (v/v) and 

then 20% (v/v) glycerol. Prior to diffracting in-house (University of Lincoln) or using a 

synchrotron at Diamond Light Source (Oxford, UK), the crystal was then flash-frozen 

in liquid nitrogen and stored under liquid nitrogen until diffraction.  

Results  

 
The transformation of Rosetta gami DE3 pLysS with pET 28a-ICL1 plasmid was 

successful, and the transformants were grown overnight for protein expression. The 

protein expression was induced with IPTG at the mid-log phase, and the soluble 

protein was purified using nickel affinity chromatography. To assess whether the 

protein was produced and whether the purification was successful, the unbound 

protein after binding with the nickel beads and all the washes and elution from the 

purification process were analysed in the SDS-PAGE (Figure 2-4). The molecular 

weight of ICL with the histidine tag is estimated to be 49.5 kDa.  
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Figure 2-4: An example of the SDS-PAGE for ICL purification. 

 

It was noticed that diluting a high-density bacterial culture to mid-logarithmic improved 

the protein yield. This observation was further explored, and five variables were tested 

to increase ICL1 yield. In methods 1 and 2, the protein expression was induced at the 

mid-log phase, at an OD595 of 0.5 and 0.8, respectively. Method 3 was diluted at the 

end of the log-phase transitioning to stationary phase, at an OD595 of 1.2. The final two 

methods have investigated whether diluting a bacterial population at an early 

stationary phase back to a mid-log phase would cause any effect in protein expression. 

Thus, the bacteria were grown to an OD595 of 1.2 and diluted to OD595 0.5 and 0.8 

using fresh, sterilised LB broth. All methods were induced with 0.4 mM IPTG and 

purified via Ni-NTA using an imidazole gradient. The results are shown in Figure 2-5.  

ICL (49.5 kDa) 
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Figure 2-5: ICL1 yield obtained in the five protein expression methods tested. Method 1, 
protein expression induced at OD595 0.5; Method 2, protein expression induced at OD595 0.8; 
Method 3, protein expression induced at OD595 1.2; Method 4, protein expression induced at 
OD595 0.5 after diluting from OD595 1.2; Method 5, protein expression induced at OD595 0.8 
after diluting from OD595 1.2.  

 

Methods 1-3 serve as a reference for methods 4 and 5. There is a 3-fold increase 

between method 2 (OD595 0.8) and 5 (OD595 0.8 diluted from 1.2), whilst method 4 has 

a 5-fold increase compared to method 1. Although method 3 has a high yield that is 

similar to method 4, the highest protein yield was obtained in method 5.  

Using the purified protein, more than 500 conditions were screened using a mosquito 

robot for crystallisation. The conditions that yielded crystals by the mosquito were 

reproduced and expanded by increasing the range of the condition’s concentrations 

with drops of 100 nL protein in a 1:1 and 1:2 volume ratio with the precipitant by the 

hanging drop diffusion technique. In the first successful crystal trial (Figure 2-6), ICL1’s 

concentration was 4.11 mg/mL, and it yielded crystals with different morphologies. 
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Figure 2-6: Pictures of crystal drops containing ICL1 crystals viewed with a compound light 
microscope at 10x magnification. ICL1 crystals obtained with a solution of 0.1 M sodium 
cacodylate pH 6.5 and 27% (w/v) PEGmme2000, sitting against 500 µL of 27% (w/v) 
PEGmme2000 in the reservoir. In this trial, ICL1 concentration was 4.11 mg/mL. A) A 1:0.5 
volume ratio of protein with the solution. B) A 2:1 volume ratio of protein with the solution. 

 

ICL crystals were obtained by using 0.5 mL of 27% (w/v) PEGmme 2000 in the reservoir, 

a 1:0.5 and 2:1 ratio of protein with a solution of 0.1 M sodium cacodylate pH 6.5, 27% 

(w/v) PEGmme 2000 in the drop and the crystals appeared in 2 weeks after setting the 

1.5 µL, and 3 µL drops against 500 µL of 27% (w/v) PEGmme 2000 in a closed reservoir 

at 16 °C. Samples of these crystals were flash-frozen with glycerol as a cryoprotectant 

(10% (v/v) in the precipitating buffer condition) in liquid nitrogen-cooled, air stream 

(approximately -100 oC) and diffracted. All thin diamond crystals from this trial failed to 

generate observable diffraction using an ‘in-house’ Bruker D8 Discover (Cu/Ma) 

diffractometer operating under cryo-cooled conditions, even under prolonged (10 

minutes) exposure.  

In the second successful crystal trial, there were more crystals formed using the same 

condition as the previous crystal trial but with a lower enzyme concentration - 3.8 

mg/mL (Figure 2-7). The crystals seem to be square-shaped, however, it seemed that 

they lacked substantial depth in the third dimension, suggesting poor diffraction 

resolution. These crystals only took 3-5 days to form. 

 

 

A) B) 
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Figure 2-7: Pictures of crystal drops containing ICL1 crystals viewed with a compound light 

microscope at 10x magnification. Crystals were obtained with a solution of 0.1 M sodium 

cacodylate pH 6.5 and 27% (w/v) PEGmme2000, sitting against 500 µL of 27% (w/v) 

PEGmme2000 in the reservoir. In this trial, ICL1 concentration was 3.8 mg/mL, and a volume 

ratio of 2:1 protein with the solution. 

 

Further trials were initiated to find variants of the preliminary conditions that would 

facilitate growth in the third dimension to aid diffraction. The condition was different 

from the previous trial in that a higher concentration of ICL1 was used: 4.11 mg/mL. 

Apparently improved the crystals formed under 0.2 M imidazole malate pH 6.0, 20% 

(w/v) PEG 4000. These were rectangular with greater 3D uniformity (Figure 2-8).  

 

 

 

 

 

 

 

 

 

Figure 2-8: Picture of a crystal drop containing ICL1 crystals viewed with a compound light 

microscope at 10x magnification. ICL1 crystals were obtained with a solution of 0.2 M 



47 
 

imidazole malate pH 6.0, 20% (w/v) PEG 4000 sitting against 500 µL of 20% (w/v) PEG 4000 

in the reservoir. In this trial, ICL1 concentration was 4.11 mg/mL and a volume ratio of 1:1 

protein with the solution. 

 

The crystals in Figure 2.8 were flash-frozen as before and diffracted using an ‘in-

house’ Bruker D8 Discover (Cu/Ma) diffractometer at the University of Lincoln. The 

resolution of this crystal was 6.8 Å (Figure 2-9). 

 

 

 

 

 

 

 

Figure 2-9: X-Ray diffraction pattern of ICL1 crystal obtained ‘in-house’ with a resolution of 

6.28 Å. The crystal used to diffract was obtained with the condition 0.2 M imidazole malate pH 

6.0 and 20% (w/v) PEG4000. The ICL1 concentration was 4.11 mg/mL.  

 

A better diffraction resolution is desired, and therefore, the search for good diffraction-

quality crystals remained. New crystal trials were set, and the new conditions yielded 

robust crystals with a great 3D depth (Figure 2-10). These crystals were used for 

soaking with CL-54-01 (Chapter 5). 

 

Figure 2-10: Pictures of four drops containing ICL1 crystals with new conditions (viewed with 
a compound light microscope at 10x magnification). A) 0.2 M imidazole malate pH 7.0 and 
25% (w/v) PEG 4000, B) 0.1 M sodium HEPES pH 7.5 and 20% (w/v) PEG 10000, C) 0.1 M 
sodium calcodylate pH 6.5 and 27% (w/v) PEG 4000, D) 0.2 M imidazole malate pH 6.0 and 

A) B) C) D) 
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20% (w/v) PEG 4000. Images are a courtesy from Laura Boardman-Slack from Odell’s Lab at 
University of Lincoln. 

Discussion 

 
The aim of this chapter was to express and purify ICL1 to use for crystallography and 

inhibition studies (Chapter 4). but also exploring different experimental conditions that 

would lead to a higher protein expression. Efforts to optimise protein expression 

experimentally focuses on bacterial population density (measured by optical density 

at 595 nm), IPTG concentration, growth temperature and duration of protein 

expression (Galloway et al., 2003). Here, five variables (methods 1-5) were tested by 

varying the stage at which the protein expression was induced.  

Protein expression can be induced anywhere from OD595 0.4 to 3.0, which represents 

the mid-logarithmic phase until the stationary phase of the E. coli growth curve 

(Malakar and Venkatesh, 2012; Boshtam et al., 2018). Here, the aim was to improve 

the protein expression protocol and obtain high yields of ICL1. This was achieved by 

testing whether growing the bacterial cells to a late-logarithmic phase (OD595 1.2) then 

diluting them to a mid-logarithmic phase (OD595 0.5 or 0.8) would increase protein 

yield. The rationale behind this was to assess how the different metabolic stages have 

an impact on heterologous protein expression.  

From the data, inducing protein expression at the later logarithmic phase is more 

beneficial (OD595 1.2 yielded 2.5 mg/mL of ICL1). It has been reported in the literature 

that IPTG induction with high-cell densities had greater protein yield than the low-cell-

density counterparts (Sivashanmugam et al., 2009). Interestingly, when the high-cell-

density (OD595 1.2) was diluted to the mid-logarithmic phase (OD595 0.5) with fresh LB 

broth, the protein yield was similar to the high-cell-density (OD595 1.2). However, when 

another high-cell-density culture was diluted to OD595 0.8, the yield increased 

significantly when compared to its control (OD595 0.8) and still higher protein 

expression than just inducing at OD595 1.2. One reason for this behaviour is the re-

introduction of fresh carbon sources, which replenishes nutrients and ions such as 

magnesium that are needed to maintain ribosome efficiency, which directly impacts 

protein yields (Lee et al., 2019).  

Protein production is of great interest in both the academic and industry settings to 

study specific proteins or to develop commercial goods (Rosano and Ceccarelli, 2014), 
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and consequently, improving protein yields is extremely important. The protocol of 

diluting high-cell-density to mid-logarithmic phase prior to IPTG induction was tested 

for another protein, PknG (serine/threonine-protein kinase) (Appendix B, Figure B1). 

Its molecular weight is 81.5 kDa, which is near twice the size of ICL1. This protein is 

also from Mtb and was expressed in E. coli BL21 following methods 1 and 4. As 

expected, PknG yield was higher in the diluted culture as compared to the control. 

Thus, this simple step can increase the yield of at least two different medium-size 

proteins in E. coli. It would be interesting to test whether this protocol also increases 

the yield of smaller proteins.  

In our lab, other projects explored the role of diluting the cultures prior to protein 

expression. For instance, it was observed that diluting a high-density bacterial culture 

to a mid-logarithmic OD595 with media from an already-grown culture of OD595 0.8 

caused an even higher protein yield (data not shown). This suggests that autoinducer 

molecules secreted from the previous culture might have triggered a higher protein 

expression, a phenomenon that has been previously reported in the literature (Torres-

Cerna et al., 2019). To investigate this further, an in-depth literature search for 

autoinducers must be conducted to select a list of candidates. Afterwards, the media 

from a mid-logarithmic culture can be analysed (by HPLC or a biosensor system). The 

molecules can be characterised by mass spectrometry and tested individually in 

various concentrations during protein expression. Another future experiment would 

assess whether a complete re-introduction of nutrients would play a significant role in 

protein expression. This can be achieved by removing all previous media and diluting 

the culture with fresh LB to the desired OD595. If this improves the yield as significantly 

as the autoinducers, it would be an easier alternative to implement in protein 

expression protocols.  

Two conditions have been previously reported in the literature to crystallised ICL1 

where the structure of the enzyme was solved: 100 mM HEPES pH 7.4 and 1.4 M 

sodium citrate by Sharma et al. (2000) and 0.1 M Tris.HCl pH 8, 0.2 M sodium citrate 

and 20-30% (v/v) PEG 4000 by Pham et al. (2017). In our lab, we previously 

crystallised ICL1 using 0.1 M HEPES pH 7.5, 20% isopropanol and 0.2 M sodium 

citrate. The first trials focused on expanding the grid screen by Pham et al. (2017) by 

varying the PEG 4,000 between 20-30%, then repeating the condition by Sharma et 

al. (2000) and setting up another grid screen by varying the isopropanol 16-26% in the 
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0.1 M HEPES pH 7.5, 20% Isopropanol and 0.2 M sodium citrate condition. No crystals 

were formed. Over 500 conditions were screened using the mosquito robot at the 

University of Lincoln (data not shown), and the successful conditions were tested using 

the hanging drop diffusion technique at the University of Westminster.  

Two new conditions were found to crystallise ICL1: 0.1 M sodium cacodylate pH 6.5, 

27% PEGmme 2,000 and 0.2 M imidazole malate pH 6.0, 20% PEG 4,000. The first 

condition was tested with a range of ICL1 concentrations (4.17, 3.8, 2.8 mg/mL). 

Although crystals were obtained with all three ICL1 concentrations, the low ICL1 

concentration yielded many crystals with shallow 3D robustness, whereas the high 

ICL1 concentration yielded fewer but bigger and more 3D robust crystals. When the 

drops were set at a 1:1 volume ratio, no crystals were formed. Crystals were only 

formed when the drop volume (µL) was 2:1 or 1:0.5 of protein to the precipitant. The 

lower volume yielded crystals quicker as the drop and the reservoir equilibrates faster. 

The impact of re-freezing ICL1 in its ability to crystallise was also investigated. The 

freezing and thawing process did not affect the ability to crystallise small and big 

crystals; however, it did impact the robustness of the crystals even at a high 

concentration of 4.17 mg/mL (data not shown).  

The second new condition to crystallise ICL1 (0.2 M imidazole malate pH 6.0, 20% 

PEG 4,000) only formed crystals when the drop volume was 1:1 protein to precipitant. 

A grid screen varying the imidazole malate pH to 5.9-6.2 was tested with a variation 

of 16-26% PEG 4,000. Four of the variations yielded crystals (0.2 M imidazole malate 

pH 6.1, 20% PEG 4000; pH 6.1, 24% PEG 4000; pH 6.2 and 24% PEG 4000; pH 6.0 

and 18% PEG 4000) but not as robust as the ones crystallised with 0.2 M imidazole 

malate pH 6.0 and 20% PEG 4,000. Two concentrations of ICL1 (5.76 mg/mL and 

4.11 mg/mL) were tested with the grid screen. The higher concentration only 

crystallised with 0.2 M imidazole malate pH 6.0 and 20% PEG 4,000, and the other 

drops precipitated heavily. The lower concentration yielded crystals in the variations 

of the condition. 

Overall, the crystals were only formed when sitting in PEG (20% PEG 4,000 or 27% 

PEGmme 2,000) reservoir as opposed to 2.5 M sodium chloride or ammonium sulphate. 

A study by Wheeler et al. (2011) demonstrates that the relative humidity of 20% PEG 

4,000 and 27% PEG 2,000 is 99.5%, whereas salt solutions such as sodium chloride 
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and ammonium sulphate the relative humidity are approximately 93.5 and 94.5%, 

respectively. This suggests that ICL1 crystallises in a very high humidity environment. 

The majority of crystals were formed within two weeks; the lower the protein 

concentration, the quicker the formation. For instance, at 2.8 mg/mL, crystals were 

formed within three days, but the morphology of the crystals was small and not 3D 

uniform, whereas 4.17 mg/mL formed crystals in approximately 12 days. Hence, it 

seems that better quality crystals grow more slowly.  

Six attempts to diffract crystals were made at the University of Lincoln. Only one crystal 

diffracted with a low resolution of 6.28 Ångström. This could be improved by refining 

the crystals growth by finding new conditions that take longer to yield a robust crystal 

and tweak current conditions to optimise the crystal formation by varying the enzyme 

concentration subtly. In conclusion, six new conditions to crystallise ICL1 are reported 

in this chapter. This enzyme has been previously crystallised with other conditions, 

and so, ICL1 could be considered a relatively promiscuous enzyme regarding 

crystallisation. ICL1 crystallises in a high humidity environment, and the frozen-thawed 

enzyme can still form crystals, but the quality of the crystal was compromised.  

Having identified a range of conditions, the production of multiple crystals was done. 

A range of drugs was added to the crystals-containing drops – a technique known as 

soaking, and diffraction of a ICL1:inhibitor bound complex was done (Chapter 5). 

Solving this structure allows investigating whether the drug binds effectively in the 

active site of the enzyme and will elucidate potential modifications that can be done to 

the derivatives in order to increase the binding affinity. Co-crystallisation of the drugs 

and the enzyme was simultaneously employed. The conditions are unlikely to be the 

same as the enzyme on its own, and therefore, new screening trials need to be done 

to determine the co-crystallisation condition. These trials were done using the sitting 

drop method with the mosquito robot at the University of Lincoln. 
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Chapter 3 – Synthesis of ICL 1 inhibitors  

 

Introduction 

 
Isocitrate lyase is an essential enzyme for Mycobacterium tuberculosis (Mtb) in latent 

tuberculosis (McKinney, 2005; Kumar and Bhakuni, 2008; Bhusal et al., 2017). 

Moreover, ICL is absent in humans, making it an attractive drug target (McKinney, 

2005; Kondrashov et al., 2006). The best known ICL inhibitors are itaconate 

(McFadden and Purohit, 1977), 3-nitropropionate (Schloss and Cleland, 1982) and 3-

bromopyruvate (Ko and McFadden, 1990) – Figure 3-1.  

 

Figure 3-1: Structure of three ICL inhibitors. 

 

However, due to the high toxicity effects of these compounds, they are not 

pharmacologically suitable, and the search for a new inhibitor remains. More than 1 

million compounds have been screened against ICL1 (Lee et al., 2015), and although 

many have shown activity against ICL, none has moved to clinical trials due to toxicity 

issues. For instance, Liu et al. (2016) screened the activity of 71,765 compounds 

against ICL1, and 14 compounds (named IMBI 1-14) showed activity, though IMBI-3 

demonstrated the most significant inhibitory activity with IC50 of 30.9 mmol/L. It was 

potent against both Mtb and multi-drug resistant Mtb, and in combination with 

isoniazid, it decreased the colony-forming units of M. marinum in macrophages. 

However, this compound seems to have another unknown target, and it showed 

cytotoxicity in mouse liver and kidney (Liu et al., 2016). The search for a potent ICL1 

inhibitor with low toxicity remains.  
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The rationale behind the candidate drugs screened in this study is based on the 

structure and the docking model from Liu et al. (2016) – Figure 3-2. Even though it is 

only a computational model and the actual interaction still needs to be experimentally 

verified, it gives an understanding of the possible interaction between the key amino 

acids of ICL1 and the drug. Besides the conserved catalytic site with the KKCGH motif, 

it is also known that the amino acids Trp93, Thr347 and Leu348 are essential to the 

formation of the catalytic pocket (Sharma et al., 2000). Two of these amino acids, 

Trp93 and Thr347, have formed hydrogen bonds with IMBI-3 in the docked model (Liu 

et al., 2016). Five additional amino acids were suggested to interact with the drug: 

Ser191, Arg228, Asn313 and Ser315 through hydrogen bonds, and Ser317 through 

Van der Waals forces (Liu et al., 2016).  

Figure 3-2: Structure of IMBI-3 and the proposed docking structure of IMBI-3 with Mtb ICL1 

(1F8I). Green dots represent hydrogen bond; Purple represents van der Waals force (Liu et 

al., 2016). 

 

Compounds that share a structural resemblance to IMBI-3 have been proposed as 

ICL1 inhibitors. A series of known inhibitors have either an ,-unsaturated carbonyl 
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moiety or an aromatic/heterocyclic functionality (or both), which might be responsible 

for occupying the ICL pocket. For this reason, all the compounds tested in this study 

contain these features, which includes: 3-(4-methoxybenzoyl)acrylic acid; 7-methoxy-

4-oxo-1,4-dihydroquinoline-2-carboxylic acid; 3,4-dimethoxycinnamic acid; 3,4-

dihydroxycinnamic acid and trans-4-hydroxy-3-methoxycinnamic acid (tested in vitro 

against the isolated enzyme in Chapter 4). Here, these compounds were methylated, 

generating methyl (2E)-4-(4-methoxyphenyl)-4-oxo-2-butenoate; methyl (2E)-3-(3,4-

dimethoxyphenyl)acrylate; methyl 4-hydroxy-7-methoxy-2-quinolinecarbonxylate; 

methyl (2E)-3-(3,4-dimethoxyphenyl)acrylate and methyl (2E)-3-(4-hydroxy-3-

methoxyphenyl)acrylate. 

The synthesis of four ICL1 inhibitors that have these functionality features from the 

literature will be outlined. For a timeline of the efforts to synthesise ICL1 inhibitors, see 

Chapter 1 (Figure 1-13). 

Previous synthesis of ICL1 inhibitors 

3.1 Synthesis of 2-methoxy-2’-hydroxybenzanilides 

Kozic et al. (2012) reported the synthesis of 2-methoxy-2’-hydroxybenzanilide 1 

derivatives and their thioxo 2 analogues. 2-methoxy-2’-hydroxybenzanilide derivatives 

were synthesized from commercially available 4/5-chloro-2-methoxybenzoic acid 3 

and phenol 5. Compound 4 was obtained by reacting 4/5-chloro-2-methoxybenzoic 

acid 3 with SOCI2 and refluxed under a CaCI2 drying tube for 3 h to afford 2-

methoxybenzoyl chloride 4 (Figure 3-3). 

 

Figure 3-3: Reaction scheme. Reagents and conditions a) SOCI2,CaCI2 110 oC, 3 h. 

 

2-Aminophenols 7 was obtained in two steps using phenol 5 in glacial acetic acid at 

40 oC for 15 min and at RT for 45 min to afford compound 7 (Figure 3-4). 
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Figure 3-4: Reaction scheme. Reagents and conditions a) HNO3, CH3COOH, 40 oC and b) 
Fe, H2O, CH3COOH, 135 oC. 

 

In the final step of the synthesis, Kozic et al. (2012) employed the condensation 

reaction utilizing 2-methoxybenzoyl chloride 4, TFA and 2-aminophenol 7 afforded the 

target compounds 1a and 1b (Figure 3-5). 

 

Figure 3-5: Reaction scheme. Reagents and conditions a) TEA, ether, RT, 1 h. 

 

Thiomides 2 and 8 were obtained from reacting 1 with P4S10 and pyridine in CHCI3 

under reflux for 4 h to afford 2 and 8 in excellent yield (Figure 3-6).  

 

 

Figure 3-6: Reaction scheme. Reagents and conditions a) P4S10, pyridine, 115 oC, HCI, 

CHCI3, 4 h. 

 

3.2 Nitrofuranyl Amides 

Tangallapally et al. (2005) reported the synthesis of nitrofuranyl amides, which showed 

activity against Mtb in both active and dormant states (Figure 3-7). This was achieved 

by nucleophilic aromatic substitution, where a cyano group was used as an electron-
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withdrawing group to aid in the substitution reaction. The 3- or 4-fluoro benzonitrile (8 

or 9) was substituted with a cyclic secondary amines in DMSO and K2CO3 at 90° C, 

producing compounds 14a-h, with yields ranging from 83% to 96%. Next, 14a-h 

benzonitriles were subjected to reduction with Red-AI reagent to crude amines, and 

subsequently reacted immediately with 5-nitro-furan-2-carbonyl chloride to give benzyl 

amides 4a–h in yields varying from 69% to 96%.  

 

Figure 3-7: Reaction scheme. Reagents and conditions a) K2CO3, DMSO, 90 °C, 8 h; b) 
Red-Al, 0 °C, dry THF, 3 h; c) 11, CH2Cl2, Et3N, RT. 

 

The derivative benzyl-piperazine at para-position (4c) is the most active compound 

with a MIC value of 0.0125 μg/mL against Mtb H37Rv strain. Although 14a-h are not 

specific to ICL, it served as a starting point for Sriram et al. (2010) to develop other 

ICL inhibitors, which is discussed in section 3.4.  

 

3.3 Pthalazinyl Derivatives  

Sriram et al. (2009) reported the synthesis of 2-[3-(4-bromo-2-fluorobenzyl)-4-oxo3,4-

dihydro-1-phthalazinyl]-acetic acid hydrazones. Treatment of phthalic anhydride 13 

was reacted with ethyl 2-(1,1,1-triphenyl-5 - phosphanylidene)acetate to give ethyl 2- 

(3-oxo-1,3-dihydro-1-isobenzofuranyliden) acetate 14. Next, 1 mol equivalent of 14 

was reacted with 0.8 mole equivalent of hydrazine hydrate in the presence of p-

toluenesulphonic acid as a catalyst at room temperature to afford Ethyl 2-(4-oxo-

3,4dihydro-1- phthalazinyl)acetate 15 with 86% yield. To afford 2- [3-(4-bromo-
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2fluorobenzyl)-4-oxo-3,4-dihydro-1-phthalazinyl]acetic acid 16, the N-alkylation of 

compound 15 with 4-bromo-1-bromomethyl-2- fluoro benzene in the presence of 

sodium hydroxide. The acid 16 was refluxed in absolute ethanol in the presence of 

sulphuric acid to give ethyl ester 17. Treatment of 17 with hydrazine hydrate yielded 

2-[3-(4-bromo-2-fluorobenzyl)- 4-oxo-3,4-dihydro-1phthalazinyl]ethanohydrazide 18, 

which was then reacted with various carbonyl compounds in the presence of glacial 

acetic acid at pH 4-6 to yield compounds 19 and 19a (Figure 3-8).  

 

Figure 3-8: Reaction scheme. Reagents and conditions a) Ph3P=CHCOOC2H5; b) 
NH2NH2.H2O, PTSA; c) 4-Bromo-1-bromomethyl-2-fluorobenzene, NaOH; d) C2H5OH, H2SO4; 
e) NH2NH2.H2O; f) Various aldehydes and ketones. 

 

Among the 26 derivatives synthesised, N'1-[(4-nitrophenyl)methylene]-2-[3-(4-bromo-

2-fluorobenzyl)-4-oxo-1,2,3,4-tetrahydro-1-phthalazinyl]ethanohydrazide (19a) was 

found to be the most active compound in vitro with MIC of 0.18 µM against log-phase 

Mtb. 
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3.4 5-nitrofuranyl-2-acid hydrazones and their derivatives 

In 2010, Sriram et al. also reported the synthesis of 5-nitrofuranyl-2-acid hydrazones 

(Figure 3-9). 

 

 

Figure 3-9: Reaction scheme. Reagents and conditions a) H2SO4, C2H5OH; b) NH2NH2.H2O; 
c) CH3COOH. 

 

5-Nitrofuroic acid 20 is converted to ethyl ester 21 by refluxing acid 20 in absolute 

ethanol and sulphuric acid. 1 mol of ethyl ester 21 on treatment with 2 mol hydrazine 

hydrate yielded acid hydrazide 22. Next, hydrazide 22 was reacted with various 

carbonyl compounds by varying the glacial acetic acid at a pH 4–6 afforded derivatives 

23a derivatives in 52–89% yields (Figure 3-10). 
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Figure 3-10: Structure of the 23a nitrofuranyl derivative. 

 

The yield of compound 5-nitro-N’-[(5-nitro-2-furyl)methylidene]- 2-furohydrazide (23a) 

was 87%, and among the 22 derivatives, it was the most potent compound in vitro with 

MIC of 2.65 µM against Mtb (Sriram et al., 2010). 

Results 

 

Synthesis of D/L-threo-2-methylisocitrate (29) 

The search for novel candidates to inhibit ICL commences with the synthesis of D/L-

threo-2-methylisocitrate due to its resemblance with the substrate (Figure 3-11).  

 

Figure 3-11: Structure of isocitrate lyase substrate, isocitric acid, and the structure of 2-
methylisocitrate, a proposed ICL inhibitor. 

 

The first step of the synthesis of D/L-threo-2-methylisocitrate involved the refluxing of 

mesaconate 24 in H2O2/ Na2WO4-2H2O with NaOH at 0-65 oC for 8 h. Under these 

conditions, the desired product 25 was obtained in quantitative yield (Figure 3-12). 

O

OH

OHO

O

OH

Isocitric acid

OH

CO2H

HO2C

H3C

H

CO2H

D/L-threo-2-methylisocitrate

O O

OH
O

HO

O

HO

Garcinia acid



60 
 

 

Figure 3-12: Reaction scheme. Reagents and conditions a) H2O, Na2WO4-2H2O, NaOH 0 oC 
- 65 oC. 

 

The structure of trans-epoxymethylsuccinic acid 25 was confirmed by analysis of the 

1H NMR spectrum, which was found to be in close agreement with the literature data 

(Lee et al., 2018). Further confirmation was provided by mass spectral analysis, which 

gave a signal at 147 Daltons, corresponding to the expected molar ion of [M+H]+ 

C5H6O5. 

O-methylation of carboxylic acid was achieved by treatment of trans-

epoxymethylsuccinic acid 25 with SO2CI2 in MeOH to afford dimethyl trans-

epoxymethylsuccinate 26 in quantitative yield (Figure 3-13). The exact structure 

assignment was based on a literature study (Lee et al., 2018). The 1H NMR spectrum 

displayed the requisite resonances at δ 6.46 (d, J = 7.2 Hz, 1H), 6.09 (s, 1H), 4.94 (s, 

1H), 4.62 (d, J = 7.2 Hz, 1H), 3.74 (s, 3H), 3.69 (s, 2H), 3.67 (d, J = 4.2 Hz, 5H), 1.71 

(s, 3H), 1.44 (s, 3H). 
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Figure 3-13: Reaction scheme. Reagents and conditions a) SO2CI2, MeOH, 0 oC – RT, 8 h. 

 

With dimethyl trans-epoxymethylsuccinate 26 in hand, the next step was the formation 

of the lactone ring. The cyclisation of 26 to the lactone 27 was achieved using sodium 

methoxide and dimethyl malonate in anhydrous MeOH at RT (Figure 3-14). These 

conditions afforded the desired product 27 in good yield and used without any further 

purification. 

 

Figure 3-14: Reaction scheme. Reagents and conditions a) Na/MeOH, CH2(CO2CH3)2, RT, 
3 days. 

 

Global deprotection was accomplished with 6N HCI to afford 27. Next came the crucial 

step involving the opening of the lactone ring. Using NaOH in H2O at 80 oC for 12 h 

afforded the 29 in good (60%) yield (Figure 3-15). 
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Figure 3-15: Reaction scheme. Reagents and conditions a) 6 N HCI, reflux, 0- 60 oC, 3 h; b) 

NaOH/H2O, 80 oC for 2 h. 

 

The structure of 29 was confirmed by 1H NMR spectroscopy (Figure 3-16) and mass 

spectral analysis, which gave a signal at 205 Daltons, corresponding molar ion of 

[M+H] C7H10O7. 

 

Figure 3-16: 1HNMR of 29 in D2O. 
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Synthesis of methylated compounds 

Based on previous ICL inhibitors structures described above as well as other 

published inhibitors, compounds such as 3-(4-methoxybenzoyl)acrylic acid and 7-

methoxy-4-oxo-1,4-dihydroquinoline-2-carboxylic acid, and the cinnamic acid family 

(3,4-dimethoxycinnamic acid, 3,4-dihydroxycinnamic acid and trans-4-hydroxy-3-

methoxycinnamic acid) meets the desired structural features previously described. 

These candidates were tested against the isolated enzyme (Chapter 4).  

The methylated analogues of 3-(4-methoxybenzoyl)acrylic acid, 3,4-

dimethoxycinnamic acid, 7-methoxy-4-oxo-1,4-dihydroquinoline-2-carboxylic acid, 

3,4-dihydroxycinnamic acid and trans-4-hydroxy-3-methoxycinnamic acid were 

synthesised.  

 

(E)-Methyl 3-(4-methodxyphenyl) acrylate (31) 

 

3-(4-methoxybenzoyl)acrylic acid 30 (1 g, 2.42 mmol), potassium carbonate (1.05 g, 

7.59 mmol), DMS (0.52 mL, 8.72 mmol) and 50 mL of acetone was stirred at 25 °C for 

48 hours under argon. The reaction was monitored by TLC until there was no starting 

material left. Then, 100 mL ethyl acetate was added to the reaction mixture, and the 

aqueous layer was separated and concentrated to 89% yield of the desired product 

31. 1H NMR (500 MHz, CDCI3), δ 7.63 (d, J = 15.5 Hz, 1H), 7.48-7.46 (m, 2H), 6.91-

6.89 (m, 2H), 6.33 (d, J = 15.5 Hz, 1H), 5.54 (m, 2H), 3.85 (s, 3H). The data were in 

good agreement with the literature value (Xu et al. 2017). 
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(E)-methyl 3-(3,4-dimethoxyphenyl)-acrylate (33) 

 

3,4-dimethoxycinnamic acid 32 (1 g, 4.80 mmol), potassium carbonate (0.75 g, 5.42 

mmol), DMS (0.75 mL, 5.48 mmol) and 20 mL of acetone was stirred at 25 °C for 48 

hours under argon. The reaction was monitored by TLC until there was no starting 

material left. Then, 100 mL ethyl acetate was added to the reaction mixture, and the 

aqueous layer was separated and concentrated under reduced pressure to yield 33 

as an oil (95%). 1H NMR (500 MHz, CDCI3), δ 3.78 (3H, s, -COOCH3), 3.89 (3H, s, -

OCH3), 3.91 (3H, s, -OCH3), 6.33 (1H, d, J = 16.0 Hz, H-8), 6.87 (1H, d, J = 8 Hz, H-

5), 7.10 (2H, m, H-2 and H-6), 7.63 (1H, d, J = 16.0 Hz, H-7). The data were in good 

agreement with the literature value (Reta et al. 2012). 

 

(E)-methyl 4-hydroxy-7-methoxy-2-quinolinecarbonxylate (35) 

 

7-methoxy-4-oxo-1,4-dihydroquinoline-2-carboxylic acid 34 (0.125 g, 0.57 mmol), 

potassium carbonate (0.09 g, 0.65 mmol), DMS (0.14 mL, 1.47 mmol) and 15 mL of 

acetone was stirred at 25 °C for 48 hours under argon. The reaction was monitored 
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by TLC until there was no starting material left. Then, 100 mL ethyl acetate was added 

to the reaction mixture, and the aqueous layer was separated and concentrated with 

an 89% yield of the desired product 35. 1H NMR (500 MHz, DMSO-d6), δ 3,96 (s, 3H), 

3.71 (s, 3H), 6.60 (s, 1H), 7.41-7.62 (m, 2H), 7.97 (dd, J = 8.2, 1.3 Hz, 1H), 12.03 (s, 

1H); 13C NMR (500 MHz, DMSO-d6), δ 52.0, 54.0, 112.4, 119.8, 120.2, 122.8, 130.9, 

133.0, 137.4, 143.2, 162.8, 177.2; m/z (ES+) 234 [(M+H)+, 100%]. 

 

 (2E)-methyl 3-(3,4-dimethoxyphenyl)acrylate (37) 

 

3,4-Dihydroxycinnamic acid 36 (1 g, 5.55 mmol), potassium carbonate (3.1 g, 22.43 

mmol), DMS (2.14 mL, 22.5 mmol) and 20 mL of acetone was stirred at 25 °C for 48 

hours under argon. The reaction was monitored by TLC until there was no starting 

material left. Then, 100 mL ethyl acetate was added to the reaction mixture, and the 

aqueous layer was separated and concentrated to a 95% yield of the desired product 

37.  δH (300 MHz, DMSO-d6) 7.51 (1H, d, J = 16.0 Hz, 7-H), 7.30 (1H, dd, J = 8.4, 1.8 

Hz, 6-H), 7.19 (1H, d, J = 1.8 Hz, 2-H), 6.96 (1H, d, J = 8.4 Hz, 5-H), 6.44 (1H, d, J = 

16.0 Hz, 8-H), 3.79 (3H, s, CH3), 3.78 (3H, s, CH3), 3.77 (3H, s, CH3). 
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(E)-methyl 3-(4-hydroxy-3-methoxyphenyl)acrylate (39) 

 

trans-4-hydroxy-3-methoxycinnamic acid 38 (1 g, 5.14 mmol), potassium carbonate 

(1.6 g, 11.5 mmol), DMS (1.12 mL, 11.81 mmol) and 50 mL of acetone was stirred at 

25 °C for 48 hours under argon. The reaction was monitored by TLC until there was 

no starting material left. Then, 100 mL ethylacetate was added to the reaction mixture, 

and the aqueous layer was separated and concentrated to give the desired product 

39 in 90% yield. 1H NMR (500 MHz, CDCI3), δ 3.81 (3H, s, -OCH3), 6.30 (1H, d, J = 

16.0 Hz, H-8), 6.92 (1H, d, J = 6.8 Hz, H-5), 7.05 (1H, dd, J = 6.8, 1.8 Hz, H-2), 7.10 

(1H, d, J = 1.8 Hz, H-6), 7.62 (1H, d, J = 16.0 Hz, H-7). The data were in good 

agreement with the literature value (Reta et al. 2012). 

Discussion 

 
A brief review of previous attempts to synthesise ICL1 inhibitors was described. Here, 

the main aim was to synthesise inhibitor candidates that had α,β-unsaturated carbonyl 

moiety and/ or aromatic/heterocyclic functionality. A 5-step reaction was done to 

achieve the synthesis of DL-threo-2-methylisocitrate. First, a reflux reaction was done 

to obtain an isomeric epoxide mixture. Then, methylation occurred prior to the 

synthesis of the lactone ring, followed by the key step, which is the opening of the 

lactone ring to achieve a good yield (60%) of the final molecule. This drug candidate 

that resembles ICL’s substrate was tested in vitro against the isolated enzyme 

(Chapter 4).  

The methylated analogues of 3-(4-methoxybenzoyl)acrylic acid, 3,4-

dimethoxycinnamic acid, 7-methoxy-4-oxo-1,4-dihydroquinoline-2-carboxylic acid, 

3,4-dihydroxycinnamic acid and trans-4-hydroxy-3-methoxycinnamic acid (31, 33, 35, 

37 and 39) were synthesised with the aim of increasing inhibitory effect against ICL. 
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The addition of a methyl group can provide several therapeutic benefits depending on 

the drug molecule and the position of the methyl group (Harrold and Zavod, 2014). 

These benefits include increased selectivity for one biological target over another, 

increased drug potency and sterically blocked metabolism, which leads to an 

increased duration of action of the specific drug (Harrold and Zavod, 2014). For 

instance, the addition of a methyl group in the drug simvastatin enhances the drug 

potency when compared to its un-methylated analogue, lovastatin (Harrold and Zavod, 

2014). Bethanechol, a drug responsible for lowering cholesterol, has a methyl group 

that serves to increase selectivity to the target receptors and prevent degradation by 

acetylcholinesterase (Harrold and Zavod, 2014). Lastly, the addition of methyl group 

to methyltestosterone allows the compound to be taken orally as the methyl group can 

block oxidative metabolism that would otherwise be quickly metabolised (Harrold and 

Zavod, 2014). A limitation of the synthesised, methylated candidates (31, 33, 35, 37 

and 39) is poor solubility as they are coloured oils, which interferes with the enzyme 

assay. For this reason, their inhibitory property against ICL1 was not assessed. Liu et 

al. (2016) also excluded compounds with poor solubility from their screening assay as 

it would affect the measured results. An alternative would be to dry and crystallise the 

oils and break them into powder and dissolve them in either buffer or solvents, such 

as DMSO. However, the CL-54 drug family were identified as lead compounds with an 

estimated inhibition against ICL in the nanomolar range (Chapter 4). These novel 

inhibitors were designed by Dr Lawson as anti-malaria drugs but were repurposed as 

part of a collaboration. Thus, this drug family was selected for X-ray crystallography 

and to be tested against Mtb.  

Experimental Procedures 

 
Proton (1H) and carbon (13C) NMR spectra were recorded on a Bruker Avance 300 

spectrometer operating at 300.1 MHz for 1H, and 75.5 MHz for 13C, Bruker Avance II 

400 operating at 400.1 MHz for 1H and 100 MHz for 13C and Bruker Avance 500 

operating at 499.90 MHz for 1H, 125.71 MHz for 13C. Chemical shifts were recorded 

at  values in parts per million (ppm). Spectra were acquired in CDCI3, CD3OD, DMSO-

d6, acetone-d6 or deuterium oxide at ambient temperature unless otherwise specified.  

1H NMR data are reported as follows: chemical shift (δ), relative integral, multiplicity 
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(defined as: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, bs = broad 

singlet), coupling constant(s) J (Hz), assignment (Raheem, 2011). 

Analytical thin layer chromatography (TLC) was conducted on Merck pre-coated (25 

μm) silical gel 60F254 plates or on aluminium-backed 0.2 mm thick silica gel 60 F254 

plates (Merck), and the plates were visualized under a 254 nm UV lamp and/or by 

treatment with either anisaldehyde dip or alkaline potassium permangate dip, followed 

by heating with a heat gun. The retention factor (Rf) quoted is rounded to the nearest 

0.01. Flash chromatography was conducted using silica gel 60F254 as the stationary 

phase, and the solvent indicated (Raheem, 2011). 

Reagent and solvents were purified by standard means. Methanol was distilled from 

calcium hydride in a recycling still under nitrogen.143Dichloromethane (DCM), toluene, 

tetrahydrofuran (THF) and diethyl ether (Et2O) were dried by passage through two 

columns of alumina using a MBRAUN (SPS-800) solvent purification system. 

Anhydrous DMF was purchased from Aldrich UK and dried by distillation from 4 Å 

molecular sieves under a nitrogen atmosphere. All reagents and starting materials 

were used as purchased from Aldrich UK, Acros UK or Alfa Aesar UK, except where 

otherwise stated in the experimental procedures (Raheem, 2011).  

Reactions employing either air or moisture-sensitive reagents were performed under 

an atmosphere of nitrogen (unless otherwise specified) in flame-dried apparatus. 

Anhydrous reagents were handled under nitrogen using standard techniques 

(Raheem, 2011). 

Room temperature varied between 19-25 °C. “Removed at reduced pressure” refers 

to the use of a rotary evaporator with the water bath temperature generally not 

exceeding 40 °C (Raheem, 2011). 
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Trans-epoxymethylsuccinic acid (25) (Lee et al., 2018): 

 

 

Mesaconate (24) (1.0 g, 7.88 mmol) was suspended in water (5 mL) and NaOH (0.61 

g, 15.37 mmol) was added dropwise with stirring. The mixture was stirred and cooled 

to 0 oC and Na2WO4-2H2O (76 mg, 0.23 mmol) was added, followed by dropwise 

addition of a 30% aqueous solution of H2O2 (1 mL, 8.50 mmol). After stirring at 0 oC 

for 1 h, the mixture was heated at 65 oC for 8 h, then cooled to RT and evaporated to 

dryness. The residue was partitioned between water (10 mL), ethyl acetate (20 mL) 

and ether (20 mL). Concentrated H2SO4 (1 mL) dissolved in ether (10 mL) was added, 

and the mixture was stirred at RT for 3h. The organic layer was separated, dried 

(Na2SO4) and evaporated to afford the epoxide 26 as a white powder in quantitative 

yield. 1H NMR (400 MHz, DMSO-d6) δ 13.44 (s, 2H), 3.75 (s, 1 H), 1.45 (s, 3 H).  

Dimethyl trans-epoxymethylsuccinate (26) (Lee et al., 2018).  

 

To a solution of epoxide (26) (1.0 g, 6.84 mmol) in anhydrous MeOH (10 mL) at 0 oC 

was added SO2CI2 (1.1 mL, 15.0 mmol) and the resulting mixture was allowed to warm 

up to room temperature and stirred for 8 h. The reaction mixture was concentrated 

under vacuum and the residue partitioned between ether and saturated aqueous 

NaHCO3. The ether layer was separated, dried and evaporated to afford the dimethyl 

ester 27 as a clear oil in quantitative yield and used without any further purification. 1H 
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NMR (500 MHz, DMSO-d6) δ 6.46 (d, J = 7.2 Hz, 1H), 6.09 (s, 1H), 4.94 (s, 1H), 4.62 

(d, J = 7.2 Hz, 1H), 3.74 (s, 3H), 3.69 (s, 2H), 3.67 (d, J = 4.2 Hz, 5H), 1.71 (s, 3H), 

1.44 (s, 3H). 

 

2-Methyl-5-oxo-tetrahydro-2,3,4-tricarbomethoxytetrahydrofuran (27) (Lee et al., 

2018). 

 

Sodium metal (0.69 g, 28.7 mmol) was added to cooled anhydrous MeOH (15 mL) 

under argon atmosphere at 0 oC and stirred until the metal dissolved. Dimethyl 

malonate (3.2 mL, 28.7 mmol) was added to the sodium methoxide thus formed, and 

the resulting mixture was stirred at RT until a white precipitate formed (20-30 min). 

Epoxide (5.0 g, 28.7 mmol) was added, and the mixture was stirred for 3 days at RT. 

Concentrated HCI was added, and the stirring continued for another 2 h. The solid 

formed (NaCI) was filtered, and the filtrate concentrated to afford crude lactone 28 as 

a white solid in good yield and used without further purification. 
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Crude lactone (28) (Lee et al., 2018) 

 

To the crude lactone 28 obtained above (1.5 g) 6 N HCI (50 mL) was added, and the 

mixture was refluxed at RT for 3 h. The reaction mixture was concentrated, and the 

residue was re-dissolved in water and evaporated to remove traces of HCl. The brown 

residue thus obtained was dissolved in water and treated with activated charcoal at 60 

°C. After 30 min, the mixture was filtered, and the filtrate evaporated to afford 

colourless crude lactone 2-Methyl-5-oxo-tetrahydrofuran-2,3-dicarboxylic acid. To a 

solution of lactone 27 (1.5 g, 7.98 mmol) in H2O (10 mL), NaOH (0.95 g, 23.9 mmol) 

was added, and the mixture was heated at 80 °C for 12 h, then neutralized with 

Amberlite H+ resin to pH 7.0. After solvent removal, the residue was redissolved in 

H2O and treated with activated charcoal. The mixture was filtered, and the filtrated 

evaporated to afford DL-threo-2-methylisocitrate 29 good yield (60%).   
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Chapter 4 – Isocitrate lyase 1 in vitro assay  

 

Introduction  

 

Isocitrate lyase 1 (ICL1) is a key enzyme in two pathways, the glyoxylate shunt and 

methylcitrate cycle, which are important for the survival of latent Mycobacterium 

tuberculosis (Mtb) (Bentrup et al., 1999; Muñoz-Elías and McKinney, 2005; 

Gengenbacher et al., 2010; Eoh and Rhee, 2014). In the former pathway, ICL1 

catalyses the first reaction where the substrate, isocitric acid, is converted to glyoxylate 

and succinate. In the latter, ICL1 catalyses the last step of the cycle, where 2-

methylisocitrate is the substrate and pyruvate, and succinate are the products. To 

assess the inhibitory effect of drug candidates against ICL1, an enzymatic assay was 

employed. The assay models the glyoxylate shunt, where ICL catalyses the isocitric 

acid to glyoxylate and succinate. Using a spectrophotometer at 324 nm, the product 

formation is measured by the real-time appearance of phenylhydrazone, which is 

formed upon the reaction of glyoxylate and phenylhydrazine (Figure 4-1) (Dixon and 

Kornberg, 1959).  

 

Figure 4-1: Representation of the ICL1 enzyme assay mechanism, where the substrate, 
isocitric acid, is converted into two products, glyoxylate and succinate, by ICL1. Glyoxylate 

reacts with phenylhydrazine, forming phenylhydrazone that can be detected at 324 nm. 
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The assay was optimised by testing different ICL1, substrate and salt concentrations. 

The enzyme activity was further characterised by the presence of EDTA and the effect 

of re-freezing and thawing. Once the assay was optimised, it was used to evaluate the 

activity of ten candidate ICL1 inhibitors. The most potent ICL1 inhibitors were tested 

against non-replicating and replication Mtb to assess their antitubercular activity 

(Chapter 6). 

Materials and Methods  

 
Desalting isocitrate lyase 

ICL1 was expressed and purified using a nickel chromatography column prior to this 

work (see Chapter 2). The ICL1 was eluted in TGN (50 mM Tris.HCl pH 7.5, 10% (v/v) 

glycerol, 250 mM sodium chloride and 10 mM imidazole) and stored at -80 °C. Prior 

to the enzyme activity assay, the enzyme was buffer exchanged into 50 mM MOPS 

pH 7.0, 50 mM sodium chloride, 5 mM magnesium chloride buffer using a MicroSpin 

PD-10 desalting column (GE Healthcare) that was previously equilibrated five times 

with the same MOPS buffer. The enzyme was aliquoted and stored at -80 °C until 

further use.  

Isocitrate lyase activity assay  

Prior to the enzyme activity assay, the enzyme was buffer exchanged into 50 mM 

MOPS pH 7.0, 50 mM sodium chloride, 5 mM magnesium chloride buffer using a 

MicroSpin PD-10 desalting column. The reaction of isocitric acid to glyoxylic acid and 

succinic acid is catalysed by ICL1. Glyoxylic acid can react with phenylhydrazine to 

generate phenylhydrazone. The activity of ICL1 can be sensed by measuring 

phenylhydrazone’s absorbance at 324 nm (Liu et al., 2016). The enzyme assay was 

conducted in a 96-well UV microplate (Thermo Scientific, UK) with a 200 µL reaction 

volume at 37 °C in the presence of 1.27 µM recombinant ICL1, 1 mM DL-isocitric acid 

(Trisodium salt, Sigma, UK), 0.1% (v/v) phenylhydrazine (Sigma, UK) and 50 mM 

MOPS pH 7.0, 50 mM NaCl and 5 mM MgCl2.6H2O. The absorbance value, at 324 

nm, for each reaction well was detected every ten seconds for five minutes.  
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ICL1 activity assay with compounds dissolved in DMSO 

Unlike Garcinia acid and 2-methylisocitrate, the other 8 drugs were only soluble in 

DMSO (Table 3), and three of the eight compounds were coloured and absorbed light 

when in solution in the UV range that was used to measure the phenylhydrazine in the 

assay. Furthermore, the presence of DMSO in the assay caused the enzyme activity 

to drop by 50%, as shown in the results section (Figure 4-7). To overcome this, the 

drugs (2-(3-bromophenyl)-1-(2,4,6-trihydroxyphenyl)ethenone, 3,4-dihydroxycinnamic 

acid, 3,4-dimethoxycinnamic acid, 3-(4-methoxybenzoyl)acrylic acid, 7-methoxy-4-

oxo-1,4-dihydroquinoline-2-carboxylic acid and the CL-54 family) were incubated with 

the enzyme for 10 minutes and then buffer exchanged with 50 mM MOPS pH 7.0 and 

5 mM MgCl2.6H2O using a MicroSpin PD-10 desalting column (GE Healthcare) before 

adding to the enzyme reaction mix as described previously. 

ICL1 inhibitors 

Ten compounds were tested in the ICL1 activity assay to assess their inhibitory effects. 

Itaconate was used as a positive control (Table 3). 

Table 3: Summary of the drugs tested in the ICL1 activity assay. 

Drugs Molecular 

weight 

(g/mol) 

Solubility Colour Origin 

CL-54-01 356.37 DMSO Yellow Synthesised by Dr 

Christopher Lawson* 

CL-54-02 340.38 DMSO Dark brown Synthesised by Dr 

Christopher Lawson* 

CL-54-04 354.40 DMSO Dark red Synthesised by Dr 

Christopher Lawson*  

Garcinia acid 190.11 MOPS 

buffer 

Colourless Sigma, UK 

Itaconate 130.099  MOPS 

buffer 

Colourless Sigma, UK 
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2-methylisocitrate 206.04 MOPS 

buffer 

Colourless Synthesised in-house 

(see Chapter 3) 

2-(3-bromophenyl)-1-(2,4,6-

trihydroxyphenyl)ethanone  

321.9 DMSO Colourless Provided by Prof 

David Warhurst** 

3,4-dihydroxycinnamic acid 180.16 DMSO Colourless Alfa Aesar, UK 

3,4-dimethoxycinnamic acid 208.21 DMSO Colourless Alfa Aesar, UK 

3-(4-methoxybenzoyl)acrylic 

acid 

206.2 DMSO Colourless Alfa Aesar, UK 

7-methoxy-4-oxo-1,4-

dihydroquinoline-2-carboxylic 

acid 

219.19 DMSO Colourless Activate Scientific, UK 

*Dr Christopher Lawson - University of Glasgow, UK. 

**Professor David Warhurst - London School of Hygiene and Tropical Medicine, UK. 

 

Results 

 
To observe the inhibition of ICL1 activity, the parameters for the in vitro assay needed 

to be determined. This assay was optimised by testing different ICL1 concentrations, 

salt gradient and substrate concentration (Figure 4-2). All enzyme assays were 

conducted at 37 °C. 

 

Figure 4-2: ICL1 assay optimisation with different enzyme, salt and substrate concentrations 

over a period of 5 minutes at 37 °C at 324 nm. A) Three concentrations of ICL1 were screened 

for assay optimisation with 1 mM of the substrate, isocitric acid. B) Different concentration of 

sodium chloride (5-100 mM), with 0.127 µM ICL1 and 1 mM substrate. C) Different 

concentrations of isocitric acid (0-10 mM) with 0.127 µM ICL1. Data represented is three 

biological replicates, and error bars are standard deviations. 

A) B) C) 
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It is clear that 0.127 µM of ICL1 yielded the highest absorbance, demonstrating that 

the enzyme is active, and the product formation can be detected at 324 nm (Figure 4-

2A). A salt gradient (0-100 mM NaCl) was tested (Figure 4-2B), in which the ICL1 

activity was found to be optimal at 50 mM NaCl, whilst completely inhibited at 100 mM 

NaCl. Finally, substrate (isocitric acid) inhibition was observed above 2.5 mM, whereas 

1 mM, 1000-fold excess of substrate to enzyme gave robust product formation (Figure 

4-2C). Therefore, 0.127 µM ICL1, 50 mM NaCl and 1 mM isocitric acid were conditions 

used for all assays. 

It has been reported in the literature that ICL1 requires magnesium ions for activity 

(Cowan, 2002). Ethylenediaminetetraacetic acid (EDTA), a chelating agent that 

sequesters metal ions such as magnesium, was used to investigate the dependency 

of ICL1 on magnesium ions (Figure 4-3A). No ICL1 activity is seen in the presence of 

EDTA, consistent with a requirement for the metal co-factor.  

The sensitivity of the enzyme to refreezing was also investigated. An ICL1 aliquot was 

thawed, and its enzyme activity was tested, followed by re-freezing at -80 °C and 

thawing again prior to testing (Figure 4-3B). The effect of re-freezing causes an 

approximately 50% drop in activity. As a result, aliquots of ICL1 were made such that 

a single aliquot was thereafter thawed for each experiment. 

A)                                                      B) 

  

 

 

 

 

Figure 4-3: Characterisation of ICL1. A) The effect of 5-minute incubation of 0.127 µM ICL1 
with 1 mM EDTA (+) or without EDTA (-). B) The effect of re-freezing to -80 °C and thawing, 
once or twice, in the ICL activity. All assays were measured at 324 nm over 5 minutes at 37 
°C. Data represented is three biological replicates, and error bars are standard deviations. 

 

After the enzyme assay characterisation, all enzyme assays were conducted with a 

fresh aliquot desalted enzyme in MOPS based buffer containing 50 mM NaCl, a final 
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enzyme concentration of 0.127 µM and 1 mM of the substrate at 37 °C for 3 minutes. 

In addition, itaconate, a known ICL1 inhibitor, was used as a positive control and the 

reaction mix without ICL1 was used as a negative control to assay putative inhibitors 

of ICL1.  

Two compounds, Garcinia acid and 2-methylisocitrate, were the initial ICL1 inhibitors 

candidates due to their resemblance with the substrate, isocitric acid (Figure 4-4). 

 

Figure 4-4: Structure of the substrate, isocitric acid, and two candidates as ICL1 inhibitors, 
DL-threo-2-methylisocitrate and Garcinia acid. DL-threo-2-methylisocitrate is a derivative of 
the substrate, 2-methylisocitrate of the methylcitrate cycle, and it was synthesised in-house 
(see Chapter 3), and Garcinia acid was purchased from Sigma, UK. 

 

Garcinia acid and 2-methylisocitrate (synthesised in-house) were the first compounds 

to be tested in the assay (Figure 4-5). The former inhibited the enzyme at 50 mM, 

which is an extremely high concentration (Figure 4-5A) likely to be unachievable in 

vivo, whereas the latter caused more than 50% inhibition at 5 mM (Figure 4-5B).  
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Figure 4-5: Garcinia and 2-methylisocitrate effect upon ICL1 activity. A) Effect of 10 and 50 
mM of Garcinia acid on ICL1 activity. B) Effect of 5, 10 and 20 mM of 2-methylisocitrate on 
ICL1 activity. Values shown are one measurement and it was normalised in respect to 0 mM 
value, which is assigned as 100% enzyme activity.  

A) B) 
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The following compounds to be tested have the ,-unsaturated carbonyl moiety 

and/or aromatic/heterocyclic features that might be responsible for occupying the 

enzyme pocket (Figure 4-6).  

 

 

Unlike garcinia acid and 2-methylisocitrate that can be dissolved in 50 mM MOPS pH 

7.0, 5 mM MgCl2 buffer, these drugs were insoluble in this aqueous buffer and were 

dissolved in DMSO instead. Although not a permanent modification, DMSO inhibits 

the enzyme (Figure 4-7A). The presence of 5% (v/v) DMSO caused a 40% drop in 

ICL1 activity. However, the activity was retrieved when buffer was exchanged through 

a PD-10 MicroSpin desalting column (Figure 4-7B). It is worth pointing out that the 

enzyme assays do not start at zero seconds due to the delay between the introduction 

of the enzyme into the reaction mix and the first reading in the spectrophotometer, 

which takes on average 10 seconds. 

Figure 4-6: Structure of the drugs screened in the ICL1 activity assay. CL-54 drug family 

structures are confidential (R represents identical structure) and only the functional groups are 

depicted. These three analogues were chemically synthesised by Dr Lawson as an anti-

malaria drug and were repurposed as part of a collaboration. See Table 3 in Materials and 

Methods section for more details of the drugs. 



79 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-7: ICL1 activity assay in the presence of 5% (v/v) DMSO over 5 minutes at 324 nm 
at 37 °C. A) Activity of ICL1 with MOPS buffer (50 mM MOPS pH 7.0, 5 mM MgCl2) or 5% 
(v/v) DMSO and B) activity of ICL1 after incubated with MOPS buffer or 5% (v/v) DMSO for 
10 minutes and buffer exchanged using a MicroSpin PD-10 chromatography column.  

 

This suggests that the DMSO interferes with the enzyme assay but does not inhibit 

nor modified the structure of the dimer. Thus, if the drugs dissolved in DMSO have an 

inhibitory effect against ICL1, the drug will be bound to the enzyme, but the DMSO will 

be removed in the MicroSpin column, and the impact on the activity will be possible to 

observe. This method was applied to assess the inhibitory effects of the putative 

inhibitors dissolved in DMSO and then incubated with the enzyme for 10 minutes on 

ice. The mixture was buffer exchanged through a PD-10 MicroSpin desalting column 

to remove unbound drug before testing in the assay (Figure 4-8). This adapted assay 

A) 

B) 
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is also useful to assess compounds, such as the CL-54 family, that have strong colours 

that absorb at the wavelength used in the assay (324 nm). 

 

Figure 4-8: Schematic representation of the method to assess coloured inhibitors in the ICL1 
activity assay. The chromatography column is equilibrated with 50 mM MOPS pH 7.0, 5 mM 
MgCl2 buffer and kept on ice before adding the enzyme. A) After incubating the enzyme with 
the drug on ice for 10 minutes, the mixture was added to the chromatography column and 
centrifuged for 2 minutes at 800 x g. B) Representation of the chromatography column after 
centrifugation. The unbound drug is filtered by the column, and the enzyme (bound or not to 
the drug) is harvested and added immediately to the enzyme assay mixture for 

spectrophotometer analysis.  

 

If any of the drugs demonstrate poor inhibition, it indicates that they either do not bind 

stably or are poor inhibitors. Still, if they remained bound during the desalting column, 

it shows a high affinity to the enzyme. 

In the first attempt, two positive controls were employed: ICL1 in MOPS buffer and 

ICL1 in 1% (v/v) DMSO as in Figure 4-7 to ensure that the chromatography column is 

removing the DMSO, leading to a restored ICL1 activity. The first drug candidate 

tested using this methodology was 1 mM 7-methoxy-4-oxo-1,4-dihydroquinoline-2-

carboxylic acid (labelled as ‘7-methoxy’) and 1 mM itaconate, a known ICL1 inhibitor 

for comparison – Figure 4-9A.  
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The activity of ICL1 dropped by 48% in the presence of 7-methoxy-4-oxo-1,4-

dihydroquinoline-2-carboxylic acid compared to DMSO alone and by 44% in the 

presence of 1 mM itaconate. Two other drugs, 3,4-dihydroxycinnamic acid and 3-(4-

methoxybenzoyl)acrylic acid, were tested at (initial) 1 mM using the MicroSpin column 

method (Figure 4-9B). The former inhibited 22% of the enzyme activity, whilst the 

latter, 44%.  

Figure 4-9: Drug effect on ICL1 activity after employing the chromatography column 

methodology at 324 nm for 3 minutes at 37 °C. A) ICL1 activity in MOPS buffer and in DMSO 

as positive controls, and in the initial presence of 1 mM itaconate (as a positive control) and 

the candidate 7-methoxy-4-oxo-1,4-dihydroquinoline-2-carboxylic acid (labelled as ‘7-

methoxy’). B) Effect on ICL1 activity in the presence of two drugs at 1 mM (initial) 3,4-

dihydroxycinnamic acid and 3-(4-methoxybenzoyl)acrylic acid. Data represents an average of 

three biological replicates. 

A) 

B) 
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Five other drugs ((2-(3-bromophenyl)-1-(2,4,6-trihydroxyphenyl)ethanone, 3,4-

dimethoxycinnamic acid, CL-54-01, CL-54-02 and CL-54-04) were tested against the 

enzyme at (initial) 1 mM using the chromatography column method (Figure 4-10).  

Figure 4-10: Drug effect on ICL1 activity after employing the chromatography column 
methodology at 324 nm for 3 minutes at 37 °C with DMSO as a negative control. A) Effect of 
2-(3-bromophenyl)-1-(2,4,6-trihydroxyphenyl)ethanone, shown as ‘bromophenyl’ and 3,4-
dimethoxycinnamic acid. B) Effect of the CL-54 drug family. Data represent an average of two 
biological replicates. Values represent an average of three biological replicates of one 

independent experiment. 

 

There was 78% of ICL1 activity in the presence of 1 mM 3,4-dimethoxycinnamic acid 

when compared to DMSO alone, and a 40% of activity remaining in the presence of 

2-(3-bromophenyl)-1-(2,4,6-trihydroxyphenyl)ethanone (‘Bromophenyl’ in Figure 

4.10A), whereas all three CL-54 drugs (CL-54-01, CL-54-02 and CL-54-04) showed 

complete inhibition at 1 mM (Figure 4-10B). 

A) 

B) 
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The CL-54 family are analogues whose structures are highly similar (Figure 4-6), and 

therefore, one of the drugs was profiled more extensively (Figure 4-11). At 0.05 mM 

CL-54-01, the ICL activity is 42.5%, suggesting that the IC50 is below 50 nM.  

 

 

 

 

 

 

 

 

Figure 4-11: Effect of different concentrations of CL-54-01 on ICL1 activity assay. Values 
represent one individual reading. 

 

This finding was reproduced by Laura Boardman-Slack at the University of Lincoln, 

confirming its high inhibition against ICL1. A summary of all the ICL1 inhibitors tested 

in this study and their estimate IC50 can be found in Table 4. Given the CL-54 drug 

family inhibition effect, the screening of new inhibitors was concluded. The attention 

was focused on these lead compounds, and co-crystallisation efforts began. These 

drugs were also shipped to Eoh’s lab (USA) to be tested against Mtb.  
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Table 4: Estimated IC50 of the ICL inhibitors screened in this study. 

Drugs IC50 

CL-54-01 Below 50 nM 

CL-54-02 Predicted to be below 50 nM 

CL-54-04 Predicted to be below 50 nM 

Garcinia acid 20 mM 

2-methylisocitrate 4 mM 

2-(3-bromophenyl)-1-(2,4,6-

trihydroxyphenyl)ethanone  

Estimated: 800 µM 

3,4-dihydroxycinnamic  Estimated: 2.5 mM 

3,4-dimethoxycinnamic acid Estimated: 1.9 mM 

3-(4-methoxybenzoyl)acrylic acid Estimated: 1.6 mM 

7-methoxy-4-oxo-1,4-

dihydroquinoline-2-carboxylic acid 

 

Estimated: 800 µM 

 

Discussion 

 
In this chapter, the enzyme activity assay of isocitrate lyase was optimised by testing 

different concentrations of the enzyme, substrate and salt, and the impact of re-

freezing and EDTA was also investigated. After that, 10 drugs were screened for their 

inhibitory properties against ICL1.  

Three concentrations of ICL1 were tested, 0.127, 0.0635 and 0.0127 µM. The highest 

concentration (0.127 µM) showed robust, reproducible activity as reported elsewhere 

(Liu et al. 2016). In the ICL1 assay reported by Liu et al. (2016), the buffer used 

contained MOPS and MgCl2 because ICL1 requires magnesium ions for its activity 

(Sharma et al., 2000). When EDTA was present in the enzyme activity assay, no ICL1 

activity was seen, consistent with sequestration of the essential magnesium co-factor. 

However, Liu et al. (2016) did not investigate the effect of sodium chloride on the 
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enzyme activity. A salt optimisation assay was done as the salt can modulate the 

stability of the enzyme, and changes may have profound effects on the conformational 

stability (Sinha and Khare, 2014). It is thought that the NaCl ions may interact directly 

with the polar groups, such as the amide groups (Von Hippel and Wong, 1964; 

Robinson and Jencks, 1965). Here, the enzyme activity is optimal at 50 mM NaCl, and 

the function of ICL1 was adversely affected by 100 mM NaCl. This may be as a result 

of the salt concentration decreasing intermolecular hydrogen bonds, which could affect 

solubility, binding and stability of the enzyme, potentially also increasing the 

hydrophobic interactions that lead to protein aggregation and precipitation (Sinha and 

Khare, 2014). Thus, the buffer used subsequently in drug screening assays was 50 

mM MOPS pH 7.0, 50 mM NaCl and 5 mM MgCl2. Furthermore, it has been reported 

the use of 50 mM Tris pH 7.5 in the ICL1 activity assay (Bhusal et al., 2019); however, 

this is problematic as Tris reacts with glyoxylate, forming ammonium salts (Duggan et 

al., 1964). Hence, Tris will compete with phenylhydrazine to react with the glyoxylate 

product, which would lead to a decrease in the detection of activity.  

The optimal concentration of substrate was observed to be 1 mM which is consistent 

with that reported by Liu et al. (2016). However, it was expected that the increased 

substrate concentration would lead to an enzymatic response that fits a hyperbolic 

curve, but this was not observed. Instead, there is an increase in enzyme activity at 1 

mM and 5 mM of substrate, and a decrease in enzymatic activity with 0.5 mM, 2.5 mM 

or 10 mM of substrate, which is unexpected. Here, it was also demonstrated that 

isocitrate lyase 1 is sensitive to freezing. Its activity dropped 50% on a single re-

freezing and thawing cycle when the enzyme was in buffer. This could be due to the 

formation of ice crystals during the freeze/thaw process causing mechanical damage 

(Xiong, 1997). Other proteins such as trypsin, α-amylase and bile-salt-activated lipase, 

have been reported to be affected by freezing and thawing (Solovyev and Gisbert, 

2016). Thus, a single enzyme preparation was used for all drug assays, and individual 

aliquots were stored at -80 °C until required.  

To identify a lead compound, 10 drugs were screened in this assay against ICL1, and 

their estimated IC50 is shown in Table 4. The first drugs tested in the ICL1 assay were 

Garcinia acid and 2-methylisocitrate. The former is a small compound with a lactone 

ring that resembles the structure of the substrate, isocitric acid. These were features 

to be a potential ICL1 inhibitor. However, it only inhibited the ICL1 enzyme at high 
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concentrations, such as 10 mM, in which approximately 30% of the enzyme activity 

was inhibited. This suggests the compound would not be a good candidate as a lead 

compound. The latter, 2-methylisocitrate, had an IC50 of 4 mM, which is lower than 

Garcinia. The activity of both 2-methylisocitrate and Garcinia acid were not considered 

to be in the range to be useful as a lead compound, so other potential inhibitors were 

trialled.  

Unlike Garcinia acid and 2-methylisocitrate, the other compounds were insoluble in 

buffer and had to be dissolved in DMSO. However, the ICL1 activity was negatively 

affected by the presence of DMSO. For this reason, a desalting column was employed. 

ICL1 was incubated with DMSO for 10 minutes and buffer exchanged using the 

column, removing all the unbound DMSO. The activity of ICL1 incubated with DMSO 

was the same as the control with MOPS buffer. This also additionally overcame the 

fact that some drugs are coloured and would absorb in the wavelength used in the 

assay. Thus, this method was employed to estimate the inhibition of the other DMSO 

dissolved/coloured drug candidates. It was hypothesised that if the drug had enough 

affinity with the enzyme, it could remain bound during gel filtration. It is possible that 

some compounds could be very active but have a higher off-rate, such that the activity 

might be underestimated in this assay. Nonetheless, it means that this method screen 

compounds with the tightest affinity and low off-rate, which are desired characteristics 

for a lead compound.  

The first attempt using this model was testing ICL1 with MOPS and ICL1 with DMSO 

as controls, ICL1 with itaconate as a negative control, and a drug that had not yet been 

tested, 7-methoxy-4-oxo-1,4-dihydroquinoline-2-carboxylic acid. This drug candidate 

had a similar inhibition to itaconate at 1 mM.  Seven other drugs were screened using 

this methodology at 1 mM. The least promising drugs are 3,4-dihydroxycinnamic, 3,4-

dimethoxycinnamic acid and 3-(4-methoxybenzoyl)acrylic acid, with 22%, 22% and 

44% inhibition at 1 mM, respectively. The drug, 2-(3-bromophenyl)-1-(2,4,6-

trihydroxyphenyl)ethanone, at 1 mM caused a 60% inhibition, which suggests that the 

estimated inhibition is likely to be in the micromolar (µM) scale. Nevertheless, the CL-

54 drug family showed complete inhibition of ICL1 at 1 mM. The analogue, CL-54-01, 

was further studied, and the inhibition was estimated to be below 50 nM, by far the 

lowest estimated IC50 among the drugs tested. Any compound that has potency in the 

nanomolar scale is considered a lead compound (Hughes et al., 2011). It is plausible 
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that the other two CL-54 drugs will have similar IC50 since they are analogues of CL-

54-01. Therefore, three new lead compounds have been identified as Mtb ICL1 

inhibitors. There have been attempts to develop an Mtb ICL1 inhibitor reported in the 

literature (see Appendix A, Table A1), with drugs documented with an IC50 varying 

between 0.1 µM to 10 mM. The most potent ICL1 inhibitor previously identified was 3-

nitropropionamide (IC50 of 0.1 µM), but it caused neurotoxicity in cats (Alston et al., 

1977; Schloss and Cleland, 1982). The estimated IC50 of CL-54-01 (~50 nM) is half of 

the 3-nitropropionamide (100 nM), suggesting that the CL-54 drugs are the most 

promising ICL1 inhibitors reported to date.  
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Chapter 5 – Isocitrate lyase 1 co-crystallisation with 
inhibitors  

 

Introduction  
 
There are several methods, such as X-ray crystallography, NMR, neutron diffraction 

and electron microscopy, which allow us to characterise in detail the three-dimensional 

structure of proteins and their ligands (Krengel and Imberty, 2007). The former is 

known to be the most powerful method as it elucidates the binding pose of the ligand 

bound to the protein with atomic precision and because of its versatility in studying 

small molecules to massive protein complexes (Krengel and Imberty, 2007; Wienen-

Schmidt et al., 2020). Thus, X-ray crystallography is indispensable in structure-based 

drug design, as the information gained from the protein-ligand interaction can be used 

to design drug modifications that would improve such interaction (Chen et al., 2018). 

There are two strategies to achieve protein:ligand structures to apply X-ray beams for 

data collection (Hassell et al., 2006; Wienen-Schmidt et al., 2020) – Figure 5-1. The 

first is co-crystallisation, which is the process of pre-incubating the ligand/drug with the 

protein before setting up the crystal trials or simply including it on the crystallisation 

condition, aiming that the ligand is free to bind to the protein in solution prior to the 

formation of a crystal (Wienen-Schmidt et al., 2020). The second is soaking, which is 

a more routinely method that uses pre-grown crystals and soaking them with the ligand 

(Collins et al., 2017). Given the affinity and whether the binding site is available (for 

instance, not involved in crystal packing), the ligand can access it by diffusing through 

the solvent channels within the crystal lattice (Danley, 2006; Wienen-Schmidt et al., 

2020). This technique has become a standard technique to understand enzyme 

mechanisms but is now also widely used for the structure-based drug design process 

(Mcnae et al., 2005).  
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Figure 5-1: Diagrammatic representation of co-crystallisation and soaking; the two methods 
used in this research to obtain a crystal of ICL1 bound to the inhibitor. In the co-crystallisation 
method, the protein is pre-incubated with the ligand/inhibitor before the crystal trial is set up, 
whilst in soaking, the crystal is first obtained, and the ligand is then added to the drop prior to 
X-ray diffraction. Created with BioRender.com. 

 

The former method can be trickier as new conditions must be identified for the 

crystallisation of the protein:ligand complex, which is often different from conditions 

where protein alone forms crystals. The latter can be more reliable if there is a ligand-

free crystal condition identified that can be used to generate a stock of crystals to be 

soaked with a drug/ligand (Hassell et al., 2006). The disadvantage of this approach is 

the low solubility of ligands in aqueous solutions, which may require organic solvents 

such as DMSO, which may alter the chemistry of the crystal drop and ultimately 

affecting the integrity of the crystal (Danley, 2006). Overall, the simplicity of soaking 

reduces the number of crystallisation trials, and it maximises the number of co-crystal 

structures per protein preparation (Müller, 2017).  

The automation of crystallography through a liquid-handling robot that pipettes the 

conditions and the protein accordingly into a 96-well plate has improved success rate 
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and made initial screens much more convenient, allowing high-throughput 

crystallisation trials (Stewart and Mueller-Dieckmann, 2014). Besides increasing 

efficiency and decreasing experimental cost, this type of robot, often referred to as a 

mosquito robot, reduces the amount of protein required for each screen (Bard et al., 

2004). The instrument has adaptable hardware and software that parameters can be 

adjusted, including volume (in the nanolitre range), aspiration and dispensing speed, 

among others (Stewart and Mueller-Dieckmann, 2014). This technology was used at 

the University of Lincoln to set up co-crystallisation trials. 

The understanding of how the inhibitor interacts with the protein is highly useful for the 

design of better inhibitors that can fit the active site and its interaction with each amino 

acid. To achieve this, hundreds of co-crystallisation trials were set up for ICL1 with 

itaconate (a known ICL1 inhibitor), an in-house synthesised inhibitor (2-

methylisocitrate) and the most promising ICL1 inhibitor to date, CL-54-01 (see Chapter 

5 for the inhibition studies against the isolated enzyme). The trials were carried out 

using both techniques described in Chapter 1 – the sitting (by the mosquito robot) and 

hanging drop vapour diffusion (following up on hits obtained from the crystal screens). 

As co-crystallising the enzyme with the inhibitor may not form crystals, the soaking 

method was also attempted simultaneously to maximise the co-crystallisation 

success. The ultimate aim was to confirm the binding of the inhibitor in the ICL1 active 

site, such that this could be used to study the mode of drug binding to refine the drug 

structure. 

 

Materials and Methods  
 
Protein crystallisation robot  

The 80 µL screening conditions (Stura MD1-02, MD1-13, MD1-20, MacroSol™ MD1-

22 (Molecular Dimensions, Ltd), HR2-126, HR2-098, HR2-144 (Hampton Research)) 

were added to the reservoir of the 96-well MRC crystallisation plates. The Ni-NTA 

purified ICL1 from -80 °C stock was thawed and buffer exchanged using a PD-10 

column as described previously in Chapter 1. Then, 1 mM of the drug (itaconate, 2-

methylisocitrate or CL-54-04) was added to the enzyme (final concentration of 4 

mg/mL) and kept on ice. The drug:enzyme mixture was loaded into the SPTLabTech 

mosquito® crystal instrument. The software was set up to pipette 100 nanolitres of the 
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enzyme and 100 or 200 nanolitres of the precipitant with reservoir precipitant solution 

and protein alone as controls. The plate was covered with an adhesive film (Thermo 

Scientific) and kept at 16 °C. Crystal growth was observed by light microscopy, and 

conditions that yielded crystals were recorded. The conditions that yielded crystals 

were expanded by adjusting the precipitant components’ range to improve the quality 

of the crystals. The conditions were prepared and sterilised by autoclave. Trials of 

drug:enzyme mixture were set up using the hanging drop method as described in 

Chapter 1.  

Soaking 

The hanging drop vapour diffusion crystallisation technique was used to produce ICL1 

crystals (conditions 0.2 M imidazole malate pH 7.0 and 25% (w/v) PEG 4000, 0.1 M 

sodium HEPES pH 7.5 and 20% PEG 10000, 0.1 M sodium calcodylate pH 6.5 and 

27% (w/v) PEG 4000, and 0.2 M imidazole malate pH 6.0 and 20% (w/v) PEG 4000), 

as described in Chapter 1. Once the crystals were formed, 0.2 µL of 10 mM CL-54-01 

was added to the 2 µL drop to a final concentration of 1 mM, and incubated for 1 hour.  

X-ray diffraction and solving the crystal structure 

The protein crystals generated by hanging drop vapour diffusion were sequentially 

dipped into cryoprotectant solutions before freezing. The crystal was removed from 

the drop by ‘fishing’ using a nylon loop before being plunged sequentially into the 

precipitant solution supplemented with first 10% (v/v) and then 20% (v/v) glycerol.  CL-

54 was also present in the cryoprotectant solution at 0.5 mM. After these brief 

incubations, the crystal was flash-frozen in liquid nitrogen and stored under liquid 

nitrogen until diffracted at Diamond Light Source (Oxford, UK). In collaboration with 

Professor Peter Moody (University of Leicester), the structure of ICL1 in complex with 

CL-54 was solved using the previously reported crystal structure of Mtb ICL1 in 

complex with 3-nitropropionate and glyoxylate, PDB 1F8I (Sharma et al., 2000) Briefly 

the electron density data generated at Diamond Light Source (Oxford, UK) was utilised 

as an mtz file with which to search by a molecular replacement for ICL1. All but chain 

A was deleted from the 1F8I.pdb file and this was utilised as a search model using the 

program Phaser and setting the occupancy of the asymmetric unit to be two (see 

https://www.ucl.ac.uk/~rmhasek/phaser.htmL). Gel filtration data had suggested that 

the recombinant ICL1 was purified as a dimer. The output .pdb file was then input into 
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the program COOT (see https://www.ucl.ac.uk/~rmhasek/coot.htmL) together with the 

electron density (.mtz file). Individual amino acid side chains were then manually 

refined before running global refinements to better place the amino acids within the 

density.  The output .pdb file was then manipulated in PyMOL to generate the images 

used within the thesis. 

 

Results  
 
A total of 336 conditions (STURA MD1-20, MACROSOL MD1-22, HR2-126, HR2-098, 

MD1-02, MD1-13, HR2-144) were tested in a ratio of 1:1 and 2:1 protein to ligand, 

where the ligand was 2-methylisocitrate, using the protein crystallisation robot. Of 

these conditions, crystals were observed in 11, where no crystal formed with ligand-

free ICL1 (Appendix B, Table B2). However, these crystals did not diffract and failed 

to form in scale-up trials. For the co-crystallisation of itaconate and ICL1, the same 

screens (STURA MD1-20, MACROSOL MD1-22, HR2-126, HR2-098, MD1-02, MD1-

13, HR2-144) used for 2-methylisocitrate were tested with ICL1:itaconate, with the 

addition of MD1-01 and HR2-122, totalling 432 conditions. Of those, 30 formed 

crystals that are supposedly ICL:itaconate complex structure (Appendix B, Table B2). 

Unfortunately, these conditions also failed to form crystals when scaling up using the 

hanging drop diffusion method. The same co-crystallisation effort was applied to CL-

54-01, where over 700 conditions, at three temperatures, were tested. No condition 

was identified where crystals were formed in the presence of the drug. Thus, the 

soaking technique was sought by diffusing CL-54-01 into already formed crystals 

identified in Chapter 1 (Figure 5-2).  

 

 

 

 

 

 

 

 

Figure 5-2: Soaking method of ICL crystals with CL-54-01. ICL1 crystals crystallised using 
0.2 M imidazole malate pH 6.0 and 20% (w/v) PEG 4,000, and 1 mM (final concentration) of 

CL-54-01 

soaked into 

ICL1 crystals 
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CL-54-01 was added to the drop. The drug, whose colouration is yellow, can be seen faded 
in the drop. Pictures are courtesy of Laura Boardman-Slack from Dr Odell’s lab at the 
University of Lincoln.  

 

One crystal form was soaked with CL-54-01 for 60 minutes (as in Figure 5-2) and 

diffracted at Diamon Light Source (UK). Working with Professor Peter Moody, the 

structure was solved by molecular replacement. This structure was compared with 

ligand-free ICL1 and ICL2 by superposition (Figure 5-3). Structures were obtained 

from Protein Data Bank.  

Figure 5-3: Comparison of sequence and structural alignment of CL-54-01 bound ICL with 

ICL1 and ICL2. The structure of ICL1 (red, PDB ID 1F61), ICL2 (blue and cyan, PDB ID 6EE1) 

and ICL1 bound to CL-54-01 (pink). The white arrows point at the catalytic loops containing 

the KKCGH motif. In the sequence alignment, ACEA1 refers to ICL1, and ACEA2 refers to 

ICL2. 

 

The active sites of the untreated ICL1 and ICL2 can be seen in an open conformation, 

depicted in yellow/red and yellow/blue, respectively indicated by white arrows. The 

active site of CL-54-01-treated ICL1 can be seen in yellow. This active site shows a 

distinct movement of the catalytic loop KKCGH, closing over the substrate-binding 

pocket. The RMSD value of the two ICL1 enzymes is 0.193 Å. Taking a closer look 

ICL2 

ICL1 with CL-54-01 

ICL1 
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into the active site of CL-54-01-treated ICL1 and untreated ICL1 and ICL 2 

superimposed (Figure 5-4), it is clear that the catalytic cysteine has moved 

considerably, by 13.8 Å when the inhibitor, CL-54-01, is bound. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4: Magnified view of the catalytic loop of ICL1, ICL2 and ICL1 bound to CL-54-01, 
showing relative movement of the α-carbon of the active site cysteine. 

 

The active sites of the untreated ICL1 and ICL2 can be seen in an open conformation, 

depicted in yellow/red and yellow/blue, respectively indicated by white arrows. This 

active site shows a distinct movement of the catalytic loop ‘KKCGH’, closing over the 

substrate-binding pocket.  

The decision was taken to compare the presumed structure of ICL1 bound to CL-54-

01 with that of ICL1 bound to the potent inhibitor, 3-nitropropionate (Figure 5-5).  

 

 

 

 

Untreated ICL1 

ICL1 treated with CL-54-01 

ICL2 
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Figure 5-5: Structural alignment of ICL1 active site complexed with CL-54-01 (green) and 3-
nitropropionate (yellow, PDB ID 6C4A), and their chemical structure. The green sphere is the 
positive magnesium ion needed for catalytic activity. For confidentiality, only the functional 
group of CL-54-01 is displayed, and R represents the common backbone structure that is the 
same for all three analogues. 

 

The active site loops (depicted in yellow and green in Figure 5-5) are superimposable. 

The RMSD value of this alignment is 0.289 Å. The distance between the α-carbon of 

the cysteine residues in the CL-54-01-treated ICL1 active site and the 3-

nitropropionate-treated ICL1, with pyruvate is only 1.0 Å. This is less than a C-C bond, 

showing much greater structural homology between ICL1 soaked with CL-54-01 and 

the 3-nitropropionate inhibitor bound than with native ICL1.  

 

Discussion  
 
Obtaining diffraction-quality crystals has long been a bottleneck in solving the three-

dimensional structures of proteins (Hassell et al., 2006). This issue was faced in 

Chapter 1, but new conditions that produced a diffraction-quality crystal, such as 0.2 

M Imidazole malate pH 6.0 and 20% (w/v) PEG 4,000, were identified (Chapter 1) and 

used to obtain ICL1:inhibitor crystals. 
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In this study, two approaches were taken to obtain a protein:ligand structure, co-

crystallisation and soaking pre-grown protein crystals with the drug. The ligands tested 

were 2-methylisocitrate, itaconate and CL-54-01. For each, hundreds of conditions 

were tested. Some conditions yielded ICL1:inhibitor crystals (Appendix B, Table B2), 

but only weak diffraction at best was observed ‘in-house’ for ICL1 with itaconate, 2-

methylisocitrate or CL-54-01. Since CL-54-01 is the most promising inhibitor, the 

soaking efforts were focused on this compound to obtain a crystal where the inhibitor 

is bound to the active site.  

In many cases, the ligand may be insoluble in the precipitant solution and must be 

dissolved in solvents such as ethanol or DMSO to achieve the required concentration 

(Fedarovich et al., 2012). This solvent frequently damages the protein if higher than 

10% (Jackson and Mantsch, 1991) and could have a detrimental effect on the crystals 

and result in poorer diffraction (Mcnae et al., 2005). Although the CL-54-01 is dissolved 

in DMSO, the crystal diffraction was of good quality. The DMSO did not cause a 

detrimental effect on the quality of the ICL1 crystal because the CL-54-01 stock 

concentration was 10 mM and the final concentration was 1 mM, only 0.2 µL of the 

stock was added to the 2 µL drops.  

For the visualisation of the structure, the ICL2 was also included because this 

isoform’s structure was recently solved and published for the first time in 2019 (Bhusal 

et al., 2019). The rationale was to understand whether the CL-54-01 could also inhibit 

ICL2; thus, the alignments of the ICL2 structure, ICL1 alone and ICL1 bound to CL-

54-01, were generated. Both ICL1 and ICL2 active sites are conserved (Figure 5-3), 

suggesting that an ICL1 inhibitor can also inhibit ICL2. If we take a magnified view of 

the active site, ICL1 bound to CL-54-01 had a shift in the catalytic amino acids 

(KKCGH motif) to a close conformation (Figure 5-4). It supports the findings that 

suggest tighter binding – the active site loop appears to have closed over, thus, 

trapping the inhibitor such that it remains bound over the PD-10 column (seen in the 

in vitro studies in Chapter 4).  

A structure alignment of 3-nitropropionate (a known ICL1 inhibitor) was superimposed 

with the solved structure of ICL1 with CL-54-01 (Figure 5-5). Both structures have an 

active site in close agreement (distance is 1.0 Å). This implies that this novel inhibitor 

binds and causes the same conformational changes as 3-nitropropionate, despite that 
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CL-54 family are not structurally related to 3-nitropropionate and are twice as large 

(e.g., 356.37 g/mol CL-54-01 vs 118.07 g/mol 3-nitropropionate). Therefore, there is 

strong evidence that the CL-54 drug family is the most potent ICL inhibitor to date.  

Besides the concentration of the inhibitor, the soaking time is an important factor to 

consider. In this study, the soaking lasted 60 minutes, but the location of the drug in 

the active site was not well resolved, suggesting poor site occupancy. There are cases 

where soaking needs hours or even days to fully populate the ligand in a binding 

pocket of the protein (Schiebel et al., 2015). This means that not only affinity but also 

diffusion kinetics of the inhibitor into the crystals are important for successful soaking. 

In the future, experiments with longer soaks are needed.  
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Chapter 6 – Assessing the CL-54 drug family against 
Mycobacterium tuberculosis 

 

Introduction  

 

After successfully screening the potential ICL inhibitors in the in vitro enzyme assay 

(Chapter 4), the most promising candidates were the CL-54 family with an estimated 

IC50 in the nanomolar range. Although the structure of these drugs is confidential, their 

presumptive functional group are depicted in Figure 6-1.  

 

 

 

 

 

 

 

Figure 6-1: Structure of CL-54 family compounds. Only functional groups are shown as the 
full structure is confidential (this drug family has been synthesised by Dr Christopher Lawson 
at the University of Glasgow originally as anti-malaria drug but were repurposed as part of a 
collaboration). R represents the common backbone structure that is the same for all three 
analogues. Molecular weight: CL-54-01 (356.37 g/mol), CL-54-02 (340.38 g/mol), CL-54-04 
(354.40 g/mol).  

 

To treat tuberculosis, a combination of anti-mycobacterial agents are used in an effort 

to minimise the emergence of resistance. It has been proposed that an ICL inhibitor 

could be used in combination with current anti-TB drugs to decrease the treatment 

time as well as to minimise the emergence of resistance, as transcription levels of icl1 

are increased in Mtb in response to antibiotic treatment (Nandakumar et al., 2014). 

Therefore, a drug combination study, by checkerboard assay, was used to assess the 

potency of the CL-54 drug family with currently employed anti-mycobacterial agents 

such as rifampicin and bedaquiline in comparison to their individual activities.  

The checkerboard set up as shown in Figure 6-2, in which drug A and B is pipetted on 

its own and with combination with each other in a series of dilution, covering a range 

CL-54 drug family 

CL-54-01  CL-54-02  CL-54-04  
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of concentrations above and below the known MIC of the desired drug. The optical 

density at 595 nm is measured to assess growth inhibition.  

 

Figure 6-2: Diagrammatic representation of the checkerboard assay. A series of dilutions of 
Drug A is pipetted along the abscissa (the first row is drug A only to serve as a control), whilst 
Drug B is pipetted along the ordinate (the first column is drug B only to serve as control). Red 
to yellow represents the drug concentration, where red is the most concentrated and yellow 
the least. C stands for control, in which the mycobacteria are grown without any drug. BL 

stands for blank as it is only media without mycobacteria to ensure there is no contamination.  

 

The comparison is then represented as the Fractional Inhibitory Concentration (FIC) 

index value. The FIC index value takes into consideration the combination of drug A + 

B that produces the greatest change from the individual drug’s MIC. To quantify the 

FIC index values, the following equation is used:  

FIC index = 
𝑀𝐼𝐶 𝐷𝑟𝑢𝑔 𝐴 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛

𝑀𝐼𝐶 𝑑𝑟𝑢𝑔 𝐴 𝑎𝑙𝑜𝑛𝑒
 + 

𝑀𝐼𝐶 𝐷𝑟𝑢𝑔 𝐵 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛

𝑀𝐼𝐶 𝑑𝑟𝑢𝑔 𝐵 𝑎𝑙𝑜𝑛𝑒
 

The FIC index value is used to categorise the interaction of drugs A and B as 

synergy, antagonism, additive or indifference – Table 5.  
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Table 5: Categories of Fractional Inhibitory Concentration (FIC) index 

Category FIC value 

Synergy <0.5 

Additive 0.5-2 

Indifference 2-4 

Antagonist >4 

 

Synergy is when the combination of drug A and B results in an FIC value of <0.5, 

which means the combination increases the inhibitory activity of one or both 

compounds than the compound’s MIC alone. The additive effect is when the 

combination of compounds results in an FIC value between 0.5-2, meaning the 

combination has no increase in inhibitory activity. Indifference (FIC value = 2-4) is the 

concentration used of each drug combined is no different from the MIC of each drug 

alone. Antagonism is when the combination of compounds (FIC value >4) increases 

the MIC or lower the activity of the compounds (Odds, 2003). Based on the FIC index 

value, the best drug combination will be selected and used to do a colony-forming unit, 

and metabolomics analysis to gain an understanding of the drug's effect on Mtb 

metabolism.   

Both the glyoxylate shunt and methylcitrate cycle are metabolic pathways that are 

required to assimilate fatty acids (Upton and McKinney, 2007; Puckett et al., 2017). 

To mimic this environment, carbon-defined propionate media was used for these 

experiments, with glycerol media as the control (main carbon source commonly used 

in TB research). Two strains were used, Mtb Erdman wild-type and a BSL2 version 

originated from Mtb H37Rv strain, mc26206. The former is a standard virulent 

laboratory strain for virulence and immunisation studies (Miyoshi-Akiyama et al., 

2012). The former was generated as an auxotrophic strain for leucine and 

pantothenate and showed a lack of lethality in immunocompromised and 

immunocompetent mice (Vilchèze et al., 2018). This strain was used to circumvent the 

absence of a plate reader inside the BSL3, enabling to perform the checkerboard 

assay.  
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Materials and Methods  

 
Bacterial strains and culture conditions 

Mycobacterium tuberculosis (Mtb) Erdman wild-type (Erd WT) or H37Rv 

ΔpanCD ΔleuCD (mc26206) was pre-cultured in Middlebrook M7H9 broth (Difco, 

Detroit, MI) supplemented with 0.5% (w/v) fraction V bovine serum albumin (BSA), 

0.085% (w/v) NaCl, 0.04% (v/v) tyloxapol with 0.2% (v/v) glycerol and 0.2% (w/v) 

dextrose. For H37Rv ΔpanCD ΔleuCD (mc26206), the media was further 

supplemented with 24 mg/L L-pantothenate and 50 mg/L L-leucine. For experiments, 

the strains were centrifuged and resuspended in fresh M7H9 containing BSA, NaCl, 

tyloxapol and a carbon source were added when appropriate (0.2% (v/v) glycerol or 

0.05-0.1% (w/v) propionate). For metabolomic profiling, filters were generated as 

previously described (de Carvalho et al., 2010; Eoh and Rhee, 2013). Briefly, a Mtb 

culture of OD595 1.0 was transferred into a 22 mm 0.22 µm nitrocellulose filter under 

vacuum filtration and incubated on a chemically defined agar (M7H10) at 37 °C for 5 

days. The Mtb-laden filters were then transferred to an M7H10 with either 0.2% (v/v) 

glycerol or acetate, and with or without a combination of the drug or the drug alone 

(CL-54-04, bedaquiline or rifampicin). Mtb Erdman was cultured in containment of 

biosafety level 3 facility.  

 

Bacterial growth curves and Colony-forming unit (CFU) assay  

Bacterial growth was monitored by optical density (OD) at 595 nm using a 

spectrophotometer GENESYSTM 20 (Thermo Scientific). For CFU assays, mid-

logarithmic phase of Mtb Erd was diluted to OD595 0.05 in M7H9 broth containing BSA, 

NaCl, tyloxapol and supplemented with 0.2% (v/v) glycerol or 0.05-0.1% (w/v) 

propionate and antibiotics, rifampicin (Sigma, USA), bedaquiline (AChemBlock, 

Burlingame, CA, USA) or CL-54 drug family, when applicable, in a 24 or 96 well plate. 

After 5 or 7 days of antibiotic treatment (rifampicin and bedaquiline), the cells were 

then serially diluted and plated on M7H10 agar with 0.5% (v/v) glycerol, 0.2% (w/v) 

dextrose, 0.5 g/L BSA and 0.085% (w/v) NaCl for 3 weeks at 37 °C until the colonies 

formed.  
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Drug combination analysis by checkerboard assay  

H37Rv ΔpanCD ΔleuCD (mc26206) was cultured in M7H9 containing BSA, NaCl, 

tyloxapol, 0.2% (v/v) glycerol and 0.2% (w/v) dextrose and supplemented with 24 mg/L 

L-pantothenate and 50 mg/L L-leucine until OD595 was in mid-logarithmic phase. The 

culture was centrifuged and resuspended with M7H9 containing NaCl, tyloxapol, either 

0.2% (v/v) glycerol or 0.05% (w/v) propionate and supplemented with 24 mg/L L-

pantothenate and 50 mg/L L-leucine. The drug stocks, CL-54-04, itaconate (Sigma, 

USA), bedaquiline (AChemBlock, Burlingame, CA, USA) or rifampicin (Sigma, USA) 

were prepared and diluted at a range of concentrations immediately prior to testing. 

The first drug was serially diluted along the ordinate, whilst the second drug was 

diluted along the abscissa (Orhan et al., 2005) with a final volume of 10 µL. The first 

column and the first row contained each drug alone. 50 µL of M7H9 containing the 

required nutrients was distributed into each well. The culture (100 µL) was added to 

each well with a final OD595 of 0.05. Media only and media with culture were included 

in every plate as controls (Figure 6-2). The plate was incubated at 37 °C and 2% (v/v) 

CO2. Bacterial growth was monitored by optical density at 595 nm by using a 

spectrophotometer GENESYSTM 20 (Thermo Scientific) after 7 days.  

 

Metabolite extraction for LC-MS analysis 

The nitrocellulose filters containing Erdman WT were incubated at 37 °C. After 

reaching the mid-logarithmic phase of growth (approximately 5 days), the filters were 

transferred to chemically identical M7H10 agar containing fresh a carbon source(s) 

and antibiotics when applicable and incubated for 24 hours at 37 °C. The metabolites 

were harvested by transferring the filters into pre-cooled -40 °C LC-MS-grade 

acetonitrile:methanol:water (40:40:20) solution and mechanically lysed with 0.1 mm 

Zirconia beads in a Precellys tissue homogeniser (Bertin Technologies, France) at 

6,800 rpm for 6 minutes in dry ice. Lysates were centrifuged and filtered using 0.22 

µM Spin-X columns. Protein concentrations of metabolite extracts were measured 

(BCA protein assay kit; Thermo Scientific, Waltham, MA, USA) to normalise samples 

to cell biomass (Lee et al., 2018).  

 

Liquid Chromatography-Mass Spectrometry (LC-MS) for metabolomics profiling 

LC-MS differentiation and detection of Erdman was performed with an Agilent 

Accurate Mass 6230 TOF coupled with an Agilent 1290 Liquid Chromatography 
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system using solvents and configuration as previously described (Eoh and Rhee, 

2013). An isocratic pump was used for continuous infusion of a reference mass 

solution to allow mass axis calibration. Detected ions were classified as metabolites 

based on unique, accurate mass-retention time identifiers for masses showing the 

expected distribution of accompanying isotopologues. Metabolites were analysed 

using Agilent Qualitative Analysis B.07.00 and Profinder B.06.00 software (Agilent 

Technologies, Santa Clara, CA, USA) with a mass tolerance of <0.005 Da. Standards 

of authentic chemicals of known amounts were mixed with bacterial lysates and 

analysed to generate the standard curves used to quantify metabolite levels (Eoh and 

Rhee, 2013). 

 

Results 
 

The first experiments include testing a range of concentrations of CL-54 drugs to 

measure the growth inhibition of an ICL inhibitor in the Erdman wild type by optical 

density (OD595) and colony-forming unit (CFU). The drugs were tested using the 

Erdman strain in two sole carbon sources (glycerol and propionate), to distinguish if 

the compound is active when the bacteria are replicating (glycerol condition) or slowly 

replicating (propionate condition) (Eoh and Rhee, 2013). The former condition is when 

ICL is actively required in the glyoxylate shunt and methylcitrate cycle.  

CL-54-01 was the first in the drug family to be tested. Although the normal monitoring 

course is 21 days, CL-54-01 was tested at 200 µM for only 9 days (Figure 6-3). This 

was because no immediate effect was observed in the growth by optical density at a 

high concentration of 200 µM, suggesting that CL-54-01 is not effective against the 

whole organism. 
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Figure 6-3: Effect of CL-54-01 in the growth of Mtb Erdman wild type in both glycerol and 
propionate media for 9 days. Data represent an average of three biological replicates.  

 

The effect of the other two drugs, CL-54-02 and CL-54-04, was monitored by optical 

density (595 nm) over a 21-day period, using 1, 10 and 100 µM (Figure 6-4). 
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Figure 6-4: Effect of CL-54-02 and CL-54-04 in the growth of Mtb Erdman strain in both 
glycerol and propionate as sole carbon sources. Data represents an average of three 
biological replicates, and error bars are standard deviations. ***P<0.001 by two-way ANOVA.  

 

No CL-54-02 effect was seen in glycerol media at the concentrations tested; however, 

the growth was slightly delayed with 100 µM in propionate media. The effect of 1 and 

10 µM CL-54-04 had a significant growth inhibition in propionate media but no effect 

on glycerol media, whereas 100 µM inhibited growth in both carbon sources. 

From all three analogues, CL-54-01 was shown to be the least effective. The other two 

analogues were assessed by CFU experiments. After being challenged with the 

analogues, the bacteria were serially diluted and plated at 4 and 9 days (Figure 6-5).  

 

*** 
*** 

** 
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Figure 6-5: Effect of 100 µM CL-54-02 and CL-54-04 in the growth of Mtb Erdman in glycerol 
and propionate media. Time points were 0, 4 and 9 days. Data represent an average of three 
biological replicates, and error bars are standard deviations. Ns, not significant by two-way 
ANOVA.  

 

As with the growth in liquid culture, 100 µM CL-54-02 had no effect on Mtb colony 

formation. CL-54-04, however, had a bactericidal effect on Mtb on both carbon sources 

at 100 µM. Thus, a lower range of CL-54-04 concentrations was further tested (Figure 

6-6). 

 

 

 

ns 
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Figure 6-6: Colony-forming unit of Mtb Erdman challenged with different concentrations (1, 
10 and 100 µM) of CL-54-04 in both glycerol and propionate media. Data represent an average 
of three biological replicates, and error bars are standard deviations. ***P<0.001; Ns, not 
significant by two-way ANOVA.  

 

Although CL-54-04 had a bactericidal effect at 100 µM, a checkerboard experiment 

was done as an effort to identify the drug concentration needed by combining with 

other antimycobacterial drugs. For comparison, itaconate – a known ICL inhibitor with 

a high toxicity effect – was used as a control. Given the equipment limitations of the 

BSL3 facility, the checkerboard assay was carried out using an M. tuberculosis BSL2 

strain, mc26206 (H37Rv ΔpanCD ΔleuCD), that is an auxotrophic attenuated version 

of BSL3 Mtb H37Rv (Jain et al., 2014; Vilchèze et al., 2018), which has only one 

functional ICL isoform as the aceA gene (encoding for ICL2) is split into two, rendering 

Mtb with only one copy of ICL. Thus, this strain is likely to be more sensitive to an ICL 

inhibitor than a strain with both functional isoforms. 

First, itaconate was combined with bedaquiline using glycerol (Table 6) and propionate 

(Table 7) as sole carbon sources. The mycobacteria’s drug sensitivity varies with the 

carbon source (Bald et al., 2017; Kalia et al., 2019); thus, the drug range used in 

propionate media was at a lower concentration than in glycerol. The colour scheme is 

used to demonstrate a range in which red represents the lowest FIC index (either 

synergy or additive) and green the highest (indifference or antagonistic). Given the 

limitation of the strain used, these experiments are representative.   

 

 

ns ns 
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Table 6: FIC index for the combination of itaconate and bedaquiline against mc26206 with 
glycerol as a sole carbon source. 

  Itaconate (mM) 

  1.25 2.5 5 10 20 

Bedaquiline 
(µg/mL) 

0.0375 1.7 0.9 0.6 1.0 1.2 

0.075 1.4 0.4 0.7 1.0 1.3 

0.15 0.8 0.6 1.2 1.5 2.2 

0.3 1.1 1.1 1.9 2.1 4.0 

  0.2% (v/v) Glycerol 

 

Table 7: FIC index for the combination of itaconate and bedaquiline against mc26206 with 
propionate as a sole carbon source. 

 

  Itaconate (mM) 

  0.4 0.6 0.8 1 1.2 

Bedaquiline 
(µg/mL) 

0.0035 2.2 2.2 2.3 2.3 2.2 

0.0052 2.1 2.1 2.1 2.2 1.8 

0.007 2.2 2.2 2.2 2.3 2.0 

0.011 2.0 2.0 2.0 2.0 2.0 

0.017 2.1 2.0 1.7 1.7 1.5 

0.026 1.5 1.3 1.2 1.2 1.4 

  0.05% (w/v) Propionate 

 

The combination 2.5 mM itaconate with 0.075 µg/mL bedaquiline caused a synergistic 

effect in glycerol media. Itaconate at all concentrations tested was additive with 

bedaquiline in propionate media, with the lowest concentrations of both drugs used 

were 0.8 mM itaconate and 0.026 µg/mL bedaquiline.  

The following combination tested was itaconate with rifampicin in both carbon sources: 

glycerol (Table 8) and propionate (Table 9).  
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Table 8: FIC index for the combination of itaconate and rifampicin against mc26206 with 
glycerol as a sole carbon source. 

  Itaconate (mM) 

  0.625 1.25 2.5 5 10 

Rifampicin 
(µg/mL) 

0.0625 2.1 2.2 1.2 1.6 1.6 

0.125 1.9 1.8 1.0 2.1 2.0 

0.25 1.8 1.4 1.2 2.9 2.1 

0.5 1.5 1.6 1.7 2.4 2.6 

1 1.5 1.7 1.8 2.5 2.7 

  0.2% (v/v) Glycerol 

 

Table 9: FIC index for the combination of itaconate and rifampicin against mc26206 with 
propionate as a sole carbon source. 

  Itaconate (mM) 

  0.625  1.25 2.5  5  10  

Rifampicin 
(µg/mL) 

0.03125 2.1 2.2 1.8 1.9 1.4 

0.0625 2.0 2.0 1.6 2.0 1.7 

0.125 1.9 1.9 1.7 2.2 1.6 

0.25 1.8 1.4 1.6 2.1 1.8 

0.5 1.3 1.3 1.6 2.1 1.6 

  0.05% (w/v) Propionate 

 

The combination of rifampicin with itaconate lead to an additive effect in both carbon 

sources, in which 2.5 mM itaconate and 0.125 µg/mL rifampicin was the best 

combination for glycerol media, and 0.625 mM itaconate and 0.5 µg/mL rifampicin for 

propionate as a sole carbon source.  

The same experiment was done using CL-54-04 in combination with bedaquiline in 

both glycerol (Table 10) and propionate (Table 11) as sole carbon sources. The 

rationale for decreasing the concentration of CL-54-04 in propionate media (250 – 7.81 

µM as opposed to 500 – 15.62 µM in glycerol) is because Mtb depends on ICL for 

propionate metabolism, and therefore, a lower ICL inhibitor concentration may be 

required. 
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Table 10: FIC index for the combination of bedaquiline and CL-54-04 against mc26206 with 
glycerol as a sole carbon source. 

  Bedaquiline (µg/mL) 

  0.018 0.0375 0.075 0.15 0.3 

CL-54-04 (µM) 

15.62 2.5 2.5 2.4 2.2 0.8 

31.25 2.8 2.7 2.7 2.7 0.9 

62.5 2.9 3.0 2.9 5.2 1.0 

125 5.2 6.0 9.8 9.0 1.2 

250 11.1 10.7 12.0 6.1 1.8 

500 19.0 9.7 7.3 7.2 2.1 

  0.2% (v/v) Glycerol 

 

Table 11: FIC index for the combination of bedaquiline and CL-54-04 against mc26206 with 
propionate as a sole carbon source. 

  Bedaquiline (µg/mL) 

  0.052 0.007 0.011 0.017 0.026 

CL-54-04 (µM) 

7.81 1.9 1.8 1.8 1.8 3.6 

15.62 2.0 1.9 1.9 1.9 3.6 

31.25 2.0 1.8 1.9 1.9 3.9 

62.5 2.5 2.4 2.4 2.6 6.4 

125 3.6 3.5 3.5 3.6 9.0 

250 3.2 2.9 3.0 3.2 8.2 

  0.05% (w/v) Propionate 

 

Only an additive effect was seen when in combination with bedaquiline under both 

carbon sources. In glycerol media, the best combination was 0.3 µg/mL bedaquiline 

and 15.6 µM CL-54-04. In propionate media, the best additive effect was 0.0052 µg/mL 

bedaquiline and 7.8 µM CL-54-04.  

The combination of CL-54-04 and rifampicin was also tested in glycerol (Table 12) 

and propionate (Table 13). 
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Table 12: FIC index for the combination of rifampicin and CL-54-04 against mc26206 with 
glycerol as a sole carbon source. 

  Rifampicin (µg/mL) 

  0.00781 0.01563 0.03125 0.0625 0.125 

CL-54-04 
(µM) 

15.62 2.0 1.7 2.6 1.4 1.2 

31.25 2.2 2.1 2.4 1.7 1.3 

62.5 4.1 2.9 2.8 1.7 1.4 

125 4.9 4.0 3.0 1.7 1.6 

250 7.0 3.5 4.1 1.6 1.6 

500 12.8 9.6 6.9 3.3 3.0 

  0.2% (v/v) Glycerol 

 

Table 13: FIC index for the combination of rifampicin and CL-54-04 against mc26206 with 
propionate as a sole carbon source. 

  Rifampicin (µg/mL) 

  0.00391 0.00781 0.01563 0.03125 0.0625 

CL-54-04 

(µM) 

7.81 2.3 2.2 2.2 1.8 2.9 

15.62 2.3 2.2 2.2 2.3 2.8 

31.25 2.3 2.2 2.2 2.9 3.0 

62.5 2.8 3.1 4.1 3.2 3.4 

125 5.5 5.4 4.5 3.9 4.2 

250 7.6 7.4 6.9 4.9 4.9 

  0.05% (w/v) Propionate 

 

The combination of CL-54-04 and rifampicin had an additive effect in both carbon 

sources at the concentrations tested. The best combination when glycerol is the sole 

carbon source is 0.0625 µg/mL rifampicin and 15.6 µM CL-54-04, keeping the 

rifampicin concentration lower than the MIC (0.125 µg/mL). In propionate media, 

0.03125 µg/mL rifampicin and 7.8 µM CL-54-04 had the best additive effect. Based on 

the FIC index results, a colony-forming unit (CFU) assay was done using the drug 

combinations (bedaquiline and rifampicin with CL-54-04) under glycerol condition – 

Figure 6-7. 
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Figure 6-7: Drug combination effect of CL-54-04 with bedaquiline (BDQ) and rifampicin (RIF) 
against Mtb Erdman strain in 0.2% (v/v) glycerol M7H10 media. Drug concentrations were 
based on the FIC index: 0.3 µg/mL bedaquiline with 15.6 µM CL-54-04 and 0.0625 µg/mL 
rifampicin with 15.6 µM CL-54-04. Data represent an average of three biological replicates, 
and error bars are standard deviations. *P<0.01 by two-way ANOVA.  

 

There was no bactericidal effect in both drug combinations at the concentrations 

tested. Nonetheless, bedaquiline alone caused a bacteriostatic effect, whereas CL-

54-04 alone only slowed down the growth by 100-fold. Surprisingly, the combination 

of CL-54-04 and bedaquiline slowed down the growth similarly to CL-54-04 alone. The 

effect of rifampicin with CL-54-04 slowed down the growth by 1000-fold, though it was 

not bacteriostatic. Both drugs alone (15 µM CL-54-04 and 0.0625 µg/mL rifampicin) 

had the same effect on growth (decreased of 100-fold).  

This experiment was done alongside a metabolomic analysis of the TCA cycle, MCC, 

and GABA shunt using the same drug combinations. Filters containing mid-logarithmic 

phase wild-type Erdman strain were incubated on M7H10 plates containing either 

glycerol or propionate and the drugs at their appropriate concentrations (Figures 6-8 

and 6-9). Each plate had three filters, and the average values are depicted for each 

metabolite in ion count/mg.  

* * * 

* 
* 



113 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-8: The inhibition of ICL in Erdman wild type by CL-54-04 leads to an increase in methylcitrate cycle (MCC) intermediates in propionate 

media. In glycerol (0.2% v/v) condition, the drug combination used was 15.62 µM CL-54-04 and 0.3 µg/mL bedaquiline. In propionate (0.1% w/v) 

condition, the drug combination was 7.81 µM CL-54-04 and 0.0052 µg/mL bedaquiline. Values depicted are ion count/mg and are an average of 

three biological replicates. BDQ, bedaquiline; 04, CL-54-04. MCC, 2-methyl-cis-aconitate and 2-methyl-isocitrate. 
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Figure 6-9: The combination of rifampicin and CL-54-04 leads to an increase in MCC metabolites in Erdman wild type in propionate media. In 
glycerol (0.2% v/v) condition, the drug combination used was 15.62 µM CL-54-04 and 0.0625 µg/mL rifampicin. In propionate (0.1% w/v) condition, 
the drug combination was 7.81 µM CL-54-04 and 0.03125 µg/mL rifampicin. Values depicted are ion count/mg and are an average of three 
biological replicates. RIF, rifampicin; 04, CL-54-04. MCC, 2-methyl-cis-aconitate and 2-methyl-isocitrate. 
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In glycerol condition (Figure 6-8), CL-54-04 alone has a high accumulation of TCA cycle 

metabolites when compared to propionate and an accumulation of both glutamine and 

GABA. The combination of BDQ and CL-54-04 in propionate media leads to a 

downregulation of pyruvate, citrate, fumarate and malate when compared to each drug 

individually. CL-54-04 alone in propionate media leads to a downregulation of αKG, 

succinate and glutamine, but upregulation of the MCC. All three conditions lead to an 

accumulation of glutamate in propionate media. When CL-54-04 is combined with 

rifampicin in glycerol media (Figure 6-9), both glutamine and GABA are accumulated, but 

there is a decrease in aspartate. In propionate media, the combination of CL-54-04 and 

rifampicin leads to an accumulation of the MCC. All three conditions lead to a decrease 

in succinate when propionate is the sole carbon source.  

Discussion 
 

A drug is classified as bacteriostatic or bactericidal depending on its efficiency against the 

bacteria. The former usually refers to an agent that prevents the growth of bacteria, such 

as keeping them in a stationary phase of growth, while the latter refers to an agent that 

kills the bacteria (Pankey and Sabath, 2004). However, the same agents considered 

bactericidal may exhibit bacteriostatic activity at low concentrations (Wald-Dickler et al., 

2018) or depending on the stage of bacterial growth (Bakker-Woudenberg et al., 2005). 

A compound with bactericidal effects rather than bacteriostatic is usually preferred in 

clinical settings as this may limit the development of resistance (Stratton, 2003). 

Nonetheless, bacteriostatic agents can kill the bacteria; they just require a higher 

concentration than bactericidal agents to achieve specific thresholds of bacterial 

reduction (Wald-Dickler et al., 2018). However, high drug concentrations are more likely 

to result in stronger adverse effects. A combination of one or more drugs is a standard 

approach to treat a series of infections to prevent resistance from arising, which is often 

seen with one drug alone (Fischbach, 2011; Tamma et al., 2012). This is the case of TB 

treatment, in which two or more anti-mycobacterial drugs is given to prevent antimicrobial 

resistance (Sun et al., 2016). Both regimens for TB and multidrug resistance TB consists 

of combinatory therapy, though not all anti-TB drugs are bactericidal. For instance, 

ethambutol (EMB) is considered bacteriostatic, but higher concentrations are used to 
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obtain a bactericidal effect. Its principal role has been as a companion drug to prevent 

resistance, such as macrolide resistance when treating M. avium complex (Xu et al., 

2018). Ethionamide and prothionamide are both bacteriostatic drugs and are used to treat 

MDR-TB  in combination with D-cycloserine, para-aminosalicylic acid, terizidone, and 

thioacetazone (Onyebujoh et al., 2005; WHO, 2018). Thus, a combination of bactericidal 

and bacteriostatic drugs is employed to treat tuberculosis.   

A new family of drugs (CL-54 compounds) that had been identified as powerful ICL 

inhibitors (Chapter 4) and were investigated against Mtb to assess their anti-

mycobacterial properties. CL-54-01 did not cause any bactericidal or bacteriostatic effect 

at 200 µM in both carbon sources for 9 days. However, it is unknown if a later effect would 

be seen if the experiment was prolonged until 21 days. This is seen with 100 µM CL-54-

02, where a significant growth defect was only observed at 21 days in propionate media. 

Nonetheless, no effect was seen in both carbon sources with the other two concentrations 

(1 and 10 µM) tested. Interestingly, CL-54-04 show a bactericidal effect at 100 µM in both 

carbon sources and a bacteriostatic effect at 10 µM in propionate media only. This effect 

may be because Mtb heavily relies on the glyoxylate and methylcitrate cycles to survive 

in propionate media, in which ICL is a key enzyme in both pathways. Thus, 10 µM of the 

ICL inhibitor is enough to prevent Mtb’s growth. When ICL is not essential for Mtb’s 

survival (glycerol condition), the bacterial growth was comparable to control organisms. 

Evidently, the drug effect is different depending on the carbon source. 

These CL-54 analogues differ in their functional groups, in which both CL-54-01 and CL-

54-02 have one or two hydroxyl groups attached to the benzene ring (Figure 6-1). The 

former has two hydroxyl groups in meta and para positions, whilst the latter has one 

hydroxyl group in the para position. Similarly to CL-54-02, CL-54-04 has a hydroxyl group 

in the para position but an additional methyl group in the ortho position. As the rest of the 

structure is similar, and only CL-54-04 has bactericidal effects, it suggests that the methyl 

group in the ortho position is responsible for this phenotype. The methyl group might be 

allowing the drug to penetrate due to solvation and by increasing the affinity to cell 

membrane lipids, whereas CL-54-01 and CL-54-02 have one or two hydroxyl groups, 

without the additional methyl, making more polar which may affect their cellular uptake.  
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Drug combinations can reduce the treatment period, limit the development of resistance 

and cause milder side effects, all of which aim to increase the likelihood of treatment 

completion and success (Shin et al., 2015). Toxic side effects associated with 

antimicrobial agents can be decreased when the dosage is reduced through synergistic 

combination therapy (Xu et al., 2018). Thus, implementing an ICL inhibitor with current 

regimens is promising as it can shorten the treatment duration for active TB due to ICL’s 

role in antibiotic resistance (Nandakumar et al., 2014).  

In this study, CL-54-04 was screened with rifampicin (RIF) and bedaquiline (BDQ) to 

identify a synergistic combination. The choice of the drug was based on the mode of 

action and clinical relevance. Both rifampicin and bedaquiline are clinically used drugs to 

treat TB. Rifampicin is one of the first-line drugs that inhibit the mycobacteria’s RNA 

polymerase. The combination of an ICL inhibitor with an RNA polymerase inhibitor can 

be powerful as any Mtb response (such as overexpression of ICL or expression of stress 

response factors) would rely on a functional RNA polymerase. Bedaquiline is a second-

line drug that inhibits c and ɛ subunits of the Mtb’s ATP synthase (Andries et al., 2005; 

Koul et al., 2007; Shin et al., 2018). It can be hypothesised that inhibiting ICL would 

increase the accumulation of methylcitrate cycle metabolites, slowing down the TCA cycle 

and ultimately downregulating the ETC activity (Eoh and Rhee, 2014). Thus, combining 

bedaquiline with an ICL inhibitor could have a synergistic effect. This hypothesis was 

supported by the checkerboard assay done with itaconate.  

Ideally, the concentrations needed of each drug in combination would require lower 

concentrations than the ones needed to kill or inhibit Mtb’s growth on its own. Therefore, 

the concentrations screened in the checkerboard assay were below the minimal inhibitory 

concentration (MIC) of each drug. At the concentrations tested in the checkerboard assay, 

only an additive effect was observed when CL-54-04 and BDQ or RIF were combined in 

both carbon sources. The additive effect of CL-54-04 with BDQ, however, was not 

observed in the colony formation assay at the time point analysed, whilst in combination 

with RIF, there was some degree of additive effect (Figure 6-7). Neither CL-54-04 

combinations had a bacteriostatic or bactericidal effect.  
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The disparity between the checkerboard assay and the CFU assay results may be for two 

reasons. The first one is the point of the growth curve of the bacteria. In the checkerboard 

assay, the OD595 of 0.05 of mc26206 is required to assess whether the drug combination 

prevents the mycobacterial’s growth (which suggests CL-54-04 combination with either 

rifampicin or bedaquiline is a growth inhibitor but not bactericidal). However, in the CFU 

assay, an OD595 of 0.5 was used as the start for colony-forming experiments (allowing to 

assess a bactericidal or bacteriostatic effect). At which point, there are not only 10-fold 

more bacteria than in the checkerboard assay, but they also highly diverge in their 

metabolic state, so the effect of the drug might be different. It has been reported that the 

same drug can have a bacteriostatic effect in one growth stage but be bactericidal in 

another (Pankey and Sabath, 2004). For instance, Mtb is less susceptible to isoniazid in 

the lag phase than at the later growth stages, and thus, its bactericidal activity is most 

notable in the log phase (Yamori et al., 1992). However, it is promising that the 

combination of CL-54-04 with either BDQ or rifampicin is a growth inhibitor at low 

concentrations of CL-54-04 (7-15 µM). Anti-mycobacterial agents that have significant 

activity at a low growth rate are an important determinant for therapeutic efficacy given 

the low metabolic activity of dormant mycobacteria residing in the host’s tissues (Bakker-

Woudenberg et al., 2005). At the site of infection, the metabolic activity intracellularly is 

extremely low, and thus, inhibiting the growth of the mycobacteria in this state can be an 

advantage (Bakker-Woudenberg et al., 2005).  

The second reason lies in the strains used for each assay. Due to the lack of a microplate 

spectrophotometer in the BSL3, an avirulent strain of Mycobacterium tuberculosis H37Rv 

(that requires leucine and vitamin B12 for growth) was used for the checkerboard 

experiment, whereas the colony-forming experiment was done with the Mycobacterium 

tuberculosis Erdman strain. Both H37Rv and Erdman are laboratory strains that have 

been widely used as standard laboratory strains for virulence and immunisation studies 

(Dunn and North, 1995; Miyoshi-Akiyam et al., 2012). They are as virulent as the other 

clinical isolates, such as the NCGM2209 strain, as tested in mice (Miyoshi-Akiyama et 

al., 2011). H37Rv genome has the icl1 gene (Rv0467); however, unlike Erdman and other 

Mtb strains, the aceA gene (coding for ICL2) is split into two parts: aceAa and aceAb 

(Rv1915 and Rv1916) (Kapopoulou et al., 2011). Consequently, it is more likely that Mtb 



119 
 

H37Rv will show more sensitivity to an ICL inhibitor compared with a strain that has both 

enzyme copies. In addition, the Mtb H37Rv strain used in the checkerboard assay is 

attenuated and reclassified as BSL2 (Vilchèze et al., 2018). This auxotrophic mutation 

has led to an avirulent phenotype that might respond differently to drug treatment than a 

virulent strain. Thus, in hindsight, the effect seen in the checkerboard cannot be expected 

to be achieved in the CFU assay.  

The metabolomic profile of Erdman wild-type strain, when treated with the drug 

combinations or the drugs alone, can give valuable indications of metabolic adaptations 

(Figures 6-8 and 6-9). For instance, succinate levels are depleted in all three treatments 

(RIF, CL-54-04 and RIF + CL-54-04) in propionate media, which may be due to succinate 

secretion as an attempt to maintain the membrane potential (Eoh and Rhee, 2013). The 

involvement of the reductive branch of the TCA cycle as an adaptive mechanism to 

hypoxia has been reported (Nandakumar et al., 2014). It seems that a similar adaptation 

is observed in glycerol media, where there is an increased TCA cycle metabolites 

accumulation in CL-54-04 treated condition compared to propionate. This accumulation 

can be an indication of an overly active TCA cycle to cope with the drug treatment, or the 

drug-affected metabolism causes a downregulation of the TCA cycle enzymes, ultimately 

slowing down the TCA cycle.  

When propionate is the sole carbon source, the accumulation of MCC metabolites 

observed in the CL-54-04 treatment indicates the ICL inhibition even at the low 

concentration tested. Interestingly, the RIF+04 combination has had a 1.6-fold increase 

in the accumulation of MCC metabolites (42,000 ion count/mg) compared with BDQ+04 

(25,000 ion count/mg), suggesting that rifampicin may enhance the CL-54-04 effect. 

There seems to be an indirect correlation between aspartate levels and the MCC 

metabolites. The conditions with low aspartate levels are the ones with higher MCC 

accumulation and vice versa. The increased GABA accumulation observed in glycerol 

condition for CL-54-04 alone, or RIF+CL-54-04 might be a mechanism to cope with acidic 

and oxidative stress caused by the drugs, even in low concentrations (Tian et al., 2005). 

GABA shunt pathway is known to remove protons at low pH, but it can also reduce the 

NAD+ by metabolising succinate semialdehyde to form succinate (Tian et al., 2005), 
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which would explain the high levels of succinate on those same conditions. Hence, GABA 

participates in NAD+/NADH balance as an adaptation to rifampicin and the ICL1 inhibitor. 

The accumulation of glutamate in propionate media in all three drug conditions (BDQ, CL-

54-04, CL-54-04+BDQ) can also be an adaptation to neutralise the cytoplasmic pH, as 

seen in propionate metabolism in BCG (Lee et al., 2018). It has been observed that there 

are alterations of succinate and malate levels in Mtb if exposed to antibiotic-induced 

stress (Nandakumar et al., 2014), which is also seen in the combination of CL-54-04 and 

bedaquiline in propionate media.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  



121 
 

Chapter 7 – Investigating the role of fatty acids 
metabolism in drug tolerance in Mycobacterium 
tuberculosis 

 
 

Introduction 
 

Mtb exhibits metabolic plasticity, such as the ability to co-metabolise multiple carbon 

sources simultaneously (de Carvalho et al., 2010). It can also adapt to a range of stress 

environments, such as nutrient starvation, oxygen depletion or antibiotic treatment. This 

occurs as a subpopulation of Mtb cells enter a reduced-growth state until conditions are 

favourable for them to emerge and become metabolically active again (McKinney, 2000; 

Torrey et al., 2016). This ability to switch between replicative and non-replicative states 

happens through the rerouting of its metabolic flux as a response to its surrounding 

environment. Dormant Mtb are known to be less susceptible to anti-TB drugs (Sarathy et 

al., 2013). This diverse metabolic versatility determines the susceptibility of Mtb to 

antibiotics, allowing survival even in lethal concentrations of bactericidal drugs (Gollan et 

al., 2019; Stokes et al., 2019). Furthermore, they can survive in such an environment for 

a prolonged period in the absence of resistance mechanisms (Gollan et al., 2019). Hence, 

understanding the intricate metabolism during infection and dormancy (and its effect on 

drug tolerance) is critical in the development of new drugs.  

 

The role of carbon-dependent metabolic changes that leads to drug tolerance in Mtb is 

an unexplored area. To address this, Mtb was exposed to two drugs, namely D-

cycloserine (DCS) and isoniazid (INH), in carbon-defined media containing glycerol, 

propionate or acetate as a sole carbon source. Both acetate and propionate media are 

an in vitro model to mimic the fatty acid availability from host macrophages, whereas the 

glycerol media is a control condition commonly used in TB research. Using LC-MS 

metabolomics profiling, three Mtb strains carrying defined mutations in the central carbon 

metabolism were used to compare the metabolic adaptations and drug tolerance 

response with the wild type. Two of these mutants render Mtb viable but unable to grow 
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in fatty acid media (acetate or propionate). The first one is the deletion of the pckA gene 

that encodes for phosphoenolpyruvate carboxykinase (PEPCK), a metabolic enzyme in 

the anaplerotic node that catalyses the first committed step in gluconeogenesis. PEPCK 

is the sole enzyme that can convert oxaloacetate (a TCA cycle intermediate) to 

phosphoenolpyruvate (PEP) (Marrero et al., 2010). This enzyme has been shown to be 

required for Mtb survival during infection (McKinney et al., 2000; Muñoz-Elias and 

McKinney, 2005; Marrero et al., 2010). PEPCK has been proposed as a potential drug 

target as ∆pckA strain failed to replicate during the acute phase of infection in mice, and 

it was cleared from the lungs by day 56. It suggests that the Mtb depends on 

gluconeogenic carbon substrates such as fatty acids for growth in vivo (Marrero et al., 

2010). To support the evidence that any effect seen in pckA mutant is due to the lack of 

PEPCK, a complementary strain was also used. This strain, pckA complementary (COM) 

strain, was achieved by cloning the pckA gene into the integrative plasmid pMV306 and 

transformed by electroporation in Erdman strain (Baker and Abramovitch, 2018). 

 

The other two mutant strains lack 2-methylcitrate dehydratase (PrpD) or isocitrate lyase 

(icl1/icl2), the enzymes that catalyse the first and last reaction of the methylcitrate cycle 

(MCC), respectively. The ICL mutant is a knock-down strain that contains a tetracycline 

repressor-controlled expression. The presence of tetracycline leads to icl1 gene 

expression, and its absence leads to a ‘knock-out’ phenotype where no ICL is present. 

This strain was constructed by inserting the expression vector containing icl1 into the 

chromosome of the knockout strain Mtb Erdman Δicl1 Δicl2 (Blumenthal et al., 2010). 

According to the authors, this approach was taken because fatty acids are toxic to Mtb 

Δicl1/2 even in the presence of carbohydrates, which would hinder the interpretation of 

the ICL role in mice. ICL has been identified as a promising drug target by several studies 

as the ICL knock-out strain failed to maintain persistence and virulence in mice and was 

shown to be drug-sensitive to a range of anti-TB drugs when tested in carbon-rich media 

(McKinney et al., 2000; Nandakumar et al., 2014). Although the 2-methylcitrate 

dehydratase is not considered a drug target, this mutant was chosen as it catalyses the 

first reaction in the MCC. The PrpD mutant phenotype will be compared to the ICL KD 
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strain phenotype to provide insights into MCC. Both ICL KD and ∆pckA strains are 

originated from the Erdman strain, whereas ΔprpD originates from CDC 1551 strain.  

 

Fatty acids are the primary carbon source for Mtb during infections (Marrero et al., 2010). 

From previous studies, both ∆pckA and ICL KD have exhibited a growth arrest phenotype 

in acetate and propionate media, respectively (Blumenthal et al., 2010; Marrero et al., 

2010), which provides a good in vitro model to understand drug tolerance observed in 

dormant Mtb and the effect of inhibiting these two key enzymes. Therefore, in this study, 

glycerol and either acetate or propionate was used to understand the fatty acid 

metabolism and its effect on drug tolerance when treated with anti-TB drugs that are used 

clinically to treat both TB and MDR-TB.  

 

Muñoz-Elias et al. (2006) has shown that ICL2 has minimal methylcitrate cycle activity; 

hence this study focused on ICL1, which is thought to have a more crucial role. However, 

considering recent ICL2 data that demonstrates the activation of ICL2 by acetyl-CoA 

(Bhusal et al., 2019), the experiments may have needed the addition of acetyl-CoA to 

assess the ICL2 role in the MCC properly.  

 

Materials and Methods 
 

Bacterial strains and culture conditions 

Mycobacterium tuberculosis (Mtb) Erdman wild-type (Erdman WT), Erdman ∆pckA, 

Erdman pckA complementary (COM), Erdman icl knock-down (ICL KD), CDC 1551 and 

CDC 1551 ∆prpD were pre-cultured in Middlebrook (M) 7H9 broth (Difco, Detroit, MI) 

supplemented with 0.5% (w/v) fraction V bovine serum albumin (BSA), 0.085% (w/v) 

NaCl, 0.04% (v/v) tyloxapol with 0.2% (v/v) glycerol and 0.2% (w/v) dextrose. For 

experiments, the strains were resuspended in fresh M7H9 containing BSA, NaCl, 

tyloxapol and 0.2% (v/v) glycerol, acetate or 0.05-0.1% (w/v) propionate. The antibiotics 

were added when necessary (0.3 µg/mL isoniazid and 100 µg/mL D-cycloserine). For 

metabolomic profiling, filters were generated as previously described (de Carvalho et al., 

2010; Eoh and Rhee, 2013). Mtb strains of Erdman and CDC 1551 were cultured in a 
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containment of biosafety level 3 facility. ∆prpD was purchased from BEI resources, and 

the tetracycline-regulated icl knock-down (ICL KD) Mtb strain and ∆pckA (with its 

complementary strain) were provided by Dirk Schnappinger and Sabine Ehrt.  

 

Bacterial growth curves and colony-forming unit (CFU) assay  

Bacterial growth was monitored by optical density (OD) at 595 nm by using a 

GENESYSTM 20 spectrophotometer (Thermo Scientific). For CFU assays, mid-

logarithmic phase Mtb Erdman or CDC 1551 strains were diluted to OD595 0.05 in M7H9 

broth containing BSA, NaCl, tyloxapol and supplemented with 0.2% (v/v) glycerol, acetate 

or 0.05-0.1% (w/v) propionate and antibiotics (isoniazid or D-cycloserine) when 

applicable, in a 24 or 96 well plate. After 5 days of antibiotic treatment (isoniazid) or 7 and 

14 days for D-cycloserine, the cells were then serially diluted and plated on M7H10 agar 

with 0.2% (v/v) glycerol, 0.2% (w/v) dextrose, 0.5 g/L BSA and 0.085% (w/v) NaCl for 

three weeks at 37 °C until the colonies formed and counted. ICL KD was plated on M7H9 

containing 0.5% (v/v) glycerol, 0.2% (w/v) dextrose, 0.5 g/L BSA, 0.085% (w/v) NaCl and 

20 g/L agar due to its inability to grow on M7H10 media containing malachite green.  

 

Metabolite extraction for LC-MS analysis 

The filters containing Erdman or CDC 1551 strains were incubated at 37 °C. After 

reaching the mid-logarithmic phase of growth, the filters were transferred to chemically 

identical M7H10 agar containing new carbon source(s) and antibiotics and incubated for 

24 hours at 37 °C. The metabolites were harvested by transferring the filters into pre-

cooled -40 °C LC-MS-grade acetonitrile:methanol:water (40:40:20) solution and 

mechanically lysed with 0.1 mm Zirconia beads in a Precellys tissue homogenizer (Bertin 

Technologies, France) at 5,000 x g for 6 minutes in dry ice. The lysate was centrifuged 

and filtered using 0.22 µM Spin-X columns. The protein concentration of metabolite 

extracts was measured (BCA protein assay kit; Thermo Scientific, Waltham, MA, USA) to 

normalise samples to cell biomass. 
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Liquid Chromatography-Mass Spectrometry (LC-MS) for metabolomics profiling 

LC-MS differentiation and detection of Erdman, CDC 1551 and mutant strains were 

performed with an Agilent Accurate Mass 6230 TOF coupled with an Agilent 1290 Liquid 

Chromatography system using solvents and configuration as previously described (Eoh 

and Rhee, 2013). An isocratic pump was used for continuous infusion of a reference mass 

solution to allow mass axis calibration. Detected ions were classified as metabolites 

based on unique, accurate mass-retention time identifiers for masses showing the 

expected distribution of accompanying isotopologues. Metabolites were analysed using 

Agilent Qualitative Analysis B.07.00 and Profinder B.06.00 software (Agilent 

Technologies, Santa Clara, CA, USA) with a mass tolerance of <0.005 Da. Standards of 

authentic chemicals of known amounts were mixed with bacterial lysates and analysed 

to generate the standard curves used to quantify metabolite levels. 

 

RNA extraction for qrtPCR 

∆pckA cells were grown in culture-filter membranes as done for metabolite extraction and 

exposed to glycerol or acetate as the sole carbon source for 24 hours. The total RNA was 

extracted using TRIzol solution (Sigma-Aldrich) and mechanical lysing with 0.1 mm 

zirconia beads in a Precellys tissue homogenizer. Lysates were clarified by centrifugation 

(10,000 x g for 5 minutes), and TRIzol supernatant was removed and used for RNA 

extraction. RNA was isolated using a Qiagen RNA extraction kit. Isolated RNA was 

treated with DNase I to remove DNA contamination (Sigma-Aldrich). RNA concentrations 

were determined using a Nanodrop, and qRT-PCR reactions were conducted using an 

iQ SYBR-Green Supermix (Bio-Rad) and C1000TM Thermal Cycler Instrument (Bio-rad). 

Primers used for amplification are listed in (Appendix B – Table B3). Log10 were calculated 

using CT values that were normalized to sigA transcript levels. 

 

Results 
 

First, the phenotype of Mtb wild-type (WT), ∆pckA and pckA complementary (COM) 

strains in media containing either glycerol or acetate as a sole carbon source were 

characterised (Figure 7-1). 
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Figure 7-1: Growth curve of Erdman wild type (WT ●), Erdman ∆pckA (∆pckA ■), and Erdman 
pckA complementary (COM ▲) strains in glycerol and acetate media. The OD595 was measured 
over a 21-day period. Data represent an average of three biological replicates. 

 

PEPCK (the enzyme encoded by the pckA gene) is essential for growth in acetate as a 

sole carbon source but dispensable in media containing glycerol as a sole carbon source, 

which was found to be close agreement with Marrero et al. (2010) data. Given the ∆pckA 

dormancy state in acetate media, its metabolic differences were investigated compared 

to glycerol media and wild type in acetate media (Figure 7-2). A semi-untargeted 

metabolic analysis between WT and ∆pckA strains was performed to see the pathways 

that were uniquely altered in ∆pckA strain in acetate media. 

A) 

 

 

 

∆pckA_A 

WT_A 
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B)            C) 

 

 

 

 

 

 

D) 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-2: Metabolomics analysis of Erdman wild type (WT) in acetate (A) media and ∆pckA in 
glycerol (G) and acetate (A) media. A) Semi-untargeted metabolomics analysis of 231 
metabolites. B) 3D principal component analysis (PCA). C) Volcano plot of up-regulated ∆pckA 
metabolites in acetate (A) media (green box) against up-regulated metabolites of WT in acetate 
(red box). D) TCA cycle metabolites of WT in acetate media and ∆pckA in both glycerol and 
acetate media. ∆pckA in acetate is depicted in green; ∆pckA in glycerol in blue; WT in acetate in 
red. Data represent an average of three biological replicates, and error bars are standard 
deviations. Cit, citrate (p=0.001); Pyr, pyruvate (p=0.0001); α-KG, α-ketoglutarate (p=0.0159); 
Succ, succinate (p=0.001); Fum, fumarate (p=0.0038); Mal, malate (p=0.001); MCC, 2-methyl-
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cis-aconitate and 2-methyl-isocitrate (p=0.0005); Asp, aspartate (p=0.0001). ***P < 0.001, **P < 
0.01, *P < 0.05 by two-way ANOVA. 

 

Of the 231 metabolites analysed, the metabolism of ∆pckA strain in glycerol media and 

WT in acetate media is similar, with only a few metabolites being upregulated in the ∆pckA 

strain, which is likely due to the lack of gluconeogenesis. However, the metabolism of 

∆pckA strain is highly upregulated in acetate media, indicating that a complete metabolic 

remodelling takes place to enter dormancy. In the volcano plot, it becomes clear that from 

all of the upregulated metabolites, the oxidative branch of the TCA cycle (specifically 

fumarate and malate, but also succinate and malate), as well as 2-methylcitrate in the 

MCC, are among the most significantly upregulated. The unique metabolome distribution 

in ∆pckA in acetate media is also confirmed by principal component analysis (PCA) by 

showing its distinct difference from both ∆pckA in glycerol media and WT in acetate 

media. By looking at the TCA cycle and MCC metabolites, it is evident that these are 

significantly upregulated in ∆pckA strain in acetate media. The accumulation of the TCA 

cycle metabolites is an indication of the bacteriostatic state of Mtb. Thus, the 

transcriptional level of the enzymes in the TCA cycle, MCC and electron transport chain 

(ETC) were investigated by quantitative reverse transcription PCR (qRT–PCR) analysis 

(Figure 7-3). 
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Figure 7-3: Decreased mRNA expression levels (log10 CT values) of the TCA cycle and MCC 
genes in ∆pckA strain in 0.2% (v/v) acetate (A) media compared to 0.2% glycerol (G) and Erdman 
wild type (WT) in both carbon sources. The diagram represents a pathway map of each gene 

tested and the deletion of pcka. Data represent an average of three biological replicates.  

 

 

Overall, the RNA levels of genes coding for all enzymes in the TCA cycle were 

downregulated in both strains when acetate was the sole carbon source instead of 

glycerol. Though, RNA levels in ∆pckA were further downregulated when compared to 

WT. The gene expression changes could be a response to the changes in metabolite 

abundance and metabolic flux. Given the dormancy-like metabolic profile of ∆pckA in 

acetate media, the TCA cycle and MCC metabolites of the WT and COM strains were 

compared against the ∆pckA strain (Figure 7-4). 

 

Figure 7-4: Accumulation of the TCA cycle and MCC metabolites in ∆pckA strain in 0.2% (v/v) 
acetate media compared to 0.2% (v/v) glycerol. Data represent an average of three biological 
replicates, and error bars are standard deviations. α-KG, α-ketoglutarate; Cit, Citrate; COM, 
complementary strain, Succ, Succinate; Fum, Fumarate; Mal, Malate; MCC, 2-methyl-cis-
aconitate and 2-methyl-isocitrate, WT, wild type. 
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There is a higher accumulation of succinate, fumarate and malate in ∆pckA strain in 

acetate media compared to the other two strains. The MCC cycle is accumulated in ∆pckA 

in both carbon sources, but even more so in acetate media. These findings correspond 

to the semi-untargeted metabolomic analysis performed in ∆pckA in Figure 7-2.  

 

PEPCK converts oxaloacetate to phosphoenolpyruvate (PEP). In ∆pckA strain, this 

reaction is not present, and thus, there is no PEP when acetate is the sole carbon source. 

However, when supplemented with uniformly 13C labelled ([U-13C]) acetate, ∆pckA strain 

has PEP accumulation almost as abundant as it is in WT (Figure 7-5). Interestingly, the 

PEP was completely unlabelled, suggesting that internal carbon sources are utilised to 

support glycolysis (Lee et al., 2018). The majority of the PEP in WT and COM are labelled, 

which means it is coming from the conversion of oxaloacetate to PEP, utilising the13C 

labelled acetate. Nonetheless, these strains also have unlabelled PEP, which indicates 

that acetate as a sole carbon source forces the Mtb to utilise an internal carbon source 

(such as trehalose metabolism) to maintain the glycolytic pathway.  

 

Figure 7-5: Targeted metabolomic analysis of phosphoenolpyruvate (PEP) with uniformly 0.2% 
(v/v) 13C labelled ([U-13C]) acetate in wild type (WT), ∆pckA and complementary (COM) strains. 
The diagram represents the central carbon metabolism and the pckA deletion. Data represent an 
average of three biological replicates, and error bars are standard deviations. 

 

As the bacteriostatic state is linked with drug tolerance, the effect of the pckA deficiency 

mediated bacteriostatic phenotype was assessed by exposing the strains to D-
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cycloserine (DCS), a second-line agent that is used to treat multi-drug resistant 

tuberculosis (MDR-TB). This drug inhibits cell wall biosynthesis and leads to cell lysis. 

The level of bacterial survival was monitored by optical density (OD) measurements or 

viable colony formation (CFU) (Figure 7-6).  

 

 

 

 

 

 

 

 

 

 

 

  

 

 
Figure 7-6: Phenotypic changes in Erdman ∆pckA (∆pckA ■) mutant compared to Erdman wild-
type (WT ●) and pckA complementary (COM ▲) strains in carbon-dependent media. Viable count 
(CFU/mL) and optical density (OD595) were used to measure the growth effect following treatment 
with 100 µg/mL DCS in glycerol media and acetate media. The assay was done according to 
Keren et al. (2011). Data represent an average of three biological replicates, and error bars are 
standard deviations. ***P < 0.001, ns, not significant by two-way ANOVA. Differences of WT and 
∆pckA growth in glycerol media is not statistically significant, whereas in acetate is extremely 
significant (***).  

 
 

In glycerol media, the ∆pckA demonstrated a similar response to DCS as the other two 

strains. In contrast, the ∆pckA was significantly more tolerant to DCS in acetate media. 

To further investigate this drug tolerance phenotype in acetate, isoniazid, a first-line anti-

TB drug, was assessed against these three strains in both carbon sources for five days 

ns 

ns 

*** 
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– Figure 7-7. The cells were serially diluted, plated on M7H10 plates, and the colonies 

were counted after three weeks of incubation at 37 °C and 5% (v/v) CO2.  

 

Figure 7-7: Drug tolerance against 0.3 µg/mL isoniazid (INH) of Erdman wild type (WT ●), ∆pckA 
(■) and pckA complementary (COM ▲) strains in 0.2% (v/v) glycerol and 0.2% (v/v) acetate. Data 
represent an average of three biological replicates, and error bars are standard deviations.  

 

When exposed to 0.3 µg/mL of INH, ∆pckA strain demonstrated more colonies in the CFU 

assay than the other two strains in both carbon sources, but the difference is more 

prevalent in acetate media. Metabolomic analysis was used to investigate the role of 

metabolic changes of ∆pckA strain in fatty acid carbon source dependent drug tolerance 

against INH – Figure 7-8. Filters containing culture in a mid-logarithmic stage were 

exposed to 0.3 µg/mL of INH. After a 24-hour incubation, the cells were harvested and 

mechanically lysed for the LC-MS analysis.  
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Figure 7-8: Accumulation of the TCA cycle and MCC metabolites in ∆pckA upon isoniazid treatment in acetate media. WT, ∆pckA and COM 
strains were cultured in 0.2% (v/v) glycerol (blue scheme) or 0.2% (v/v) acetate media (black scheme) in the presence of 3 µg/mL isoniazid (INH). 
Values represent ion count/mg and are an average of three biological replicates. Asp, Aspartate; Pyr, Pyruvate; Cit, Citrate; α-KG, α-ketoglutarate; 
Succ, Succinate; Fum, Fumarate; Mal, Malate; MCC, 2-methyl-cis-aconitate and 2-methyl-isocitrate. 
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In glycerol media, there is an accumulation of all metabolites in INH-treated ∆pckA 

when compared to the untreated condition. In acetate media, the opposite is observed. 

The accumulation of these metabolites is decreased in INH-treated ∆pckA in 

comparison to the untreated condition, except for fumarate that remains the same, 

and pyruvate that is increased.  

 

To investigate the carbon-induced dormancy phenotype that leads to drug tolerance, 

two mutants in the MCC were analysed. The first mutant, ICL KD, has both icl genes 

silenced in the Erdman strain and is controlled by the presence of tetracycline 

(Blumenthal et al., 2010). ICL catalyses the last reaction of the MCC. The silencing of 

ICL hinders Mtb unable to grow in propionate media (Lee et al., 2018). The second 

mutant is Mtb CDC 1551 ∆prpD strain, a gene deletion that codes for 2-methylcitrate 

dehydratase, the first enzyme in the MCC. The in vitro growth of these two strains and 

their parental strains was assessed by optical density (595 nm) – Figure 7-9.  

 

 

 

 

 

 

 

 

Figure 7-9: Growth curve of Erdman WT (□), ICL KD (■), CDC 1551(⊙) and ∆prpD (⊗) in 

0.2% (v/v) glycerol and 0.1% (w/v) propionate over 21 days.  

 

In glycerol media, the ICL KD growth resembled the ones from the other three strains. 

In propionate media, ∆prpD grew normally, whereas ICL KD was unable to grow (a 

similar phenotype observed in ∆pckA strain in acetate media). Their metabolomic 

profile for these strains was investigated in both 0.2% (v/v) glycerol and 0.1% (w/v) 

propionate media – Figure 7-10.  
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Figure 7-10: Accumulation of the MCC metabolites in ICL KD strain in 0.1% (w/v) propionate 
media compared to Erdmand (Erd) WT, ICL KD, CDC 1551 and ∆prpD and in 0.2% (v/v) 
glycerol media. Asp, Aspartate; Cit, Citrate; α-KG, α-ketoglutarate; Succ, Succinate; Mal, 
Malate; MCC, 2-methyl-cis-aconitate and 2-methyl-isocitrate. 

 

The MCC accumulation was only observed in ICL KD in propionate media, whereas 

the other strains had no MCC metabolites accumulation. Aspartate and malate 

accumulation was only seen in ∆prpD strain in propionate. Unlike their parental strains, 

both mutants had no succinate accumulation in propionate media.  

As ICL KD has a carbon-induced dormancy phenotype similar to the ∆pckA strain, the 

question of whether this mutant would also be tolerant to an anti-TB drug was raised. 

The four strains were exposed in vitro against isoniazid in both glycerol and propionate 

media for five days, and tolerance was assessed by survival (%) after comparing the 

CFU from day 5 relative to day 0 – Figure 7-11.  
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Figure 7-11: The effect of 0.3 µg/mL isoniazid in the survival of Erdman WT, ICL KD, CDC 
1551, ∆prpD in 0.2% (v/v) glycerol (Gly) and 0.1 (w/v) propionate (Prop) media after 5 days. 
Data represent an average of three biological replicates, and error bars show the standard 
deviation. ***P < 0.001, **P < 0.01, ns, not significant by two-way ANOVA. The statistical 
analysis highlighted in propionate media are comparing ICL KD and ∆prpD (**), Erd WT and 
CDC 1551 (ns), Erd WT and ICL KD (**), and CDC 1551 and ∆prpD (***). 

 

 

The ICL KD strain had a similar survival percentage as the other strains in glycerol but 

a higher survival percentage in propionate. The ∆prpD strain was also more tolerant 

in propionate than its parental strain, CDC 1551. To assess whether the carbon-

induced drug tolerance is an effect only seen in the dormancy-induced state, both DCS 

and INH were used in Erdman wild type strain in both glycerol and acetate media – 

Figure 7-12.  

 

 

 

 

 

 

 

Figure 7-12: Comparison of colony formation of Erdman WT against A) 100 µg/mL DCS (p = 
0.0011) and B) 0.3 µg/mL INH (p = 0.0002) in 0.2% (v/v) glycerol and 0.2% (v/v) acetate 
media. Data shown is the average of three biological replicates.***P < 0.001, **P < 0.01 by 
two-way ANOVA.  

 

A) D-cycloserine (DCS) B) Isoniazid (INH) 
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Against both drugs (DCS and INH), the Erdman wild type strain was also more tolerant 

in acetate media when compared to glycerol.  

 

Discussion 

 

Carbon metabolism is a significant determinant of Mtb ability to replicate and persist 

in the host (Marrero et al., 2010). Fatty acid metabolism is the main carbon source 

available in the host’s macrophages during the acute and chronic phase of Mtb 

infection (McKinney et al., 2000; Eoh and Rhee 2013). The role of Mtb metabolic 

pathways to adapt to the host’s carbon environment is essential to understanding 

pathogenicity and acting as a guide for developing new therapeutic methods.  

 

The ∆pckA strain exhibits a growth arrest phenotype in acetate media as it is unable 

to assimilate acetate through gluconeogenesis. Nevertheless, this mutant remained 

viable. Given that dormant TB is known to be less susceptible to anti-TB drugs, 

understanding the ∆pckA metabolism in acetate and exposure to anti-TB drugs could 

reveal drug tolerance mechanisms. Therefore, the phenotype of the ∆pckA strain was 

explored to understand the metabolic differences between glycerol and acetate media. 

For instance, the accumulation of TCA cycle metabolites in ∆pckA strain in acetate 

media occurs due to gluconeogenic carbon flux obstruction. This accumulation, 

coupled with a decrease in gene expression for the TCA cycle enzymes (seen in the 

mRNA levels) in acetate media, demonstrates that ∆pckA is in a low metabolic status 

that correlates with the in vitro growth curve.  

 

Another interesting finding is that the ∆pckA strain is able to remain viable in acetate 

media due to the consumption of the internal carbon sources, supplying the glycolytic 

pathway. This was seen in the 13C-labelled acetate experiment, where ∆pckA strain 

had similar levels of PEP as the wild type; however, the PEP was unlabelled. This 

suggests that an internal carbon source is being used to support glycolysis. Lee et al. 

(2018) showed that trehalose metabolism, a two-glucose molecule that plays a role in 

cell wall synthesis, may be the primary internal source of carbon during dormancy. 

The ∆pckA strain has an accumulation of TCA cycle metabolites and a downregulation 

of the TCA cycle enzymes, which suggests a low TCA cycle activity, and hence, not 
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enough co-factors are generated for oxidative phosphorylation. Glycolysis generates 

15x less ATP than oxidative phosphorylation but seems enough to maintain ∆pckA 

viable but in a dormant state. Although the majority of the PEP was labelled, both WT 

and COM strains also had small amounts of unlabelled PEP, which means that WT 

also utilises internal carbon sources in growing in acetate media. 

  

The drug tolerance profile of the ∆pckA strain was investigated against DCS and INH. 

Against both drugs, the ∆pckA strain was more tolerant in acetate media than the wild 

type and the complementary strains. Baker and Abramovitch (2018) have also 

reported that ∆pckA in acid-growth arrest becomes tolerant to INH and rifampicin. In 

the metabolomic analysis, the opposite effect is seen in the INH-treated condition, 

depending on the carbon source. In glycerol, all metabolites are accumulated, 

whereas, in acetate condition, they are all downregulated. In acetate condition, the 

metabolism requires the gluconeogenesis pathway, which is defected in ∆pckA strain. 

The lack of gluconeogenesis explains the accumulation of both reductive and oxidative 

branches of the TCA cycle and the MCC accumulation in ∆pckA untreated condition. 

Interestingly, in INH-treated condition, there is a decrease in the accumulation of the 

same metabolites. As ∆pckA is tolerant to INH in acetate media, this metabolic 

adaptation of both the TCA cycle and MCC is likely to be beneficial for the INH 

tolerance.  

 

Both ICL KD and ∆prpD strains were more tolerant to INH in propionate media than 

their parental strains. ICL KD is nearly three-fold more tolerant to INH than ∆prpD (p= 

0.0104); though, the statistical analysis between the mutants and their parental strains 

reveals that ∆prpD tolerance is highly significant (p= 0.0002) than ICL KD and Erdman 

WT (p= 0.0132). CDC 1551 is a clinical isolate that is known to be sensitive to a wide 

range of drugs (Fleischmann et al., 2002), and therefore, the ∆prpD strain tolerance 

to INH is an interesting finding considering that this mutant strain has no growth arrest 

in propionate media. Indeed, the lack of PrpD enzyme should attenuate the strain’s 

growth in propionate media as this mutant would not metabolise propionyl-CoA, a toxic 

by-product of propionate metabolism. Nonetheless, alternative routes for propionate 

oxidation have been previously suggested, such as the methylmalonyl-CoA pathway, 

which can be relevant for the synthesis of phthiocerol dimycocerosates; a methyl-
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branched lipid highly abundant in Mtb cell wall component (Muñoz-Elías and 

McKinney, 2006). 

 

The INH tolerance observed in ∆prpD strain can be due to the accumulation of malate, 

but specifically, aspartate. Aspartate plays a role in the biosynthesis of co-factors and 

peptidoglycan, which is essential for the thickening of the Mtb cell wall (a known 

mechanism in drug tolerance). Moreover, a recent study demonstrated that the 

inhibition of the aspartate pathway leads to the clearance of chronic infection 

(Hasenoehrl et al., 2019). In INH-treated ∆pckA, where tolerance was also seen, the 

accumulation of aspartate in acetate media (1.6 x 107 ion count/mg) is higher than in 

glycerol (1.8 x 105 ion count/mg). Surprisingly, the Erdman wild type strain was grown 

in acetate media also shows higher drug tolerance to both INH and DCS than in 

glycerol media. Although the WT can grow in both carbon sources, the growth is slower 

in acetate when compared to glycerol (Figure 7-1); in 21 days, the OD595 in acetate 

media reached 1.0, whilst in glycerol media reached 2.0. This suggests further that 

acetate metabolism (and growth rate) is implicated in drug tolerance in Mtb. More 

research is needed to understand the effect of fatty acid in Mtb metabolism and drug 

tolerance.  

 

Both ICL and ∆pckA strains have been proposed as drug targets due to their 

attenuation in vivo studies (Liu et al., 2003; Muñoz-Elías et al., 2006). Nevertheless, 

under these specific experimental conditions, inhibition in the gluconeogenesis or the 

downstream of the MCC pathway in carbon-defined media rendered Mtb more tolerant 

to isoniazid and D-cycloserine. If inhibiting these enzymes lead to a dormancy state in 

fatty acid metabolism in vitro, it raises questions about the applications of an ICL/pckA 

inhibitor. Perhaps the gene deletions cause a deleterious effect that will not be 

reproduced with drug inhibitors. Conversely, there are other aspects inside the 

macrophage that are unknown or hard to reproduce in the laboratory. The lack of this 

complete model may allow us to see this dormancy effect in vitro that would not usually 

happen in the host’s macrophage. These questions only demonstrate the need to 

explore and understand the metabolism of Mtb inside the macrophage and validate 

whether they are indeed good drug targets. An experimental approach would test an 

ICL/pckA inhibitor in vivo to validate the proposed drug targets.  
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Chapter 8 – Discussion and future directions 
 

The aim of this research was to identify novel inhibitors against ICL1 as a potent anti-

tubercular agent. The core of this work depended on the availability of purified protein. 

To do so, the protein expression and purification protocol were optimised to increase 

the yields of ICL1 when using E. coli as a vector (Chapter 2). Simultaneously, the drug 

designs and synthesis were carried out (Chapter 3). The main aim was to synthesise 

2-methylisocitrate, which is a substrate analogue that was tested in the enzyme assay 

(Chapter 4). The other five methylated drugs were synthesised, but due to their oily 

properties, their inhibitory effect could not be determined. With sufficient protein stocks 

and drug candidates selected, both enzyme assays and crystallisation were 

performed. In the former, a group of compounds, CL-54 family, were identified as lead 

ICL inhibitors, whilst in the latter, several conditions to crystallise the enzyme were 

determined. The co-crystallisation of ICL with itaconate (a known ICL inhibitor), 2-

methylisocitrate and CL-54-01 were carried out (Chapter 5). No crystals were obtained 

through co-crystallisation; however, when using the soaking technique, the ICL1:CL-

54-01 structure was solved. The alignment of the solved ICL1:CL-54-01 structure with 

ICL1 and ICL2 demonstrated that CL-54-01 caused a catalytic shift closing the active 

site, which is a similar effect seen with 3-nitropropionate (a known ICL inhibitor). The 

CL-54 drug family were tested against Mtb in a colony-forming unit assay in both 

glycerol and propionate (Chapter 6). The analogue, CL-54-04, caused a bacteriostatic 

effect at 10 µM in propionate media and a bactericidal effect at 100 µM in both carbon 

sources. A drug combination of CL-54-04 with rifampicin or bedaquiline was tested in 

a checkerboard assay, where the additive effect of the drug combinations was 

observed. The drug combinations were then used to test the metabolic effect using 

LC-MS metabolomic analysis. At the concentration of 7.81 µM, the CL-54-04 alone led 

to an increased accumulation of the MCC metabolites when compared to the glycerol 

condition (where the ICL is not required), though the combination of rifampicin with 

CL-54-04 led to an even greater accumulation of MCC metabolites.  

Given the complexity of Mtb metabolism and its ability to adapt to a plethora of 

environments and go into dormancy, a series of metabolomic analyses was conducted 

using Mtb and mutant strains to understand better the metabolic remodelling that 
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occurs upon antibiotic exposure (Chapter 7). Inside the macrophage, the predominant 

carbon source is fatty acids. Thus, carbon-defined media with glycerol (control), 

acetate or propionate were tested to understand better the fatty acid metabolism and 

its role in drug tolerance. Surprisingly, acetate metabolism leads WT to be more 

tolerant to first-line, isoniazid, and second-line, D-cycloserine drugs compared to 

glycerol media. Further, all three mutants tested (∆pckA, ICL KD and ∆prpD) exhibited 

higher tolerance to isoniazid than their parental strains. Targeted metabolomics was 

performed as an attempt to uncover the metabolic adaptations that leads to drug 

tolerance. Both ∆pckA and ICL KD strains have an accumulation of the MCC 

metabolites in fatty acid media, but this accumulation is not observed in ∆prpD strain; 

instead, it has a high aspartate accumulation.  

For future work, further characterisation of the inhibition of the CL-54 drug family 

against ICL is needed. For instance, kinetic constants of ICL1 and these inhibitors 

could be determined. This was a challenge due to the enzyme assay. The assay is 

limited to colourless compounds that are soluble in a buffer. However, a number of 

compounds are insoluble in buffer and were dissolved in DMSO. Furthermore, the CL-

54 drug family were coloured compounds that absorb at the wavelength used to 

measure the enzyme assay (324 nm). These limitations were circumvented by the use 

of a PD-10 spin column, but they also limited the feasibility of accurately determining 

an IC50 and the enzymatic kinetics. An alternative would be to measure the decrease 

of NADH that is oxidised when glyoxylate (formed by the isocitrate lyase cleavage of 

isocitric acid) is reduced to glycolate by lactate dehydrogenase (LDH) (Warren, 1970). 

The reaction can be stopped with 4 M urea, and 0.2 mg/mL formazan dye MTS 

(MTS/PMS ratio of 100:1) is added prior to the reading at 490 nm as described by 

Bentrup et al. (1999). At this wavelength, the CL-54 compounds have an absorbance 

of 0.1728, which would result in less background noise than the assay used in this 

study (OD324= 0.5790 at the same concentration). A comparison of both assays is 

depicted in Figure 8-1.  
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Figure 8-1: Comparison of the ICL enzymatic assay used in this study and an alternative 
assay. Both assays are incubated at 37 °C. Created with BioRender.com. 

 

An advantage of the alternative assay is that the reaction can be stopped at different 

times by the addition of urea. A drawback of this assay is the auto-oxidation of NADH 

to NAD+,
 which may affect the accuracy (Chenault and Whitesides, 1989). In addition, 

the alternative assay will also be affected by the presence of DMSO.  

To assess the thermodynamic profile of CL-54 drugs with ICL, isothermal titration 

calorimetry (ITC) could be used. This physical technique allows to measure the heat 

that is either released or absorbed during biomolecular interactions by gradually 

titrating the ligand (e.g., CL-54 drugs) into the sample (e.g., ICL), providing affinity 

constant, the stoichiometry and enthalpy and entropy (Freire et al., 1990; Duff et al., 

2011). However, ITC requires larger quantities of both the enzyme (2.4 mg in 2 mL) 

and the inhibitors (1 mg in 0.3 mL) compared to other techniques (Dutta et al., 2015). 

Although CL-54 drugs seem to bind tightly to ICL and low concentrations of these 

novel inhibitors will likely be required, the optimal concentration of ICL/CL-54 drugs 

would still need to be determined for ITC. This is a major limitation as CL-54 drugs are 

experimental drugs whose availability was limited to a couple of milligrams. Another 

consideration is that the protein and ligand buffers must be carefully matched; 

however, CL-54 drugs are dissolved in DMSO whereas the enzyme was in MOPS 

buffer (and as observed in Chapter 4, ICL1 is inhibited by DMSO, albeit reversible).  
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The CL-54 drug family was tested against Mtb. Interestingly, only CL-54-04 showed a 

bactericidal effect, whereas CL-52-02 a bacteriostatic effect and CL-54-01 seemed to 

have no effect at the concentration and time frame tested. This result suggested that 

the first two analogues (CL-54-01 and CL-54-02) may have issues penetrating Mtb 

cell membrane. To gain an understanding on this matter, the Mtb cell membrane can 

be fractionated to assess whether the drug is trapped within the membrane. Different 

lipid extraction methods can be used, such as AOT (dioctylsulfosuccinate sodium), to 

separate the inner plasma membrane, the peptidoglycan–arabinogalactan complex, 

and the outer membrane that is covalently linked to the arabinogalactan (Ratledge et 

al. 1982; Brennan and Nikaido, 1995). Then, each fractionate can be analysed by LC-

MS to detect signals that correspond to the CL-54 drugs. Another possibility is that the 

drug may be secreted out of the cell by an efflux pump (Adams et al., 2011). Thus, the 

periplasm can also be analysed to determine if drug uptake took place. A more 

sophisticated alternative of monitoring the drug uptake would be to synthesise 

radioactively labelled CL-54 drug family members. This would allow the tracking of the 

drug uptake but also monitor the direct effect of these ICL inhibitors on the Mtb 

metabolism. 

The CL-54 drug family have different functional groups attached to the benzene ring. 

CL-54-01 have two hydroxyl groups in meta and para positions, whereas CL-54-02 

have only one at the para position. In addition to the hydroxyl group at para position, 

CL-54-04 is the only analogue with a methyl group at the ortho position. Given the lack 

of effect of CL-54-01 and CL-54-02 against Mtb, but a bactericidal effect of CL-54-04, 

one can speculate that adding more methyl groups could lead to an even better 

inhibitor. Future work could look at further modifications at the six-carbon ring where 

the CL-54 family vary (Figure 8-2). 
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Figure 8-2: Proposed ICL inhibitors based on CL-54-04 structure. R represents the identical 

core structure of all CL-54 family members. 

 

The rationale behind these two new analogues is by adding another methyl group in 

either meta (CL-54-05) or para position and moving the hydroxyl group to a meta 

position (CL-54-06). These changes may increase the drug uptake, which in turn, it 

would decrease the concentration required to inhibit ICL and kill Mtb. If the drug uptake 

is not improved, a future analogue with an ethyl group in the ortho position may have 

better properties. However, the ethyl group might be too bulky to bind to the active site 

of ICL.  

The combination of CL-54-04 with rifampicin or bedaquiline was tested (Chapter 6). 

Neither combination led to a synergistic effect. A drug combination that could be 

investigated is CL-54 inhibitors with isoniazid. This first-line TB drug inhibits the 

mycolic acid biosynthesis, which are important lipids of the outer cell membrane 

composition of Mtb (Bardou et al., 1998), accounting for approximately 60% of the 

mycobacterial cell wall (Chiaradia et al., 2017). Liu et al. (2016) reported that the 

combination of an ICL inhibitor (IMBI-3) with isoniazid led to a synergetic effect, 

decreasing the colony-formation of M. avium in macrophages. Their reasoning was 

that the effect of isoniazid might have facilitated the penetration of IMBI-3 through the 

mycobacterial cell membrane. Therefore, employing CL-54 drugs with isoniazid could 

CL-54-05 CL-54-06 
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be a powerful combination that could bypass the cell membrane penetration issue. For 

instance, the combination of CL-54-01 or CL-54-02 with isoniazid might lead to a 

bacteriostatic or bactericidal effect. In the case of CL-54-04, combining with isoniazid 

could decrease the concentration of CL-54-04 needed to cause a bactericidal effect 

further.  

Itaconate and other ICL inhibitors never moved to clinical trials because of high toxicity 

in mammalian cells and animal models. Hence, future work could investigate the 

toxicity of the CL-54 drug family in mammalian cells by mitochondrial health in an MTT 

assay. The major reason behind the high toxicity of ICL inhibitors in animal models 

has been the inhibition of other enzymes, such as succinate dehydrogenase or 6-

phosphofructo-2-kinase (Sakai et al., 2004; Lampropoulou et al., 2016). An approach 

to investigate if these drugs may inhibit other metabolic enzymes would be to test CL-

54-04 against the ICL KD strain with glycerol as a sole carbon source by colony-

forming unit assay. If the ICL deficient strain treated with CL-54-04 demonstrates a 

significant growth defect, it would mean that the inhibitor has off-target effects. An 

untargeted metabolomic analysis could then be done to identify the pathways being 

affected by the drug. This may narrow down the possible off-target candidates.  

To evaluate if these novel ICL inhibitors are promising clinical trial candidates, an ex 

vivo CFU assay using TB-infected macrophages could be investigated in future work. 

The aim of this experiment will be to assess whether the ICL inhibitor can kill Mtb 

inside the macrophage. For this, monocytes could be propagated and specialised into 

macrophages and challenged with Mtb Erdman and ICL KD strains. A series of 

conditions can be tested: no drug treatment, different concentrations of CL-54 drug 

alone, CL-54 in combination with isoniazid, and isoniazid alone. Different time points 

(e.g., day 2 and day 5) can be sampled to monitor the drug effect over time. The 

macrophage lysate can be plated on M7H10 plates to quantify the colony-forming units 

after 21 days. The result from this experiment will be a crucial factor in the decision to 

test these inhibitors in vivo.  

An interesting route would be to test these novel ICL inhibitors against other ICL-

containing microorganisms. The first would be to try these inhibitors against different 

mycobacteria, such as M. bovis and M. avium paratuberculosis. Both affect animals, 

but the former causes TB in animals, whilst the latter is the etiologic agent of Johne’s 
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disease-causing chronic inflammatory bowel disease (Rathnaiah et al., 2017). These 

two agents pose a significant economic burden to beef and dairy farmers (Butler et al., 

2010). It is also a risk to humans as transmission can occur through ingestion of 

unpasteurised milk, contaminated water or foods or airborne contagion (Michel et al., 

2015; Buss et al., 2016). Furthermore, M. avium paratuberculosis has also been 

implicated in Chron’s disease in humans (McNees et al., 2015; Garvey, 2018). Other 

pathogenic microorganisms also have ICL, such as fungi (Candida albicans, Candida 

glabrata and Paracoccidioides brasiliensis) or bacteria (Escherichia coli O157:H7 or 

Pseudomonas aeruginosa). A sequence alignment of the ICL from a range of 

organisms shows a totally conserved active site motif (‘KKCGH’) – Figure 8-3.  

Figure 8-3: Sequence alignment of ICL active site (motif KKCGH, highlighted in yellow) for 
different organisms. ACEA2_MYCBO refers to Mycobacterium bovis, A0A0H3JR68_ECO57 
refers to Escherichia coli O157:H7 strain, ACEA1_MYCTO refers to Mycobacterium 
tuberculosis, Q73SW2_MYCPA refers to Mycobacterium avium paratuberculosis, 
ACEA_BRANA refers to Brassica napus, ACEA_ARATH refers to Arabidopsis thaliana, 
ACEA_CANGA refers to Candida glabrata, ACEA_CANAX refers to Candida albicans, 
ACEA_LEPMC refers to Leptosphaeria maculans, and C1G3G7_PARDBD refers to 

Paracoccidioides brasiliensis. All sequences were obtained from the UniProt database.  

 

Candida albicans, for instance, is the most prevalent cause of fungal infections in 

humans, causing Candidiasis (Mayer et al., 2013). ICL is also essential in C. albicans 

as the deletion of this enzyme rendered this opportunistic fungus avirulent in an in vivo 

mouse model, whilst reintroducing the ICL gene restored the virulence in vivo (Lorenz 

and Fink, 2001). The C. albicans ICL is 550 amino acid long and share a 39.29% 

sequence identity with Mtb ICL. The superimposition of these two ICL demonstrates 

that the 3D structure of their active site is also conserved – Figure 8-4.  
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Figure 8-4: Superimposition of C. albicans ICL (Q9P8Q7) and Mtb ICL1 (P9WKK6). A) 
Surface model of both C. albicans and Mtb ICL superimposed with the active site highlighted. 
The faded structure refers to C. albicans ICL (550 amino acids), and the solid structure is Mtb 
ICL (428 amino acids). B) Ribbon representation of both ICL superimposition with a zoom in 
the active site. The catalytic residues (‘KKCGH’) are depicted, where Lys192-His196 belongs 
to Mtb ICL and Lys214-His218 to C. albicans ICL. Sequences were obtained from the UniProt 
database.  

 

ICL is essential to other pathogenic fungus such as Magnaporthe grisea (the rice blast 

fungus) and bacteria such as Pseudomonas aeruginosa (Kretzschmar et al., 2008; 

Chew et al., 2019). In this work, it was demonstrated that the ‘KKCGH’ motif has a 

distinct movement upon CL-54 binding, closing the ICL active site in Mtb. Based on 

the sequence alignment, the 3D active site structure and essentiality of ICL, it is 

speculated that the CL-54 inhibitors could also be used against other ICL-containing 

bacteria and fungus. Moreover, it seems unlikely that a mutation will arise in the ICL 

active site, making an ICL inhibitor a potent drug candidate. An experimental approach 

to confirm this would be to treat an ICL-containing microorganism with sub-lethal 

concentrations of an ICL inhibitor for multiple generations and sequence the ICL 

coding gene (e.g. icl1 and aceA genes for Mtb).  
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Chapter 9 – Conclusion  
 

This research focused in developing and screening new inhibitors against isocitrate 

lyase (ICL), which is a crucial enzyme for the metabolism of the tuberculosis-causing 

bacteria, Mycobacterium tuberculosis (Mtb). The experimental aspect of this work 

includes the expression and purification of the ICL1 enzyme, the synthesis of inhibitor 

candidates and testing them against the isolated enzyme. The CL-54 family was 

identified as lead compounds due to their estimated half-maximal inhibitory 

concentration of 50 nM. New conditions to crystallise ICL were determined and used 

to soak with CL-54-01, whose structure was diffracted and solved. The CL-54-01 drug 

causes a significant conformational change of the catalytic loop, similarly to 3-

nitropropionate (a known ICL1 inhibitor), but with half of the concentration needed to 

inhibit the enzyme in vitro. Although against the isolated enzyme, all three CL-54 drugs 

had potent inhibitory properties, only CL-54-04 had a bactericidal effect against the 

Mtb, suggesting that drug penetration may be the issue for CL-54-01 and CL-54-02. A 

drug combination screening of CL-54-04 with rifampicin or bedaquiline led to an 

additive effect in the checkerboard assay and a significant impact in the colony-forming 

unit assay. The drug combination was used to assess the drug combination effects on 

Mtb metabolism. Rifampicin with CL-54-04 showed a higher MCC accumulation, 

suggesting that rifampicin may enhance the CL-54-04 inhibitory effect against ICL. 

The role of fatty acid metabolism in drug tolerance was explored using three mutant 

strains of Mtb, ∆pckA, ICL knock-down and ∆prpD. All three mutants were more 

tolerant to isoniazid in fatty acids rich media than their parental strains. Similarly, Mtb 

wild type was also more tolerant to isoniazid and D-cycloserine in acetate media than 

in glycerol, supporting that fatty acid metabolism plays a role in drug tolerance. Future 

work could look at further characterising the inhibitory effect of CL-54 drug family 

against ICL and their specificity for ICL, testing these novel inhibitors efficacy against 

Mtb in macrophages, assessing their toxicity in mammalian cells, synthesising the next 

generation of CL-54 analogues with extra methyl groups to increase the cell wall 

penetration, and testing the CL-54 drugs to inhibit other ICL-containing 

microorganisms.  
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Appendix A – Literature Data  
 

Table A1: Summary of Mtb ICL1 inhibitors and their IC50 reported in the literature.  

ICL1 inhibitor Structure IC50 

Pthalazinyl derivative 

(Sriram et al., 2009) 

 

 45–61%  

inhibition at 

10 µM 

Phthalazin-4-ylacetamides 

(Sriram et al., 2010) 

 

 40.62–66%  

inhibition at 

10 µM 

Extract of traditional 

Chinese medicine 

(Lu et al., 2010) 

 

134 µg/mL 

5-Nitro-2-furoic acid 

hydrazones with furan-2-

carbaldehyde 

(Sriram et al., 2010) 

 

 

 86.8%  

inhibition at 

10 mM 
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5-Nitro-2,6-

dioxohexahydro-4-

pyrimidinecarboxamides 

(Sriram et al., 2010) 

 

45.7%  

inhibition at 

10 mM 

Isatinyl 

thiosemicarbazones 

derivatives 

(Banerjee et al., 2011) 

 

63.44%  

inhibition at 

10 mM 

Mannich base, Ydcm67 

(Ji et al., 2011) 

 

 

57.4% 

inhibition at 

0.05 mg/mL 

3-Nitropropionamides 

derivatives 

(Sriram et al., 2011) 

 

0.1 µM 

Thio benzanilide  

(Kozic et al., 2012) 

 

21–23% 

inhibition at 

10 µmol/L 

IMBI-3  

(Liu et al., 2016) 

 

 

 6.80 µg/mL 

(30.90 µM) 
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Appendix B – Raw Data   
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Figure B1: SDS-PAGE gel for PknG expression. A) Protein expression induced with IPTG at 

OD595 0.5. B) Protein expression induced with IPTG at OD595 0.5 after diluting with fresh media 

from OD595 1.2. L, ladder (kDa); CP, cell pellet; S, soluble protein; U, unbound protein; W1, 

wash 1; W2, wash 2; E1, elution 1; E2, elution 2; E3, elution 3; E4, elution 4; E5, elution 5. 
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Table B2: Co-crystallisation conditions tested for ICL1 with Itaconate and 2-methylisocitrate that yielded non-diffracting crystals 

 

Manufacturer Condition Inhibitor 

Protein:Precipitant 

volume ratio (µL) Temperature Outcome 

HR2-098 0.1 M Sodium malonate pH 7.0, 12% w/v PEG 3,350 2-methylisocitrate 02:01 16 ° C Crystal 

HR2-098 4% v/v TacsimateTM pH 6.0, 12% w/v PEG 3,350 2-methylisocitrate 02:01 16 ° C Crystal 

HR2-126 0.2 M Sodium fluoride, 20% w/v PEG 3,350 2-methylisocitrate 01:01 16 ° C Crystal 

HR2-126 0.2 M Sodium fluoride, 20% w/v PEG 3,350 2-methylisocitrate 02:01 16 ° C Crystal 

HR2-126 0.2 M Sodium chloride, 20% w/v PEG 3,350 2-methylisocitrate 01:01 16 ° C Crystal 

HR2-126 0.2 M Zinc acetate dehydrate, 20% PEG 3350 2-methylisocitrate 01:01 16 ° C Crystal 

HR2-126 0.2 M Sodium acetate dehydrate, 20% PEG 3350 2-methylisocitrate 01:01 16 ° C Crystal 

HR2-126 0.2 M Magnesium Sulphate heptahydrate, 20% PEG 3350 2-methylisocitrate 02:01 16 ° C Crystal 

HR2-126 0.2 M Sodium phosphate monobasic monohydrate, 20% PEG 3350 2-methylisocitrate 01:01 16 ° C Crystal 

HR2-126 0.2 M Potassium phosphate monobasic, 20% PEG 3350 2-methylisocitrate 02:01 16 ° C Crystal 

HR2-126 0.2 M Potassium phosphate dibasic, 20% PEG 3350 2-methylisocitrate 02:01 16 ° C Crystal 

STURA MD1-20 0.2M Imidazole Malate pH 6.0, 8% w/v PEG 4,000 Itaconate 01:01 16 ° C Crystal 

STURA MD1-20 0.1 M Sodium Acetate pH 5.5, 14% PEG 5000mme  Itaconate 01:01 16 ° C Crystal 

STURA MD1-20 0.1 M Sodium Acetate pH 5.5, 24% PEG 5000mme  Itaconate 01:01 16 ° C Crystal 

STURA MD1-20 0.1 M Sodium Acetate pH 5.5, 24% PEG 5000mme Itaconate 02:01 16 ° C Crystal 

MACROSOL MD1-01 0.1 M Imidazole pH 6.5, 1 M Sodium Acetate Trihydrate Itaconate 01:01 16 ° C Crystal 

MACROSOL MD1-01 0.1 M Imidazole pH 6.5, 1M Sodium Trihydrate Itaconate 02:01 16 ° C Crystal 

MACROSOL MD1-01 0.1 M NaHEPES pH 7.5, 1.4 M Sodium Citrate Tribasic Dihydrate Itaconate 01:01 16 ° C Crystal 

MACROSOL MD1-01 0.1 M NaHEPES pH 7.5, 1.4 M Sodium Citrate Tribasic Dihydrate Itaconate 01:01 16 ° C Crystal 

MACROSOL MD1-13 0.1 M NaHEPES pH 7.5, 10% v/v 2-propanol, 20% w/v PEG 4,000 Itaconate 02:01 16 ° C Crystal 

MACROSOL MD1-22 0.1 M NaHEPES pH 7.5, 2.0 M Ammonium Sulphate, 15% 2-propanol Itaconate 01:01 16 ° C Crystal 
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MACROSOL MD1-22 0.1 M NaHEPES pH 7.5, 2.0 M Ammonium Sulphate, 2% w/v PEG 400 Itaconate 01:01 16 ° C Crystal 

MACROSOL MD1-22 0.1 M NaHEPES pH 7.5, 2.0 M Ammonium Sulphate, 2% w/v PEG 400 Itaconate 02:01 16 ° C Crystal 

HR2-098 8% Tacsimate pH 4.0, 20% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-098 4% Tacsimate pH 5.0, 12% w/v PEG 3,350 Itaconate 01:01 16 ° C Crystal 

HR2-098 0.1 M Ammonium Citrate Tribasic pH 7.0, 12% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-098 0.2 M Ammonium Citrate Tribasic pH 7.0, 20% w/v PEG 3,350 Itaconate 01:01 16 ° C Crystal 

HR2-098 0.1 M HEPES pH 7.5, 2% Tacsimate pH 7.0, 20% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-098 0.06 M Citric Acid, 0.04 M Bis-Tris Propane pH 4.1, 16% w/v PEG 3,350 Itaconate 01:01 16 ° C Crystal 

HR2-098 0.05 M HEPES Sodium pH 7.0, 1% Tryptone, 12% w/v PEG 3,350 Itaconate 01:01 16 ° C Crystal 

HR2-112 0.1 M HEPES pH 7.5, 70% 2-methyl-2,4-pertanediol Itaconate 01:01 16 ° C Crystal 

HR2-112 0.1 M HEPES pH 7.5, 70% 2-methyl-2,4-pertanediol Itaconate 02:01 16 ° C Crystal 

HR2-126 0.2 M Magnesium Nitrate Hexahydrate, 20% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-126 0.2 M Sodium Acetate Trihydrate, 20% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-126 0.2 M Calcium Acetate Hydrate, 20% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-126 0.2 M Lithium Sulphate Monohydrate, 20% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-126 0.2 M Sodium Sulphate Decahydrate, 20% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-126 0.2 M Ammonium Sulphate, 20% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-126 0.2 Potassium Sulphate, 20% w/v PEG 3350 Itaconate 01:01 16 ° C Crystal 

HR2-144 0.1 M HEPES pH 7.0, 0.2 M NaCl, 25% w/v PEG 3350 Itaconate 01:01 16 ° C Crystal 

HR2-144 0.1 M Tris pH 8.5, 0.2 M NaCl, 25% PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-144 0.1 M BIS-Tris pH 6.5, 0.2 M Ammonium Acetate, 25% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-144 0.1 M HEPES pH 7.5, 0.2 M Ammonium Acetate, 25% w/v PEG 3,350 Itaconate 01:01 16 ° C Crystal 

HR2-144 0.1 M HEPES pH 7.5, 0.2 M Ammonium Acetate, 25% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-144 0.2 M Sodium Malonate pH 7.0, 20% w/v PEG 3,350  Itaconate 01:01 16 ° C Crystal 

HR2-144 0.2 Sodium Formate, 20% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 

HR2-144 0.15 M DL-Malic acid pH 7.0, 20% w/v PEG 3,350 Itaconate 01:01 16 ° C Crystal 

HR2-144 0.15 M DL-Malic acid pH 7.0, 20% w/v PEG 3,350 Itaconate 02:01 16 ° C Crystal 
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Table B3: Primer sets for qrt-PCR analysis.  

 Forward Reverse 

sdhC CGG GTC ATC TTG ATC GAT TTC T AAC CAT CAG CAA GAG GAA GAC 

sdhD CCT GGG ATC TGC TGT TGT T CAG AAT CGG GTG GTG TCT TT 

sdhA CTC GGG CCG CAT GTA TAA G GGT AGG GTG AAA CTG GTG AAA 

sdhB GCG ATC AAA CCG TAC CTG AT GGA TGC ACT TGG TGG TGT 

icd1 TCC AAC GCA CCC AAG ATA AA CTC GAT GCC CAA GTC GTA ATA G 

icd2 ACC CAA GCA CGT CAA ACA TGA TGC CGA TAT CCT CGA AAC 

fum CGT ACG GCG GCT AAT TCT T GGA TGT CGT TGG CGA TCT T 

mdh GGG CTT GAT CTC CTC GTT TC AAC TCG GCG GTT GAC TTG 

mqo GCG ATG CTG ACG GTA GTA TT GAT TGA TAG CGG TTG GCA AAG 

acn GGT CAA GAC AAA GAC GGT AAG A GGT GAA CAT CTC CTG GTT GAT 

sucC TCA AAG GAC ACA TCG TCA AGA A CGA GCA GGA AGG ATA GGT AGT A 

sucD CCC AAC TGT CCT GGC ATT AT CGA ACA TCA TCT GGT AGG TCA A 

icl1 ATC GCC AAG TTC CAG AAG G GCC AGA TCG AAC ATC GAG TAG 

prpD GCA CTG TGG CAC AAG ATT TC TTC GTC CAC GAT CAC TTC AC 

prpC GCG TAC TAC CTG ATG GGA TTC CGT GGC CTG TTC CAT GAT 

atpB GGT GCA GTA CAC CGA TAA ACA TTT CGT GTT CGT CTG CTA CC 

atpF TCG CTG TCA TTG GCA CTT ACA ACA AGA AGT CGG ACG AG 

pckA GAT GAA TGG CGT CAG GAA CT GGG CGT CGA ACT CAT CTT T 

sigA ACG AAG ACC ACG AAG ACC TCG AA GTA GGC GCG AAC CGA GTC GGC GG 


