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Abstract 

The World Health Organisation (WHO) announced in 2016 that TB is a top 

infectious disease killer worldwide with emerging multi drug resistance. Developing a 

new drug with different mechanisms is urgently needed. A successful outcome will 

significantly advance treatment of TB by identifying new and novel natural products that 

are biologically active against Mtb H37Rv and the recombinant mycobacterial lipoamide 

dehydrogenase (Lpd) enzyme. Identification of novel metabolites prior to commencing 

isolation will avoid re-isolation of known and inactive compounds and will save time and 

wasted effort in re-discovering the known.  

To achieve this, a previous high-throughput screening assay was developed and 

tested 202,983 natural product fractions sourced from a diverse collection of marine 

invertebrates, plants and fungi. A set of 574 Fractions were active against Mtb H37Rv 

and LPD enzyme. In this work, 94 dried ground biota samples (47 plants and 47 marine) 

were collected from Australia, Papua New Guinea and China. Each sample was extracted 

through a Lead-Like Enhanced (LLE) Extraction protocol based on Lipinski’s Rule of 5 

(Log P value ˂ 5) to produce drugs that can be taken orally. Each crude extract was 

fractionated through HPLC to give 5 fractions (470 fractions in total). The proton NMR 

at 800 MHz was obtained for all 470 fractions. The proton NMR spectra for the active 

fractions were analysed by PCA statistical analysis to investigate discrimination between 

the fractions. Taxonomy classification was carried on the 94 biota samples according to 

genus and species together with the HPLC profile and the proton NMR fingerprints of 

each sample. Six samples from different genera were chosen because of the different 

metabolites. 

Fraction 2 derived from plant Polyalthia sp. showed activity against Mtb H37Rv 

strain at 62.5 μge/μL. A known compound, altholactone, was identified from this fraction 

and showed activity towards M. tuberculosis strains mc26230, M. smegmatis mc2155, 
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Mtb H37Ra and Mtb H37Rv at a minimum inhibitory concentration (MIC) of 64, 500, 

26.9 and  137.9 μM respectively. Retrospective analysis of a target-based analysis against 

a TB proteome panel using native mass spectrometry, established that the active fraction 

was bound to the mycobacterial protein Rv1466. The binding affinity of the altholactone 

was confirmed with the Rv1466 protein with an estimated pseudo Kd of 42.0 ± 6.1 µM. 

Our findings established Rv1466 as the potential molecular target of altholactone, which 

is responsible for the observed in vitro toxicity towards M. tuberculosis. 

Fraction 5 derived from plant Styrax faberi Perk. showed activity against Mtb at 

1.25 μge/μL. Two new compounds demethoxy masutakeside I (1), demethoxy egonol 

glucoside (2) and five known compounds egonol gentiobioside, masutakeside I, egonol 

acetate, gonol-2-methylbutanoate and egonol (3-7, respectively) were isolated from anti 

TB active fraction. Demethoxy masutakeside I, demethoxy egonol glucoside, egonol 

gentiobioside and masutakeside I showed activity towards M. tuberculosis strain 

mc26230 with minimum inhibitory concentrations (MIC) of 256 μM, 256 μM, 128 μM 

and 128 μM, respectively. Retrospective analysis of a target-based assay against a TB 

proteome panel using native mass spectrometry, established that the active fraction was 

bound noncovalently to two mycobacterial proteins; phenylalanyl-tRNA synthetase alpha 

chain pheS and RNA polymerase sigma factor. Our findings established phenylalanyl-

tRNA synthetase alpha chain pheS and RNA polymerase sigma factor as potential 

molecular targets of two new compounds (demethoxy masutakeside I and demethoxy 

egonol glucoside) and two known compounds (egonol gentiobioside and masutakeside 

I), which might be responsible for the low observed in vitro toxicity towards M. 

tuberculosis. 

Fraction 3 derived from marine species mauritiana, showed anti TB activity 

against Mtb H37Rv cell line with an MIC value of 2.5 μge/μL. The LLE fractionation 

protocol has led to isolation and identification of one major compound hymenidin (1).  
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Fraction 4 derived from plant genus Flindersia, showed anti-TB activity against 

Mtb H37Rv with an MIC value of 2.5 μge/μL. The LLE fractionation protocol has led to 

isolation of one major compound γ-fagarine (2). Fraction 4 derived from the species 

novoguineensis teschn., showed anti Mtb activity with an MIC value of 10 μge/μL against 

Mtb H37Rv. The LLE fractionation led to isolation of one major compound 

goniothalamin (3). The compounds (1), (2) and (3) did not show activity against M. 

smegmatis even at high concentration. Compounds (1) and (2) showed very weak activity 

against Mtb mc26230 at MIC >512 µM, while lack of compound (3) prevented further 

testing. 

Fraction 4 derived from plant genus Euodia showed anti Mtb H37Rv activity with 

an MIC value of 5 μge/μL. Isolation and purification led to identification of five known 

alkaloids melicopidine (1), normelicopidine (2), melicopine (3), kokusaginine (6,7-

dimethoxydictamine) (4) and evoxanthine (5). Structure of the isolated compounds were 

determined on the basis of intensive spectroscopic analyses of 1D , 2D NMR and MS 

technique.  
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Chapter 1. Introduction 

1.1 Mycobacterium tuberculosis (Mtb) Facts 

There are members of the Mycobacterium genus that can cause tuberculosis (TB) 

in humans such as M. tuberculosis (Mtb), M. canetti, M. africanum, M. bovis, and M. 

microti.[ However, Mtb is the most prevalent cause of TB in humans [1]. Mtb is one of 

the leading causes of human death since 2007 [2, 3]. According to the World Health 

Organisation (WHO), TB is one of 10 top disease killers worldwide and is the leading 

cause of death from a single infectious agent (above HIV/AIDS) [3]. In 2018, 10 million 

people fell ill with tuberculosis of which, 57% were men, 32% were women and 11% 

were children. One million two hundred thousand died from tuberculosis per year , 

equivalent to  3287 people per day. Over 95% of TB deaths happen in low- and middle-

income countries [3]. It is difficult to diagnose Mtb in latent form because little or no 

clinical symptoms occur in the patients. Mtb is usually inhaled into the body through the 

nose or mouth and reaches alveolar cells inside the lungs [4]. Usually, it affects the lungs 

(pulmonary TB), however it can affect other organs (extra-pulmonary TB) [5]. In almost 

all cases, the bacteria can evade the immune system to start a latent infection. This 

happens by arresting the phagosome-lysosome fusion resistance against reactive nitrogen 

intermediates (RNI) and nitric oxide (NO) and interference with major histocompatibility 

complex (MHC) class II antigen presentation [6]. The disease reactivation happens when 

latent bacteria from granulomatous lesions are reactivated into an active virulent state. 

The reactivation is mostly triggered when the immune system is weak or suppressed. For 

instance, most HIV cases are low in CD4+T counts, and face 10% risk yearly of 

reactivation TB disease [7, 8]. 
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1.2 TB and HIV 

 In 2018, it was estimated 8.6% out of  the 10 million people who developed TB 

were HIV-positive. According to WHO, TB is a leading killer of HIV-positive people. In 

2018, 251 000 deaths from TB among HIV positive people were recorded [3]. One third 

of the recorded deaths are deaths from HIV virus (Figure 1.1) [9, 10]. Mtb and HIV, 

appear to have a complementary effect to defeat the immune system [11]. The reduction 

of CD+4T cells, that is a main feature of AIDS, is a main reason to increase risks of 

reactivation of the latent Mtb infection. There is some evidence that CD+8T cells have a 

role in controlling latent Mtb [12-16]. Other mechanisms involved to facilitate Mtb 

infection in individuals with HIV are up-regulation of Mtb entry receptors on 

macrophages [17]. HIV is manipulating the macrophage bactericidal pathways [18], 

deregulating chemotaxis [19] and can reverse the balance of Th1 and Th2 cells [20, 21]. 

It has also been reported that HIV can prevent tumour necrosis factor (TNF) mediated 

macrophage apoptotic response to Mtb, to facilitate the survival of the bacteria [22, 23]. 

TB/HIV patients present a dominant granulocytic infiltrate and necrosis different from 

the typical caseous necrosis, which has been seen in non-HIV-infected TB granulomas. 

This has been associated with the killing of CD4+ cells in the granuloma, and could result 

in disruption of the granuloma directly and revocation of the infection containment [24]. 

All types of extra pulmonary TB have been described in Mtb/HIV patients [25]. 

 The mortality and incidence rates for new HIV defining opportunistic infections 

have been shown to be higher, compared to HIV/Mtb co-infected patients [26-28]. 

Despite the fact that Mtb has a negative impact on the immune response to HIV and the 

progression of AIDS, research on possible mechanisms is rare. Many immune cells 

functions including macrophage and CDs are altered by both Mtb and HIV. Virus 

replication is increased locally at sites of Mtb infection in the lung [29]. Mtb has been 

reported to up regulate HIV-1 replication in the infected lymphocytes T cell or CD14+ 
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macrophages of the pleural space in the lungs [30-33]. The primary target of Mtb is the 

alveolar macrophages, can be also infected with HIV [34-37]. While TNF production is 

required in response to Mtb infection to control the bacterial growth, TNF is known to 

stimulate HIV replication in macrophages [38].  It has been suggested that Mtb facilitates 

HIV infection by 3 possible mechanisms; (1) increasing the expression of co-receptor C-

X-C chemokine receptor type 4 (CXCR4) and C-C chemokine receptor type 5 (CCR5), 

(2) increasing the proinflammatory cytokines, especially TNF-α, and (3) down-regulating 

of RANTES (chemokine CCL5), which plays essential role in homing and migration of 

effector and memory T cells during acute infections [17]. 

 

 

Figure 1.1 Number of deaths worldwide from HIV/AIDS and TB in 2018 (Deaths from 

TB among HIV-positive people are shown in grey).  

 

1.3 Mtb Drug Resistance 

Drug resistant TB means  mycobacterial strains do not respond to drug treatment 

[39]. Drug resistance is a major threat to the control of TB globally. At the end of 2014, 

153 countries accounted for more than 95% of the global population of estimated TB 

cases have reported anti TB drug resistance [9]. Eighty of these countries have current 

surveillance system, while the rest rely on epidemiological survey [9]. In 2018, there were 

an estimated 484 000 incident cases of multi drug resistance, resulting in 214 000 deaths 

[3]. Drug resistance appears because patients do not comply with antibiotic use properly 

in chemotherapy of drug-susceptible TB patients [40].  As the TB treatment course is long 
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and complex, many people do not complete their treatment, enabling the bacteria to 

develop drug resistance. Since the drug resistance has developed, it can be directly 

transferred from one patient to another [39]. 

In 2014, more TB patients were tested for drug resistance than ever before. TB 

drug resistance testing were completed in 2014 at North Korea, Iraq, Papua New Guinea 

(in the four provinces), Ukraine and Turkmenistan. Also, repeat surveys were completed 

in Iran, Lesotho, Senegal and Morocco. Drug resistance surveys were ongoing in the 

middle of 2015 in 13 countries. These included the first nationwide surveys in the 

Democratic Republic of the Congo, Sudan and India [9].  

In 2019, the WHO Reported that between August 2018 and August 2019, new 

data on levels of drug resistance were reported for the following countries; First ever 

national anti-TB drug resistance survey completed in 2017–2019 for Cameroon (2017), 

Indonesia (2018), Eritrea (2018), Lao People’s Democratic Republic (2018), Togo 

(2018). Repeat national anti-TB drug resistance survey completed in 2017–2019 for; 

Tajikistan (2017), Sri Lanka (2018), Turkmenistan (2018), Thailand (2018), Cambodia 

(2018), Eswatini (2018), the United Republic of Tanzania (2018), Bangladesh (2019), 

and the Philippines (2019). Transition from having no quality-approved surveillance data 

to having quality-approved surveillance data for anti-TB drug resistance in 2017–2019 

for; Guyana, Greenland, Kiribati, Micronesia (Federated States of), Saint Kitts and Nevis, 

Tonga, Trinidad and Tobago, Tuvalu. Transition from relying on survey data to approved 

quality-approved surveillance data for anti-TB drugs resistance in 2017–2019 for; Egypt, 

Armenia, Azerbaijan, Costa Rica, Mongolia, Ethiopia, Ghana, Myanmar, Namibia, 

Rwanda, Uganda, Uzbekistan, Vietnam, Zambia and Zimbabwe [3]. 
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1.3.1 First line anti TB drugs and multi drug resistance (MDR-TB) 

 

The first line treatment for TB is a short course of chemotherapy consisting of 

rifampicin (1) and isoniazid (2) for 6 months, supported by pyrazinamide (3) and 

ethambutol (4) for the first two months. This is usually enough to control TB under non-

drug resistance conditions [41, 42]. Significant side effects have been reported for these 

drugs, these differ from one drug to another [43]. The limitation of these side effects could 

depend on other frequent factors, such as poverty, the level of HIV co-infection, and the 

availability of the high standard of treatments [44].  

Rifamycins antibiotics are members of the ansamycin family. Rifamycin was 

extracted from the fermentation cultures of Amycolatopsis rifamycinica (previously 

Streptomyces mediterranei). The rifamycin class consists of 7 substances named 

rifamycin A, B, C, D, E, S and SV. These 7 are poorly absorbed and were first developed 

as parenteral medicine.  Rifamycin B is the best according to the stability, toxicity and 

the activity against gram-positive cocci and Mycobacterium tuberculosis. Rifamycin B 

has not been used much clinically in TB treatment, because of parental administration 

and toxicity. In 1965, rifampicin, a hydrazone derivative of rifamycin B was developed 

by the Sensi group [45]. Rifampicin, isoniazid and pyrazinamide are nature-derived TB 

drugs; however, ethambutol is a synthetic TB drug [46]. 
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           Pyrazinamide  (3)[49]                           Ethambutol (4) [50] 

 

Multidrug resistant TB (MDR-TB) is defined as TB bacteria that are resistant to 

at least rifampicin and isoniazid , which are the first line anti-TB drugs [9, 51]. MDR-TB 

can result from primary infection with resistant bacteria or may develop in the middle of 

a patient’s treatment course [9]. MDR-TB is a significant problem not only in the 

developing or poor countries, but also in some parts of the former Soviet Union, Baltic 

region, and other parts worldwide [51]. Globally, an estimation of 3.3% of new patients 

and 20% of previously treated patients acquire MDR-TB each year. Amongst pulmonary 

TB cases that were reported in 2014, an estimation of 300 000 patients have developed 

MDR-TB globally. More than half of those patients are in China, India and the Russian 

Federation. There are 123 000 patients with MDR-TB or rifampicin resistant tuberculosis 

(RR-TB) reported in 2014, 75% of them lived in European countries, India, China and 

South Africa. This was 41% of the 300 000 reported pulmonary TB patients who were 

estimated to have developed MDR-TB in 2014. MDR-TB patients do not respond to the 

standard 6 months treatment with the first line anti-TB drugs. Patients with MDR-TB are 

treated by second line therapy. It could take up to 2 years of time, with drugs that have 

less potency, more toxicity, and are more expensive. In 2014, 111 000 patients were 

started on MDR-TB treatment. In 2018, there is an estimation of 484 000 cases of 

MDR/RR-TB worldwide, and around 214 000 deaths because of MDR-TB. The 

geographical distribution map of MDR-TB patients is shown in Figure 1.2, around 50% 

of patients were in India (27%), China (14%) and the Russian Federation (9%). In 2018, 

156 071cases of MDR-TB were enrolled on treatment with a second-line regimen, 

compared to 139 114 in 2017 and 129 689 in 2016 [3, 9, 10].  
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Figure 1.2  Estimated incidence of MDR-TB in 2018, for countries with at least 1000 

incident cases (quoted from WHO TB report 2019) [3].  

 

1.3.2 Second line anti TB drugs and extensively drug resistance (XDR-TB) 

 

 Second line anti-TB drugs are aminoglycosides [amikacin (5), capreomycin (6) 

and kanamycin (7)], cycloserine (8), terizidone (9), prothionamide (10), viomycin (11), 

aminosalcilic acid (12), fluoroquinolones include ofloxacin (13), ciprofloxacin (14) and 

levofloxacin (15). Amikacin, capreomycin, kanamycin, viomycin, cycloserine and 

aminosalcilic acid are nature-derived or inspired TB drugs, while the rest are synthetic 

TB drug [46]. They are used to treat MDR-TB and XDR-TB patients. Extensively drug 

resistance TB (XDR-TB) is a type of TB caused by bacteria that are resistant to rifampicin 

and isoniazid (MDR-TB), plus to at least one fluoroquinolone, and any of the second line 

anti TB injectable drugs include kanamycin, amikacin and capreomycin. At the end of 

2014, 105 countries worldwide have reported XDR-TB [9, 10]. XDR-TB also reflects a 

failure to fulfill the measures recommended in the WHO’s Stop TB Strategy [52]. The 

treatment protocol for MDR-TB and XDR-TB is longer and harder than the standardized 

short course chemotherapy, as the treatment includes the injectable aminoglycosides 
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(amikacin and kanamycin) [53]. In 2018, 13068 patients of XDR-TB were reported by 81 

countries. 88% of the patients were from WHO European and the South-East Asia. The 

five countries that have the highest numbers of patients were Belarus, India, the Russian 

Federation, South Africa and Ukraine [3]. 

The XDR-TB transmission is in clusters and has a similar pattern to normal TB [54]. This 

makes it hard to stop transfer of the deadly strains. The confirmation of diagnosis of XDR-

TB through culture and sensitivity tests needs time from 6 to 16 weeks especially in poor 

countries, which increases the risk to pass it to another person [55]. The limit of treatment 

availability for XDR-TB is another challenge especially in the developing countries. This 

makes the disease hard to treat and puts HIV positive patients certainly at higher risk [39].   

                        

Amikacin (5) [56]                                                        Capreomycin (6)  [57] 
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N

N

O

HN

O

NH

O

O



                          9                                        

 

 

               

Prothionamide (10) [61]        Viomycin (11) [62]            Aminosalicylic acid (12) [63] 

                                    

               Ofloxacin (13) [64]                                            Ciprofloxacin (14) [65]           

                                             

                                                Levofloxacin (15) [66] 

 

Three years after XDR-TB was found for first time, Velayati et al, 2009 reported 

totally drug resistance tuberculosis (TDR-TB) in a group of 15 patients from Iran that 

were resistant to all first and second line anti TB drugs [67]. The first and second line 

treatments were inactive and could have amplifying the resistance more, which could 

convert MDR-TB to TDR-TB, and could be identified as untreatable tuberculosis [68, 

69]. 

A genome analysis of MDR/XDR-TB was done by Ioerger et al. (2009) showing 

that polymorphisms between the strains was consistent with the drug susceptibility 

profiles, in that well-known mutations correlated with resistance to the first line anti TB 

drugs. However, the mutations responsible for pyrazinamide resistance in the pncA gene 
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and rifampicin in the rpoB gene are in different nucleotide positions in MDR and XDR 

strains. This indicates that the mutations were acquired independently, and the XDR strain 

could not have developed directly from the MDR strain, although it could have developed 

from another similar MDR strain [70].  Thus, developing methods to research for new 

drugs with novel mechanisms of action against Mtb is urgently needed for shortening of 

treatment regimens for Mtb patients worldwide.    

Drug development generally could fail in the clinic for two main reasons; they either 

don’t show efficacy, or they prove to be unsafe for human. These two reasons are often 

the direct result of the absence of early target validation. Most drugs are inhibitors which 

block the action of a target protein. However, the only way to be completely sure that a 

protein is contributory in a specific disease is to test the hypothesis in humans [71]. Thus, 

target validation is a crucial stage in the drug discovery development process. 

As target validation/identification is a critical step in a new drug development and if the 

target cannot be validated, then  it will not progress in the drug development process.  

 

1.4 Target Validation 

Target validation in drug discovery generally includes characterising the 

pharmacological response as a result of modulating the activity of a protein target. The 

chemogenomic approach employs small molecules as tools to establish the relationship 

between the target and the phenotype. This can be established by investigating the 

biological activity of enzyme inhibitors (forward chemogenomics) or by identifying the 

relevant target of a pharmacologically active small molecule (reverse chemogenomics). 

In both directions, there are many approaches that can be applied to better understand the 

target’s functional role in a disease model [72]. Some of the strategies to identify and 

validate targets by chemogenomics will be explained in this section. 
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1.4.1 Target Validation / Identification in Chemogenomics        

     

 After the completion of several genome sequencing projects, including those of 

humans [73, 74], there are massive amounts of genetic data. Together with new 

informatics and molecular biology techniques, it has become standard laboratory practice 

to identify, quantify, clone, and modify any gene desired in a simple way. A 

systematically and effectively correlation of the relationship between genotype and 

phenotype remains a big challenge. In drug discovery, this includes identifying genes or 

gene products (proteins) whose modulation will cause a suitable pharmacological 

response with fewer side effects. Recent advances in genetic manipulations (for instance 

recombinant engineering or RNA interference/RNAi technology) have allowed 

modification of specific genes and evaluation of the phenotypic consequences in vitro 

and in vivo in a relatively straightforward or simple manner [75, 76]. Developing a potent 

and selective small molecular tool for target validation, however, can be time and 

resources intensive. The molecular pharmacology method for target validation, on the 

other hand, could be still the most preferred method of choice because chemical treatment 

is conditional, and compatible with practically any in vitro and in vivo pharmacological 

models, and this can be used directly to identify drug leads. Facilitated by the 

development in HTS and molecular profiling technologies, identifying functional small 

molecules and utilising them to discover and validate biological targets constitutes a basic 

practice for many pharmaceutical companies. Often, this type of research is broadly 

named as chemical genomics or chemogenomics [77-80]. 

 

As the traditional genetic approaches of linking genotype to phenotype are classified into 

forward and reverse methods, chemogenomics could also be fitted into these two 

categories [81]. In advanced genetics, the phenotype of interest is the first to be observed, 

and then the underlying genotype will be identified through genetic mapping. On other 
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hand, reverse genetics starts out by the modification of particular genes, followed by 

examination of the phenotypic outcomes. Screening compound libraries for small 

molecules that can generate a biological phenotype of interest, and then identifying the 

target of the active small molecule is known as forward chemogenomics, whereas reverse 

chemogenomics is the use of chemical probes with known molecular targets to study the 

pharmacological response of modulating their targets in cellular or in vivo models. 

Although, they have opposite directions, both forward and reverse chemogenomics use 

chemical compounds as tools for a common purpose to establish a link between the 

molecular target and the phenotype [72]. Some selected representative examples will be 

highlighted for both approaches to identify and validate drug targets using 

chemogenomics. 

 

1.4.2 Reverse Chemogenomics: Target Validation Using Compounds with Known 

Molecular Target (and/or Mechanism of Action) 

 

Small molecules can work as useful chemical tools to simplify the process of 

target validation. In some drug discovery projects, the target is initially identified or 

validated through genetics, and then further will be validated using drug-like molecules. 

For instance, if the genetic manipulation (for example, obtain or loss of function) of a 

certain target has led to a preferred result in a disease model, then this would prompt the 

development of a small molecule modulator of that target to further validate the 

therapeutic effect of that pharmacological modulation in vivo (Figure 1.3). Often, 

chemical modulators including enzyme or receptor agonists or antagonists, could be 

either designed from structural modification of the target’s natural ligand or identified 

from screening diverse compound libraries. These small molecules would then have to be 

optimized for affinity, selectivity, and ADMET (absorption, distribution, metabolism, 

excretion, and toxicity) properties, then they could be used to conditionally modulate the 

activity of their targets under biologically relevant settings (for example, in cells or 
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animals) [72]. Thus, drug development could be seen as a process of target validation, 

from the molecular target to its pharmacological validations in cells or animals, and 

eventually controlled human clinical trials. 

 

 

Figure 1.3 Target validation in chemogenomics (Reverse approach) [81]. 

 

1.4.2.1 Development of Potent and Selective Small Molecules via Target Based 

Assays 

Target based assay sets the functional relationship between target and compound 

by measuring the compound’s ability to modulate the target, which not always, but often, 

is a purified protein. Also, screening against many proteins from the same family is 

required to determine compound selectivity. High selectivity of a compound is usually 

needed to avoid any undesired off target effect [72, 82].  

Using the kinase drug discovery project as an example, the selectivity profile of a kinase 

inhibitor often determines its potential therapeutic window. When conventional means of 

selectivity determination depending on enzymatic assay of single kinase is still broadly 

in use, and microbiologist have developed an interesting new protocol to test compounds 

against a panel of hundreds of kinases simultaneously [83]. This novel experimental 



                          14                                        

 

 

method includes the expression of kinases on T7 bacteriophage particles to tag each 

protein with its own genetic information [84]. 

A series of ATP competitive probes (such like nonspecific kinase inhibitor, staurosporine) 

are frozen through a flexible linker to work as baits for the phage tagged kinases. The 

compound of interest then competes with the probes for the ATP binding sites of its target 

kinases. The compound has highest affinity toward a particular kinase; the more that 

kinase will be competed off from the immobilized probes. Analysis of the kinases bound 

to the probes by traditional phage plaque assays or by quantitative PCR determines the 

binding constant of the compound for each kinase alone. As a test for this method, 20 

well characterized kinase inhibitors were profiled against a panel of 119 kinases (this 

comprises of about one fifth of the total evaluated kinases in the human genome). The 

outcome not only confirmed the previous known targets of these inhibitors, it also 

revealed some novel and unpredicted interactions. For instance, it has been reported that 

a p38 MAP kinase inhibitor BIRB-796 could bind to a Gleevec resistant ABL kinase. 

Moreover, recent in vitro target of Gleevec was identified as the Src-family kinase Lck. 

These outcomes also show the current lack of understanding in the true kinomewide 

selectivity of even some of the most broadly-based studied kinase inhibitors [83]. Thus, 

it raises the concept that even an inhibitor is developed against a single target, the 

pharmacological response or the side effect of that molecule might occur not just because 

of inhibition of that target. This highlighted the necessity to develop more comprehensive 

target-based assays to address the right selectivity of individual molecules. Though it is 

also important to consider the relative expression level of the target proteins when 

carrying out target validation experiments with small molecule modulators. For example, 

if a compound is found to be nonselective among many kinases, but only one of them is 

expressed and/or active involved in the model under that compound being examined, then 

the compound should be considered enough target validation tool in that model. Finally, 
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integration of global selectivity profiles and relative protein expression/activity levels in 

vivo response of the inhibitor should provide a better understanding of the consequences 

of inhibiting a specific combination of targets [84]. 

 

1.4.2.2 Validation of Drug Targets Using Cell-Based Phenotypic Assays 

With strong and selective small molecule modulators, cell based phenotypic 

assays could be used to evaluate the biological activity of compounds in a more relevant 

setting before taking them to animal studies, which are more time and resource 

consuming. On the other hand, target-based, phenotypic assays measure the ability of a 

small molecule to modulate specific phenotypic changes in cells, thus establishing the 

functional relationship between the compound target and the cellular phenotype. Related 

to easily gained and manipulated in vivo experimental subjects, cells can be isolated 

directly from relevant models or engineered to have specific properties. Even the 

phenotypic readouts are more versatile, that might simply include counting the number 

of viable cells, examining cell morphologies, quantifying a reporter gene activity, or 

immunostaining a specific biomarker, and so on. Through careful design and translation, 

phenotypic assays could be applied in many ways for target validation in chemogenomics. 

In reverse chemogenomics approaches, the small molecule has a defined target, and 

phenotypic assays are used to validate the results of target modulation by the small 

molecule. This was nicely explained in the target validation of XIAP by small molecule 

inhibitors [85-87]. XIAP (X-chromosome linked inhibitor of apoptosis protein) is a 

negative regulator of caspase3, a protease which initiates apoptosis [88, 89]. Elevated 

XIAP expression prevents apoptosis by directly binding to and inhibiting caspase3, which 

hypothesized to contribute to the reduced cell death, which commonly observed in certain 

cancer cells [90, 91]. From a high throughput protein-protein interaction screen, a class 

of compounds bearing sulfonamide cores were found to block the association of XIAP 
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and caspase3 effectively in vitro. This has led to preventing the inhibition of caspase3 

proteolytic activity by XIAP [86, 87]. To validate that the disturbance of the 

XIAP/caspase3 interaction is effective in sensitizing cellular apoptosis under relevant 

conditions, the molecules were tested in a phenotypic assay including overexpression of 

XIAP (in 293 cells). This has prevented apoptosis induced by the addition of soluble Fas 

ligand in the medium. Under these conditions, additional treatment also with a water-

soluble sulfonamide analog, TWX024, has induced apoptosis of 293 cells. At same 

concentration, TWX024 had little effect in normal 293 cells, indicating that the 

cytotoxicity exhibits specifically from removing the XIAP blockade on Fas promoted cell 

death. Moreover, a structurally distinct series of XIAP/caspase3 inhibitors bearing a 

polyphenylurea scaffold were shown in separate experiment to displays greater toxicity 

against transformed MEF cells derived from wild type (xiap+/+) than from knockout 

(xiap−/−) mice [85, 87]. These target validation approaches using engineered phenotypic 

cell-based assays confirmed the antagonisticrole of XIAP in apoptosis and provided 

further evidence for targeting the XIAP/caspase3 interaction as a potential strategy aimed 

to conventional therapy at sensitizing cancer cells. 

 

 1.4.2.3 Elucidation of Drug Mechanism Using Genomic Profiling 

Besides characterising the pharmacological phenotype results of drug treatment, 

whether in cells or in vivo, drug target validation also includes elucidation of drug 

mechanisms. This is how modulation of the intended target leads to the desired 

phenotype. Usually, it is informative to analyse the effect of drug treatment on the 

transcriptional, translational, and/or post translational levels. The development of DNA 

microarrays, more known as gene chips, has allowed rapid determination of gene 

expression profiles across the entire genome [92, 93]. In drug discovery studies, 

transcriptome profiling is usually used to determine which genes are affected by a given 
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small molecule on a genome wide level. During the comparison of altered gene 

expression patterns, transcriptome profiling might provide a better understanding of the 

signalling pathways associated by drug treatment. One of the first examples of using DNA 

microarrays to validate and elucidate drug mechanism is demonstrated with the immune 

suppressants FK506, and cyclosporine A [94, 95]. FK506 and cyclosporine A (CsA) can 

both bind to and inhibit the peptidyl proline isomerase activity of their intracellular 

immunophilins, FK506 binding proteins (FKBP) and cyclophilins (CyP), respectively. 

The drug immunophilin complexes can also bind to and inhibit calcineurin A, which is a 

key regulator of T cell activation genes [96]. Utilising DNA microarrays, comparative 

expression analysis revealed large correlations in the altered gene expression patterns 

between FK506 treated wild type yeast and CsA treated wild type yeast, as well as 

calcineurin A deleted yeast strain. This experiment claimed that genetic or 

pharmacological inhibition of the same pathway might often result in closely correlated 

gene expression profiles. Moreover, it was found that treatment of a calcineurin deletion 

yeast strain with FK506 (1 mg/mL) did not afford significant transcriptional changes 

relative to the untreated calcineurin deletion strain. This is suggesting that FK506 was 

unable to elicit its normal transcriptional response without functional calcineurin. When 

treated with a higher concentration of FK506 (50 mg/mL), however, the calcineurin 

deletion strain yielded a much more complex expression profile that is not associated with 

calcineurin regulated genes. This is indicating that FK506 can affect additional targets at 

higher dose. Finally, it has been demonstrated that genomic profiling tools can be utilised 

to confirm a potential drug target and possibly to identify additional targets by using a 

deletion mutant defective in the gene encoding the putative target. This approach, called 

the decoder strategy, and other applications of DNA microarrays might prove useful in 

elucidating drug mechanism and validating drug targets [94, 96]. 
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1.4.2.4 Elucidation of Drug Mechanism Using Proteomic Profiling 

As signalling pathways are mainly mediated by proteins, their expression and 

activity are not always related to their mRNA expression, the global analysis of the 

complex proteome would provide a better picture of drug induced response. This could 

facilitate the process of target validation in chemogenomics. When the previous is based 

on quantification of mRNA transcripts to establish the gene expression at the 

transcriptional levels, proteomic profiling is more complicated, dealing with two 

parameters; abundance and activity. This means that two proteomic samples may have 

some similar protein expression levels, however the activity of individual proteins might 

vary substantially due to various post translational modifications such as phosphorylation, 

glycosylation and ubiquitination. This would differently direct signalling pathways 

phenotypic results. One of the most widely used approaches for protein abundance 

profiling is 2DGE (two-dimensional gel electrophoresis) [97, 98]. Even though, this 

method provides a fair vision of the entire proteome, it lacks the ability to resolve and 

detect low abundance proteins. Other proteomic profiling tools like yeast two hybrid 

(Uetz et al., 2000) and protein microarrays [99] are those that require proteins to be 

studied in somewhat artificial environments might not be relevant in the endogenous 

settings in mammalian cells [72].  

Activity based protein profiling (ABPP) is a technique that uses chemistry to address the 

functional state of specific protein families in the complex proteome [100, 101]. Reactive 

chemical probes are designed to covalently bind the active site of different enzyme classes 

by reactions with proximal catalytic or non-catalytic nucleophilic residues. Only active 

enzymes will react to the probes because inactive enzymes would have a different 

conformation and/or inaccessible active sites. The other end of the probe consists of a tag 

for the detection or purification of this enzyme probe adducts. The separation of 
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fluorescent tagged proteins on gel electrophoresis allows the visualization and 

comparison of enzyme activities across different proteomic samples. 

Utilising the biotinylated probes, the target proteins can be purified and identified via 

mass spectrometry. A biotinylated version of phenyl sulfonate probe was utilised in 

combination with avidin-based chromatography to affinity isolate heat-sensitive protein 

reactivities from complex proteomes. The proteins then were digested with trypsin and 

identified by mass spectrometry analysis of the resulting peptide maps (Figure 1.4) [102]. 

 

 

Figure 1.4 Identification of protein targets of the biotinylated sulfonate probe. 

 

One example uses sulphonate ester probes that can covalently react with several 

distinct enzyme classes to profile enzyme activities in estrogen-receptor positive (ER+) 

and negative (ER−) human breast cancer cell lines [101, 102]. Because ER expression 

inversely correlates with several metastatic phenotypes in breast carcinomas. 

Identification of enzyme activities that are up-regulated in ER− cells might provide a 

better understanding or maybe a therapeutic target of breast cancer aggression (Figure 

1.5). Quantitation of GSTO 1-1 activity expressed by the human breast cancer lines as 

measured by phenyl sulfonate–labelling intensities. Pre-treatment with the GST substrate 
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glutathione (1 mM, 10 min) inhibited >95% of the phenyl sulfonate labelling of the 

GSTO1-1 enzyme from either MDA-MB-435 or MDA-MB-231 proteomes (two 

rightmost bars). Phenyl sulfonate labelling of GSTO 1-1 was expressed in COS-7 cells 

recombinantly. The labelling of GSTO 1-1, however not ALDH-1, was inhibited by the 

addition of glutathione and was found to be active only in ER cells relative to the control 

ER+ cells (Figure 1.5) [102].  

 

 

Figure 1.5 Profiling proteomes of breast cancer cell lines in human with labelling of 

GSTO 1-1- glutathione. 

 

This preliminary analysis of cancer tissues using reactive chemical probes highlights the 

ability of activity-based profiling to identify previously unrecognized enzyme activities 

combined with pathological conditions.  

Activity based protein profiling (ABPP) was also applied in the determination of 

protein activity changes combined with small molecule treatment, as interpretation of 

identifying and validating protein function. In one such study, several reversible serine 

hydrolase inhibitors were profiled using a serine hydrolase activity probe [103]. The 
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Figure 1.7 ABPP of complex proteomes with serine hydrolase directed probe FP-

rhodamine. General mechanism for covalent reversible and irreversible suppression of 

serine hydrolases by electrophilic ketone (left) and rhodamine (Rh)-tagged fluoro 

phosphonate (right) reagents, respectively. The Ketone inhibitors form a reversible 

hemiketal intermediate with the serine nucleophile, which stabilized by the oxyanion 

hole15,16 (shown as a hydrogen bond with the negatively charged oxygen of the 

carbonyl). In competitive profiling experiments, the exist of a reversible ketone inhibitor 

will minimize the rate of phosphorylation of an enzyme by FP-rhodamine. 

 

 

Thus, ABPP provides an alternative focused method to profile protein activity associated 

with the treatment of specific inhibitors [103]. This information can be used to facilitate 

elucidating drug mechanism on the proteomic level, but also the discovery of downstream 

enzyme activities that might be used as biomarkers for pharmacodynamic readout [104]. 

Though the activity profile is currently limited to the proteins that the probe can label, the 

development of diverse and cell permeable activity probes [104] should facilitate ABPP 

in the process of target validation via establishing functional relationships between 

protein activities and pharmacological response. 

 

Many chemical treatments in cells have direct effects on post translational 

modifications of proteins. Thus, one proteomic study of target validation is to identify 

and monitor these protein modifications to give a better understanding of the signalling 

pathways disturbed by the small molecule. Mass spectrometry and peptide mapping has 

now become the approach of choice for protein identification [105-107]. With the 

ultrahigh sensitivity, it can even detect certain post translational modifications. One case 

study explained the use of mass spectrometry and peptide mapping to identify protein-
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1.4.2.5 Target Identification Using Target Based Assays 

When most drug discovery programs were utilizing target-based assays as an 

engine to drive the preclinical advance of chemical entities against single targets, there 

were some exceptions where the drug candidate’s target was unknown until later in the 

advance stage, like FTY720 (Figure 1.9). FTY720 is a novel class of immunosuppressant. 

It functions by reducing the circulating level of lymphocytes in peripheral blood, but the 

precise target that the drug acts on was not clear to begin with [109]. This suggested 

further investigation and development. 

  

 

Figure 1.9 Chemical structure of FTY720. 

 

Analysis of the circulating FTY720 metabolite has led to finding that the drug existed 

largely as the phosphoester form in the blood [110]. According to the structural similarity 

shared by the phosphorylated form of FTY720 (phospho-FTY720) and the 

lysophospholipid sphingosine, suggested that FTY720 was a prodrug whose 

phosphorylated form targets the sphingosine-1-phosphate (S1P) receptors (Figure 1.10). 

To validate this hypothesis, several binding methods were set up to assess the affinity of 

FTY720 and phospho-FTY720 against the different S1P receptor isoforms. The assay 

included competition of radioligand binding using [33P] labelled S1P on transfected CHO 

cells expressing each of the five S1P binding receptors [S1P1, S1P2, S1P3, S1P4, and 

S1P5]. It was found that when FTY720 itself has no binding activity, phospho-FTY720 

has a high affinity binding to all the five S1P receptors except S1P2 [110]. 
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Figure 1.10 The structures of FTY720, S1P and related synthetic compounds. 

 

Moreover, Ca2+ mobilization assays demonstrated the agonistic effect of phospho-

FTY720 [111]. As a result, these binding assays provided a strong evidence relationship 

between the target (SIP receptor), the molecule (FTY720), and the phenotype 

(lymphocyte trafficking) [72]. This has provided an excellent explanation of using target-

based assays for target identification and validation. 

The critical part about the reverse approach is that the work focuses on the known target, 

when in TB cases mainly the  resistant TB this approach was unsuccessful as there are 

not enough validated targets available to work on, and new validated targets are urgently 

needed.  

 

1.4.3 New Targets Needed for Mtb Drug Discovery 

 

In an ideal way it could be thought that clinically validated targets of known anti-

TB drugs would provide inhibitors with a bigger chance of success in reaching the clinic. 

But pursuing enzyme-based discovery of inhibitors using some of these targets has not 



                          26                                        

 

 

introduced promising leads so far. The targets of known anti-TB drugs and some 

promising candidate drugs in clinical trials and the major challenges associated with 

utilising these targets in drug discovery are listed in Table 1.1 [112]. Even though it was 

suggested that isoniazid (INH) inhibits multiple targets [113], it is not clear that targets 

other than enoyl-ACP reductase (InhA) have a minor role in killing the bacteria by INH. 

This suggesting that it might still be a promising target [114]. Efforts to gain novel 

inhibitors of InhA capable of supressing INH resistant Mtb are continuing [115]. The 

difficulties in obtaining a low-resolution structure of mycobacterial RNA polymerase 

could be an obstacle in lead optimization efforts. The fluoroquinolones, which are highly 

successful broad-spectrum anti-microbial agents, have also proven to be effective in the 

treatment of TB and are undergoing further investigations in clinical trials [116]. DNA 

gyrase can potentially be a good target for discovering inhibitors of Mtb. as the usage of 

broad-spectrum inhibitors of DNA gyrase is known to prime Mtb for resistance [117], the 

isolation of Mtb specific DNA gyrase inhibitors will have a greater value. However, 

considering the structural similarities between Mtb and the other bacterial DNA gyrases 

[118], getting specific Mtb inhibitors will be a challenging task. Several of the second 

line Mtb drugs such as streptomycin, kanamycin, capreomycin and oxazolidinones, target 

different steps in protein synthesis, thus making the translation to a clinically validated 

target [112]. Recent possibilities and unresolved issues of drug target validation in Mtb is 

illustrated in Table 1.1. 

A recent study has shown that pyrazinamide kills Mtb by inhibiting translation, 

which also explains its ability to affect non-replicating Mtb [42]. However, 

multicomponent translational machinery poses a huge challenge in setting up biochemical 

screens with isolated proteins or RNA. There is still possibility of obtaining hits through 

in vitro translation reactions, even though determination of their exact binding mechanism 

could be hard. The molecular MOAs of two recently discovered anti-TB compounds, 
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diarylquinolines (TMC207) and benzothiazinones (BTZ), have been resolved [119, 120]. 

Thus, ATP synthase, the target of TMC207, and decaprenylphosphoryl-Ƀ-D-ribose 2ʹ-

epimerase (DrpE1), the target of BTZ, will clearly be of interest to drug hunters. 

However, multi-subunit protein structure of ATP synthase poses a huge challenge in over-

expressing and purifying the protein, the purification of membrane bound DrpE1 is 

expected to pose similar challenges. Arabinosyl-transferases EmB and C the targets of 

ethambutol are also membrane bound [121]. 

 

Table 1.1 Main challenges associated with discovery of small molecule inhibitors of 

targets of TB drugs or candidates [112]. 
Drug/inhibitor  

 

    Target (s) Challenges associated with enzyme-

based discovery of new inhibitors 

Rifampicin  RNA polymerase  Obtaining small molecule inhibitors 

INH, ethionamide  Enoyl-ACP reductase Translating potent enzyme hits into 

cellular activity 

Ethambutol  Arabinogalactan biosynthesis 

Arabinosyltransferases EmbB, 

EmbC 

Multiple targets 

Membrane bound proteins 

Fluoroquinolones  DNA gyrase  Presence of pre-existing drug resistance 

in the clinics. 

D-cycloserine  Alanine racemase and Alanine 

racemase and D-ala-D-ala 

ligase 

Multiple targets 

Assessment of vulnerability of 

individual targets 

Chlorpromazine  Not known  Not understood 

 

p-Aminosalicyclic acid  Thymidylate synthase (ThyA)  Presence of two different thymidylate 

synthases (ThyA 

and ThyX) in Mtb 

Diarylquinolines   ATP synthase  Multi-subunit enzyme 

Membrane bound proteins 

Difficulties in obtaining structural 

information, and 

Deconvolution of enzyme hits 

PA-824 Multiple targets Assessment of vulnerability of 

individual targets 

OPC-67683  Not known  Not understood 

SQ109  Not known  Not understood 

Benzothiazenones Decaprenylphosphoryl-b-D-

ribose 2’-epimerase 

Membrane bound enzyme 

Difficulties in obtaining structural 

information 

Radioactivity-based assay 

Pyrazinamide 

Streptomycin 

Kanamycin 

Capreomycin 

Oxazolidinones 

Protein translation Setting up screens with isolated proteins 

or RNA 

Deconvolution of hits obtained by in 

vitro translation assays 
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D-cycloserine, in addition to inhibiting Alr and Ddl (D-ala-D-ala ligase) may also act on 

other cellular targets [122], thus demonstrating a complex MOA. Investigation of TB drug 

PA-824 might act by inhibiting multiple targets [123]. When the targets of 

chlorpromazine (OPC-67683) and SQ109 have not been specified, the challenges 

involved with validated targets limit their potential for getting novel inhibitors. Thus, 

there is a clear merit in exploring new targets and pathways for developing novel anti-TB 

compounds [112]. A balanced approach based on validated targets and identification of 

new targets is urgently needed to be able to develop new anti-TB drugs. 

 

1.4.4 Target vulnerability assessment by protein depletion in KD strains [More 

inhibitors needed] 

 

For targets that are essential in vitro, approaches which allow scientists to change 

the target level could provide a reflection of inhibitor action. Thus, gene silencing or gene 

KD by which target protein level can be modulated to a desired level is a precious tool. 

In bacteria, KD of a gene could be achieved either by regulating the transcription by an 

inducible system or by generating antisense RNA that can modulate the level of mRNA 

produced from a native promoter. This antisense technique has been used systematically 

and quite successfully in studying the target essentiality or vulnerability in pathogenic 

bacteria such as Staphylococcus aureus [124] or Escherichia coli [125]. There have been 

some reports of the application of antisense for gene silencing in mycobacteria [126]. 

Moreover, KD by regulation of transcription by inducible promoters has been studied 

extensively recently [127, 128], and has provided valuable knowledge on target 

vulnerability in vitro and in vivo. To generate a successful KD, the presence of a tightly 

regulatable or inducible promoter is an essential requirement. A number of regulatable 

promoters were developed for mycobacteria that include promoters induced by heat 

(Hsp60) or by chemicals such as acetamide, nitrite, anhydrotetracycline, IPTG and 

pristinamycin [129-132]. Anhydrotetracycline being an antibiotic with known 
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pharmacokinetic properties could be administered to animals at required doses, to allow 

the regulation of target expression in animals. This has facilitated not only to study the 

KD phenotype for starting the infection, but also for clearance of the established infection, 

which is a good simulation of drug treatment for the patients [112].  

Examples of essential mycobacterial proteins in which KD driven target depletion has 

been successfully applied to investigate the phenotype under a variety of conditions 

include FtsZ, DnaA, InhA, FadD32, PknB, proteosome, KasA, PckA, RipA, PonA, 

SecA1, CarD, DHFR (dihydrofolate reductase), GyrA, Alr, RpoB, DprE1, PknL, GlnA1, 

GlnE, ClpP1, RegX3 and SenX3 [133-144]. The target depletion phenotypes of 

Mycobacterium smegmatis (Msm) and Mtb KD strains have been summarized in Table 

1.2.  

In Table 1.2 the targets or pathways whose depletion had an important effect on the 

growth of the cell include FtsZ, DnaA, RpoB, InhA, FadD32, ClpP1 and DrpE1. The loss 

of viability was seen on reduction of RpoB, InhA and DrpE1 correlated with the effects 

of chemical inhibition by Rif, INH and BTZ, respectively.  

The growth defects seen with FtsZ, DnaA, FadD32 and ClpP1 KD strains should 

encourage medicinal chemists to investigate these targets for identification of inhibitors. 

Reduction of other targets, including GyrA, was not found to be harmful to the 

mycobacterial growth, thus classifying them as less vulnerable targets [143]. This is 

because the potent killing of bacteria by fluoroquinolones is known to result from the 

poisoning effect of trapping of DNA gyrase-fluoroquinolones complex, and the target 

reduction in this case is not expected to mimic the inhibitor action. Also, the existence of 

another GyrA subunit (MSMEG_0456) in Msm may have a compensatory effect on the 

loss of GyrA. 
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Table 1.2. Examples of target reduction phenotypes of in vitro essential targets in 

mycobacteria. 

Target Organism Inducer/regulator Target depletion phenotype 

 

Ref. 

RpoB Msm Tet Loss of viability  [142, 143] 

InhA 

 

 

 

Msm 

 

 

 

Msm 

Ace 

 

 

 

Tet 

Change in morphology 

Cell lysis 

Inhibition of α-mycolates 

Accumulation of ά- mycolates 

Loss of viability 

[143, 145] 

GyrA Msm Tet No growth defects 

Supersensitive to ciprofloxacin 

[143] 

FtsZ Msm, Mtb Ace, tet-off Aggregation 

Filamentation 

Lysis leading to loss of viability 

[132, 135] 

 

DnaA  Ace Blockage of DNA synthesis 

Filamentation 

Loss of viability 

[134] 

 

SecA1  Msm Tet-off Inhibition of growth  [129] 

PknB Msm Pri Growth inhibition  [131] 

FadD3

2 

Msm 

Mtb 

Pri 

Tet-off 

Tet 

Growth inhibition  

Growth inhibition 

Loss of viability in vitro and in macrophages 

Increased sensitivity to antibiotics 

[131, 132, 

144] 

 

RipA  

 

Msm Tet Growth inhibition 

Filamentation 

Increased susceptibility to b-lactams 

[139] 

 

PonA Msm Tet Growth inhibition 

Changes in morphology 

[140] 

 

CarD  

 

 

Msm 

 

 

Mtb 

 

Tet 

 

 

Tet, Tet-off 

Loss of viability 

Vulnerable to oxidative stress 

Defective in stringent response 

Loss of viability 

Defective for growth and persistence in vivo 

[140] 

 

PckA Mtb Tet, Tet-off Growth defect in C2 medium 

Defective for growth and persistence in vivo 

[133] 

 

KasA Msm Ace ‘Crumpled’ morphology 

Inhibition of a-mycolates 

[145] 

 

 Msm Tet No growth defect [143] 

Alr 

 

Msm Tet No growth defects 

Supersensitive to D-cycloserine 

[143] 

 

DHFR Msm Tet No growth defects 

Supersensitive to Tmp 

[143] 

 

DprE1  

 

 

Mtb Tet Reduced growth in vitro 

Increased sensitivity to cell wall inhibitors 

 

[144] 

ClpP1 Mtb Tet Reduced growth in vitro and in macrophages [144] 

GlnA1, 

GlnE  

 

Mtb Tet No growth defect in vitro 

Growth stasis in macrophages 

[144] 

PknL, 

RegX3, 

SenX3  

Mtb Tet No growth defect in vitro or in macrophages [144] 

 

The lack of findings on the correlation between DCS inhibition of mycobacteria 

and no growth defect in Alr KD strain might be explained by the fact that DCS brings 
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about bacterial killing by acting on multiple targets [122]. Instead of testing individual 

KD strains for their phenotypes in animals, a current study has stated the investigation of 

phenotypes of multiple KD strains in a single animal experiment [146]. As different KD 

strains are not expected to have uniform growth rates, the possibility of competition for 

growth or survival between different KD strains affecting their individual phenotypes 

should not be neglected [112]. 

More information on the effects of reducing target abundance on the viability of 

bacteria below various conditions will help in consolidating the concept of target 

vulnerability. The target reduction studies should preferentially be done with Mtb as in 

few cases the KD phenotypes was seen in Msm and Mtb might not be the same. As 

inhibition of most important targets at some degree (for example > 95%) is expected to 

inhibit the cell growth, shows that highly potent inhibitors (like in picomolar range) may 

be effective on less vulnerable targets. Also, because the compound potencies can only 

be improved within some limits, it is advisable to identify targets which are likely to be 

more vulnerable to chemical inhibition. This could be a useful approach in prioritizing 

targets for drug discovery [112, 147].  

As there are not  sufficient validated targets in the case of TB and introduce new inhibitors 

that inhibit new targets is urgently needed, the forward approach could be a better choice 

in the TB multidrug resistance cases.  

 

1.4.5 Forward Chemogenomics: Target Identification and Validation Using 

Compounds with Unknown Mechanism of Action 

 

Maybe the most important concept of forward chemogenomics (Figure 1.11) is 

that it holds the potential to identify novel targets. Before the emergence of modern 

molecular biology techniques, drugs were discovered widely in vivo by testing 

compounds in animals with little knowledge about the molecular mechanism of the 

disease or the therapy; a phenotype first approach that is later termed forward 



                          32                                        

 

 

chemogenomics. Currently, normal drug discovery follows the reverse chemogenomics 

trend, where drug candidates are selected based on modulating a disease related target 

(protein or nucleic acid), followed by evaluation in model systems of higher complexity 

(cells or organism). Even though, reverse chemogenomics have delivered many 

successful drugs in the past decade, the concept of forward chemogenomics is slowly re-

emerging, especially in Academic research. This is because it gives the opportunity to 

evaluate novel phenotypes and discover novel targets which are poorly understood or less 

clear with the current state of knowledge. For instance, how would one control a specific 

stem cell fate by reverse chemogenomics if there were no defined biological targets yet 

for such process? Or, how can more effective cancer therapeutics be developed if cancer 

eradication requires targeting many proteins? These types of problems can potentially be 

addressed in future chemogenomics by screening compounds that directly produce the 

desired phenotypes in cells or animals, and then using these compounds to discover the 

responsible target(s) [72].  

 

 

Figure 1.11 Target validation in chemogenomics (Forward approach) [81]. 
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1.4.5.1 Target Identification Using Genomic Profiling  

Target identification of compounds with unknown mechanism of action usually 

begins via characterising the biological consequences of the small molecule treatment. 

As transcriptome profiling can reliably provide fair snapshots of the global gene 

expression pattern at many time points after compound treatment, many scientists have 

relied on expression analysis as a first step to examine small molecule treatments [148, 

149]. By utilising many bioinformatics tools, the transcriptional changes are clustered by 

relevance to produce gene expression patterns from which the affected signalling 

pathways can be concluded. Then, comparative transcriptome profiling may provide the 

missing relationship between the compound induced phenotype and the affected 

biological pathway [72].  

Purmorphamine is a strong small molecule inducer of osteogenic differentiation of 

mesenchymal progenitor cells [150]. It was discovered through a high throughput cell-

based assay that detection of the enzymatic activity of alkaline phosphatase is a bone 

specific marker, in C3H10T1/2 cells (a mouse mesenchymal progenitor cell line capable 

of differentiating into bone, fat, cartilage, and muscle cells). Utilising DNA microarrays, 

the transcriptional profile of C3H10T1/2 cells was examined with and without 

purmorphamine or BMP4 (a protein known to induce osteogenesis of mesenchymal stem 

cells) treatments in different time courses. Based on the gene expression of bone 

biomarkers, purmorphamine was confirmed to be more specific inducer of bone 

differentiation compared to BMP4. BMP4 appears also to activate adipogenic (fat 

formation) pathways [151, 152]. Moreover, Ingenuity Pathway analysis proposes that the 

Hedgehog (Hh) signalling is the primary affected (activated) biological pathway. To 

confirm this mechanistic indication by chemical epistasis, the authors showed that two 

known antagonists of Hg signalling, cyclopamine (targeting Smo gen at the membrane 

level) and forskolin (inhibiting downstream Gli transcriptional activity), can cancel the 



                          34                                        

 

 

Hg pathway activating and osteogenesis inducing effects of purmorphamine in 

C3H10T1/2 cells. This outcome also indicates that purmorphamine may target Smo or 

proteins upstream of Smo in activating the Hh pathway [150, 152]. This case study 

illustrates the use of genome wide expression analysis to reveal the biological pathways 

affected by small molecules with unknown mechanism of action, though additional 

genetic and biochemical experiments are required.  

 

1.4.5.2 Classification of Drug Actions Using Phenotypic Profiling 

In chemogenomics, compound hits can be categorized based on their generated 

phenotypic responses such as cytotoxicity pattern through a panel of cancer cell lines. 

This information may facilitate elucidation of the compound’s mechanism of action. This 

is also considered an intensive approach to molecular pharmacology and has been 

extensively applied in the field of cancer cell biology [153, 154]. 

To better understand the response of cancer chemotherapy with the hope of 

finding more effective and even personalized treatments, the Developmental Therapeutics 

Program (DTP) of the National Cancer Institute (NCI) has initiated large scale compound 

screens of cell proliferation. This was done by using a panel of 60 representative cancer 

cell lines (NCI60) [155]. The anti-proliferative effect of every molecule on every cell line 

was recorded and the accumulated dataset was analysed to differentiate various classes 

of anti-proliferative compounds. This led the scientists to quickly make hypotheses about 

the mechanism of action of novel cytotoxic agents. For example, molecules that are 

cytotoxic across the hall panel may be general DNA modifying agents or cell cycle 

inhibitors, molecules that selectively kill specific cancer cells may act on certain 

signalling pathways which the cancer cells depend on [155]. With the transcriptome 

profiling of these cancer cell lines, the screening results could be used to investigate gene 

to drug relationships. It is one potential application of which lies in predictive 
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chemogenomics. To exemplify this concept, the activity pattern of 5-fluorouracil (5-FU) 

a drug commonly used in the clinic to treat colorectal cancer was tested in the NCI60 

screen [156]. It was discovered that the cytotoxic effect of 5-FU showed a significant 

inverse correlation with the expression of dihydropyrimidine dehydrogenase (DPYD) in 

these cell lines.  

Maybe not coincidentally, all the seven-colon derived cancer cell lines in the NCI60 fall 

into the panel with low DPYD expression. This study provides evidence that DYPD may 

serve as a clinical biomarker to select patients that would respond to 5-FU [156]. 

Predictive cancer chemogenomics will potentially allow researchers to design more 

specific clinical trials for achieving better efficacy of novel anti-cancer drug candidates 

and may ultimately lead to future personalized chemotherapy. 

 

1.4.5.3 Target Identification/Validation Using Cell Affinity Chromatography 

Maybe the simplest method of target identification and validation in forward 

chemogenomics, but not necessarily the easiest is to pull down the targets that directly 

interact with the small molecule of interest using affinity-based approaches. In affinity 

chromatography, the compound is attached onto a solid matrix and exposed to cellular 

extracts. After a series of washing steps to elute non-specific binding species, the protein 

retained by the affinity matrix is to be the putative target. Another type of affinity-based 

method uses a radio labelled compound with a photo labile cross-linking functionality to 

covalently tag the compound to its macromolecular binder followed by the adduct 

identification. When these methods have limitations in identifying low abundance 

proteins, there are others that have led to the discovery of novel target and mechanism 

[72], such as protein-ligand complex affinity-based approaches. 

 As the molecular mechanism of regulating stem cells is poorly understood, 

discovery of small molecules that could control stem cells fates will provide useful 
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chemical tools for target identification and validation [157, 158]. A disubstituted 

pyrrolopyrimidine, named TWS119, was identified as a strong inducer of neuronal 

differentiation in pluripotent mouse embryonic stem cells [158, 159]. A panel of affinity 

matrices was prepared from representative TWS analogs and was used to pull down target 

proteins from the cell extracts. Proteins specifically bounded to all positive resins derived 

from active molecules, but not to the negative resins derived from inactive molecules 

considered to be the putative targets of TWS119. As a result, glycogen synthase kinase 

3Ɓ (GSK-3Ɓ) was identified as one target of TWS119 and was further confirmed by 

biochemical and cellular assays like surface plasmon resonance, kinase inhibition assay, 

western blot, and reporter assay. GSK-3Ɓ is known to be a negative regulator of the 

canonical Wnt pathway that is involved in embryonic patterning and cell behaviours. 

Through chemogenomics, the discovery of the phenotype caused by TWS119, and its 

intrinsic activity provide yet another link between neuronal differentiation and the Wnt 

signalling pathway [159]. 

Affinity chromatography will often detect non-clear interacting protein partners 

of well-studied compounds, as in the study of purvalanol, a class of purine based small 

molecules designed to inhibit cyclin-dependent kinase (CDK; IC50 = 4-6 nM) selectively 

[160]. To define the selectivity of purvalanol in cells, the affinity matrices derived from 

purvalanol analogs were prepared. In addition to CDK, an isoform of casein kinase I 

(CK1) was unexpectedly pulled down from protozoan parasite but not mammalian cell 

extracts [161]. By giving the ability of purvalanol to inhibit protozoan parasite growth, 

the protozoan CK1 isoform was cloned and further investigated as a potential anti 

parasitic target. It was claimed that Purvalanol B and amino purvalanol inhibited the form 

of Toxoplasma gondii parasitic CK1 (TgCK1α; IC50 =120 and 42 nM) but not the 

mammalian CK1 [162]. In T. gondii whole cell growth inhibition assay, the efficacy of 

amino purvalanol (IC50 = 0.36 µM) is approaching that of coccidiostat (IC50 = 0.2 µM), 
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a known anti-parasitic compound whose mechanism of action seems to be associated with 

the inhibition of T. gondii cGMP dependent kinase (TgPKG). As amino purvalanol shows 

no inhibition on TgPKG, it would be reasonable to suggest that TgCK1α could be another 

significant intracellular anti parasitic target [81]. Thus, using affinity chromatography, 

novel uses for a well characterized enzyme inhibitor were identified, which has led to the 

discovery of a potential therapeutic target. 

In this study, the forward approach was followed by applying the phenotypic assay to find 

biological activity against Mtb using the available techniques at Griffith Institution of 

Drug Discovery with co-operation of other partners aiming to identify new inhibitors with 

new validated targets. 

 

1.5 Technologies in Natural Product Drug Discovery used in this Study 

1.5.1 Natural Products and Drug Discovery 

 

Natural products have been used as a source of medicines since antiquity, for 

treating and preventing human illnesses [163]. The significance of natural products for 

medicine and health has been huge [164, 165], and represents a rich source of 

therapeutically useful compounds [166]. Data generated on novel drugs from 1981 to 

2007, reported that 50% of medication approved since 1994 are based on natural 

compounds [163, 167]. About 60% of cancer drugs and 75% of infectious diseases drugs 

were derived from natural sources between 1981 and 2002 [168]. Between 2001 and 

2005, 23 new medicines derived from natural sources were approved in Europe, US , and 

Japan for the treatment of illnesses such as fungal and bacterial infections, atopic 

dermatitis, diabetes, dyslipidaemia, cancer, Alzheimer disease and other genetic disorders 

[169].   

Drugs derived from natural sources mark a significant contribution to drug discovery 

[166, 170-172]. Utilising natural chemical diversity to discover new drug candidates 
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appears to be growing once again [173]. Natural products have motivated a lot of drug 

formulation in organic chemistry [174, 175]. Also, the chemical diversity of natural 

compounds is a better match to that of successful medicines than the diversity of synthetic 

compounds, which means, drugs derived from natural sources provide more powerful 

drugs and less side effects [172, 174-176]. Some other examples of chemicals derived 

from natural products that are currently used in clinical practice to treat and prevent 

different illnesses are presented in table 1.3 [171, 172, 177-180].  

 

Table 1.3. Drugs derived from natural compounds. 

Drug Medical Use Source Mechanism of Action 

Ganoderiol F 

Tetracycline 

Penicillin 

Aurantosides 

Manoalide 

Aspirin 

Quinine 

Insulin 

Digoxin 

 

Anti-viral 

Antibiotic 

Antibiotic 

Antifungal 

analgesic & anti-inflammatory  

Analgesic, antipyretic, anti-

inflammatory 

Malaria prophylaxis 

Anti-diabetic  

For atrial fibrillation 

and CHF 

Mushroom 

Fungi 

Fungi 

Marine 

organism 

Marine 

organism 

Plant 

Plant 

Animal 

Plant 

DNA synthesis inhibition 

Protein synthesis inhibition   

peptidoglycan synthesis Inhibition 

tubulin polymerisation Inhibition 

tubulin polymerisation Inhibition 

COX inhibition 

Protein synthesis Inhibition 

Binding α-subunit of tyrosine kinase 

Binding α-subunit of tyrosine kinase 

Cyclooxygenase (COX); Congestive heart failure (CHF). 

 

Table 1.3 shows that drugs derived from natural products have different types of 

actions. Some medicines such as quinine, digoxin, and aspirin, derived from plants have 

been used as anti-malarial, cardiotonic, analgesic and antipyretic agents. Other drugs such 

as insulin has an antidiabetic action. Fungus derived drugs such as tetracycline and 

penicillin are antibacterial agents and ganoderiol derived from mushrooms acts as anti-

viral agent. Drugs derived from marine products such as aurantosides acts as antifungal 

agents, when manoalide has an analgesic and anti- inflammatory action [171, 177-180]. 

Natural products have stimulated much of the development in organic chemistry [181, 

182], leading to huge progress in refinement of synthetic procedures to produce active 
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analogues of original compounds [183]. From these analogues of the natural products, 

new active compounds have been discovered.  

Natural products are evolutionary created molecules have a profound impact on 

human health and considered a rich source for potential drugs. Historically, natural 

products have shown to be the most fertile and diverse source of antibiotics, some of these 

were used for TB treatment. Recent studies have reported the urgent need for 

development of new and safe effective drugs to reduce the global burden of TB [2]. Also, 

the World Health Organisation (WHO) has reported in 2014 up to 2019, consecutively 

that developing an anti TB drug is urgently needed [3, 10, 184-186]. So, as natural 

products have been less intensively discovered previously for treating TB, even though 

they are known to contain different structurally various molecules [2]. Thus, this study is 

working on preliminary data of natural products (plants and marine), from Australia, 

Papua New Guinea and China. These were extracted, tested, and showed positive activity 

against Mtb.  

Recently, technological advances and progress in the development of new 

screening methods has re-established natural compounds as a key source of novel drugs 

[169]. As a reaction to the competition of existing synthetic compound libraries, the 

process of natural products screening has been updated [187, 188]. The preparation of 

extraction methods and bioassay-guided fractionation are automated, and the structure 

elucidation methods were developed to facilitate faster access to sufficient amounts of 

pure compounds [189, 190]. Although nuclear magnetic resonance (NMR) is a powerful 

technique used for the structure determination of small molecules, it has been under-

utilized as an important tool in natural products-based research [191-197]. The 

combination of the other separation technologies, such as solid phase extraction (SPE) 

and high-pressure liquid chromatography (HPLC) with NMR, and mass spectrometry 

(MS) has had significant impact in shortening the time taken for structure elucidation to 
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produce novel drug candidates [198-202]. The SPE protocol and HPLC work will be 

explained in the next chapter in details. Thus, utilising all the available technologies in 

one approach could provide a unique method for target identification and validation as 

quick as possible.    

 

1.5.2 High-Throughput Screening (HTS)  

 

Drug development requires initial cellular activity and identification of the target 

before a compound can undergo drug development validation. The study began with a 

High-Throughput Screening (HTS) of fractions that were extracted from plant and marine 

products and tested against a Mtb H37Rv cell line and the recombinant mycobacterial 

lipoamide dehydrogenase (Lpd) enzyme, which is involved in Mtb defence against the 

host immune system to find biological activity.  

The quality of HTS data is very high and often more controlled compared to 

lower-throughput biological tests [203]. HTS laboratories have pioneered and 

implemented rigorous quality assurance methods like Z′ trend monitoring [204], plate 

pattern recognition algorithms [205], regular usage of pharmacological standards [206], 

and liquid handler and reader performance monitoring [207]. After these strict method 

validations, little true hits are missed in the primary screening and even fewer compound 

series are missed, as most true hits belong to chemotypes that have more than one active 

molecule in the compound library which is being screened. Also, the success rate over 

the past 3 years has been consistently more than 60% [203]. While some other resources 

reported that, HTS success rates are more likely agreed to be around 50% [208, 209]. 

Moreover, HTS is intellectually neutral; it simply allows one person to do experiments 

faster. HTS can be technically challenging, and practitioners need to balance the demands 

for speed and low cost with the quality of the biology, and the quantity and quality of 

compounds being tested. Overall, HTS requires a huge broad knowledge base, 
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encompassing multiple areas of biology, chemistry, engineering, information technology 

and logistics [203, 210]. In this study with collaboration with AstraZeneca (Bangalore) 

and Professor Carl Nathan (Weill Cornell), the Nature Bank fraction library was tested 

against Mtb H37Rv and the recombinant mycobacterial lipoamide dehydrogenase (Lpd) 

enzyme, which is involved in Mtb defence against the host immune system. The HTS 

tested 202,983 natural product fractions sourced from a diverse collection of marine 

invertebrates, plants, and fungi. 

 

1.5.3 NMR Spectroscopy 

 

The cryogenically cooled probes for high-resolution NMR spectroscopy are 

considered an innovation. These typically give a 3 to 4-fold raise of the detection 

sensitivity in high resolution NMR compared to the corresponding conventional probes. 

This allows the measurements of considerably smaller amounts of substances, or within 

an order of magnitude less time for a fixed sample concentration [211]. The sensitivity of 

the NMR spectrometer is primarily restricted by thermal noise in the signal detection 

pathway. A probe is a sensor positioned in the magnet centre containing the coil which is 

used both to send radiofrequency pulses to the sample and to detect the NMR signals 

returning from the atomic nuclei. Additional to this coil, a cryogenically cooled probe 

also houses the preamplifier to amplify the detected signal. The sensitivity or signal-to-

noise enhancement in the cryogenic probe is accomplished by reducing the temperature 

of the coil and the preamplifier. Thus, essentially lowering the thermal noise in the 

receiver circuitry. The idea behind reducing the coil temperature to improve the signal-

to-noise ratio of a NMR instrument was firstly proposed by Hoult and Richards in 1976 

[212]. Hall In 1984 and Styles and co-workers [213] have described a home built probe 

where the receiver coil and the preamplifier were cooled with the liquid helium. 

Cryogenic RF-probe techniques have also been utilised in biomedical MRI [213, 214]. In 
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the 1990s, the commercial products for high-resolution NMR based on the cryogenic 

probe technology [211] were developed and first installations of cryogenic triple 

resonance probes at customer sites were finalised in 1999. Since then, cryogenic probes 

for high resolution NMR have been developed for spectrometers with operating 

frequencies ranging from 400 up to 900 MHz. Today these probes are available for 

operation with 5- and 3-mm diameter sample tubes and for LC-NMR and flow injection 

modes. Recently the variety of available configurations comprises probes optimised 

for 1H and 13C detection, and probes for triple resonance involving either 15N or 31P as the 

third nucleus. The choice of different cryogenic probes is steadily expanding to meet all 

the needs of different NMR applications [211]. An 800 MHz machine with a cryoprobe 

was used in this project. 

 

1.5.4 Mass Spectrometry (MS)  

 

 Mass spectrometry is an analytical technique being used to determine the atoms 

or a molecules mass. It was limited for a long time to small and thermostable compounds, 

because of the lack of effective approaches that could only ionize and transfer the ionized 

molecules from the condensed phase into the gas phase without extra fragmentation 

[215]. By the fragmentation of the ions, it gives extra structural information. The first 

use was to determine the atomic mass of the elements. These measurements indicated 

that some elements displayed several masses, which has led to the discovery of isotopes. 

After this, mass spectrometry was dedicated to the determination of all the isotopes of 

each element. In reverse, now days masses are determined and used to assess the 

elemental composition of inorganic compounds [216]. The development of two 

techniques in the late 1980s for the routine and general formation of molecular ions 

(biomolecules electrospray ionization (ESI) [215] and matrix assisted laser 

desorption/ionization (MALDI) [217] ) which has dramatically changed this situation and 

made polypeptides accessible to mass spectrometric analysis. This has stimulated the 



                          43                                        

 

 

growth of new mass analysers and complex multistage instruments, Such as, hybrid 

quadrupole time-of-flight (Q-ToF) and tandem time of-flight (ToF-ToF) instruments. 

Table 1.4 was prepared  to tackle the challenges of protein and proteome analysis [218, 

219].  Mass spectrometric techniques are simply used to measure the molecular mass of 

a polypeptide or to identify more structural features. This includes the amino acid 

sequence or the site of attachment and kind of posttranslational modifications. In the 

previous case, single stage mass spectrometers are used, acting essentially as balances to 

weigh molecules. In the latter case, when the initial mass identified, specific ions are 

selected and fragmented through collision. These experiments can be referred to as 

tandem mass spectrometry (MS/MS), and detailed structural information of the peptides 

can be inferred from the analysis of the masses as a result of the fragmentation. The types 

of mass spectrometric approaches stated below are most commonly used to assist a range 

of research strategies in protein knowledge. They are different in their physical principles, 

their performance standards, their mode of operation, and their ability to assist specific 

analytical strategies [220]. 

The challenges for target identification are immense, and there is not one invariably 

method that can be used for this purpose, as there are lists of potential targets to be 

considered. Some methods always give multiple putative targets requiring significant 

efforts in target validation, this outcome could consume 2 to 3 years [221].  

Mass spectrometry, particularly MS based proteomics, has played an important role in 

deciphering many protein complexes and protein interaction networks. Those proteins 

that exist in the cell, usually at the end of a pipeline that starts with the immune 

purification of a tagged-bait protein, followed by identification of the co-purified 

proteins using LC-MS/MS [222, 223]. 

Even though a high number of proteins complexes this type of LC-MS/MS can 

analyse and identify, obtaining structural details like subunit stoichiometry, topology, 
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and structural models in atomic detail by these means is still challenging.  For that 

reason, the traditional biophysical techniques such as NMR, X-ray crystallography, 

electron microscopy [224] and small angle scattering [225] are used. But not all systems 

are amenable for analysis by these techniques. 

 

Table 1.4. Characteristics and performances of commonly used types of MS techniques 

[220] 

Characteristics IT-LIT Q-ToF ToF-ToF FT-ICR Q-Q-Q QQ-LI 

Mass accuracy Low Good Good Excellent Medium Medium 

Resolving power Low Good High Very high Low Low 

Sensitivity (LOD) Good Good High Medium High High 

Dynamic range Low Medium Medium Medium High High 

ESI ✓ ✓  ✓ ✓ ✓ 

MALDI (✓) (✓) ✓    

MS/MS capabilities ✓ ✓ ✓ ✓ ✓ ✓ 

Additional capabilities Seq. MS/MS   Precursor  Neutral 

loss 

MRM 

Identification ++ ++ ++ +++ + + 

Quantification + +++ ++ ++ +++ +++ 

Throughput +++ ++ +++ ++ ++ ++ 

Detection of modifications + + + +  +++ 

Check marks indicate availability, check marks in parentheses indicate optional. +, ++, 

and +++ indicate possible, good, and excellent, respectively. 

 

Thus, various methods of mass spectrometry (compared with MS based 

proteomics analysis) are rapidly emerging that are complimentary to the previous 

mentioned biophysical techniques for structural biology. This has led to enable the 

investigations into tertiary and quaternary structures of protein assemblies and spanning 

the range from hydrogen/deuterium exchange mass spectrometry, chemical surface 

labelling techniques, cross-linking mass spectrometry, up to the direct mass analysis of 

intact protein assemblies [226]. This happened following initial work by a few 

laboratories in the 1990s [227, 228], indicating that noncovalent interactions may be 

preserved in the gas phase for analysis. This has led to enabling information on subunit 

stoichiometry, binding partners, protein complex topology, protein dynamics, and also 
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binding affinities from a single mass spectrometric analysis [229-233]. Cumulatively, 

these efforts have been later coined by the term “native mass spectrometry”. This has 

become a commonly accepted term for these activities as evidenced also by the name 

of the 31st ASMS Asilomar Conference, “Native Mass Spectrometry-Based Structural 

Biology” held in autumn of 2015 in University of California [234]. Native MS was used 

in this study because of the simplicity, direct application and the most important feature 

is not changing the protein nature.  

 

1.5.5 Native MS 

 

Native MS is a technique based on electrospray ionization, when the biological 

analytes are sprayed from a nondenaturing solvent. The term native MS was first started 

in 2004 [232]. However, it explained techniques that had been introduced before [227, 

235-237]. In some studies, terms such as nondenaturing, macromolecular, or 

supramolecular MS were used to describe native MS. Today, terminologies like native 

spray MS, noncovalent MS, or simply electrospray ionization-MS are more frequently 

used to explain these specific types of biological MS analyses. Usage of various names 

could be confusing to the broader scientific audience. Thus, by redefining herein native 

MS in detail, they encourage researchers to unify and further adopt the term native MS 

instead [234]. 

The terminology “native” in native MS explain the biological status of the 

analytes in solution before the ionization status. Within native MS analysis, it is 

mandatory that investigators precisely control parameters like ionic strength and pH to 

maintain the native folded state of the biological analytes in solution. With these 

measurements, information can be indicated by native MS which explains the nature of 

biological complexes in solution. However, in native MS, the analyte is not in its native 

state at the point of detection when it is inside the vacuum of the mass analyser (for 
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instance after transition into the gas phase). Furthermore, native MS as explained 

previously, comprises with ion mobility and/or tandem MS experiments. For instance, 

when a single protein subunit is released in the gas phase from large macromolecular 

complexes to identify overall complex topology, since the protein complex was in its 

native state in solution before the MS analysis. The native MS terminology can be 

compared to those used in similar biophysical approaches like polyacrylamide gel 

electrophoresis (PAGE) and immunoprecipitation [238]. In PAGE technique, proteins 

are separated based on their charge and size. Two kinds of PAGE conditions are usually 

used. Denaturing PAGE when the samples are reduced and heated (denatured) before 

the analysis, and native PAGE when the analytes’ natural quaternary structure is 

maintained [239]. Also, the terminology native is used to explain specific 

immunoprecipitation assays [240, 241]. This means, proteins and their interactors are 

usually pulled down with antibodies from cell lysates, then the protein–antibody 

complexes are disrupted, and the released proteins are usually analysed by techniques 

like denaturing PAGE, LC-MS, or Western blotting. Therefore, comparable with the 

usage of tandem MS to identify complex topology with native MS, the protein 

complexes analysed by native immunoprecipitation are not native at the point of 

detection. However, the biological analytes are in their native state in solution before 

the analysis, which enabling the data obtained to reveal structural details about the 

protein complexes [234]. Moreover, native MS is a technique for in vitro analysis. When 

researchers can only mimic as their best the biological environment in which proteins 

and their complexes exist in vivo in their cellular environment. However, native MS is 

not unique in that prospective as in nearly almost structural biology techniques, the 

biomolecules are removed from their cellular environment [234].  For that reason, with 

all these techniques the terminology “native” should be taken more seriously and used 

carefully. In this study we were able to identify a specific target associated with target 
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assay. The approach was testing the binding affinity of Mtb proteins with anti-TB active 

fractions. This was achieved by utilising mass spectrometry screening, employing 

electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry 

(ESI-FTMS) for target identification. 

 

1.5.6 Fourier transform ion cyclotron resonance mass spectrometry (FTMS) 

 

Evolution and commercialization of robust Fourier transform ion cyclotron 

resonance (FT-ICR) mass spectrometers with external ion sources [242, 243] announced 

a breakthrough in terms of resolving mass accuracy. The measurements in the low ppm 

and sub ppm range can be achieved. The high resolution of this instrument not only 

considered for better data quality, but also increases the peak intensity, which allows 

detection of more signals compared to instruments with lower resolving power. The 

launch of hybrid FT-ICR instrument with an external LIT device has added robustness to 

this platform and allowed routine generation of low-resolution MS/MS spectra with 

accurate mass of the precursor ions. FTMS performed on a LIT-ICR hybrid instrument 

grants true parallel full mass spectrum (MS1) and tandem mass spectrum (MS2) 

acquisition (not sequential). This yields high quality MS1 data which can be used for 

quantification. The only downside of this technique is the relatively slow acquisition rate 

(several seconds per cycle) and the limited dynamic range of IT devices [220]. 

Bioaffinity mass spectrometry has been used as an effective screening approach 

to identify small molecules that bind to proteins. The essential part of affinity screening 

methodologies is to detect a noncovalent complex containing protein and small ligand 

[244]. The method being used by our group to screen extracts is employing electrospray 

ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI-FTMS) 

[244]. In this study, method of fragment-based screening to identify protein-ligand target 

was used for testing the binding affinity of the anti-TB active fractions with Mtb proteins. 
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Then confirm the binding affinity with the pure compounds. The following proteins has 

been identified as protein-ligand target of TB. 

 

1.6 Mtb Proteins  

Proteins were prioritised by the TB Alliance and the Bill and Melinda Gates 

Foundation based on known drug targets, or some element of essentiality from either 

genetic or overexpression data. Thirty-seven Mtb proteins were supplied to our group 

from Centre for Infectious Disease Research, Seattle, United States. All proteins were 

considered important and tested by our group (Quinn’s group) in the data base of protein-

ligand complex screening to find binding affinity of protein-ligand interaction (protein-

molecule complex) between the Mtb proteins and the small molecules, fractions then pure 

compounds need to be confirmed, aiming to find the potential target. The biological 

activity then will depend on the protein functions of the TB bacteria. The TB proteins 

Rv1466-Putative uncharacterized protein, RNA polymerase sigma factor protein and 

Phenylalanyl-tRNA synthetase alpha chain pheS (Figures 1.12, 1.13 and 1.14) were 

identified as a protein-ligand target from the results of the database of protein-ligand 

complex screening by using FTMS to confirm the binding affinity with the pure 

compounds.  

   

1.6.1 Rv1466-Putative uncharacterized protein 

 

The TB proteins Rv1466-Putative uncharacterized protein is involved in an 

important role in the iron limitation and oxidative stress and required for in vitro 

mycobacterial growth [245]. The crystal structure of this protein was captured from The 

Seattle Structural Genomics Centre for Infectious Disease (SSGCID) website. Molecular 

Weight of Polypeptide 12.384 kD,conserved protein. This protein binds to fraction 2 of 

NB6002635, plant biota from the  genus Polyalthia (family Annonaceae). It bounded 
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developing a new drug with different mechanisms is urgently needed. A successful 

outcome will significantly advance drug discovery by identifying new or novel natural 

products that are biologically active against Mtb H37Rv and the recombinant 

mycobacterial lipoamide dehydrogenase (Lpd) enzyme. 

 

1.9 Aims of the Project    

• Apply multivariate Data Analysis, Principal Component Analysis (PCA) for 

metabolomic fingerprint discrimination between active fractions, to evaluate and 

prioritise the work on active fractions against the Mtb H37Rv cell line. 

• Apply taxonomic clustering between the active fraction to determine the degree 

of similarity or discrimination between them and combine the results with the 

PCA discrimination result.  

• Isolate and identify active compounds from different active fractions against Mtb 

H37Rv cell line. 

• Test the isolated compounds against M. smegmatis mc2155 and Mtb mc26230, 

Mtb H37Ra and Mtb H37Rv strain to confirm the biological activity. 

• Use the results of the previous binding affinity database screening (protein-ligand 

complex) of the pooled fractions against M. tuberculosis proteins, to determine 

the putative target of the compounds by testing the binding affinity (protein-ligand 

complex) of M. tuberculosis protein with the pure compound. 

• Create a method using natural product fractions that could be used for a pooled 

compound library or could speed-up the approach to compound library screening. 

 

 

 



                          54                                        

 

 

References 

1. Aro, A.O., et al., Some South African Rubiaceae Tree Leaf Extracts Have 

Antimycobacterial Activity Against Pathogenic and Non‐pathogenic 

Mycobacterium Species. Phytotherapy Research, 2015. 29(7): p. 1004-1010. 

2. Nguta, J.M., et al., Current perspectives in drug discovery against tuberculosis 

from natural products. International Journal of Mycobacteriology, 2015. 4(3): p. 

165-183. 

3. WHO, Global Tuberculosis Report 2019. 

4. Bermudez, L.E. and J. Goodman, Mycobacterium tuberculosis invades and 

replicates within type II alveolar cells. Infection and Immunity, 1996. 64(4): p. 

1400-1406. 

5. WHO, Tuberculosis Fact Sheet 2016. 

6. Gupta, A., et al., Mycobacterium tuberculosis: immune evasion, latency and 

reactivation. Immunobiology, 2012. 217(3): p. 363-374. 

7. Shen, Y., et al., Clinical latency and reactivation of AIDS-related mycobacterial 

infections. Journal of Virology, 2004. 78(24): p. 14023-14032. 

8. Dean, H.D. and K.A. Fenton, Addressing social determinants of health in the 

prevention and control of HIV/AIDS, viral hepatitis, sexually transmitted 

infections, and tuberculosis. 2010, Sage Publications Sage CA: Los Angeles, CA. 

9. WHO, Global tuberculosis report 2015: World Health Organization. 

10. WHO Global TB Report 2018 urges action from political leaders - expert 

comment. 2018, Plus Media Solutions. 

11. Pawlowski, A., et al., Tuberculosis and HIV co-infection. PLoS Pathog, 2012. 

8(2): p. e1002464. 

12. Lewinsohn, D.A., et al., Immunodominant tuberculosis CD8 antigens 

preferentially restricted by HLA-B. PLoS Pathog, 2007. 3(9): p. e127. 

13. Lewinsohn, D.A., et al., Mycobacterium tuberculosis–specific CD8+ T cells 

preferentially recognize heavily infected cells. American Journal of Respiratory 

and Critical Care Medicine, 2003. 168(11): p. 1346-1352. 

14. van Pinxteren, L.A., et al., Diagnosis of tuberculosis based on the two specific 

antigens ESAT-6 and CFP10. Clinical and Diagnostic Laboratory Immunology, 

2000. 7(2): p. 155-160. 

15. Chen, C.Y., et al., A critical role for CD8 T cells in a nonhuman primate model 

of tuberculosis. PLoS Pathog, 2009. 5(4): p. e1000392. 

16. Rozot, V., et al., Mycobacterium tuberculosis‐specific CD8+ T cells are 

functionally and phenotypically different between latent infection and active 

disease. European Journal of Immunology, 2013. 43(6): p. 1568-1577. 

17. Rosas-Taraco, A.G., et al., Mycobacterium tuberculosis upregulates coreceptors 

CCR5 and CXCR4 while HIV modulates CD14 favoring concurrent infection. 

AIDS Research & Human Retroviruses, 2006. 22(1): p. 45-51. 

18. Spear, G.T., et al., Decreased oxidative burst activity of monocytes from 

asymptomatic HIV-infected individuals. Clinical Immunology and 

Immunopathology, 1990. 54(2): p. 184-191. 



                          55                                        

 

 

19. Wahl, S., et al., HIV-1 and its envelope glycoprotein down-regulate chemotactic 

ligand receptors and chemotactic function of peripheral blood monocytes. The 

Journal of Immunology, 1989. 142(10): p. 3553-3559. 

20. Havlir, D.V. and P.F. Barnes, Tuberculosis in patients with human 

immunodeficiency virus infection. New England Journal of Medicine, 1999. 

340(5): p. 367-373. 

21. Ahmad Khan, F., et al., An updated systematic review and meta-analysis on the 

treatment of active tuberculosis in patients with HIV infection. Clinical Infectious 

Diseases, 2012. 55(8): p. 1154-1163. 

22. Patel, N.R., et al., HIV impairs TNF-α mediated macrophage apoptotic response 

to Mycobacterium tuberculosis. The Journal of Immunology, 2007. 179(10): p. 

6973-6980. 

23. Schutz, C., et al., Clinical management of tuberculosis and HIV-1 co-infection. 

2010, Eur Respiratory Soc. 

24. Sharma, S., A. Mohan, and T. Kadhiravan, HIV-TB co-infection: epidemiology, 

diagnosis & management. Indian Journal of Medical Research, 2005. 121(4): p. 

550. 

25. de Noronha, A.L., et al., Lung granulomas from Mycobacterium 

tuberculosis/HIV-1 co-infected patients display decreased in situ TNF production. 

Pathology-Research and Practice, 2008. 204(3): p. 155-161. 

26. Whalen, C., et al., Accelerated course of human immunodeficiency virus infection 

after tuberculosis. American Journal of Respiratory and Critical Care Medicine, 

1995. 151(1): p. 129-135. 

27. Pape, J., et al., Effect of isoniazid prophylaxis on incidence of active tuberculosis 

and progression of HIV infection. The Lancet, 1993. 342(8866): p. 268-272. 

28. Lawn, S.D., et al., Antiretrovirals and isoniazid preventive therapy in the 

prevention of HIV-associated tuberculosis in settings with limited health-care 

resources. The Lancet Infectious Diseases, 2010. 10(7): p. 489-498. 

29. Nakata, K., et al., Mycobacterium tuberculosis enhances human 

immunodeficiency virus-1 replication in the lung. American Journal of 

Respiratory and Critical Care Medicine, 1997. 155(3): p. 996-1003. 

30. Lawn, S.D., et al., Anatomically compartmentalized human immunodeficiency 

virus replication in HLA-DR+ cells and CD14+ macrophages at the site of 

pleural tuberculosis coinfection. Journal of Infectious Diseases, 2001. 184(9): p. 

1127-1133. 

31. Shattock, R., J. Friedland, and G. Griffin, Modulation of HIV transcription in and 

release from human monocytic cells following phagocytosis of Mycobacterium 

tuberculosis. Research in Virology, 1993. 144: p. 7-12. 

32. Zhang, Y., et al., Mycobacterium tuberculosis enhances human immunodeficiency 

virus-1 replication by transcriptional activation at the long terminal repeat. 

Journal of Clinical Investigation, 1995. 95(5): p. 2324. 

33. Erhabor, O., et al., The prevalence of human immunodeficiency virus infection 

among TB patients in Port Harcourt Nigeria. Hiv/Aids (Auckland, NZ), 2010. 2: 

p. 1. 



                          56                                        

 

 

34. Nakata, K., et al., Low copy number and limited variability of proviral DNA in 

alveolar macrophages from HIV-1-infected patients: evidence for genetic 

differences in HIV-1 between lung and blood macrophage populations. Molecular 

Medicine, 1995. 1(7): p. 744. 

35. Landay, A.L., et al., Detection of HIV-1 provirus in bronchoalveolar lavage cells 

by polymerase chain reaction. JAIDS Journal of Acquired Immune Deficiency 

Syndromes, 1993. 6(2): p. 171-175. 

36. Madero, J.G.S., et al., Relationship between load of virus in alveolar macrophages 

from human immunodeficiency virus type 1-infected persons, production of 

cytokines, and clinical status. Journal of Infectious Diseases, 1994. 169(1): p. 18-

27. 

37. Kuroda, M.J., et al., High turnover of tissue macrophages contributes to 

tuberculosis reactivation in simian immunodeficiency virus-infected rhesus 

macaques. The Journal of Infectious Diseases, 2018. 217(12): p. 1865-1874. 

38. Kedzierska, K., et al., The influence of cytokines, chemokines and their receptors 

on HIV‐1 replication in monocytes and macrophages. Reviews in Medical 

Virology, 2003. 13(1): p. 39-56. 

39. Kirimuhuzya, C., Multi-drug/extensively drug resistant tuberculosis (MDR/XDR-

TB): Renewed global battle against tuberculosis. Understanding Tuberculosis-

New Approaches to Fighting Against Drug Resistance, ISBN, 2012: p. 978-953. 

40. Verver, S., et al., Rate of reinfection tuberculosis after successful treatment is 

higher than rate of new tuberculosis. American Journal of Respiratory and Critical 

Care Medicine, 2005. 171(12): p. 1430-1435. 

41. Grosset, J., Present and new drug regimens in chemotherapy and 

chemoprophylaxis of tuberculosis. Bulletin of the International Union against 

Tuberculosis and Lung Disease, 1989. 65(2-3): p. 86-91. 

42. Shi, W., et al., Pyrazinamide Inhibits Trans-Translation in Mycobacterium 

tuberculosis. Science, 2011. 333(6049): p. 1630-1632. 

43. Yee, D., et al., Incidence of serious side effects from first-line antituberculosis 

drugs among patients treated for active tuberculosis. American Journal of 

Respiratory and Critical Care Medicine, 2003. 167(11): p. 1472-1477. 

44. Lawn, S.D., et al., Impact of HIV infection on the epidemiology of tuberculosis in 

a peri-urban community in South Africa: the need for age-specific interventions. 

Clinical Infectious Diseases, 2006. 42(7): p. 1040-1047. 

45. McHugh, T.D., Tuberculosis: Diagnosis and Treatment. Vol. 21. 2013: Cabi. 

46. Dashti, Y., T. Grkovic, and R.J. Quinn, Predicting natural product value, an 

exploration of anti-TB drug space. Natural Product Reports, 2014. 31(8): p. 990-

998. 

47. Panova, N., et al., Insights into the Mechanism of Action of Bactericidal 

Lipophosphonoxins. PLoS One, 2015. 10(12): p. e0145918. 

48. Gupta, R.K., et al., Structure-based design of DevR inhibitor active against 

nonreplicating Mycobacterium tuberculosis. Journal of Medicinal Chemistry, 

2009. 52(20): p. 6324-6334. 



                          57                                        

 

 

49. Yamada, H. and M. Kobayashi, Nitrile hydratase and its application to industrial 

production of acrylamide. Bioscience, Biotechnology, and Biochemistry, 1996. 

60(9): p. 1391-1400. 

50. Ramón-García, S., et al., Repurposing clinically approved cephalosporins for 

tuberculosis therapy. Scientific Reports, 2016. 6. 

51. Böttger, E.C. and B. Springer, Tuberculosis: drug resistance, fitness, and 

strategies for global control. European Journal of Pediatrics, 2008. 167(2): p. 141-

148. 

52. Jain, N. and S. Agnihotri, Extensively Drug Resistance (XDR) TB-Is not always 

fatal. 2009. 

53. Prasad, R., et al., Efficacy and safety of kanamycin, ethionamide, PAS and 

cycloserine in multidrug-resistant pulmonary tuberculosis patients. Indian 

Journal of Chest Diseases and Allied Sciences, 2006. 48(3): p. 183. 

54. Ferdinand, S., et al., Molecular characterization and drug resistance patterns of 

strains of Mycobacterium tuberculosis isolated from patients in an AIDS 

counseling center in Port-au-Prince, Haiti: a 1-year study. Journal of Clinical 

Microbiology, 2003. 41(2): p. 694-702. 

55. González-Martín, J., et al., Consensus document on the diagnosis, treatment and 

prevention of tuberculosis. Archivos de Bronconeumología ((English Edition)), 

2010. 46(5): p. 255-274. 

56. Klyasova, G.A., et al., The pathogens causing sepsis in immunocompromized 

patients: structure and problems of antibiotic resistance. Results of a multi-center 

cooperative study. Gematol. Transfuziol., 2007. 52(Copyright (C) 2016 American 

Chemical Society (ACS). All Rights Reserved.): p. 11-18. 

57. Nomoto, S., et al., The revised structure of capreomycin. J. Antibiot., 1977. 

30(Copyright (C) 2016 American Chemical Society (ACS). All Rights 

Reserved.): p. 955-9. 

58. Wen, H., et al., Complete dissociation and reassembly behavior as studied by 

using poly(ethylene glycol)-block-poly(glutamate sodium) and kanamycin A. Soft 

Matter, 2015. 11(Copyright (C) 2016 American Chemical Society (ACS). All 

Rights Reserved.): p. 1930-1936. 

59. Peisach, D., et al., D-Cycloserine inactivation of D-amino acid aminotransferase 

leads to a stable noncovalent protein complex with an aromatic cycloserine-PLP 

derivative. J. Am. Chem. Soc., 1998. 120(Copyright (C) 2016 American Chemical 

Society (ACS). All Rights Reserved.): p. 2268-2274. 

60. Bonati, F., et al., Biological characteristics and antibacterial activity of 

terizidone, 1,4-bis(3-hydroxy-4-isoxazolidinyliminomethyl)benzene. Farmaco, 

Ed. Prat., 1965. 20(Copyright (C) 2016 American Chemical Society (ACS). All 

Rights Reserved.): p. 381-95. 

61. Yilmaz, A. and O. Bolukbasi, Molecular structure and vibrational spectroscopic 

studies of prothionamide by density functional theory. Spectrochim. Acta, Part A, 

2016. 152(Copyright (C) 2016 American Chemical Society (ACS). All Rights 

Reserved.): p. 262-271. 

62. Bycroft, B.W. The structure and conformation of the tuberculostatic antibiotic 

viomycin. 1972. Ann Arbor Sci. 



                          58                                        

 

 

63. Li, X., et al., Structure and colon-targeted releasing property of resistant octenyl 

succinate starch. Food Res. Int., 2012. 47(Copyright (C) 2016 American 

Chemical Society (ACS). All Rights Reserved.): p. 246-252. 

64. Kumar, M., et al., Structure based in silico analysis of quinolone resistance in 

clinical isolates of Salmonella Typhi from India. PLoS One, 2015. 10(Copyright 

(C) 2016 American Chemical Society (ACS). All Rights Reserved.): p. 

e0126560/1-e0126560/23. 

65. Perucca, P., et al., Structure-activity relationship and role of oxygen in the 

potential antitumour activity of fluoroquinolones in human epithelial cancer cells. 

J. Photochem. Photobiol., B, 2014. 140(Copyright (C) 2016 American Chemical 

Society (ACS). All Rights Reserved.): p. 57-68. 

66. Huang, W.-Y., et al., Cu(II) and Co(II) ternary complexes of quinolone 

antimicrobial drug enoxacin and levofloxacin: structure and biological 

evaluation. American Chemical Society (ACS). 2014. 4(American Chemical 

Society (ACS). All Rights Reserved.): p. 35193-35204. 

67. Velayati, A.A., et al., Emergence of new forms of totally drug-resistant 

tuberculosis bacilli: super extensively drug-resistant tuberculosis or totally drug-

resistant strains in Iran. Chest Journal, 2009. 136(2): p. 420-425. 

68. Rowland, K., Totally drug-resistant TB emerges in India. Nature, 2012. 1: p. 

9797. 

69. Daletos, G., et al., Callyaerins from the marine sponge Callyspongia aerizusa: 

cyclic peptides with antitubercular activity. Journal of Natural Products, 2015. 

78(8): p. 1910-1925. 

70. Ioerger, T.R., et al., Genome analysis of multi-and extensively-drug-resistant 

tuberculosis from KwaZulu-Natal, South Africa. PLoS One, 2009. 4(11): p. e7778. 

71. Smith, C., Drug target validation: Hitting the target. Nature, 2003. 422(6929): p. 

341-347. 

72. Metcalf, B.W., S. Dillon, and E. ProQuest, Target validation in drug discovery. 

2007, Amsterdam;Boston;: Academic Press. 

73. Venter, J.C., et al., The sequence of the human genome. science, 2001. 291(5507): 

p. 1304-1351. 

74. Lander, E.S., Initial impact of the sequencing of the human genome. Nature, 2011. 

470(7333): p. 187-197. 

75. Lee, D. and D.W. Threadgill, Investigating gene function using mouse models. 

Current Opinion in Genetics & Development, 2004. 14(3): p. 246-252. 

76. Brown, S.D., et al., High-throughput mouse phenomics for characterizing 

mammalian gene function. Nature Reviews Genetics, 2018. 19(6): p. 357-370. 

77. Bleicher, K.H., Chemogenomics: bridging a drug discovery gap. Current 

Medicinal Chemistry, 2002. 9(23): p. 2077-2084. 

78. Bredel, M. and E. Jacoby, Chemogenomics: an emerging strategy for rapid target 

and drug discovery. Nature Reviews Genetics, 2004. 5(4): p. 262. 

79. Savchuk, N.P., K.V. Balakin, and S.E. Tkachenko, Exploring the chemogenomic 

knowledge space with annotated chemical libraries. Current Opinion in Chemical 

Biology, 2004. 8(4): p. 412-417. 



                          59                                        

 

 

80. Ilatovskiy, A.V., R. Abagyan, and I. Kufareva, Quantum mechanics approaches 

to drug research in the era of structural chemogenomics. International Journal of 

Quantum Chemistry, 2013. 113(12): p. 1669-1675. 

81. Wu, T.Y.H. and S. Ding, 2 - Target validation in chemogenomics. 2007, Elsevier 

Inc. p. 27-39. 

82. Naidoo, N., et al., Human genetics and genomics a decade after the release of the 

draft sequence of the human genome. Human Genomics, 2011. 5(6): p. 1-46. 

83. Fabian, M.A., et al., A small molecule–kinase interaction map for clinical kinase 

inhibitors. Nature Biotechnology, 2005. 23(3): p. 329. 

84. Rodi, D.J. and L. Makowski, Phage-display technology–finding a needle in a vast 

molecular haystack. Current Opinion In Biotechnology, 1999. 10(1): p. 87-93. 

85. Schimmer, A.D., et al., Small-molecule antagonists of apoptosis suppressor XIAP 

exhibit broad antitumor activity. Cancer Cell, 2004. 5(1): p. 25-35. 

86. Wu, T.Y., et al., Development and characterization of nonpeptidic small molecule 

inhibitors of the XIAP/caspase-3 interaction. Chemistry & biology, 2003. 10(8): 

p. 759-767. 

87. Fang, D., et al., α-bisabolol enhances radiotherapy-induced apoptosis in 

endometrial cancer cells by reducing the effect of XIAP on inhibiting caspase-3. 

Bioscience Reports, 2019. 39(6). 

88. Takahashi, R., et al., X-linked IAP is a direct inhibitor of cell-death proteases. 

Nature, 1997. 388(6639): p. 300-304. 

89. Obexer, P. and M.J. Ausserlechner, X-linked inhibitor of apoptosis protein–a 

critical death resistance regulator and therapeutic target for personalized cancer 

therapy. Frontiers in Oncology, 2014. 4: p. 197. 

90. Salvesen, G.S. and C.S. Duckett, IAP proteins: blocking the road to death's door. 

Nature Reviews Molecular Cell Biology, 2002. 3(6): p. 401-410. 

91. Silke, J. and P. Meier, Inhibitor of apoptosis (IAP) proteins–modulators of cell 

death and inflammation. Cold Spring Harbor Perspectives in Biology, 2013. 5(2): 

p. a008730. 

92. Gabig-Cimińska, M. and G. Węgrzyn, An introduction to DNA chips: principles, 

technology, applications and analysis. Acta Biochimica Polonica, 2001. 48: p. 

615-622. 

93. Khan, S., et al., Role of recombinant DNA technology to improve life. International 

Journal of Genomics, 2016. 2016. 

94. Stoughton, R., et al., Drug target validation and identification of secondary drug 

target effects using DNA microarrays. Nature Medicine, 1998. 4(11): p. 1293-

1301. 

95. Kumar, A., S.C. Pandey, and M. Samant, DNA-based microarray studies in 

visceral leishmaniasis: identification of biomarkers for diagnostic, prognostic 

and drug target for treatment. Acta Tropica, 2020: p. 105512. 

96. Cardenas, M.E., D. Zhu, and J. Heitman, Molecular mechanisms of 

immunosuppression by cyclosporine, FK506, and rapamycin. Current Opinion in 

Nephrology and Hypertension, 1995. 4(6): p. 472-477. 



                          60                                        

 

 

97. Patton, W.F., B. Schulenberg, and T.H. Steinberg, Two-dimensional gel 

electrophoresis; better than a poke in the ICAT? 2002, Elsevier Ltd: LONDON. 

p. 321-328. 

98. Rabilloud, T., et al., Two-dimensional gel electrophoresis in proteomics: Past, 

present and future. Journal of Proteomics, 2010. 73(11): p. 2064-2077. 

99. Zhu, H., et al., Global Analysis of Protein Activities Using Proteome Chips. 

Science, 2001. 293(5537): p. 2101-2105. 

100. Saghatelian, A., et al., Activity-Based Probes for the Proteomic Profiling of 

Metalloproteases. Proceedings of the National Academy of Sciences of the United 

States of America, 2004. 101(27): p. 10000-10005. 

101. Heal, W.P., T.T. Dang, and E.W. Tate, Activity-based probes: discovering new 

biology and new drug targets. Chemical Society Reviews, 2011. 40(1): p. 246-

257. 

102. Adam, G.C., E.J. Sorensen, and B.F. Cravatt, Proteomic Profiling of 

Mechanistically Distinct Enzyme Classes Using a Common Chemotype. Nature 

Biotechnology, 2002. 20(8): p. 805-809. 

103. Leung, D., et al., Discovering potent and selective reversible inhibitors of enzymes 

in complex proteomes. Nature Biotechnology, 2003. 21(6): p. 687-691. 

104. Speers, A.E. and B.F. Cravatt, Profiling Enzyme Activities In Vivo Using Click 

Chemistry Methods. Chemistry & Biology, 2004. 11(4): p. 535-546. 

105. Reinders, J., et al., Challenges in mass spectrometry-based proteomics. 

Proteomics, 2004. 4(12): p. 3686-3703. 

106. Matsuda, F., Technical challenges in mass spectrometry-based metabolomics. 

Mass Spectrometry, 2016. 5(2): p. S0052-S0052. 

107. Smits, A.H. and M. Vermeulen, Characterizing protein–protein interactions 

using mass spectrometry: challenges and opportunities. Trends in Biotechnology, 

2016. 34(10): p. 825-834. 

108. Salomon, A.R., et al., Profiling of Tyrosine Phosphorylation Pathways in Human 

Cells Using Mass Spectrometry. Proceedings of the National Academy of 

Sciences of the United States of America, 2003. 100(2): p. 443-448. 

109. Kiuchi, M., et al., Synthesis and immunosuppressive activity of 2-substituted 2- 

aminopropane-1,3-diols and 2-aminoethanols. Journal of Medicinal Chemistry, 

2000. 43(15): p. 2946-2961. 

110. Mandala, S., et al., Alteration of Lymphocyte Trafficking by Sphingosine-1-

Phosphate Receptor Agonists. Science, 2002. 296(5566): p. 346-349. 

111. Ma, Q., et al., An overview of Ca2+ mobilization assays in GPCR drug discovery. 

Expert Opinion On Drug Discovery, 2017. 12(5): p. 511-523. 

112. Sharma, U., Current possibilities and unresolved issues of drug target validation 

in Mycobacterium tuberculosis. Expert Opinion on Drug Discovery, 2011. 6(11): 

p. 1171-1186. 

113. Argyrou, A., et al., Proteome-wide profiling of isoniazid targets in 

Mycobacterium tuberculosis. Biochemistry, 2006. 45(47): p. 13947-13953. 

114. Wang, F., et al., Mycobacterium tuberculosis dihydrofolate reductase is not a 

target relevant to the antitubercular activity of isoniazid. Antimicrobial Agents 

and Chemotherapy, 2010. 54(9): p. 3776-3782. 



                          61                                        

 

 

115. Luckner, S.R., et al., A slow, tight binding inhibitor of InhA, the enoyl-acyl carrier 

protein reductase from Mycobacterium tuberculosis. Journal of Biological 

Chemistry, 2010. 285(19): p. 14330-14337. 

116. Koul, A., et al., The challenge of new drug discovery for tuberculosis. Nature, 

2011. 469(7331): p. 483. 

117. Devasia, R.A., et al., Fluoroquinolone resistance in Mycobacterium tuberculosis: 

the effect of duration and timing of fluoroquinolone exposure. American Journal 

of Respiratory and Critical Care Medicine, 2009. 180(4): p. 365-370. 

118. Piton, J., et al., Structural insights into the quinolone resistance mechanism of 

Mycobacterium tuberculosis DNA gyrase. PLoS ONE, 2010. 5(8): p. e12245. 

119. Koul, A., et al., Diarylquinolines target subunit c of mycobacterial ATP synthase. 

Nature Chemical Biology, 2007. 3(6): p. 323-324. 

120. Makarov, V., et al., Benzothiazinones Kill Mycobacterium tuberculosis by 

Blocking Arabinan Synthesis. Science, 2009. 324(5928): p. 801-804. 

121. Goude, R., et al., The Arabinosyltransferase EmbC Is Inhibited by Ethambutol in 

Mycobacterium tuberculosis. Antimicrobial Agents and Chemotherapy, 2009. 

53(10): p. 4138-4146. 

122. Halouska, S., et al., Use of NMR metabolomics to analyze the targets of D-

cycloserine in mycobacteria: Role of D-alanine racemase. Journal of Proteome 

Research, 2007. 6(12): p. 4608-4614. 

123. Manjunatha, U., H.I.M. Boshoff, and C.E. Barry, The mechanism of action of PA-

824: Novel insights from transcriptional profiling. Communicative & Integrative 

Biology, 2009. 2(3): p. 215-218. 

124. Ji, Y., et al., Identification of Critical Staphylococcal Genes Using Conditional 

Phenotypes Generated by Antisense RNA. Science, 2001. 293(5538): p. 2266-

2269. 

125. Meng, J., et al., A genome-wide inducible phenotypic screen identifies antisense 

RNA constructs silencing Escherichia coli essential genes. FEMS Microbiology 

Letters, 2012. 329(1): p. 45-53. 

126. Kaur, P., S. Agarwal, and S. Datta, Delineating bacteriostatic and bactericidal 

targets in mycobacteria using IPTG inducible antisense expression. PLoS ONE, 

2009. 4(6): p. e5923. 

127. Ehrt, S. and D. Schnappinger, Controlling gene expression in mycobacteria. 

Future Microbiology, 2006. 1(2): p. 177-184. 

128. Seeliger, J.C., et al., A riboswitch-based inducible gene expression system for 

mycobacteria. PloS One, 2012. 7(1): p. e29266. 

129. Klotzsche, M., S. Ehrt, and D. Schnappinger, Improved tetracycline repressors 

for gene silencing in mycobacteria. Nucleic Acids Research, 2009. 37(6): p. 1778-

1788. 

130. Pandey, A.K., et al., Nitrile-inducible gene expression in mycobacteria. 

Tuberculosis, 2008. 89(1): p. 12-16. 

131. Forti, F., A. Crosta, and D. Ghisotti, Pristinamycin-inducible gene regulation in 

mycobacteria. Journal of Biotechnology, 2009. 140(3-4): p. 270-277. 



                          62                                        

 

 

132. Boldrin, F., et al., Development of a repressible mycobacterial promoter system 

based on two transcriptional repressors. Nucleic acids research, 2010. 38(12): p. 

e134-e134. 

133. Marrero, J., et al., Gluconeogenic carbon flow of tricarboxylic acid cycle 

intermediates is critical for Mycobacterium tuberculosis to establish and maintain 

infection. Proceedings of the National Academy of Sciences of the United States 

of America, 2010. 107(21): p. 9819-9824. 

134. Greendyke, R., et al., Conditional expression of Mycobacterium smegmatis dnaA, 

an essential DNA replication gene. Microbiology, 2002. 148(12): p. 3887-3900. 

135. Dziadek, J., et al., Conditional expression of Mycobacterium smegmatis ftsZ, an 

essential cell division gene. Microbiology, 2003. 149(6): p. 1593-1603. 

136. Korycka-Machala, M., et al., Evaluation of NAD(+)-dependent DNA ligase of 

mycobacteria as a potential target for antibiotics. Antimicrobial Agents and 

Chemotherapy 2007. 51(8): p. 2888-2897. 

137. Gandotra, S., et al., In vivo gene silencing identifies the Mycobacterium 

tuberculosis proteasome as essential for the bacteria to persist in mice. Nature 

Medicine, 2007. 13(12): p. 1515-1520. 

138. Guo, X.V., et al., Silencing Mycobacterium Smegmatis by using tetracycline 

repressors. Journal of Bacteriology, 2007. 189(13): p. 4614. 

139. Hett, E.C., et al., A mycobacterial enzyme essential for cell division synergizes 

with resuscitation-promoting factor. PLoS Pathogens, 2008. 4(2): p. e1000001. 

140. Stallings, C.L., et al., CarD Is an Essential Regulator of rRNA Transcription 

Required for Mycobacterium tuberculosis Persistence. Cell, 2009. 138(1): p. 146-

159. 

141. Hett, E.C., M.C. Chao, and E.J. Rubin, Interaction and modulation of two 

antagonistic cell wall enzymes of mycobacteria. PLoS Pathogens, 2010. 6(7): p. 

1-14. 

142. Kim, J.-H., et al., Protein inactivation in mycobacteria by controlled proteolysis 

and its application to deplete the beta subunit of RNA polymerase. Nucleic Acids 

Research, 2011. 39(6): p. 2210-2220. 

143. Wei, J.-R., et al., Depletion of antibiotic targets has widely varying effects on 

growth. Proceedings of the National Academy of Sciences of the United States of 

America, 2011. 108(10): p. 4176-4181. 

144. Carroll, P., M.-C. Faray-Kele, and T. Parish, Identifying Vulnerable Pathways in 

Mycobacterium tuberculosis by Using a Knockdown Approach. Applied and 

Environmental Microbiology, 2011. 77(14): p. 5040-5043. 

145. Bhatt, A., et al., Conditional Depletion of KasA, a Key Enzyme of Mycolic Acid 

Biosynthesis, Leads to Mycobacterial Cell Lysis. Journal of Bacteriology, 2005. 

187(22): p. 7596-7606. 

146. Blumenthal, A., et al., Simultaneous analysis of multiple Mycobacterium 

tuberculosis knockdown mutants in vitro and in vivo. PLoS ONE, 2010. 5(12): p. 

e15667. 

147. Madiraju, M., et al., Replacement of Mycobacterium smegmatis dnaA gene by 

Mycobacterium tuberculosis homolog results in temperature sensitivity. 

Tuberculosis, 2011. 91: p. S136-S141. 



                          63                                        

 

 

148. Butcher, R.A. and S.L. Schreiber, Using genome-wide transcriptional profiling to 

elucidate small-molecule mechanism. Current Opinion in Chemical Biology, 

2005. 9(1): p. 25-30. 

149. Vidović, D., A. Koleti, and S.C. Schürer, Large-scale integration of small 

molecule-induced genome-wide transcriptional responses, Kinome-wide binding 

affinities and cell-growth inhibition profiles reveal global trends characterizing 

systems-level drug action. Frontiers in Genetics, 2014. 5: p. 342. 

150. Wu, X., et al., A small molecule with osteogenesis-inducing activity in multipotent 

mesenchymal progenitor cells. Journal of the American Chemical Society, 2002. 

124(49): p. 14520-14521. 

151. Wu, X., et al., Purmorphamine Induces Osteogenesis by Activation of the 

Hedgehog Signaling Pathway. Chemistry & Biology, 2004. 11(9): p. 1229-1238. 

152. Hameed, P., D. Sen, and G. Manivasagam, Small Molecule–Mediated Enhanced 

Osteogenesis of Human Mesenchymal Stem Cells: a Probable Alternate for BMP-

2. Regenerative Engineering and Translational Medicine, 2020. 6(4): p. 407-418. 

153. Weinstein, J.N., et al., An Information-Intensive Approach to the Molecular 

Pharmacology of Cancer. Science, 1997. 275(5298): p. 343-349. 

154. Meuillet, E.J., et al., Molecular pharmacology and antitumor activity of PHT-427, 

a novel Akt/phosphatidylinositide-dependent protein kinase 1 pleckstrin 

homology domain inhibitor. Molecular Cancer Therapeutics, 2010. 9(3): p. 706-

717. 

155. Shoemaker, R.H., et al., Application of high-throughput, molecular-targeted 

screening to anticancer drug discovery. Current topics in medicinal chemistry, 

2002. 2(3): p. 229-246. 

156. Weinstein, J.N., et al., A gene expression database for the molecular 

pharmacology of cancer. Nature Genetics, 2000. 24(3): p. 236-244. 

157. Schultz, P.G. and S. Ding, A role for chemistry in stem cell biology. Nature 

Biotechnology, 2004. 22(7): p. 833-840. 

158. Li, W., et al., Chemical approaches to stem cell biology and therapeutics. Cell 

Stem Cell, 2013. 13(3): p. 270-283. 

159. Ding, S., et al., Synthetic Small Molecules That Control Stem Cell Fate. 

Proceedings of the National Academy of Sciences of the United States of 

America, 2003. 100(13): p. 7632-7637. 

160. Gray, N.S., et al., Exploiting Chemical Libraries, Structure, and Genomics in the 

Search for Kinase Inhibitors. Science, 1998. 281(5376): p. 533-538. 

161. Knockaert, M., et al., Intracellular targets of cyclin-dependent kinase inhibitors: 

identification by affinity chromatography using immobilised inhibitors. 

Chemistry & Biology, 2000. 7(6): p. 411-422. 

162. Donald, R.G.K., et al., Characterization of two T. gondii CK1 isoforms. Molecular 

& Biochemical Parasitology, 2005. 141(1): p. 15-27. 

163. Newman, D.J. and G.M. Cragg, Natural Products as Sources of New Drugs over 

the Last 25 Years⊥. Journal of Natural Products, 2007. 70(3): p. 461-477. 

164. Sneader, W., Drug prototypes and their exploitation. 1996. Wiley, Chichester, 

UK. 



                          64                                        

 

 

165. Ji, H.F., X.J. Li, and H.Y. Zhang, Natural products and drug discovery. EMBO 

Reports, 2009. 10(3): p. 194-200. 

166. Quinn, R.J., et al., Developing a Drug-like Natural Product Library. Journal of 

Natural Products, 2008. 71(3): p. 464-468. 

167. Butler, M.S., Natural products to drugs: natural product-derived compounds in 

clinical trials. Natural Product Reports, 2008. 25(3): p. 475-516. 

168. Newman, D.J., G.M. Cragg, and K.M. Snader, Natural products as sources of new 

drugs over the period 1981-2002. Journal of Natural Products, 2003. 66(7): p. 

1022-1037. 

169. Lam, K.S., New aspects of natural products in drug discovery. Trends in 

Microbiology, 2007. 15(6): p. 279-289. 

170. Camp, D., et al., Drug-like properties: guiding principles for the design of natural 

product libraries. Journal of Natural Products, 2011. 75(1): p. 72-81. 

171. Cragg, G.M. and D.J. Newman, Discovery and development of antineoplastic 

agents from natural sources. Cancer Investigation, 1999. 17(2): p. 153-163. 

172. Newman, D.J. and G.M. Cragg, Natural products as sources of new drugs over 

the nearly four decades from 01/1981 to 09/2019. Journal of Natural Products, 

2020. 83(3): p. 770-803. 

173. Galm, U. and B. Shen, Natural product drug discovery: the times have never been 

better. Chemistry & Biology, 2007. 14(10): p. 1098-1104. 

174. Feher, M. and J.M. Schmidt, Property Distributions: Differences Between Drugs, 

Natural Products, and Molecules from Combinatorial Chemistry. ChemInform, 

2003. 34(17). 

175. Grabowski, K. and G. Schneider, Properties and architecture of drugs and 

natural products revisited. Current Chemical Biology, 2007. 1(1): p. 115-127. 

176. Newman, D.J. and G.M. Cragg, Natural products as sources of new drugs over 

the nearly four decades from 01/1981 to 09/2019. Journal of Natural Products, 

2020. 83(3): p. 770-803. 
177. Kinghorn, A.D. and M.F. Balandrin, Human medicinal agents from plants. 1993: 

American Chemical Society (ACS). 

178. Farnsworth, N.R. The role of ethnopharmacology in drug development. in Ciba 

Foundation Symposium 154-Bioactive Compounds from Plants. 1990. Wiley 

Online Library. 

179. Lindequist, U., T.H. Niedermeyer, and W.-D. Jülich, The pharmacological 

potential of mushrooms. Evidence-Based Complementary and Alternative 

Medicine, 2005. 2(3): p. 285-299. 

180. Chang, U.-M., et al., Ganoderiol F, a ganoderma triterpene, induces senescence 

in hepatoma HepG2 cells. Life sciences, 2006. 79(12): p. 1129-1139. 

181. Wilson, R.M. and S.J. Danishefsky, Small molecule natural products in the 

discovery of therapeutic agents: the synthesis connection. The Journal of organic 

chemistry, 2006. 71(22): p. 8329-8351. 

182. Newman, D.J., Natural products as leads to potential drugs: an old process or 

the new hope for drug discovery? Journal of Medicinal Chemistry, 2008. 51(9): 

p. 2589-2599. 

183. Sunazuka, T., T. Hirose, and S. O̅mura, Efficient total synthesis of novel bioactive 

microbial metabolites. Accounts of Chemical Research, 2008. 41(2): p. 302-314. 



                          65                                        

 

 

184. Global TB Report in Newspaper Article. 2017, SyndiGate Media Inc. 

185. Global mobile data traffic to reach 52m TB in 2015. 2015, SyndiGate Media Inc. 

186. Falzon, D., et al., World Health Organization treatment guidelines for drug-

resistant tuberculosis, 2016 update. European Respiratory Journal, 2017. 49(3): 

p. 1602308-1602308. 

187. Harrigan, G.G. and G.H. Goetz, Chemical and biological integrity in natural 

products screening. Combinatorial chemistry & high throughput screening, 2005. 

8(6): p. 529-534. 

188. Eldridge, G.R., et al., High-throughput method for the production and analysis of 

large natural product libraries for drug discovery. Analytical Chemistry, 2002. 

74(16): p. 3963-3971. 

189. Koehn, F.E. and G.T. Carter, The evolving role of natural products in drug 

discovery. Nature Reviews Drug Discovery, 2005. 4(3): p. 206-220. 

190. Leeds, J.A., E.K. Schmitt, and P. Krastel, Recent developments in antibacterial 

drug discovery: Microbe-derived natural products-from collection to the clinic. 

Expert Opinion on Investigational Drugs 2006. 

191. Lang, G., et al., Evolving trends in the dereplication of natural product extracts: 

new methodology for rapid, small-scale investigation of natural product extracts. 

Journal of Natural Products, 2008. 71(9): p. 1595-1599. 

192. Lin, Y., et al., Microscale LC-MS-NMR platform applied to the identification of 

active cyanobacterial metabolites. Analytical Chemistry, 2008. 80(21): p. 8045-

8054. 

193. Johansen, K.T., et al., From retrospective assessment to prospective decisions in 

natural product isolation: HPLC-SPE-NMR analysis of Carthamus oxyacantha. 

Journal of Natural Products, 2011. 74(11): p. 2454-2461. 

194. Harvey, A.L., R. Edrada-Ebel, and R.J. Quinn, The re-emergence of natural 

products for drug discovery in the genomics era. Nature Reviews Drug Discovery, 

2015. 14(2): p. 111-129. 

195. Qiu, F., et al., Dereplication, residual complexity, and rational naming: the case 

of the Actaea triterpenes. Journal of Natural Products, 2012. 75(3): p. 432-443. 

196. Cassani, J., M. Nilsson, and G.A. Morris, Flavonoid mixture analysis by matrix-

assisted diffusion-ordered spectroscopy. Journal of Natural Products, 2012. 75(2): 

p. 131-134. 

197. Xu, Y.-J., et al., Rapid isolation and identification of minor natural products by 

LC–MS, LC–SPE–NMR and ECD: Isoflavanones, biflavanones and 

bisdihydrocoumarins from Ormocarpum kirkii. Phytochemistry, 2012. 79: p. 121-

128. 

198. Exarchou, V., et al., LC–NMR coupling technology: recent advancements and 

applications in natural products analysis. Magnetic Resonance in Chemistry, 

2005. 43(9): p. 681-687. 

199. Exarchou, V., et al., Hyphenated chromatographic techniques for the rapid 

screening and identification of antioxidants in methanolic extracts of 

pharmaceutically used plants. Journal of Chromatography A, 2006. 1112(1): p. 

293-302. 



                          66                                        

 

 

200. Tatsis, E.C., et al., Identification of the major constituents of Hypericum 

perforatum by LC/SPE/NMR and/or LC/MS. Phytochemistry, 2007. 68(3): p. 383-

393. 

201. Gebretsadik, T., et al., LC-NMR for Natural Products Analysis: A Journey from 

an Academic Curiosity to a Robust Analytical Tool. MDPI 2019. 

202. Gebretsadik, T., et al., LC–NMR for Natural Product Analysis: A Journey from 

an Academic Curiosity to a Robust Analytical Tool. Sci, 2021. 3(1): p. 6. 

203. Macarron, R., et al., Impact of high-throughput screening in biomedical research. 

Nature Reviews Drug Discovery, 2011. 10: p. 188. 

204. Zhang, J.-H., T.D.Y. Chung, and K.R. Oldenburg, A Simple Statistical Parameter 

for Use in Evaluation and Validation of High Throughput Screening Assays. 

Journal of Biomolecular Screening, 1999. 4(2): p. 67-73. 

205. Makarenkov, V., et al., An efficient method for the detection and elimination of 

systematic error in high-throughput screening. Bioinformatics, 2007. 23(13): p. 

1648-1657. 

206. Coma, I., et al., Process Validation and Screen Reproducibility in High-

Throughput Screening. Journal of Biomolecular Screening, 2009. 14(1): p. 66-76. 

207. Taylor, P.B., et al., A Standard Operating Procedure for Assessing Liquid 

Handler Performance in High-Throughput Screening. Journal of Biomolecular 

Screening, 2002. 7(6): p. 554-569. 

208. Fox, S., et al., High-Throughput Screening: Update on Practices and Success. 

Journal of Biomolecular Screening, 2006. 11(7): p. 864-869. 

209. Müller, K., et al., Hit and lead generation: beyond high-throughput screening. 

Nature Reviews Drug Discovery, 2003. 2(5): p. 369-378. 

210. Goktug, A.N., S.C. Chai, and T. Chen, Data analysis approaches in high 

throughput screening. Drug Discovery, 2013: p. 201-226. 

211. Kovacs, H., D. Moskau, and M. Spraul, Cryogenically cooled probes—a leap in 

NMR technology. Progress in Nuclear Magnetic Resonance Spectroscopy, 2005. 

46(2): p. 131-155. 

212. Hoult, D.I. and R.E. Richards, The signal-to-noise ratio of the nuclear magnetic 

resonance experiment. 1976. Journal of Magnetic Resonance, 2011. 213(2): p. 

329-343. 

213. Styles, P., et al., A high-resolution NMR probe in which the coil and preamplifier 

are cooled with liquid helium. Journal of Magnetic Resonance, 2011. 213(2): p. 

347-354. 

214. Hall, A.S., et al., Investigation of a whole-body receiver coil operating at liquid 

nitrogen temperatures. Magnetic Resonance in Medicine, 1988. 7(2): p. 230-235. 

215. Fenn, J.B., et al., Electrospray Ionization for Mass Spectrometry of Large 

Biomolecules. Science, 1989. 246(4926): p. 64-71. 

216. Fuerstenau, S.D., et al., Mass spectrometry of an intact virus. Angewandte 

Chemie - International Edition, 2001. 40(3): p. 542-544. 

217. Karas, M. and F. Hillenkamp, Laser desorption ionization of proteins with 

molecular masses exceeding 10,000 daltons. Analytical Chemistry, 1988. 60(20): 

p. 2299-2301. 



                          67                                        

 

 

218. Aebersold, R. and D.R. Goodlett, Mass spectrometry in proteomics. Chemical 

Reviews, 2001. 101(2): p. 269-296. 

219. Aebersold, R. and M. Mann, Mass spectrometry-based proteomics. Nature, 2003. 

422(6928): p. 198. 

220. Domon, B. and R. Aebersold, Mass Spectrometry and Protein Analysis. Science, 

2006. 312(5771): p. 212-217. 

221. Dunwiddie, C.T., et al., How to improve R&D productivity: the pharmaceutical 

industry's grand challenge. Nature Reviews Drug Discovery, 2010. 9(3): p. 203-

214. 

222. Hein, Marco Y., et al., A Human Interactome in Three Quantitative Dimensions 

Organized by Stoichiometries and Abundances. Cell, 2015. 163(3): p. 712-723. 

223. Huttlin, E.L., et al., The BioPlex Network: A Systematic Exploration of the Human 

Interactome. Cell, 2015. 162(2): p. 425-440. 

224. Milne, J.L.S., et al., Cryo‐electron microscopy – a primer for the non‐

microscopist. FEBS Journal, 2013. 280(1): p. 28-45. 

225. Mertens, H.D.T. and D.I. Svergun, Structural characterization of proteins and 

complexes using small-angle X-ray solution scattering. Journal of Structural 

Biology, 2010. 172(1): p. 128-141. 

226. Lössl, P., M. Waterbeemd, and A.J.R. Heck, The diverse and expanding role of 

mass spectrometry in structural and molecular biology. The EMBO Journal, 

2016. 35(24): p. 2634-2657. 

227. Katta, V., et al., Observation of the heme-globin complex in native myoglobin by 

electrospray-ionization mass spectrometry. Journal of the American Chemical 

Society, 1991. 113(22): p. 8534-8535. 

228. Ganem, B., et al., Detection of noncovalent receptor-ligand complexes by mass 

spectrometry. Journal of the American Chemical Society, 1991. 113(16): p. 6294-

6296. 

229. Sharon, M., How Far Can We Go with Structural Mass Spectrometry of Protein 

Complexes? Journal of the American Society for Mass Spectrometry, 2010. 21(4): 

p. 487-500. 

230. Sharon, M. and C.V. Robinson. The role of mass spectrometry in structure 

elucidation of dynamic protein complexes. 2007. PALO ALTO: Annual Review 

of Biochemistry. 

231. Kitova, E.N., et al., Reliable Determinations of Protein–Ligand Interactions by 

Direct ESI-MS Measurements. Are We There Yet? Journal of The American 

Society for Mass Spectrometry, 2012. 23(3): p. 431-441. 

232. Heuvel, R.H.H.v.d. and A.J.R. Heck, Native protein mass spectrometry: from 

intact oligomers to functional machineries. Current Opinion in Chemical Biology, 

2004. 8(5): p. 519-526. 

233. Rajabi, K., A.E. Ashcroft, and S.E. Radford, Mass spectrometric methods to 

analyze the structural organization of macromolecular complexes. Methods, 

2015. 89: p. 13-21. 

234. Leney, A.C. and A.J.R. Heck, Native Mass Spectrometry: What is in the Name? 

Journal of The American Society for Mass Spectrometry, 2017. 28(1): p. 5-13. 



                          68                                        

 

 

235. Robinson, C.V. and S.E. Radford, Weighing the evidence for structure: 

electrospray ionization mass spectrometry of proteins. Structure, 1995. 3(9): p. 

861-865. 

236. Krutchinsky, A.N., et al., Studies of Noncovalent Complexes in an Electrospray 

lonization/Time-of-Flight Mass Spectrometer, in Mass Spectrometry of Proteins 

and Peptides. 2000, Springer. p. 239-249. 

237. Loo, J.A., Studying noncovalent protein complexes by electrospray ionization 

mass spectrometry. Mass Spectrometry Reviews, 1997. 16(1): p. 1-23. 

238. Rosenberg, I.M., Protein analysis and purification: benchtop techniques. 2013: 

Springer Science & Business Media. 

239. Arndt, C., et al., Native polyacrylamide gels, in Protein electrophoresis. 2012, 

Springer. p. 49-53. 

240. Bonifacino, J.S., E.C. Dell'Angelica, and T.A. Springer, Immunoprecipitation. 

Current Protocols in Protein Science, 1999. 18(1): p. 9.8. 1-9.8. 28. 

241. Antrobus, R. and G.H. Borner, Improved elution conditions for native co-

immunoprecipitation. PloS one, 2011. 6(3): p. e18218. 

242. Senko, M.W., et al., External accumulation of ions for enhanced electrospray 

ionization Fourier transform ion cyclotron resonance mass spectrometry. Journal 

of the American Society for Mass Spectrometry, 1997. 8(9): p. 970-976. 

243. Qi, Y. and P.B. O'Connor, Data processing in Fourier transform ion cyclotron 

resonance mass spectrometry. Mass Spectrometry Reviews, 2014. 33(5): p. 333-

352. 

244. Vu, H., N.B. Pham, and R.J. Quinn, Direct Screening of Natural Product Extracts 

Using Mass Spectrometry. Journal of Biomolecular Screening, 2008. 13(4): p. 

265-275. 

245. Elnaas, A.R., et al., Discovery of a Natural Product That Binds to the 

Mycobacterium tuberculosis Protein Rv1466 Using Native Mass Spectrometry. 

Molecules, 2020. 25(10): p. 2384. 

246. Gruber, T.M. and C.A. Gross, Multiple sigma subunits and the partitioning of 

bacterial transcription space. Annual Reviews in Microbiology, 2003. 57(1): p. 

441-466. 

247. Kang, J.-G., et al., Identification of sigma factors for growth phase-related 

promoter selectivity of RNA polymerases from Streptomyces coelicolor A3 (2). 

Nucleic Acids Research, 1997. 25(13): p. 2566-2573. 

248. Moor, N., et al., Prokaryotic and eukaryotic tetrameric phenylalanyl-tRNA 

synthetases display conservation of the binding mode of the tRNAPhe CCA end. 

Biochemistry, 2003. 42(36): p. 10697-10708. 

249. Savopoulos, J.W., et al., Identification, cloning, and expression of a functional 

phenylalanyl-tRNA synthetase (pheRS) from Staphylococcus aureus. Protein 

Expression and Purification, 2001. 21(3): p. 470-484. 

250. Hong, E., M. Doucleff, and D.E. Wemmer, Structure of the RNA polymerase core-

binding domain of σ54 reveals a likely conformational fracture point. Journal of 

Molecular Biology, 2009. 390(1): p. 70-82. 

 

 



                          69                                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                          70                                        

 

 

Chapter 2. Tools for Discriminating Active Fractions 

Abstract          

This chapter discusses in detail the methodological choice and the research design 

process of the study. The first approach was to apply multivariate Data Analysis, Principal 

Component Analysis (PCA) for metabolomic fingerprint discrimination between the 

active fractions from 94 samples, to evaluate and prioritise the active fractions against the 

Mtb H37Rv cell line. The PCA score plot (full 1H NMR spectrum from 0-14 ppm) of 

anti-TB active fractions showed one outlier (genus Polyalthia) was discriminated from 

the rest of the group. The PCA score plot of regions of the 1H NMR spectrum (0-3, 3-6, 

6-9 and 9-14 ppm) showed discrimination between all the active fractions, which indicate 

a wide range of chemical diversity of the components. The second approach was to apply 

taxonomic clustering between the active fraction of the 94 samples, according to genus, 

species, HPLC profile and the proton NMR fingerprints and combining the results with 

the PCA discrimination result. Five samples (species Mauritiana, Novoguinee-nsis 

teschn. and Faberi perk. and genus Flindersia and Euodia ) were chosen. All the chosen  

samples were discussed in chapters 3, 4, 5, and 6. The two-biota genus Polyalthia (chapter 

4) and faberi Perk. Species (chapter 5) showed binding affinity with Mtb proteins, and 

their results were discussed excessively. 

 

2.1 Introduction  

The study was undertaken on a subset of 94, chosen randomly, from 452 anti-TB 

active fractions with medium and strong activity. Each of the 94 biota were fractionated 

to 5 fractions (470 in total). The 470 fractions were subjected to NMR to obtain clear 

proton NMR spectra (128 scan) for all fractions. Two methods were examined in this 

project to minimise the 470 fractions to a smaller group. The methods were used to 
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evaluate PCA analysis of the NMR spectra of the anti-TB active fractions and to evaluate 

the use of taxonomic clustering. This has the objective to limit the number of the chosen 

samples that need to be investigated.  

 

2.2 Results and Discussion  

Ninety-four (94) dried, ground plant and marine organisms (47 plants and 47 

marine) (Figure 2.1) where fractions had shown activity against Mtb and its LPD enzyme 

were chosen with a view to evaluate the detection of new / novel compounds with anti-

TB activity. 

 

 

Figure 2.1  Sample extraction and fractionation steps. 

 

 

2.2.1 Lead-Like Enhanced Extraction (LLE)  

Two protocols were applied to the 94 dried ground powder biota samples were 

extracted and fractionated using Lead-Like Enhanced (LLE) Extraction (Figures 2.2), and 

the Lead-Like Enhanced Fractionation (LLEF) protocols. Those methods  had previously 

been developed based on Lipinski’s Rule of 5 (Log P value ˂ 5) [1-4], aiming to enrich 

extracts and fractions with natural products that would be orally bioavailable. The dried 
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plant and marine product biota (powder, 300 mg dry weight) were processed as shown in 

Figure 2.2.  

 

 

Figure 2.2 The Lead-Like Enhanced (LLE) Extraction Protocol 

 

An amount of 300 mg ground plant and marine products were scooped into 

cartridges (Figure 2.3A), extracted with hexane (7 mL) (to remove unwanted lipophilic 

compounds). The hexane extract was discarded. Each marine sample was extracted with 

80:20 CH2Cl2 (DCM)/MeOH (7 mL) and the extract dried using Christ dryer dryer or 

Nitrogen blower. Christ settings: Temperature 50ºC, Vacuum 50mbar, Time variable until 

sample dry. A second extract using MeOH (13 mL) was collected in the same glass test 

tube to give the crude extract that was dried (Figure 2.3B).  

Plant biota were extracted in a similar way using hexane (7 mL) and the hexane extract 

discarded.  The plant residue was extracted with DCM (7 mL) and the extract dried and 

the plant residue  was extracted with MeOH (13 mL) (Figure 2.3C). The combined and 
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dried DCM and MeOH plant extracts were re-dissolved in MeOH (4 mL) and sonicated 

before being loaded onto a cartridge of polyamide gel (900 mg) to remove the chlorophyll 

and tannins, then the cartridge of polyamide gel was eluted with 7 mL MeOH. Then the 

11 mL MeOH wash (4+7 mL) was dried to produce the crude plant extract. 

 Both the marine and plant extracts were solubilized in 4 mL of 80:20 MeOH/ H2O 

containing 0.1% TFA and sonicated then loaded into a Strata X column (previously 

washed with 7 ml of MeOH: H2O: TFA (80:20:0.1%) and eluted with 7 mL of the same 

solvent. The eluent (11 mL) was dried and reconstituted in 600 µL of DMSO to yield 

each LLE extract . The DMSO mixture (250 µL) was fractionated using Lead-like 

Enhanced (LLE) Fractionation method by HPLC machine. The rest of DMSO mixture 

(350 µL) were stored in the -80 ºC cold room if needed. 

 

 

 

                    A                                     B                                           C 

Figure 2.3 A: 300 mg biota was prepared in SPE cartridge for extraction, B: 

dichloromethane (DCM)/MeOH (80:20) 48 marine product extractions, C: DCM 48 

plant extractions. 

 

 

2.2.2 Lead-like Enhanced (LLE) Fractionation of the Crude Extracts 

 

The 94 LLE extract tubes in an Abgene 96-tube rack, and the 48 well aluminium 

customised racks to collect the isolated fractions were placed on the Gilson 215 liquid 

handler tray. The LLE extracts were processed in batches of 96 with 100 µL out of 250 

μL was injected for each sample to be fractionated to 5 fractions using the HPLC [2, 3, 
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5]. The HPLC separations were performed on a reversed-phase Onyx Monolithic C18 

HPLC column (size 4.6 mm × 100 mm) using a linear gradient from 90% (solvent B) 

H2O (0.1% TFA)/10% (solvent A) MeOH (0.1% TFA) to 50% B/50% A in 3 min at a 

flow rate 4 mL/min (Table 2.1, Figure 2.4), a convex gradient to 100% A at 6.5 min at a 

flow rate 3 mL/min, held at 100% A for another 0.5 min at a flow rate 3 mL/min, held at 

solvent A for more 1 min (8 min in total) at a flow rate 4 mL/min. Then a linear gradient 

back again to 90% B/10% A in one min (9 min in total) at a flow rate 4 mL/min, held for 

2 min to calibrate the column to be ready for the next run. The total run time for each 

LLE extract injection was 11 min. The 5 fractions were collected for all 96 LLE extracts 

within a region of the chromatogram identical to log P < 5 between 2.0 and 7.0 min, as 

follow; fraction 1 (from 2.00−3.00 min), fraction 2 (from 3.00−4.00 min), fraction 3 (from 

4.00−5.00 min), fraction 4 (from 5.00−6.00 min) and fraction 5 (from 6.00−7.00 min). 

The total number of the collected fractions is 470 (235 fractions for marine & 235 

fractions for plants). 

 

Table 2.1 Analytical HPLC gradient method (LLE fractionation). 

Time Flow 

mL/min 

Solvent A 

MeOH (0.1% 

TFA) 

Solvent B 

H2O (0.1% TFA) 

Calibration 

Curve 

0.01 

3 

3.01 

6.5 

7 

7.01 

8 

9 

11 

4 

4 

3 

3 

3 

4 

4 

4 

4 

10 

50 

50 

100 

100 

100 

100 

10 

10 

90 

50 

50 

0 

0 

0 

0 

90 

90 

6 

6 

6 

5 

5 

5 

5 

6 

6 

Curve 5 is a convex gradient. Curve 6 is a concave gradient (includes linear) 
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After the solvent evaporation by a Christ Beta-RVC centrifugal evaporator, each glass 

vial containing an LLE fraction was resuspended in 500 μL of DMSO-d6 using 5 mm 

NMR tube and subjected to NMR of 800 MHz. 

Figure 2.4A shows the LLE 5 fractions chromatogram of biota NB028307 as an example 

. A previous HTS screening against Mtb strain H37Rv showed that fraction 4 was the 

active fraction, suggesting that compounds in fraction 4 are potential Mtb inhibitors. The 

HPLC chromatograms of the fractionation used to prepare fractions for HTS and the 

HPLC chromatograms of the re-extracted samples were compared and were found to 

match. 

 

 

Figure 2.4 A: LEE Fractionation chromatogram 5 fractions were collected, taxonomy 

and the activity information of biota NB028307 Genus Euodia (F4 Active), B: previous 

HPLC chromatogram of the same sample, 11 fractions were collected. 
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2.2.3 Multivariate Data Analysis, Principal Component Analysis (PCA) 

 PCA is an exploratory, multivariate, statistical technique which can be used to 

examine the variability of data. PCA can be applied to environmental data, where the 

datasets could be huge and difficult to interpret and can be applied where complex 

relationships between variables are difficult to identify and visualise. It is a technique that 

can consider a number of factors that control data variability [6]. PCA offers important 

advantages over univariate techniques, where errors combined with repeated statistical 

testing could occur [7].  

Environmental applications of PCA are various, popular and have been applied to soils, 

surface and groundwaters, sediments and biota [8-11]. In this study the multivariate 

statistical analysis PCA was used to discriminate between  fractions of biota showed 

activity against Mtb.  1H NMR spectra were obtained for all 470 fractions (marine and 

plant samples).  

All fractions were plotted on the score plot according to the values of the first 

principal component (X axis) and the second principal component (Y axis). The first 

principal component represents the most variance between the variables and the second 

principal component represents the second variance between the variables. This has 

provided discrimination between the fractions. The NMR spectrum was divided into a 

serious of small bins (buckets). The total of intensities of the signals in each bucket was 

measured by relative intensities to reference areas or to the summation of total intensities. 

Scaling to the summation of total intensities helps to reduce the effect of variation 

between samples. The buckets were made every 0.02 ppm and variables were generated 

for the range of spectrum from δ 0.0 to δ 14.0 ppm to make sure that all peaks were 

covered. The standard deviations (SD) of the variables were calculated, and each variable 

was divided by the standard deviation, so that each scaled variable has equal variance. 
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The variance could be positive or negative in value, which effects the location of the 

fractions on the score plot.  

The signals of 2.4 to 3.5 ppm were excluded from the analysis because of the 

residual signal of DMSO and water. Before analysing the dataset, it was checked if the 

bucketed data truly represent the NMR spectra needs. A digitalized spectrum with the 

data from one example fraction was constructed (Figure 2.6). Two spectra were perfectly 

matched, suggesting the high reliability of the bucket table generating process. The 

bucketing was successful as the numeric value of the peak intensities of the spectrum (at 

the bottom of Figure 2.6) have matched the real peaks of the spectrum.   

 

 

Figure 2.6 Comparison between peak intensities of sample spectrum and its numeric 

value. 

 

The inactive fractions were used as a reference to find similarities and differences 

between the fractions of the same sample or between all fractions (470) to avoid isolation 

of inactive compounds. The priority of the isolation was to the active fractions that look 

different and located away from the other fractions. This has suggested, those fractions 

have distinguished metabolomes. These metabolomes could represent new or novel anti-

TB compounds with different mechanism of action.    
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2.2.3.1 PCA score plot for full 1H NMR spectra (0-14 ppm) 

 

Figure 2.7 PCA score plot (full 1H NMR spectrum from 0-14 ppm) of anti-TB active 

fractions. 

 

 

 

In the PCA score plot result (1H 0-14 ppm) of the 118 active fractions (Figure 

2.7), 3 fractions were discriminated. The plant fraction NB104082-F2 located away from 

the other fractions. This is because, it has a high value (13) at the first principal component 

(PC1) (X axis), also has low value (0.8) at the second principal component (PC2) (Y axis).  

 

 

Figure 2.8 PCA loading plot (full 1H NMR spectrum from 0-14 ppm) of anti-TB active 

fractions. 
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The loading plot (Figure 2.8) indicates how strongly each characteristic influences a 

principal component. The loading plot shows that a variable and a principal component 

are positively correlated. The large loading indicate that a variable has a strong effect on 

that principal component. The buckets have not clustered at the centre together, which 

indicate a wide range of chemical diversity of the components. 

The NMR data of the 3 samples were compared (Figures 2.9) but were compared 

more closely for the two fractions (NB104082-F2 and NB6002635-F2) in Figure 2.13, 

they appear to have the same major compound in active fraction 2. Also, they have similar 

HPLC profile, and they are related to the same family Annonaceae, but different genus 

and species (Figures 2.10 and 2.11). Fraction NB6008383-F4 (Figure 2.12) does not show 

strong activity and the amount of material in the active fraction is very little (Figures 2.9 

and 2.12). 

 

 

Figure 2.9 Comparison of 1H NMR spectra of active fractions (full spectra). 

 

KINGDOM PHYLUM CLASS FAMILY GENUS SPECIES 

Plantae Anthophyta Na Annonaceae Goniothalamus Na 

 

Figure 2.10 Taxonomy information, HPLC UV profile (top) and the proton NMR data 

(bottom) of NB104082-F2. Na (not applicable). Na ( not applicable) 
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KINGDOM PHYLUM CLASS FAMILY GENUS SPECIES 

Plantae Anthophyta Na Annonaceae Polyalthia Na 

 

 

Figure 2.11 HPLC/UV profile data (top) and proton NMR (bottom) data of NB6002635-

F2 plant sample. Na (not applicable).  

 

 

 

Figure 2.12 HPLC/UV profile data (top) and proton NMR data (bottom)  of NB6008383-

F4 plant sample. 

 

 

The discrimination between the two fractions (NB104082-F2 and NB6002635-

F2) was because fraction NB104082-F2 has minor metabolites that were missing in the 

fraction NB6002635-F2 (Figure 2.13). This has made fraction NB6002635-F2 located at 

the negative side of the score plot. In this discrimination biota NB6002635-F2 was chosen 

for further investigation because it is purer. The outcome of this biota will be presented 

in chapter 4 as published paper.  

 

 

Figure 2.13 Comparing fraction NB104082-F2 (blue) and NB6002635-F2 (red) spectra, 

the green dots represent the extra peaks of different metabolomes. 
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The buckets evaluated in this study were not completely analysed because the PC 

values are dominantly affected by the strong signals in high field. The buckets with 

relatively low intensity in down fields are not sufficient to differentiate. For further 

metabolic analysis to obtain clear differentiation, the 1H NMR spectra of the active 

fractions were assessed for PCA in different chemical shifts regions (0-3 ppm), (3-6 ppm), 

(6-9 ppm) and (9-14 ppm) to show in which area the active fractions have unique 

metabolomes. This has offered more discrimination results and has shown in which part 

the active fractions are dissimilar.  

 

2.2.3.2 PCA score plot from 0-3 ppm for 1H NMR spectra  

 

 

Figure 2.14 PCA score plot (1H NMR spectra from 0-3 ppm).  

 

In PCA score plot result (0-3 ppm) (Figure 2.14), 11 fractions were discriminated. 

The plant fractions NB022468-F1 and NB022468-F2 belong to the same plant. However, 

they are located away from each other as they are related to different fractions 1 and 2. 

The plant fractions NB104082-F2 (same NB6002635) and NB6008383-F4 were 

discriminated in the full PCA score plot spectra (from 0-14 ppm) (Figure 2.7). However, 

the sample NB6008383-F4 has no material shown in the proton NMR, which can be 

explained that the discrimination occurs because of the lack of material in this fraction. 
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The other two marine fractions NB6007944-F1 and NB015513-F4 both located in the 

negative area as they have negative values (-1 at PC1 & -0.2 at PC2) and (-0.5 at PC1 & 

-0.4 at PC2) respectively. The other two plant fractions NB103569-F1, NB0312842-F1 

and the marine fraction NB6003538-F4 were located not far away from each other with 

different negative values at PC1 and positive values at PC2. Figure 2.15 shows the NMR 

spectra from 0-3 ppm of the active fractions that were discriminated in this test.  

 

 

Figure 2.15 Comparison of 1H NMR spectra of active fractions (0-3 ppm). 

 

Figures 2.16 to 2.22 showing the HPLC chromatograms and the proton NMR 

spectra data of NB103569-F1, NB022468-F1, NB031842-F1, NB6003538-F4, 

NB022468-F2, NB6007944-F1 and NB015513-F4. 

 

 

Figure 2.16 HPLC/UV profile data and proton NMR data of NB103569-F1 plant sample. 
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Figure 2.17 HPLC/UV profile data and proton NMR data of NB022468-F1 plant sample. 

 

 

Figure 2.18 HPLC/UV profile data and proton NMR data of NB031842-F1 plant sample. 

 

 

 

Figure 2.19 HPLC/UV profile data and proton NMR data of NB6003538-F4 plant sample. 

 

 

Figure 2.20 HPLC/UV profile data and proton NMR data of NB022468-F2  plant sample. 
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Figure 2.21 HPLC/UV profile data and proton NMR data of NB6007944-F1plant 

sample. 

 

 

 

 Figure 2.22 HPLC/UV profile and proton NMR spectra of NB015513-F4 plant sample.  

  

2.2.3.3 PCA score plot from 3-6 ppm for 1H NMR spectra  

 

Figure 2.23 present the score plot of the active fraction’s spectra δH between 3-6 

ppm. The score plot shows significant discrimination as all the fractions were spread out. 

This indicates the chemical diversity of the components in this region.  

 

 

Figure 2.23 PCA score plot (1H NMR spectra from 3-6 ppm) of the anti-TB active 

fractions. 
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In PCA test of (3-6 ppm) (Figure 2.23) shows that most of the active fractions 

appear to be different in this region and could be worth to work on. Figure 2.24 is 

comparing the diversity of the proton NMR data (3-6 ppm) of some active fractions.  

 

 

Figure 2.24 Comparison of some 1H NMR spectra of active fractions (3-6 ppm).  

 

 

2.2.3.4 PCA score plot from 6-9 ppm for 1H NMR spectra  

 

Figure 2.25 present the score plot of the active fraction’s spectra δH between 6-9 ppm. 

Some fractions were discriminated from the rest of the group in this test.  

 

 

Figure 2.25 PCA score plot (1H NMR spectra from 6-9 ppm) of the active fractions. 
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In PCA score plot result (6-9 ppm) (Figure 2.25), 11 marine fractions were 

discriminated very clearly, however some of them are similar. The fraction NB6008383-

F4 was discriminated again in this result. The two fractions NB024886-F5 and 

NB029579-F5 are related to the same marine genus Spongia and species 1364 and they 

were found active twice against Mtb and its LPD enzyme under two different sample 

number. Both are in the negative area of the score plot at value of (-4 at PC1 & -2.5 at 

PC2) for fractions NB024886-F5 and value of (-1.25 at PC1 & -1.3 at PC2) for fractions 

NB029579-F5. The change of the location of these fractions presumably because of using 

different parts of the organism each time, which has made some difference in the minor 

metabolomes of the same fraction. The two fractions NB6009534-F4 and NB6014340-

F5 are related to genus Spongia and species  1386, were in the positive area close to each 

other with value of (+2.4 at PC1 & +1.9 at PC2) and (+1.7 at PC1 & +1.3 at PC2) 

respectively. However, fraction NB6009534-F4 has low anti-TB activity 20 MIC/mM. 

Three other fractions NB6005260-F2, NB6005260-F3 and NB6009656-F5 are related to 

the same genus Xestospongia and species No. 3257. They are located differently on the 

score plot as they belonging to different fractions (different HPLC fractionation retention 

time). NB6005260-F2 and NB6005260-F3 have value of (-2.5 at PC1 & +5 at PC2) and 

(+0.5 at PC1 & -5.2 at PC2) respectively, when NB6009656-F5 has located in the positive 

area with value of (+4.9 at PC1 & +0.5 at PC2). The last four fractions in this PCA result 

are NB6005216-F5 located at (-5.5 at PC1), NB010789-F4 located at (-2.7 at PC1), 

NB6013935-F4 located at (+2.5 at PC1), and NB6003476-F5 located at (+9.3 at PC1 & -

1.2 at PC2). Each marine sample of these 11 fractions looks important and interesting to 

work on, because most of them have two active fractions or more. This can provide more 

abundance of compounds and more flexibility during the isolation and fractionation with 

HPLC. Figure 2.26 is comparing the 1H NMR spectra of discriminated fractions. 
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Figure 2.26 Comparison of 1H NMR spectra of active fractions (6-9 ppm). 

 

Figure 2.27 to 2.35 shows the HPLC profile and the proton NMR data of the active 

fractions. Both NB6005260 and NB6009534 samples have two active fractions (F2 & F3 

and F4 & F5), respectively. Other figures related to the following fractions; NB6009656-

F5, NB6013935-F4, NB6005216-F5, NB010789-F4, NB024886-F5, NB029579-F5, and 

NB6003476-F5.  

 

Figure 2.27 HPLC/UV profile (top) and proton NMR spectra (bottom) of NB6005260-

F2 and F3 plant sample. 
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Figure 2.28 HPLC/UV profile and 1H NMR spectra of NB6009534-F4 and NB6014340-

F5 plant sample.   

 

 

 

Figure 2.29 HPLC/UV profile and proton NMR spectra of NB6009656-F5 plant sample. 

   

 

Figure 2.30 HPLC/UV profile and proton NMR spectra of NB6013935-F4 plant sample.   

 

Figure 2.31 HPLC/UV profile and proton NMR spectra of NB6005216-F5 plant sample. 
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Figure 2.32 HPLC/UV profile and proton NMR spectra of NB010789-F4 plant sample. 

   

 
Figure 2.33 HPLC/UV profile and proton NMR spectra of NB024886-F5 plant sample.   

 

 

Figure 2.34 HPLC/UV profile and proton NMR spectra of NB029579-F5 plant sample.   

 

Figure 2.35 HPLC/UV profile and proton NMR spectra of  NB6003476-F5 plant 

sample. 
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2.2.3.5 PCA score plot from 9-14 ppm for 1H NMR spectra  

 

 

Figure 2.36 PCA score plot (1H NMR spectra from 9-14 ppm) of the anti-TB active 

fractions. 

 

 

In PCA score plot result (9-14 ppm) (Figure 2.36), 3 fractions were discriminated 

and related to different samples. This is the exchangeable proton area, and it is not realistic 

to depend on exchangeable protons to discriminate between active fractions. Figure 2.37 

shows the proton NMR of discriminated fractions. 

 

 

Figure 2.37 Comparison of active fractions spectra from 9-14 ppm. 
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2.2.3.6 PCA results analysing summary.      

 

Previously,  NMR fingerprints were used to comprehensively detect metabolites 

in a biologically active fraction and to guide the isolation of the minor compounds. The 

LC-UV-MS information revealed that the constituents had limited UV absorbance and 

that the ESI mass spectrum contained many fragments. The 1H NMR spectrum, on the 

other hand, was well resolved and showed the presence of multiple compounds, providing 

a comprehensive fingerprint of all the small molecules contained in the fraction. This has 

resulted in the isolation of minor active constituents, venuloside C and D, as well as the 

major compounds, venuloside A and B from the active HTS fraction. Venulosides A−D 

were the first reported natural product inhibitors of leucine transport in prostate cancer 

cells [12].  

Recently  the use of 1H NMR metabolic fingerprints of a natural product fraction 

library was shown to be effective in the identification and isolation of new and novel 

natural products, resulting in the identification of iotrochatazine A as a chemical probe to 

study Parkinson’s Disease. A 1H NMR special library of 220 fractions from twenty 

sponges from the order Poecilosclerida found five fractions that had a unique NMR 

fingerprint not present in any other fraction. NMR-guided isolation gave iotrochotazine 

that was shown to possess phenotypic activity on non-transformed human olfactory 

neurosphere-derived cells (hONS) that model functional aspects of Parkinson’s Disease 

[13].  

This study was conducted on a larger sub-set of 94 plant and marine 

samples.  Extraction and fractionation produced 470 fractions.  NMR spectra were 

acquired on all 470 fractions. PCA analysis on full  regions 0-14 of the NMR spectra was 

not enough to discriminate between all the samples. For further metabolic analysis to 

obtain clear differentiation, the 1H NMR spectra of the active fractions were assessed for 

PCA in different chemical shift regions to show in which area the active fractions have 
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unique metabolomes. Table 2.3, presenting the PCA results of  delta 0-3, 6-9 and 0-14 

qappm. Fraction NB6008383-F4 was highlighted in all tests, however it has shown lack 

of material in the proton NMR. Fraction NB6002635-F2 was highlighted in the score plot 

0-14 ppm, 0-3 ppm and 3-6ppm . This has prioritised fraction NB6002635-F2  to be 

investigated. 

 

Table 2.3 Result of the PCA tests of all spectra ranges 

 

 

 

 

 

 

 

 

 

PCA analysis on various regions of the NMR spectra showed that the region delta 

3-6 was the most informative. The results indicated a wide range of chemical diversity 

and ruled out the occurrence of one or a few ubiquitous compounds. The NMR 

fingerprints established the presence of a large chemical diversity. Given the previous 

work most of the samples were discriminated by the PCA tests, taxonomic clustering was 

analysed with a view to see if this might help the analysis. 

 

2.2.4 Taxonomic Clustering 

A taxonomy classification was carried on the 94 biota samples according to genus 

and species and visualising the HPLC profile of each sample and involve the proton NMR 

fingerprints of each sample (Table 2.4). The aim of this clustering is to create another 

discrimination tool 

0-14ppm 0-3 ppm 3-6 ppm 6-9ppm 

NB6002635-F2 

NB6008383-F4  

NB103569-F1 

NB022468-F1 

NB031842-F1 

NB6003538-F4 

NB023924-F3 

 NB022468-F2 

NB6007944-F1 

NB015513-F4 

NB5327647-F4 

NB6002635-F2 

NB6008383-F4 

Almost all 

active fractions 

(118) were 

discriminated 

NB6005260-F2 

NB6005260-F3 

NB6009534-F3 

NB6014340-F5 

NB6009656-F5 

NB6013935-F4 

NB6005216-F5  

NB010789-F4 

NB024886-F5 

NB029579-F5 

NB6003476-F5 

NB6008383-F4 
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In Table 2.4 two data sets were obtained from the results of the taxonomic 

clustering and combined with the PCA analysis. The samples were clustered together 

taxonomically according to the genus and species. The samples data were compared to 

each other to find the duplicates of similar genus and species, similar HPLC profile and 

similar NMR data. For the plant samples the used part was mentioned, but for marine 

samples the whole organisms were used. Each single sample was compared to each 

member of the same genus and was compared to the rest of the samples by comparing the 

HPLC profile and NMR data. Each different colour represents a different genus. The 

activity of fractions was represented in traffic light colours against TB or LPD enzyme. 

The samples with medium to high activity (green colour) against TB and its LPD enzyme 

were considered, and low activity samples (red colour) were neglected. 

Some samples are related to same genus and species, like sample number (1 and 2), (45 

and 46), and (52 and 53), however they are different to each other according to NMR data 

and HPLC profile, which could be explained as each sample number represent a specific 

part of plant or organism. Other samples are belonging to different genus and species 

(same family) but their HPLC profile and NMR data were matched (22, 23 and 24), and 

(29, 30 and 31), and (56, 57 and 58). Two other samples (65 and 66) have similar HPLC 

profile and similar NMR data are related to different genus, but they are related to the 

same family. The clustered samples that have similar HPLC profile and similar NMR data 

were considered as one sample for further investigation. The samples that have different 

HPLC profile (67 to 96) were considered unique and important to investigate. 
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Figure 2.40 PCA score plot (1H NMR spectra from 3-6 ppm) of the anti-TB active 

fractions. 

 

 

The 6 chosen biota are circled in red boxes in Table 2.5. Biota NB028307 is one 

of the unique samples (sample 84, Table 2.4), and the investigation outcome is presented 

in chapter 3. Biota NB6002635 and NB101030 (57 and 88 in Table 2.4, respectively). 

NB6002635 was investigated and the results was published and presented in chapter 4. 

Biota NB101030 is considered one of the unique samples of the taxonomic clustering and 

the investigation outcome is presented in chapter 5 as manuscript. Biota NB028756, 

NB6001836 and NB6008578 (samples 36, 42 and 55 respectively). The outcomes of these 

3 biota are presented in chapter 6. 

 

2.4 Experimental procedures and Materials 

2.4.1 Chemicals and Equipment 

All solvents were used in this project for solid phase extraction (SPE), HPLC and 

MS were Lab-scan HPLC grade. H2O was used for all aqueous solutions and purified and 

filtered with Millipore Milli-Q PF. Dimethyl sulfoxide (DMSO, 99.9%) and 

trifluoroacetic acid (TFA, 99%) both were ordered from Fluka. Empty 3 mL SPE 

cartridge fitted with a frit of 20 µm pore size were used to pack the biota and polyamide 
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gel (PAG). Polyethylene frits of 20 µm pore size were used to hold the PAG. The SPE 

and the frits were purchased from Phenomenex. All the adsorbents used in developing the 

SPE protocol for this project were purchased in bulk of 1 kg quantities. Davisil 

Octadycilsilica decyl (C18 bonded silica, 30−40 μm, 60 Å) and polyamide CC-6 were 

ordered from Alltech. Strata X SPE cartridge/column from Phenomenex, were employed 

to generate the Lead-Like Enhanced (LLE) extracts. Gilson aspect XL4 solvent extractor 

was used to extract each biota sample. 

The NMR spectra were obtained in DMSO-d6 (δH 2.50 and δC 39.5) at 25 °C on 

a Bruker Avance HDX 800 MHz spectrometer using a TCI cryoprobe. The low-resolution 

mass spectrum (LRESIMS) was recorded on a Mariner time-of-flight (TOF) mass 

spectrometer and joined with a Gilson 215 eight-probe injector and a Waters LCMS 

system, which is connected to Onyx Monolithic C18 column (1.5 μm, 100 Å, 50 × 2.0 

mm), a PDA detector, and a ZQ ESI mass spectrometer. Also, an Edward Instrument 

Company Bioline orbital shaker was used for extraction. 

 

2.4.2 Lead-like Enhanced (LLE) Fractionation 

A Waters 600 pump (with 225 μL pump-heads) equipped with Waters 966 PDA 

detector under the control of Waters Millenium software (versions 4.0). This was used 

for the analytical HPLC LLE extract fractionation work. LLE extract injections and 

subsequent LLE fraction collection were completed using a Gilson 215 liquid handler (5 

mL syringe, 200 μL Rheodyne sample loop), and this was ruled by Gilson 735 software 

(version 6.00). Polypropylene lockable 96-tube racks were filled with 2D barcoded 

polypropylene tubes (1.2 mL) (Abgene cat. AB-1148) were used to store LLE extracts 

and as injection racks for the Gilson 215 liquid handler during the LLE fractionation 

procedure. LLE fractions were collected into 47 place customised aluminium racks. Each 

of them contained 47 glass tubes (9 mL). A Christ Beta-RVC centrifugal evaporator 
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equipped with aluminium swing-out rotor (Christ cat. 124322) and one set of aluminium 

carriers (Christ cat. 124448) was used for drying the LLE fractions. The HPLC 

separations were performed on a reversed-phase Onyx Monolithic C18 HPLC column 

(size 4.6 mm × 100 mm) using a linear gradient from 90% (solvent B) H2O (0.1% 

TFA)/10% (solvent A) MeOH (0.1% TFA) to 50% B/50% A in 3 min at a flow rate 4 

mL/min (Table 2.2, Figure 2.4), a convex gradient to 100% A for 3.5 min at a flow rate 3 

mL/min, held at 100% A for 0.5 min at a flow rate 3 mL/min, held at solvent A for 1 min 

at a flow rate 4 mL/min. Equilibration by a linear gradient to 90% B/10% A in one min 

at a flow rate 4 mL/min, held for 2 min. The total run time for each LLE extract injection 

was 11 min. The 5 fractions were collected for all 94 LLE extracts within a region of the 

chromatogram identical to log P < 5 between 2.0 and 7.0 min, as follows; fraction 1 (from 

2.00−3.00 min), fraction 2 (from 3.00−4.00 min), fraction 3 (from 4.00−5.00 min), 

fraction 4 (from 5.00−6.00 min) and fraction 5 (from 6.00−7.00 min). The total number 

of the collected fractions was 470 (235 fractions for marine & 235 fractions for plants). 

 

2.4.3 Pre-processing Data and Multivariate Data Analysis PCA Test 

The 480 1H NMR spectra were obtained for all fractions (marine and plant). Since 

these data have been acquired, it must be digitalized in numeric values for further 

statistical analysis. The 1H NMR fingerprints (spectra) were uploaded to multivariate 

statistical analysis (PCA) to discriminate between the active fractions. The commercial 

software AMIX-TOOLS (BRUKER BIOSPIN GMBH-Germany) were used. Pareto 

scaling was used as scaling method to measure the peaks of 1H NMR spectrum as raw 

data. All fractions were plotted on the score plot according to the values of the first 

principal component (X axis) and the second principal component (Y axis). The first 

principal component represents the most variance between the variables and the second 

principal component represents the second variance between the variables. This has 
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provided the discrimination between the fractions. The NMR spectra were divided into 

serious of small bins (buckets). The total of intensities of the signals in each bucket is 

measured by relative intensities to reference areas or to the summation of total intensities. 

This is after removal of unwanted signals from residual solvent (DMSO) and water. 

Scaling to the summation of total intensities helps to reduce the effect of variation 

between samples. The buckets are made every 0.02 ppm and variables were generated for 

the range of spectrum from δ 0.0 to δ 14.0 ppm to make sure that all peaks were covered.   

The priority of the test was to discriminate the active fractions that look different and 

located away from the other fractions. The discrimination between the active fractions is 

representing the chemical diversity of the components of these fractions. These 

metabolomes could represent new or novel anti-TB compounds with different mechanism 

of action.     

 

2.4.4 High-Throughput Screening (HTS) Results 

In collaboration with AstraZeneca (Bangalore) and Professor Carl Nathan (Weill 

Cornell), the Nature Bank fraction library was tested against Mtb H37Rv and the 

recombinant mycobacterial lipoamide dehydrogenase (Lpd) enzyme, which is involved 

in Mtb defence against the host immune system. The HTS tested 202,983 natural product 

fractions sourced from a diverse collection of marine invertebrates, plants and fungi. 452 

fractions showed MIC following 11-point dose response analysis (serial dilution starting 

at 1 µL of fraction in 40 µL M. tuberculosis broth). Activity was observed as low as 1 in 

256 dilutions (2 Hits) with 6 Hits at 1 in 128 dilutions and 11 Hits at 1 in 64 dilutions. 

169 fractions inhibited Lpd in a duplicate point assay following a single point HTS. Of 

the 169 Lpd active, 47 were active against M. tuberculosis H37Rv, resulting in 574 

discrete active fractions (Table 2.6). Multivariate statistical analysis PCA will be used to 
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analyse the 574 fractions to identify novel bioactive metabolites and isolate and identify 

the compounds by NMR-guided chromatographic procedures. 

The fractions activity was showing in Micro gram equivalent (µge). Micro gram 

equivalent is the extract, fraction or compound arising from a mass of biota in µg, e.g. a 

fraction with activity at 100 µge means a fraction derived from 100 µg of dried plant 

sample. 

 

Table 2.7 Results of screening Nature Bank fractions against anti-TB activity 

 Mtb 

H37Rv 

Lpd Mtb H3Rv and 

Lpd 

Number of Discrete Active 

Fractions 

Hit Fractions 

 
452 169 47 574 

Table 2.7 shows that 452 (plant and marine) fractions were active against Mtb H37Rv and 

169 fractions were active against LPD enzyme. However, 47 fractions were active against 

both Mtb H37Rv and LPD enzyme. The 47 fractions were taken out of the 169 fractions; 

the result is 122 samples active against just LPD enzyme, plus 452 active against Mtb 

H37Rv, so the final result for both is 574 fractions.   
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Chapter 3. Five Alkaloids from family Rutaceae, genus Euodia 

Abstract          

This chapter reports the isolation and structure elucidation of melicopidine (1), 

normelicopidine (2), melicopine (3), kokusaginine (6,7-dimethoxydictamine) (4) and 

evoxanthine (5). These compounds were isolated from the active anti-TB fraction of 

Euodia sp. collected from Papua New Guinea. The structures of the isolated compounds 

were determined based on proton NMR combined with MS information. 

 

3.1 Introduction  

Rutaceae is a large family containing around 155 genera with 1600 species 

distributed in tropical and subtropical areas. The Rutaceae family includes many members 

of economic importance. Citrus species are the most notable of this family producing 

citrus fruits such as oranges, lemons, mandarins, tangerines, limes and kumquats, and the 

essential oils are used in perfumery. Pilocarpine (a drug used to treat glaucoma) is sourced 

from a Pilocarpus species. Other species are used as ornamentals such as Boronia, 

Choisya, Poncirus, and Skimmia. [1]. Euodia is the smallest genus of the family, it has 

just seven species after the latest revision conducted by Hartley in 2001 [2, 3]. Euodia 

has the smallest distribution compared to other species, being confined to New Guinea, 

the Bismarck Archipelago, the Solomon Islands, Australia, and New Caledonia, with one 

widespread species (E. hortensis) extending towards the east into the Pacific to Samoa, 

Niue and Tonga. The expansion towards the east of Fiji may not be natural as the species 

is cultivated and has been used in traditional medicines and ceremonies [3]. Euodia 

species have shown antibacterial and antifungal activities [4, 5] and some alkaloids 

isolated from Euodia species have shown cytotoxic activities against human 

promyelocytic leukemia HL-60 cells and human gastric carcinoma N-87 cells [6]. Adams 
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et al. reported that quinolinone alkaloids (1-mwthyl-2-nonyl-4 (1H)-quinolinone (1), 1-

methyl-2-(6Z)-6-undecenyl-4-(1H)-quinolinone (2), 1-methyl-2-(4Z,7Z)-4,7-

tridecadienyl-4(1H)-quinolinone (3), eocarpine (4), and 1-methyl-2-(6Z,9Z)-6,9 

pentadecdienyl-4(1H)-quinolinone (5), were extracted from E. rutaecarpa fruits and 

showed activity  against M. phlei, M. fortuitum and M. smegmatis. Compound (2) showed 

MIC value of MIC 2 µg/mL against M. smegmatis, when the positive control isoniazid 

showed MIC at 4 µg/mL [7, 8]. 

Fractions from plant roots of genus Euodia sp. collected from Papua New Guinea 

on 17 MAY 2000, [ID5030200P01474] showed activity against Mtb H37Rv in the HTS 

campaign at MIC value of 10 μge/µL. The biota is one of the singleton samples of the 

taxonomic clustering (sample 84, table 2.5, chapter 2). This chapter illustrates the 

isolation and structure elucidation of 5 alkaloids from the anti-TB active fraction 4. 1D  

and 2D NMR experiments have been used to elucidatethe structure of natural products, 

since 1970’s [9]. 

 

3.2 Results and Discussion 

3.2.1 Extraction and Isolation 

Dried and ground 300 mg roots of Euodia sp. voucher ID [5030200P01474] was 

extracted and fractionated to give 5 fractions using the Lead-like Enhanced (LLE) 

extraction and fractionation protocol previously explained in detail (Figure 2.2 chapter 

2). The HPLC separations were performed on a reversed-phase Onyx Monolithic C18 

HPLC column (4.6 mm × 100 mm) using a linear gradient from 90% (solvent B) H2O 

(0.1% TFA)/10% (solvent A) MeOH (0.1% TFA) to 50% B/50% A in three mins at a 

flow rate 4 mL/min (Table 2.1, Figure 2.4), a convex gradient to 100% A at 6.50 min at 

a flow rate 3 mL/min, held at 100% A for another 0.5 min at a flow rate 3 mL/min, held 

at solvent A for more one minute (8 mins in total) at a flow rate 4 mL/min. Then a linear 
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gradient back again to 90% B/10% A in one min (9 min in total) at a flow rate 4 mL/min, 

held for two mins to calibrate the column to be ready for the next run. The total run time 

for each LLE extract injection was 11 min. Each fraction was subjected to 800 MHz NMR 

to obtain the proton NMR fingerprints of each fraction. The proton NMR spectra (Figure 

3.1) of the active fraction 4 (5 to 6 min) was used as a control to isolate compounds from 

a subsequent large-scale extraction. The proton NMR spectrum of fraction 4 (active) was 

compared to the proton NMR of the isolated compounds to ensure all compounds were 

isolated. Compounds that did not contain peaks within the NMR of fraction 4 were 

neglected as the activity was only in Fraction 4 and not in other fractions. The key signals 

in the proton NMR of the active fraction 4 indicated aromatic compounds. 

 

 

Figure 3.1 HPLC/UV profile (top) and proton NMR spectrum (bottom) of active 

fraction 4 

 

 

3.2.2 Large Scale Isolation  

Ground and freeze-dried roots of Euodia sp. [ID5030200P01474] (10 g) was 

extracted according to the Large-Scale Extraction protocol (Figure 3.2), by 

dichloromethane/methanol (80:20), then extracted twice with methanol 100% to give a 

crude extract (0.548 g). The extract was fractionated by HPLC on a reversed-phase C18 
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Betasil column using a gradient from 10% to 100% MeOH (0.1% TFA) at 50 mins. The 

run was continued for 60 min with 60 fractions collected.  

 

 

 

Figure 3.2 Large Scale Extraction Protocol.  

 

 

Sixty fractions were collected (one fraction every 1 min) at 9 mL volume (Figure 

3.3). Using the UV profile, all tubes in the range of the active fraction 4 were collected 

and tested by NMR to confirm the exist of the metabolomes of active fraction 4. One pure 

major compound was isolated from this run (F42 & F43), which yielded 34.7 mg of 

compound 1 (Figure 3.3). 
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Figure 3.3 HPLC Chromatogram (top) and diode array spectrum (bottom) of 60 

fractionation method, fractions 42 & 43, compound 1. 

 

The fractions 44 to 50 were combined and injected to the same column. Initial 

isocratic conditions of 35% MeOH (0.1% TFA) were used for 45 mins; then a linear 

gradient from 35% to 100% MeOH was performed within 10 min and continued isocratic 

for 5 min at a flow rate 9 mL/min at 25 C, before it stopped at 60 min of the total run. 

Fraction 48 yield 0.5 mg of compound 2 and fraction 52 yield 1.3 mg of compound 3 

(Figure 3.4).  

 

 

Figure 3.4 HPLC Chromatogram (top) and diode array spectrum (bottom) of 

purification of fractions (44-50). 

 

The fractions 34 to 41 were combined and injected to the same column. Initial 

isocratic conditions of 20% MeOH (0.1% TFA) were used for 25 min; then a linear 

gradient from 20% to 50% MeOH was performed within 15 min and continued isocratic 

for 20 min, then reached 100% MeOH in 5 min, and continued isocratic for 15 min at a 
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flow rate 9 mL/min at 25 °C, before it stopped at 70 min of the total run. Fraction 35 yield 

1.2 mg of compound 4 and fraction 36 yielded 2.2 mg of compound 5 (Figure 3.5).  

 

 

Figure 3.5 HPLC Chromatogram (top) and diode array spectrum (bottom) of 

purification of fractions (34-37). 

 

Five pure compounds were isolated from the active fraction of this plant biota as 

shown in the isolation map (Figure 3.6). Since, the isolation was based on the 1H NMR 

fingerprints, the isolated compounds must be in the 1H NMR spectrum range of the active 

fraction 4. The proton NMR of the pure isolated compounds were compared to the proton 

NMR of  the active fraction 4 (Figure 3.7).  

 

 

Figure 3.6 The isolation map of biota NB028307. 
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Figure 3.7 Proton NMR spectra of active fraction 4 (F4) and pure isolated compounds. 

The numbers (1), (2), (3), (4) and (5) are representing the isolated compounds from 1 to 

5. 

 

3.2.3 Structure Elucidation of Isolated Compounds 

3.2.3.1 Structure Elucidation of compound 1 

 

A pure compound was isolated between 42 and 43 mins of the first fractionation. 

LC-MS positive mode data showed a proto-molecular ion peak [M+H]+ of 314 amu, and 

HRESIMS data gave a [M+Na]+ ion at m/z 336.08, and [M+H]+ ion at m/z 314.1325, 

suggesting the molecular mass of 313 amu, which is consistent with a molecular formula 

of C17H15NO5, with 11 degrees of unsaturation.     

The 1H NMR spectrum (Figure 3.8) in DMSO-d6 of the 78% MeOH / 22% H2O 

fraction displayed 15 proton signals. Four aromatic proton signals (CH) between δH 7.2 

and 8.1 ppm, two methoxy groups (O-CH3) as singlets at δH 3.86 and 3.87 ppm. The data 

also showed singlet proton signal of methyl group (CH3) connected to nitrogen atom 

(unknown yet) at δH 3.82 ppm. Two protons of methylene group (CH2) singlet at δH 6.17 

ppm were connected to two oxygen atoms indicating the presence of acridone alkaloids.  
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Figure 3.8 1H NMR spectrum (800 MHz, DMSO-d6) of compound 1. 

 

The 13C NMR spectrum (Figure 3.9) of 1, showed 17 different types of carbon 

signals. Four aromatic carbons are located between δC 116.5 and 132.8 ppm and 

connected to single protons. Nine aromatic quaternary carbons located between δC 113.9 

and 145.1 ppm, including one carbonyl group showing down field signal at δC 175.8 

ppm. Two methoxy groups located at δC 60.6 and 61.0 ppm, and one methyl group 

connected to the nitrogen atom located at 41.8 ppm. The assignment of the 13C NMR 

spectrum was confirmed with 2D NMR experiments HSQC, COSY, and HMBC (Table 

3.1).  

 

 

Figure 3.9 13C NMR (800 MHz, DMSO-d6) spectrum of compound 1. 

 

COSY spectrum (Figure 3.10) shows the correlation of 1H-1H, which 

neighbouring or adjacent to each other. This experiment has confirmed the information 
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protons (Figure 3.11). The proton at δH 7.59 of C5 showed cross-peak to C7 at δC 121.3 

and C8a at δC 123.4. The proton at δH 7.69 of C6 showed correlation to C8 at δC 125.7 

and C5a at δC 144.2. Also, the proton at δH 7.23 of C7 showed cross-peak to C5 at δC 

116.5 and C8a at δC 123.4. The proton at C8 (δH 8.08) showed a correlation in the HMBC 

experiment to the carbonyl signal (δC 175.8) of C9 and an aromatic carbon (δC 144.2) of 

C5a indicating the benzene ring was adjoined to an aldehyde. The two protons at δH 6.17 

of C10 correlates to both C2 and C3 at δC 145.1 and 135.2 respectively. The 3 protons at 

δH 3.82 of the methyl group which connected to the nitrogen correlate to C4a at δC 136.6 

and C5a at δC 144.2. The 3 protons of methoxy group at δH 3.87 correlate to C4 

(Quaternary) at δC 128.9, and the 3 protons of methoxy group at δH 3.86 correlate to C1 

(Quaternary) at δC 137.2. 

 

Figure 3.12 HMBC NMR (1H -13C) (800 MHz, DMSO-d6) spectrum of compound 1. 

 

Even with all these obtained data, it was hard to identify the structure of this 

alkaloid because of the low number of hydrogens and was hard to connect the fragments 

of this compound together (Figure 3.11 and 3.13).  
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Figure 3.13 Extra fragments of compound 1, based on HSQC and 13C HMBC 

experiments. 

 

 

So, a 15N HMBC (15N - 1H) experiment was ran. After 40 mins (7 scans) it showed that 

the 3 protons at δH 3.82 of the methyl group were strongly correlated to nitrogen, when 

the proton at δH 7.59 of C5 showed weaker correlation. This has shown the distance of 

those correlations (Figure 3.14). The 15N HMBC correlation has confirmed that the 

methylamine group is connected to both the dimethoxybenzene and the benzene ring 

(Figure 3.15). 

 

Figure 3.14 HMBC 15N NMR (800 MHz, DMSO-d6) spectrum of compound 1. 

 

A search of the literature indicated that the NMR data of  compound 1 closely matched 

that of the previously reported compound (melicopidine compound) (Figure 3.15, Table 

3.1). 
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replacing the methoxy group in compound 1. The compound amount was very little, so it 

was hard to obtain the 13C NMR spectrum, however, like compound 1 (analogues), COSY 

experiment confirmed the adjacent of the four aromatic protons at δH 7.77, δH 7.84, δH 

7.36 and δH 8.23 indicated on the benzene ring at C5, C6, C7 and C8 respectively. In 

HMBC the three protons of the methylamine group δH 3.82 correlate to C4a, indicating 

that the methoxy was joined to phenol phenyl ring. The three protons of the methoxy 

group δH 4.02 correlate to C4,   indicating that the methylamine was adjacent to methoxy 

phenol.  

The proton NMR results was matched to the published data (Table 3.2) of 

normelicopidine. COSY and HMBC were assigned on the structure (Figure 3.17). 

 

 

 

 

Figure 3.16 1H and 13C NMR (800 MHz, in DMSO-d6) spectra of 2, (peak at δH 2.5 

represents DMSO-d6 solvent). 

 

Table 3.2 1HNMR data (800 MHz, in DMSO-d6) of compound 2 compared to the 

published data for normelicopidine compound [10]. 

 1H type 1H, J in Hz Reported 1H, J in Hz  COSY 

1 OH 14.62, 1H, s 14.7, 1H, s  

8 CH 8.23, 1H, d (8) 8.32,1H, d (8.9)  7 

6 CH 7.84, 1H, t (7.77) 7.79, 1H, dd (8.7, 7.6) 5, 7 

5 CH 7.77, 1H, d (8.6) 7.76, 1H, d (8.7) 6 

7 CH 7.36, 1H, t (7.4) 7.64, 1H, d (8.9, 7.6) 6, 8 

10 OCH2O 6.18, 2H, s 6.05, 2H, s  

 NCH3 3.82, 3H, s 3.86, 3H, s  

 OCH3 4.02, 3H, s 4.03, 3H, s  
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3.2.3.4 Structure Elucidation of Compound 4 

 

The structure elucidation of (4) was principally achieved by MS, NMR using 

deuterated DMSO-d6 solvent. The HRESIMS positive mode data showed a proto-

molecular ion peak 519.1756 [2M + H], m/z 260.0922 [M + H], suggesting that the 

molecular mass of 259 amu, and molecular formula of C14H13NO4. 

The proton NMR spectrum (Figure 3.20) in DMSO-d6 displayed 13 proton 

signals. Two aromatic proton signals (CH) of δH 7.42 and 7.26 ppm singlet, three 

methoxy groups (O-CH3) singlet at δH 4.42, 3.91 and 3.88 ppm. Also, two doublet 

protons on the furan ring at δH 7.94 and 7.41 ppm, coupled to each other with special J 

coupling (J=2.7), evidence of furan as was confirmed in COSY experiment, indicating 

the presence of quinolone alkaloid.  

The 13C NMR spectrum (Figure 3.20) of 4, showed 14 different types of carbon 

signals. Four aromatic carbons are located between δC 100 and 143.1 ppm and connected 

to single protons. Seven aromatic quaternary carbons, including one carbonyl group 

showing down field signal at δC 162.5 ppm. Three methoxy groups located at δC 54.1, 

54.9 and 60.01 ppm.  

In compound 4, the HMBC correlation from proton δH 7.41 of H-3 to C4 δ155and 

the ROESY correlation between H-3 δH 7.41 and CH3O-C4 δ155 confirmed the 

connection of the furan ring via C3a δ101.9 and C4 δ155. More HMBC correlations were 

observed from the three protons of methoxy groups at δH 3.91 to the carbon of C7 δ152.3 

, from the three protons of methoxy groups at δH 3.88 to the carbon of C6 δ147.5  and 

from the three protons of methoxy groups at δH 4.42 to the carbon of C4 δ147.5. The 1H, 

13C and 2D NMR data (HSQC, COSY, HMBC and ROSY) has confirmed the structure 

of kokusaginine (Table 3.4 and Figure 3.21). 
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3.2.3.5 Structure Elucidation of Compound 5  

 

The structure elucidation of 5 was principally achieved by MS, NMR using 

deuterated DMSO-d6 solvent The HRESIMS positive mode data showed dimes a sodium 

adducts peak 589.1580 [2M + Na], m/z 284.0919 [M + H], suggesting that the molecular 

mass of 283 amu, and molecular formula of C16H13NO4. In compound 5, the1H NMR of 

800 MHz spectrum data, (Figure 3.22, Table 3.5) showed singlet proton signal at δH 7.14 

ppm of C4 replacing the methoxy group in compound 1, Figures 3.23 and 3.24.  

In compound 5 this was confirmed by ROESY when H-4 δ7.14 correlates to the three 

protons of the methylamine group and was also observed by HMBC correlation when 

again the H-4 at δH 7.14 corelated to the C9a δ 111 and C2 δ133. The HMBC correlations 

were assigned in 5 like compound 1 and 3 (analogues), the proton of the benzene ring of 

C8 at δH 8.2 correlates to the carbonyl group at δC 174 of C9 and correlates to the aromatic 

carbon C5a at δC 141.2, indicating the benzene ring was substituted to an aldehyde. 

 

 

Figure 3.22 1H and 13C NMR (800 MHz, in DMSO-d6) spectra of 5, (peaks at δH 2.5, 

and δC 39.5 represents DMSO-d6 solvent). 
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All the major compounds were isolated from the active fraction 4, and represented 

the peaks appeared in the aromatic region from 6 to 8 ppm. From the literature, no 

previous studies have shown that any of these compounds were tested against M. 

smegmatis or Mtb. Compounds 1, 2 and 3 showed cytotoxic and antimalarial activity in 

vitro. Normelicopidine showed the strongest activity against LNCaP, Dd2, and PC-3M at 

IC50 values of 21.1, 18.9, and 12.5 µg/mL respectively [13]. In this study, an extended 

evaluation of antimycobacterial effect for these compounds against M. smegmatis 

mc2155, H37Rv and Mtb mc26230 was carried out. None of these five compounds showed 

activity against the three cell lines. The biological activity of the fraction is not explained 

by the 5 major compounds, however there are minor compounds. Peaks were highlighted 

in red arrows (2.02, 3.0, 4.13, 4.66, 5.76, 6.53 ppm) represent the minor compounds that 

have not been isolated (Figure 3.26). 

This might explain that the activity of active fraction 4 is more likely to be related to the 

minor compounds in this fraction. This biota could be worth for further investigation in 

future if 1 kg of a grounded material is available.  

 

 

Figure 3.26 Proton NMR spectra of active fraction 4, red arrows point to peaks of 

minor compounds. 
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3.4 Materials and Method 

3.4.1 General Experimental Procedures 

The ground and freeze-dried roots of the biota sample genus Euodia sp. (10 g) 

[ID5030200P01474] where was extracted according to the Large-Scale Extraction 

protocol. The protocol is 10 g was extracted with 250 mL of hexane for 2 hrs on an orbital 

shaker (at 200 rpm for all extractions) at 25 °C. The extract was filtered under gravity and 

discarded. Then 250 mL of DCM/MeOH (4:1) was added to the biota and extracted for 2 

hrs. The DCM / MeOH extract was filtered under gravity and the biota was further 

extracted with two lots of 250 mL of MeOH for 2 h and overnight, respectively. Both 

MeOH extracts were combined with DCM / MeOH (4:1) extract and dried to obtain the 

crude extract (Figure 3.3).  

The crude extract (yield of 0.548 g) was fractionated by HPLC gradient method 

with solvents (MeOH, 0.1% TFA) and (H2O, 0.1% TFA) using a semi-preparative 

reversed-phase C18 Betasil column (150 mm×21.2 mm). Initial isocratic conditions of 

10% MeOH were used for 10 min; then a linear gradient from 10% to 100% MeOH was 

performed within 40 min and continued isocratic for 10 min at a flow rate 9 mL/min at 

25 C, before it stopped at 60 min of the total run (Table 3.6).  

 

Table 3.6 Semi-preparative HPLC Screening method (60 fractionation). 

Time Flow  

mL/min 

Solvent A  

MeOH (0.1% TFA) 

Solvent B  

H2O (0.1% 

TFA) 

Curve 

0 

1 

10 

50 

60 

60.1 

0.1 

9 

9 

9 

9 

0 

10 

10 

10 

100 

100 

100 

90 

90 

90 

0 

0 

0 

6 

6 

6 

5 

5 

5 
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NMR spectra for of the compounds were recorded in DMSO-d6 (δH 2.50 and δC 

39.5) at 25 °C on a Bruker AVANCE III HDX 800 MHz NMR spectrometer (Fallanden, 

Zurich, Switzerland) equipped with a triple resonance cryoprobe. High-resolution 

electrospray ionization mass spectra (HRESIMS) were recorded on a Bruker maXis II 

ETD ESI- qTOF (Bruker, Bremen, Germany). The HPLC system for LLE fractions for 

phenotypic screening included a Waters 600 pump (Milford, MA, USA) fitted with a 996-

photodiode array detector and Gilson FC204 fraction collector (Middleton, WI, USA). 

The HPLC system for purification of re-extracted material was a semi-preparative 

Thermo Ultimate 3000 system with a PDA detector (Waltham, MA, USA). A 

Phenomenex C18 Monolithic column (5 μm, 4.6 × 100 mm) was used for LLE 

fractionation; a reversed-phase YMC-Pack ODS-AM C18 column (S-5 µm, 150 × 20 mm) 

was used for semi-preparative HPLC. 

 

3.4.2 Natural Product Fraction Library  

The lead-like enhanced natural product fraction library (202,983 fractions) was 

constructed as previously described in chapter two, and previously published [14].  

 

3.4.3 Melicopidine (1) 

Light yellow prismatic crystal; HRMS m/z 336.08 [M + Na], m/z 314.2 [M + H], 

calcd. MW for 313. 1H NMR (DMSO-d6, 800 MHz): δH 8.08 (1H, dd, J = 7.8 Hz, H8), 

7.69 (1H, t, J = 8.4, 7.7Hz, H6), 7.59 (1H, d, J = 8.6 Hz, H5), 7.23 (1H, d, J = 8.2, 7.4 

Hz, H7), 6.17 (2H, s, OCHO), 3.87, 3.86 (3H, s, 2OCH), 3.82 (3H, s, NCH); 13C NMR 

(DMSOd, 800 MHz); δC 175.8 (CO-C9), 137.2(C1), 135.2 (C3), 144.2 (C5a), 132.8 

(C6), 145.1 (C2), 128.9 (C4), 136.6 (C4a), 125.7 (C8), 123.4 (C8a), 121.3 (C7), 116.5 

(C5), 113.9 (C1a), 102.7 (OCH2O), 60.6, 61.0 (2O-Me), 41.8 (NMe). 

 



                          133                                        

 

 

3.4.4 Normelicopidine (2) 

Orange needles; HRMS m/z 621.1416 [2M + Na], m/z 322.0652 [M + Na], calcd. 

MW for 299.1H NMR (DMSO-d6,800 MHz): δH 10.86 (1H, s, OH), 8.13 (1H, d, J = 8.9 

Hz, H8), 7.83 (1H, dd, J = 8.7, 7.6 Hz, H6), 7.62 (1H, d, J = 8.7 Hz, H5), 7.20 (1H, d, 

J = 8.9, 7.6 Hz, H7), 6.15 (2H, s, OCHO), 4.04 (3H, s, OCH), 3.85 (3H, s, NCH). 

 

3.4.5 Melicopine (3) 

 

Light yellow needles; HRMS m/z 649.1727 [2M + Na], m/z 314.0991 [M + H], 

calcd. MW for 313. 1H NMR (DMSO-d6, 800 MHz): δH 8.53 (1H, dd, J = 9.0 Hz, H8), 

7.90 (1H, dd, J = 8.7, 7.7Hz, H6), 7.75 (1H, d, J = 8.7 Hz, H5), 7.58 (1H, d, J = 9.0, 7.7 

Hz, H7), 6.08 (2H, s, OCHO), 4.01, 3.98 (3H, s, 2OCH), 3.97 (3H, s, NCH); 13C NMR 

(DMSOd, 800 MHz); δC 176.1 (CO-C9), 149.8 (C1), 143.8 (C3), 143.1 (C5a), 134.1 

(C6), 133.6 (C2), 131.9 (C4), 127.1 (C4a), 127.0 (C8), 122.9 (C8a), 121.6 (C7), 115.5 

(C5), 114.3 (C1a), 102.3 (OCH2O), 62.4, 61.4 (2O-Me), 39.2 (NMe).  

 

3.4.6 Kokusaginine (6,7-Dimethoxydictamine) (4) 

Light yellow amorphous powder; HRMS m/z 519.1756 [2M + H], m/z 260.0922 

[M + H], calcd. MW for 259. 1H NMR (DMSO-d6, 800 MHz): δH 7.94 (1H, d, J =2.7 

Hz, H-2), 7.42 (1H, s, H-5), 7.41 (1H, d, J =2.7 Hz, H-3), 7.26 (1H, s, H-8), 3.91 (3H, s, 

OCH), 3.88 (3H, s, OCH), 3.42 (3H, s, OCH); 13C NMR (DMSOd, 800 MHz); δC 162 

(C1), 155 (C4), 152.3 (C7), , 147.5 (C6), 143.13 (C2), 141.8 (8a), 112 (C4a), 106.5 (C8), 

105.3(C3), 101.9 (C3a), 99.9 (C5), 59.2 (O-Me), 55.6 (O-Me), 55.49 (O-Me). 

 

3.4.7 Evoxanthine (5) 

Light yellow powder; HRMS m/z 589.1580 [2M + Na], m/z 284.0919 [M + H], 

calcd. MW for 283. 1H NMR (DMSO-d6, 800 MHz): δH 8.2 (1H, d, J = 8.13 Hz, H8), 
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7.71 (1H, d, J = 1.5, H5), 7.69 (1H, t, J = 6.9, 6.13Hz, H6), 7.26 (1H, t, J =8.13, 6.9 Hz, 

H-7), 7.14 (1H, s, H-4), 6.15 (2H, s, OCHO), 3.81 (3H, s, NCH), 3.92 (3H, s, OCH); 

13C NMR (DMSOd, 800 MHz); δC 174 (COC9), 141.9 (C1), 153.4 (C3), 141.8 (C4a), 

141.2 (C5a), 133 (C2), 132.8 (C6), 126.0 (C8), 122 (C8a), 121 (C7), 115 (C5), 111 (C9a), 

91.21 (C4), 102 (OCH2O), 60.67 (O-Me), 35.28 (N-Me). 
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Chapter 4 

Abstract 

This chapter reports the isolation, structure elucidation and target identification of 

altholactone isolated from the active anti-TB plant fraction of a Polyalthia species, 

collected from Papua New Guinea. The leaves extract of this species was one of the biota 

samples that showed activity against Mtb in the high-throughput screening (HTS) of the 

fraction library. The structure of altholactone was determined based on proton NMR 

fingerprints combined with MS information. Target identification was determined using 

Fourier transform mass spectrometry (FTMS) by testing the binding affinity of the protein 

ligand complex. 

 

• The study was published in the journal Molecules on 18 May 2020. 

            Molecules 2020, 25, 2384; doi:10.3390/molecules25102384, 

            www.mdpi.com/journal/molecules 
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4.1 Discovery of a Natural Product that Binds to the Mycobacterium 

Tuberculosis Protein Rv1466 Using Native Mass Spectrometry  

 

Ali R. Elnaas, Darren Grice, Jianying Han, Yunjiang Feng, Angela Di Capua, Tin Mak, 

Joseph A. Laureanti, Garry W. Buchko, Peter J. Myler, Gregory Cook, Ronald J. Quinn 

and Miaomiao Liu  

 

(Results were published in the Molecules 2020, 25, 2384; 

doi:10.3390/molecules25102384) 

 

4.1.1 Brief Introduction  

Polyalthia genus is a flowering plant in the family Annonaceae, spread out from 

Africa to Asia and the Pacific including Papua New Guinea. A high throughput 

phenotypic screening of 202,983 Nature Bank (NB) lead-like enhanced (LLE) fractions 

against M. tuberculosis H37Rv was initially performed. One major compound 

Altholactone (Figure 4.1 A) was isolated, identified and tested against different cell lines; 

Mtb H37Rv, Mtb H37Ra, Mtb strain mc26230 and M. smegmatis mc2155 (figure 4.1 B). 

Isoniazid was used as a positive control in this study at MIC of 0.2 µM. The Active 

fractions were screened against a panel of 37 putative anti-tuberculosis (TB) targets from 

Mycobacteria species, each protein was pooled with 9 fractions (40 Pool Fractions in 

total). The pooled fraction–protein mixtures were examined by native mass spectrometry 

to identify protein–ligand complexes. The Rv1466 Mtb protein was identified as a 

putative target for the small molecule (altholactone). Figures 4.1 and 4.2 present the 

optimal spectra and parameters of the FTMS machine of the experiments.    
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Figure 4.1 (A) Structure ofaltholactone; and (B) biological activity of 

altholactone against Mycobacteria strains and species. 

 

 

 

 

 
 

Figure 4.2 Comparison between spectra of Mtb protein Rv1466 at (A) the standard 

parameters and (B) the optimal parameters. 

 

 

 

Mycobacteria strains MIC 

Mtb strain mc26230 64.0 μM 

M. smegmatis mc2155 500.0 μM 

Mtb H37Ra [22] 26.9 μM 

Mtb H37Rv [23] 137.9 μM 
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Abstract: Elucidation of the mechanism of action of compounds with cellular 

bioactivity is important for progressing compounds into future drug development. In 

recent years, phenotype-based drug discovery has been the dominant approach to drug 

discovery over target-based drug discovery, which relies on the knowledge of a specific 

drug target of a disease. Targeting an infectious disease via a high throughput 

phenotypic assay is still highly advantageous to identifying the compound’s cellular 

activity. A fraction derived from the plant Polyalthia sp. showed activity against 

Mycobacterium tuberculosis at 62.5 μge/μL. A known compound altholactone, was 

identified from this fraction that showed activity towards M. tuberculosis at an 

minimum inhibitory concentration (MIC) of 64 μM. Retrospective analysis of a target-

based against a TB proteome panel using native mass spectrometry, established that 

the active fraction was bound to the mycobacterial protein Rv1466 with an estimated 

pseudo Kd of 42.0 ± 6.1 µM. Our findings established Rv1466 as the potential molecular 

target of altholactone, which is responsible for the observed in vivo toxicity towards M. 

tuberculosis.      
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1. Introduction 

Tuberculosis (TB) is the leading cause of death by an infectious agent worldwide, 

claiming an estimated 1.3 million lives in 2018, with an estimated 10 million people 

becoming ill with the disease [1]. The etiological agent responsible for TB is 

Mycobacterium tuberculosis (Mtb), an airborne bacterial pathogen. Humans are the only 

known reservoir for Mtb, where a complex mechanism has evolved that allows the 

pathogen to survive and replicate within macrophages and maintain a life-long latency 

within the host [2]. While modern public health care systems and effective drug 

treatment programs have made TB “invisible” for the most part in North America and 

Western Europe, the emergence of multidrug and extremely drug-resistant strains of 

Mtb could allow the disease to return to this part of the world with a vengeance [3]. In 

2018, there were half a million new cases of rifampicin-resistant Mtb, of which 78% were 

multidrug-resistant TB [1]. Consequently, there is an urgency to develop new 

intervention therapies to keep ahead of the disease.  

A rich potential resource for the development of new intervention strategies against 

TB and other infectious diseases are natural products [4,5]. Since ancient times, drugs 

derived from natural sources have been employed to treat diseases and ailments. 

Recently there has been a return to natural products for lead compound identification 

[6–8]. Natural products are largely secondary metabolites with small molecular weights 

extracted from other living organisms. The wide diversity of life under different 

environments provides a chemical diversity of low molecular weight compounds that 

do not exist in comparison to standard combinatorial organic chemistry. Given that less 

than 10% of nature has been evaluated for medicinal properties, natural products 

represent a large under-explored reservoir for drug discovery [9]. As this reservoir is 

rapidly shrinking due to human activities, such as poor land management [10], war [11], 

and global warming [12], reducing the biodiversity on our planet [13], there is an 

urgency to harness these natural resources for medical purposes, before they disappear. 

In contrast to the large number of compounds isolated from nature, the number of 

these compounds whose target molecules have to date been identified is limited. 

Elucidation of the mechanism of action of bioactive natural products that show 

antimicrobial activity towards infectious diseases is an important but challenging field 

[14]. At the same time, this is the major bottleneck for drug development of synthetic 

compounds identified in phenotype-based screening. Over the years, several new target 

identification strategies have been developed and the number of successful examples is 

steadily growing [15]. Furthermore, in the case of natural product drug discovery, the 

additional challenge is low compound availability, limiting the use of some target 

identification strategies. 

2. Results 

In this work, we used both phenotype-based screening and target-based screening 

to sequentially identify a low molecular weight compound with phenotypic activity, 

along with the potential molecular target of the molecule (Figure 1). Identifying a 

putative protein target allows the initiation of a target validation campaign to 
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understand the underlying mechanism of action [16]. With regards to targets with 

uncharacterized/unannotated functions, ligand identification can be a vital first step 

towards decoding the biochemical function, because the identified ligand and natural 

substrate might share functional groups or structural features [17]. In this study, 

phenotypic activity was identified through high throughput screening of a natural 

product fraction library against M. tuberculosis. Library fractions with favorable 

phenotypic activity were then screened against a panel of purified putative M. 

tuberculosis targets. This was achieved with native mass spectrometry screening 

employing electrospray ionization magnetic resonance mass spectrometry (MRMS) 

[18,19]. A crude estimation of the ligand’s dissociation constant, Kd, with the target 

could be obtained by a mass spectrometry (MS) dose response curve. 

 

 

 

 

 

Figure 1. Overview of natural product drug discovery using both phenotypic 

screening and a target screening approaches. A high throughput phenotypic 

screening of 202,983 Nature Bank (NB) lead-like enhanced (LLE) fractions [20] 

against M. tuberculosis H37Rv was initially performed. Active fractions were 

screened against a panel of 37 putative anti-tuberculosis (TB) targets from 

Mycobacteria species. To lower sample consumption, especially protein, nine 

active fractions were pooled (40 Pool Fractions) and incubated with each of the 

target proteins. The pooled fraction–protein mixtures were examined by native 

mass spectrometry to identify protein–ligand complexes. The mass shift 

between the protein (black) and the protein–ligand complex (red) peaks 

provided the molecular weight of the bound ligand. 

A high-throughput screening (HTS) of fractions from plant species and marine 

organisms against Mtb identified a series of active fractions. Fraction 2 derived from the 

plant Polyalthia sp. showed anti-Mtb activity with an MIC value of 62.5 μge/μL. Further 

isolation and purification led to identification of a known compound, altholactone, with 

a molecular weight of 232 Da (Figure 2A). Altholactone was first discovered from a 

Polyalthia species in 1977 [21]. Previous studies have shown that altholactone exhibit 

antimycobacterial activities against the Mtb strains H37Ra and Mtb H37Rv, with MIC 

values of 6.25 μg/mL (26.9 μM) [22] and 32 μg/mL (137.9 μM) [23], respectively. In the 

present study, we extended these explorations to evaluate the antimycobacterial effect 

of altholactone against M. smegmatis mc2155 and Mtb mc26230. As shown in Figure 2B, 

altholactone showed activity against M. smegmatis with an MIC value of 500 μM (tested 

range 3–500 μM). In addition, it showed activity against the Mtb strain mc26230 (MIC = 

64 μM, tested range 4–512 μM) that contained two deletions in the 9455-bp region of 
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deletion 1 (RD1) and the pantothenate biosynthesis pathway, to render the organism 

non-pathogenic. 

 

 

Figure 2. (A) Structure of altholactone; and (B) biological activity of altholactone 

against Mycobacteria strains and species. 

 

We have recently published a new natural product drug discovery approach 

‘PhenoTarget Drug Discovery’, which combines phenotypic screening followed by 

target screening on the phenotypic active natural product fractions [24]. The objective 

was to identify compounds with cellular activities and also identify the molecular target. 

This approach could be equally applied to pure compound libraries as well as natural 

product fraction/extract libraries, due to the development of a highly sensitive and easy-

to-perform target screening technique, using cloned and purified proteins. The target 

identification component directly observed non-covalent and covalent protein–ligand 

complexes. A particular advantage of this method is that it requires no tag, e.g., a biotin 

or fluorescent tag to be added to the compounds or proteins. The rapid, label-free native 

MS approach depends on non-denaturing electrospray-ionization (ESI) to recognize 

multi-charged proteins in their near-native states. Due to the gentle conditions employed 

to spray the target in the native state it was possible to directly observe non-covalent and 

covalent protein–ligand complexes [25]. The difference between the mass-to-charge ratio 

(Δm/z) for the protein–ligand complex and the unbound protein ions multiplied by the 

charge state (z) directly provided the molecular weight of the bound ligand (hit) 

(MWligand = Δm/z × z).  

Retrospective analysis of native MS screening on 40 pool fractions combined with 

362 hit fractions with anti-Mtb H37Rv cellular activity against a panel of 37 purified 

putative mycobacterial drug targets was conducted. A pool fraction containing a “hit” 

fraction derived from Polyalthia sp. was identified as forming a protein–ligand complex 

with the Mtb protein Rv1466. As shown in Figure 3A, three charge states, 5+, 6+, and 7+ 

were observed for Rv1466, under the native MS conditions. As shown in Figure 3B, upon 

addition of the active pool fraction, the same three charged states were observed but all 

shifted to higher m/z. Using the dominant peak as an example, the molecular weight of 

the bound ligand was calculated to be 232.06 Da ((2462.35069–2423.67327) × 6 = 232.06 

Da), which was consistent with the covalent binding of the isolated compound 

altholactone (Figure 3B). Identification of altholactone was confirmed by the observation 

of the same mass spectrum, using isolated pure altholactone and Rv1466 (Figure 3C). 

Mycobacteria strains MIC 

Mtb strain mc26230 64.0 μM 

M. smegmatis mc2155 500.0 μM 

Mtb H37Ra [22] 26.9 μM 

Mtb H37Rv [23] 137.9 μM 
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Figure 3. Native MS spectra of (A) Rv1466; (B) Rv1466 mixed with a pool 

fraction; and (C) Rv1466 mixed with pure isolated altholactone. The same 

binding ligand with molecular weight 232.06 Da was identified from both the 

pool fraction and pure compound altholactone. 

Electrospray ionization-mass spectrometry (ESI-MS) has proven to be a useful tool 

for determining dissociation constants (Kd) for a variety of biological noncovalent 

complexes [26,27]. For covalent binders, a pseudo-Kd can be determined. It measures 

solution binding constants for the complexes in a protein–ligand system by calculating 

the electrospray-ion abundances of the free protein and the complexes [28]. Using the 

automated nanoESI-MS, the pseudo-Kd of altholactone and Rv1466 was measured by 

the titration approach using a constant Rv1466 concentration and titrating in the 

altholactone. Increasing the amount of ligand in the mixture results in the increased 

formation of the complex. The changes in the ratio of free Rv1466 to bound Rv1466 could 

be used to calculate the pseudo-Kd. 

Figure 4 shows fourteen native mass spectra of samples containing 4.5 μM Rv1466 

and increasing concentrations of altholactone (0.001–1000 μM). A ligand concentration 

was reached where the intensity of the protein–ligand complex reached a plateau. The 

ratios of the intensity of the protein–ligand peak and sum of protein peak and protein–

ligand peak were plotted against the concentration of altholactone (Figure 4). Using 

these ratios and Equations (1) and (2), a pseudo Kd of 42.0 ± 6.1 µM was calculated for 

altholactone binding to Rv1466.  

 



148 

 

 

Figure 4. Determination of the pseudo-Kd between altholactone and Rv1466. 

(A) Overlay of the 14 mass spectra of Rv1466 at a concentration of 4.5 μM mixed 

with increasing concentration of pure altholactone (0.001–1000 μM). (B) Plot of 

[P-L]/[P] + [P-L] versus ligand concentrations for the titration of Rv1466 with 

altholactone. The pseudo-Kd was calculated as 42.0 ± 6.1 μM. 

The structure of Rv1466 was solved by SSGCID using NMR-methods and the 

ensemble of structures could be accessed from the Protein Data Bank (5IRD). To assess 

the binding of altholactone to Rv1466, altholacone was docked onto the structure closest 

to the average structure in the ensemble of NMR structures, using the program 

PDB2PQR [29] via UnityMol [30] to at pH 6.9. AutoDock Vina [31] was used within 

Chimera [31] to predict non-covalent binding of the altholactone within the Rv1466 

pocket. The structure shown in Figure 5 is the lowest energy structure with a score of 

−6.7 kcal/mol, a value that falls within a linear correlation between the predicted and 

experimental values, giving high confidence to the docking experiments [31]. As 

illustrated in Figure 5A, the docking program suggests that the altholactone bound to a 

pocket in the protein formed by a three-strand β-sheet and two parallel α-helices. As 

shown in the surface rendition in Figure 5B, the altholactone bound deep inside this 

pocket. The mass spectrometry data suggests that a Ser, Thr, or Lys residue might form 

a covalent bond with the altholactone, and, as illustrated in Figure 5, the side chain of S9 

sits close to the ligand where a reaction could occur. 

 

Figure 5. (A) Cartoon representation of the structure closest to the average structure of 

an ensemble of solution-state NMR structures calculated for Rv1466 (5IRD). Docking 

experiments show that the altholactone bound into a pocket formed by a three-strand 

β-sheet (pale) and two parallel α-helices (blue). The atoms of the stick representation of 

altholactone are colored green (carbon), red (oxygen), and white (proton). The side 

chain of a serine residue, S9, near the altholactone is highlighted. (B) Surface renditions 

of the single structure shown in Figure 5A with a stick representation of altholactone. 

3. Discussion 

In this work, a known compound altholactone was isolated from the plant Polyalthia 

sp. Altholactone has demonstrated anti-inflammatory and anticancer activities against 

eukaryotic tumor cells, and antifungal/antimicrobrial activity against both gram positive 

and negative bacteria [32–35], but the molecular mechanisms responsible were still not 

fully defined. Studies have also shown altholactone cytotoxicity against human HeLa 

cells with an IC50 of 148.7 μM [23]. Mechanism studies reported that altholactone 

inhibited the growth of human bladder cancer T24 cells (IC50 = 43.5 μM) by inducing 
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apoptosis [35] and induced DU145 cell death (IC50 = 38.5 μM), through inhibition of NF-

κB and STAT3 activity [34] 

In the current study, altholactone was shown to inhibit pathogenic Mtb and the fast-

growing non-pathogenic M. smegmatis, with MIC values of 64 and 500 μM, respectively. 

The lack of congruence between results obtained from the Mtb and M. smegmatis assay 

was observed and discussed extensively. While using M. smegmatis-based screens for 

anti-mycobacterial drug discovery remains well-recognized, an important limitation of 

M. smegmatis as a surrogate organism for Mtb drug discovery was sensitivity [36]. A 

significant number of molecules identified in Mtb assays did not show activity against 

M. smegmatis and, thus, would have been missed [37]. 

Retrospective analysis of a previous target screening study of a natural product 

fraction library against a panel of 37 Mycobacterium proteins by native MS identified a 

binding complex between Rv1466 and a ligand with a molecular weight of 232.06 Da. In 

the screening of 362 active fractions, only six fractions bound to Rv1466, ruling out the 

possibility of promiscuous small molecule binding to Rv1466. Further native MS 

experiments confirmed the ligand as altholactone. Rv1466, along with proteins Rv1460 

to Rv1465, comprise the primary Fe–S cluster assembly and repair SUF (mobilization of 

sulfur) machinery in Mtb [38]. Investigation of small molecule inhibitors of SUFs in 

various pathogenic models have been extensively conducted, such as D-cycloserine, 

binding to Plasmodium falciparum SufS (29.2 ± 2.9 µM) [39], and VU0038882, binding to 

the Staphylococcus aureus iron-sulfur (Fe–S) cluster (2.1 µM) [40]. A high-density 

mutagenesis study confirmed that six genes Rv1461 to Rv1466 were required for in vitro 

mycobacterial growth [41]. It was reported that the SUF system plays an essential 

function for Mtb survival, due to its role in providing bacterial resistance to iron 

limitation and oxidative stress [42]. Interruptions of individual protein (Rv1461, Rv1462 

or Rv1463) led to impeding mycobacterial growth [38], suggesting the high possibility 

that inhibiting a component of the multiprotein SUF complex would affect the whole 

SUF system, and eventually lead to mycobacterial death. 

Altholactone is likely to undergo an irreversible hetero-Michael addition reaction 

with an amino acid, such as serine, threonine, or lysine residue of Rv1466. Covalent 

inhibitors possess advantages such as enhanced biochemical efficiency, improved 

pharmacokinetics properties, and potential to overcome drug resistance [43,44]. While a 

protein–ligand complex between altholactone and Rv1466 was identified by our mass 

spectral assay that suggested a reaction with the side chain of a serine, threonine, or 

lysine group, the observation that none of the other 36 proteins in our screen reacted 

with the active fraction or pure altholactone suggests the compound does not react 

promiscuously with all proteins. Our findings indicate that a specific ligand binding 

pocket on Rv1466 with high enough affinity for altholactone is required for the reaction 

to occur. This study identified Rv1466 as a potential protein target of altholactone. 

Further studies, including the use of Rv1466 knock-out strains of Mtb, are necessary to 

confirm if inhibition of Rv1466 by altholactone is the mechanism of action. 

Our findings support that altholactone could represent a novel chemotherapeutic 

natural agent or lead scaffold against tuberculosis. Since the concentration of 

altholactone required to inhibit mycobacterial species is rather high, more potent analogs 

of altholactone need to be developed for practical use in TB treatment. 
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4. Materials and Methods  

4.1. General Experimental Procedures  

NMR spectra for altholactone were recorded in DMSO-d6 (δH 2.50 and δC 39.5) at 25 

°C on a Bruker AVANCE III HDX 800 MHz NMR spectrometer (Fallanden, Zurich, 

Switzerland) equipped with a triple resonance cryoprobe. High-resolution electrospray 

ionization mass spectra (HRESIMS) were recorded on a Bruker maXis II ETD ESI- qTOF 

(Bruker, Bremen, Germany). The HPLC system for LLE fractions for phenotypic 

screening included a Waters 600 pump (Milford, MA, USA) fitted with a 996-photodiode 

array detector and Gilson FC204 fraction collector (Middleton, WI, USA). The HPLC 

system for purification of re-extracted material was a semi-preparative Thermo Ultimate 

3000 system with a PDA detector (Waltham, MA, USA). A Phenomenex C18 Monolithic 

column (5 μm, 4.6 × 100 mm) was used for LLE fractionation; a Thermo Electron Betasil 

C18 column (5 μm, 21.2 × 150 mm) was used for semi-preparative HPLC. 

4.2. Natural Product Fraction Library  

The lead-like enhanced natural product fraction library (202,983 fractions) was 

constructed as previously described [20].  

4.3. Phenotypic Screening Against M. tuberculosis H37Rv  

Growth inhibition of M. tuberculosis H37Rv using the natural product fraction library 

was conducted as previously reported [24]. Fractions were prepared from dried, ground 

biota, as previously described [20]. The terminology 250 μge/μL meant the fraction 

originated from 250 μg of dried, ground biota. Fractions were prepared to the 

concentration of 250 μge/μL and growth inhibition of the M. tuberculosis strain H37Rv 

screening was monitored using 1 μL of fraction, followed by serial dilution in 384-well 

plates. To this, 40 μL of M. tuberculosis ATCC 27294 H37Rv (3–5 × 105 CFU/mL in 

Middlebrook 7H9 broth with 0.05% Tween 80, 10% v/v ADC and Casamino acids) was 

added with a Multidrop dispenser. The plates were then incubated at 37 ℃ for 7 days. 

A 10 μL solution of Resazurin (20 mg/100 mL diluted 1:1 with 10% Tween 80) was added 

and incubated further for an additional 24 h at 37 °C, for color development. Absorbance 

was monitored at two wavelengths (575 and 610 nm) using Spectramax and the ratios 

were determined to calculate the % inhibition. Growth controls in the absence of 

compound as well as media controls served as inhibition ~0% and −100%, respectively. 

MIC—the least concentration which gave ≥80% inhibition was considered as MIC 

(start conc. = 1 μL of fraction (250 μge/μL). 

4.4. Re-Extraction and Purification 

Freeze-dried Polyalthia sp. (10.0 g) was sequentially extracted with n-hexane (250 

mL), CH2Cl2 (250 mL), and MeOH (2 × 250 mL). The CH2Cl2 and MeOH extracts were 

combined and dried under reduced pressure, to yield a dark brown solid (1.50 g). The 

plant crude extract was pre-adsorbed to a roll of cotton and then packed into a stainless-

steel cartridge (10 × 30 mm) that was subsequently attached to a C18 Betasil HPLC column 

(250 × 21.2 mm). Isocratic HPLC conditions of 90% H2O (0.1% TFA)/10% MeOH (0.1% 

TFA) were employed for the first 10 min, and then a linear gradient to MeOH (0.1% TFA) 

was run over 60 min, followed by isocratic conditions of MeOH (0.1% TFA), for a further 

10 min, all at a flow rate of 9 mL/min. Sixty fractions (60 × 1 min) were collected from the 
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start of the HPLC run. The 1H NMR 800 MHz fingerprints of fraction 30 compared to the 
1H NMR of the active fraction confirmed the presence of altholactone (10 mg, dry 

weight). 

4.5. Altholactone  

Brown solid; HRMS m/z 255.0623 [M + Na] +, m/z 487.1353 [2M + Na] +, calcd. MW for 

232.0623. 1H NMR (DMSO-d6, 800 MHz) δH 7.34 (2H, m, H-3′,5′), 7.28 (3H, m, H-2′, 4′, 6′), 

7.13 (1H, dd, J = 9.8, 4.9 Hz, H-7), 6.20 (1H, d, J = 9.8 Hz, H-6), 4.89 (1H, dd, J = 5.0, 2.2 

Hz, H-4), 4.67 (1H, d, J = 4.9 Hz, H-2), 4.64 (1H, t, J = 5.2 Hz, H-8), 4.11 (1H, dd, J = 5.2, 2.2 

Hz, H-3); 13C NMR (DMSO-d6, 800 MHz) δC 160.97 (CO), 141.32 (CH, C7), 139.53 (C, C1), 

128.36 (CH, C3′, 5′), 127.72 (CH, C4′), 125.88 (CH, C2′, 6′), 123.11 (CH, C6), 85.88 (CH, 

C2), 85.78 (CH, C4), 83.02 (CH, C3), 67.97 (CH, C8). 

4.6. Biological Assays  

Altholactone was evaluated for its anti-mycobacterial activities against the M. 

smegmatis strain mc2155 (ATCC 70084) and M. tuberculosis mc26230. The M. smegmatis 

strain mc2155 was grown in Middle brook 7H9 broth (Difco, Sparks, MD, USA) 

supplemented with 10% (v/v) OADC enrichment (Becton Dickinson) 0.05% (v/v) Tween-

80 and 0.2% (v/v) glycerol. Cultures were grown at 37 °C, while shaking (200 rpm). In 

clear-bottomed 96-well plates (Nunc), two-fold serial dilutions (8 times) of each 

compound were added to volumes of 40 μL of 7H9 medium. The last column of each 

plate did not contain any compound and served as a negative control. Previously 

prepared M. smegmatis strain mc2155 inocula were diluted with their culture medium to 

achieve 0.0025 OD600. Isoniazid served as a positive control at MIC of 0.2 µM, and DMSO 

as a negative control. The plate was incubated at 37 °C for 24 h. After incubation, 30 μL 

of 0.02% resazurin was added to the wells, and the plates were incubated at 37 °C for 4 

h. The minimal inhibitory concentration was determined by the compound 

concentration well that remained blue and did not change to pink. All experiments were 

performed in triplicates. 

The M. tuberculosis strain mc26230 used in this study was obtained from the Howard 

Hughes Medical Institute, Department of Microbiology and Immunology, Albert 

Einstein College of Medicine. Mycobacterial strains were grown in Middlebrook 7H9 

medium (Difco, Sparks, MD, USA) supplemented with 10% (v/v) OADC enrichment 

(Difco), 0.2% (v/v) glycerol, 0.05% (v/v) tyloxapol, and pantothenate (50 mg/L). Cultures 

were grown at 37 °C, while shaking (160 rpm). In clear-bottomed 96-well plates (Nunc), 

two-fold serial dilutions (8 times) of each compound were added to volumes of 100 μL 

of 7H9 medium. The last column of each plate did not contain any compound and served 

as a negative control. Previously prepared Mtb mc26230 inocula were diluted with their 

respected medium to achieve 0.05 OD600. The inocula were then added to each well and 

the plates were incubated at 37 °C for five days. After incubation, 30 μL of 0.02% 

resazurin was added to the wells, and the plates were incubated at 37 °C for 24 h. The 

minimal inhibitory concentration was determined by the compound concentration well 

that remained blue and did not change to pink. All experiments were performed in 

triplicates. 

 

4.7. Target Screening  
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Rv1466 and the other 36 unique proteins (Figure 6) in the target panel were supplied 

by the Seattle Structural Genomics Center for Infectious Diseases (SSGCID, Seattle, WA, 

USA; www.ssgcid.org). Target screening of the pool fraction library against the protein 

panel was conducted, as previously reported [24]. When the protein-ligand complex was 

found, the molecular weight of the binding ligand was estimated from the spectrum, 

using the following equation: MW ligand = ∆m/z × z. 

 

Figure 6. List of the collection of 37 TB proteins from 9 Mycobacteria species. 

4.8. Pseudo-Kd Determination  

Altholactone solutions were prepared in DMSO through serial dilution (0.01 µM, 

0.03 µM, 0.1 µM, 0.3 µM, 1 µM, 3 µM, 10 µM, 30 µM, 100 µM, 300 µM, 1mM, 3 mM, 6 

mM, 10 mM). Each concentration (1 µL) was added to each well of a V-plate microtiter 

plate (BioCentrix, Carlsbad, CA, USA). The DMSO in each well was dried off using a 

Freeze dryer (Christ, Osterode am Harz, Germany), followed by the addition of 1 µL of 

MeOH to each well. Rv1466 was buffer-exchanged into ammonium acetate (500 mM, pH 

6.9) using a Nalgene NAP-5 exclusion column, prior to ESI–MS analysis. Rv1466 (9 µL) 

was added to each well containing the altholactone. Samples were incubated for 30 min 

to 1 hour, under room temperature. All sample solutions were injected by fully 

automated chip-based nanoelectrospray. The experiment was performed in triplicates.  

The relative abundances of the protein–ligand complex to total protein in the mass 

spectra correlated to the relative equilibrium concentrations of the ligand to the total 

protein in solution. The pseudo-Kd of altholactone with Rv1466 was determined using 

the following equations: 

∑ 𝐼(𝑃 − 𝐿)𝑛+/𝑛 

 ∑ 𝐼(𝑃)𝑛+/𝑛 + ∑ 𝐼(𝑃 − 𝐿)𝑛+/𝑛 
=  

[𝑃 − 𝐿]

[𝑃]𝑡
 (1) 
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∑ I(P − L)n+/n 

∑ I(P)n+/n + ∑ I(P − L)n+/n 

=  
[P]t + [L]t + Kd −  √([P]t + [L]t + Kd)2 − 4[P]t[L]t)

2[P]t
 

(2) 

Experimental relative ratios of the protein-ligand complex and total protein ion 

abundances were plotted against the total concentration of ligand. 
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Sample Availability: Samples of the compound altholactone and protein Rv1466 are 

available from the authors. 
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Chapter 5. Discovery of Two New Natural Products that Bind 

Noncovalently to Two Mycobacterium Tuberculosis Proteins Using 

Native Mass Spectrometry 

 

Ali R. Elnaas, Darren Grice, Jianying Han, Yunjiang Feng, Angela Di Capua, Tin Mak, 

Joseph A. Laureanti, Garry W. Buchko, Peter J. Myler, Gregory Cook, Ronald J. Quinn 

and Miaomiao Liu  

 

(The results are in preparation for the journal Molecules, 2021) 

 

5.0 Brief Introduction 

Styrax faberi Perk. is a native plant belonging to the Styracaceae family and 

distributed mainly in the Yantze River region, southern China from China, voucher ID 

[02073120C00032_323]. It is both a medicinal and landscape plant. It showed activity 

against Mtb H37Rv in the high throughput phenotypic screening of 202,983 Nature Bank 

(NB) lead-like enhanced (LLE) fractions. The investigation of the active fraction of this 

biota seeds resulted in the identification of two new analogues, demethoxy masutakeside 

I (1) and demethoxy egonol glucoside (2), and five other known compounds. Their 

structures were determined by 1D, 2D NMR, LCMS and HRMS. The two new 

compounds and two isolated known compounds, egonol gentiobioside (3), masutakeside 

I (4) (Figure 5.0), showed weak activity against H37Rv and showed weak binding affinity 

to Mtb proteins phenylalanyl-tRNA synthetase alpha chain pheS and RNA polymerase 

sigma factor.  
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• Test the molecular activity of the compounds with phenylalanyl-tRNA synthetase 

alpha chain pheS Mtb protein to confirm the binding affinity of the protein ligand 

complex. 

• Write the manuscript “Discovery of Two New Natural Products that Bind 

Noncovalently to Two Mycobacterium Tuberculosis Proteins Using Native Mass 

Spectrometry”.  
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Abstract: Elucidation of the mechanism of action of compounds with cellular 

bioactivity is critical for progressing compounds into future drug development. Recently, 

phenotype-based drug discovery has been the controlling approach to drug discovery over 

target-based drug discovery, that depends on the knowledge of a specific drug target of a 

disease. Using a high throughput phenotypic assay for targeting an infectious disease is 

still highly advantageous to identifying the compound’s cellular activity. A fraction 

derived from the seeds of plant Styrax faberi Perk. Showed activity against 

Mycobacterium tuberculosis  at 1.25 μge/μL. Two new compounds demethoxy 

masutakeside I (1) and demethoxy egonol glucoside (2) and five known compounds 

egonol gentiobioside, masutakeside I, egonol acetate, gonol-2-Methylbutanoate and 

egonol (3-7, respectively) were isolated from anti TB active fraction. Demethoxy 

masutakeside I, demethoxy egonol glucoside, egonol gentiobioside and masutakeside I 

showed activity towards M. tuberculosis strain mc26230 with minimum inhibitory 

concentrations (MIC) of 256 μM, 256 μM, 128 μM and 128 μM, respectively. 

Retrospective analysis of a target-based assay against a TB proteome panel using native 

mass spectrometry, established that the active fraction was bound noncovalently to two 

mycobacterial proteins; phenylalanyl-tRNA synthetase alpha chain pheS and RNA 

polymerase sigma factor. Our findings established phenylalanyl-tRNA synthetase alpha 

chain pheS and RNA polymerase sigma factor as a potential molecular targets of two new 

compounds (demethoxy masutakeside I and demethoxy egonol glucoside) and two known 

compounds (egonol gentiobioside and masutakeside I), which might be responsible for 

the low observed in vivo toxicity towards M. tuberculosis.  

Keywords: egonol gentiobioside; masutakeside I; tuberculosis; phenylalanyl-tRNA 

synthetase alpha chain phes.; drug target; native mass spectrometry 
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5.1 Introduction 

Tuberculosis (TB) is the leading cause of death by an infectious agent worldwide, 

claiming an estimated 1.3 million lives in 2018, with an estimated 10 million people 

becoming ill with the disease [1]. Mycobacterium tuberculosis (Mtb), an airborne 

bacterial pathogen is the etiological agent responsible for TB. The only known reservoir 

for Mtb are Humans, where a complex mechanism has evolved that allows the pathogen 

to survive and replicate within macrophages and maintain a life-long latency within the 

host [2]. Whilst modernistic public health care systems and effective drug treatment 

protocols have made TB “invisible” for the most part in North America and Western 

Europe, the emergence of multidrug and extremely drug-resistant strains of Mtb could 

allow the disease to return to this part of the world with a revenge [3]. In 2018, there were 

500,000 new cases of rifampicin-resistant Mtb, of which 78% were multidrug-resistant 

TB [1]. Consequently, developing new intervention therapies to keep ahead of the disease 

is an urgency. Natural products are rich potential resource for the development of new 

intervention strategies against TB and other infectious diseases [4, 5]. Since ancient times, 

drugs derived from natural sources have been employed to treat diseases and ailments. 

Nowadays there has been a return to natural products for lead compound identification 

[6-8]. Natural products are largely secondary metabolites with small molecular weights 

extracted from other living organisms. The large diversity of life under different 

environments provides a chemical diversity of low molecular weight compounds that do 

not exist in comparison to standard combinatorial organic chemistry. While less than 10% 

of nature has been evaluated for medicinal properties, natural products represent a large 

under-explored reservoir for drug discovery [9]. Despite this reservoir is rapidly shrinking 

due to human activities, such as poor land management [10], global warming [11], war 

[12], and reducing the biodiversity on our planet [13], there is an urgency to harness these 

natural resources for medical purposes, before they disappear. In contrast to the large 
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number of compounds isolated from nature, these compounds whose target molecules 

have to date been identified is restricted. Elucidation of the mechanism of action of 

bioactive natural products that show antimicrobial activity towards infectious diseases is 

an important but challenging field [14]. Simultaneously, this is the central bottleneck for 

drug development of synthetic compounds identified in phenotype-based screening. Over 

the years, some new target identification strategies have been developed and the quantum 

of successful examples is steadily growing [15]. One of these examples is electrospray 

ionization with MS (ESI-MS), which has been developed as a biophysical tool for probing 

molecular interactions and monitoring covalently and noncovalently bound complexes 

[16]. ESI-MS can often provide data more easily than other biophysical methods and the 

mass measurement gives an immediate result of the stoichiometry of the binding partners. 

The softness of the ESI desorption/ionization process has been utilized in many studies 

of protein–protein, protein–oligonucleotide, and many of other molecular interactions 

[17]. Small molecules were isolated based on proton NMR fingerprints, and noncovalent 

interactions were investigated in this study using ESI-MS analysis. 

 

5.2 Results and Discussion 

In this work, a phenotype-based screening and target-based screening were used to 

sequentially identify active compounds with phenotypic activity, along with the potential 

molecular target of the small molecule (Figure 5.1). A putative protein target 

identification allows the initiation of a target validation campaign to understand the 

underlying mechanism of action [18]. About targets with uncharacterized/unannotated 

functions, ligand identification could be a vital first step towards decoding the 

biochemical function, as the identified ligand and natural substrate may share functional 

groups or structural features [19]. In this study, phenotypic activity was identified through 

high throughput screening of a natural product fraction library against M. tuberculosis. 
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Library fractions with positive phenotypic activity were then screened against a panel of 

purified putative M. tuberculosis proteins. This was achieved with native mass 

spectrometry screening utilizing electrospray ionization magnetic resonance mass 

spectrometry (MRMS) [20, 21]. A crude estimate of the ligand dissociation constant (Kd), 

with the target could be obtained by a mass spectrometry (MS) dose response curve. 

 

Figure 5.1 Overview of natural product drug discovery using both phenotypic 

screening and a target screening approaches. 202,983 Nature Bank (NB) lead-like 

enhanced (LLE) fractions were tested through a high throughput phenotypic 

screening [22] against M. tuberculosis H37Rv (first approach). The pure compounds 

(Hit) were highlighted in the molecular target screening, when pool of nine fractions 

were screened against panel of 37 putative anti-tuberculosis (TB) targets from 

Mycobacteria species (second approach). Nine active fractions were pooled together 

(40 Pool Fractions) to decrease sample consumption (especially protein) and 

incubated with each of the target proteins. The pooled fraction–protein mixtures were 

tested by native mass spectrometry to identify the affinity of protein–ligand 

complexes (Hit).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

 

A series of active fractions from plant species and marine organisms were identified 

against Mtb through the high-throughput screening (HTS). Fraction 5 derived from seeds 

of the plant Styrax faberi Perk., collected on 13 SEP 2000 from China, voucher ID 

[02073120C00032_323] showed anti-Mtb activity with an MIC 1.25 µge/µL. Further 

isolation and purification led to identification of seven egonols.  
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5.2.1 Extraction and Isolation 

Using the Lead-like Enhanced (LLE) extraction and fractionation protocol 

(chapter 2, 2.4.2 and 2.4.3), 300 mg ground seeds of biota voucher ID 

[02073120C00032_323] was extracted and fractionated to 5 fractions using HPLC. The 

HPLC separations were performed on a reversed-phase Onyx Monolithic C18 HPLC 

column (4.6 mm × 100 mm particle size) using a linear gradient from 90% (solvent B) 

H2O (0.1% v/v TFA)/10% (solvent A) MeOH (0.1% TFA) to 50% B/50% A in three mins 

at a flow rate 4 mL/min, a convex gradient to 100% A at 6.50 min at a flow rate 3 mL/min, 

held at 100% A for another 0.5 min at a flow rate 3 mL/min, held at solvent A for more 

one minute (8 min in total) at a flow rate 4 mL/min. Then a linear gradient back again to 

90% B/10% A in one min (9 min in total) at a flow rate 4 mL/min, held for two mins to 

calibrate the column to be ready for the next run. The total run time for each LLE extract 

injection was 11 min. Each fraction was subjected to 800 MHz NMR to obtain the proton 

NMR fingerprints of each fraction. The proton NMR spectra (Figure 5.2) of the active 

fraction 5 (6 to 7 min) was used to monitor the isolation of compounds from a subsequent 

large-scale extraction. Each fraction was tested through a high throughput phenotypic 

screening against M. tuberculosis H37Rv. Each fraction was subjected to the NMR 800 

MHz to obtain the proton NMR fingerprints. The proton NMR fingerprints of the active 

fraction was used as a control for compound isolation.  

 

Figure 5.2 Diode array spectrum (top) and proton NMR spectra (bottom) of active 

fraction NB101030- F5, red box indicates the active fraction 5 against Mtb. 
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Figure 5.2 shows fraction 5 is the active fraction and the collection starts at 6 min 

(89% methanol) and ends at 7 min of LLE protocol. In the large-scale extraction, all 

fractions from 85% methanol were collected and subjected to the NMR to chase the 

components of active fraction 5. Initial isocratic conditions of 10% methanol for 10 min; 

then a linear gradient to 100% methanol was achieved at 50 min and continued isocratic 

for 10 min at flow rate 9 mL/min, before it stopped at 60 min. one pure compound was 

isolated from this run (60 fractionation 1), fraction 46, compound 5, UV detection at (254, 

280, 320 nm). However, in this run the compounds were started to be eluted from the 

column at 23 min, which has affected the separation of other compounds (Figure 5.3).  

 

 

Figure 5.3 Semi preparative HPLC chromatogram (top) and diode array spectrum 

(bottom) of the screening method 60 fractionation 1 for NB101030 CE. red box indicates 

compound 5. 

To achieve better separation, the method was adjusted to 30% methanol as start point 

(Table 5.1). The separation was much better (Figure 5.4). All the fractions were collected 

after 85% methanol (solvent A) gradient were subjected to the proton NMR 800 MHz to 

be compared to the active fraction proton NMR fingerprints. Compound 5 was isolated 

again with more purity at fraction 42 (5mg) from this run (60 fractionation 2), and fraction 

46, compound 6 (11.9 mg) was isolated.  
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Table 5.1 Semi-preparative HPLC developed method (60 fractionation 2). 

Time Flow 

mL/min 

Solvent A 

MeOH (0.1% 

TFA) 

Solvent B 

H2O (0.1% TFA) 

Curve 

0 

1 

10 

50 

60 

60.1 

0.1 

9 

9 

9 

9 

0 

30 

30 

30 

100 

100 

100 

70 

70 

70 

0 

0 

0 

6 

6 

6 

5 

5 

5 

 

 

Figure 5.4 Semi preparative HPLC chromatogram (top) and diode array spectrum 

(bottom) of the developed method (60 fractionation 2) for NB101030 CE. red boxes 

indicate compounds 5 and 6. 

 

By checking the proton NMR of the isolated fractions from the second run (60 

fractionation 2), it was found that fractions F33 to F37 look similar, containing similar 

compounds and was not able to isolate any pure compound from this region. So, it was 

decided to mix those fractions and run another purification (60 fractionation 2-(F33-

F37)), using different gradient method (Table 5.2).   
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Table 5.2 Semi-preparative HPLC developed method (60 fractionation 2-(F33-F37)). 

Time Flow 

mL/min 

Solvent A 

MeOH (0.1% 

TFA) 

Solvent B 

H2O (0.1% TFA) 

Curve 

0 

1 

10 

50 

60 

60.1 

0.1 

9 

9 

9 

9 

0 

50 

50 

50 

100 

100 

100 

50 

50 

50 

0 

0 

0 

6 

6 

6 

5 

5 

5 

  

In this purification (Figure 5.5, A), it was hard to see what is in the fractions from 22 

to 32 min, however, when the wavelength was manipulated (the green line), it was clearly 

found that there are compounds were isolated (Figure 5.5 B). Two pure compounds were 

isolated from this purification. Fraction 24 (compound 3, 14.5 mg), and fraction 27 

(compound 4, 41.3 mg) yield, UV detection at 350 nm and flow rate 9 mL/min. 

 

 

Figure 5.5 A Semi preparative HPLC chromatogram (top) and  diode array spectrum 

middle of the developed method (60 fractionation 2-(F33-F37)) for NB101030 CE, B 

wavelength was manipulated. Red boxes indicate compounds 3 and 4. 

The rest of the crude extract was injected to the HPLC for third run to isolate all 

fraction 5 components. The gradient was changed again to 35 % MeOH as start point, but 

also the gradient has changed at different stages of the run (Table 5.3). 
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Table 5.3 Semi-preparative HPLC developed method (60 fractionation 3). 

Time Flow 

mL/min 

Solvent A 

MeOH (0.1% 

TFA) 

Solvent B 

H2O (0.1% TFA) 

Curve 

0 

1 

10 

15 

50 

55 

65 

0.1 

9 

9 

9 

9 

9 

0 

35 

35 

35 

50 

70 

100 

100 

65 

65 

65 

50 

30 

0 

0 

6 

6 

6 

6 

5 

5 

5 

 

The compounds elution started earlier at 11 min (Figure 5.6). Compound 4 was 

isolated again (Fraction 38) in high amount (18.9 mg yield), UV detection at (220, 254, 

280, 320 nm) and flow rate 9 mL/min. Even though, the distribution of the elutes looks 

good in this run, could not get more pure compounds as longer run was needed maybe.  

 

 

Figure 5.6 Semi preparative HPLC chromatogram (top) diode array spectrum (bottom) 

of the developed method (60 fractionation 3) for NB101030 CE, red box indicates 

compound 4. 

 

Three 60 fractionations and one purification were completed so far because of the 

weak solubility of the CE of this biota, and 4 pure compounds were isolated. The rest of 

the 4 previous purifications were combined and another isocratic method was developed 

(Table 5.4). The fractions were combined in this run from (60 fractionation 1,2 and 3) 

are; 60 Fractionation1-F(40-44), 60 Fractionation2-F(38-40), 60 Fractionation3-F(33-

37)-F28-30, and 60 Fractionation3-F(33-48). 
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Table 5.4 Semi-preparative HPLC developed method (60 fractionation 1,2,3-phase 1). 

Time Flow 

mL/min 

Solvent A 

MeOH (0.1% 

TFA) 

Solvent B 

H2O (0.1% TFA) 

Curve 

0 

1 

10 

50 

55 

65 

0.1 

9 

9 

9 

9 

0 

40 

40 

40 

40 

100 

100 

60 

60 

60 

60 

0 

0 

6 

6 

6 

6 

5 

5 

 

Figure 5.7 shows that 3 pure compounds were successfully isolated from this run. Even 

though, it suggests existing more than five compounds, however the run is chasing new 

different compounds have not been isolated before, plus it chases the compounds exist in 

the range of active fraction 5. Fraction 24 (compound 1, 6.7 mg), fraction 26, (compound 

2, 2.6 mg ) and fraction 36 (compound 7, 2.6 mg) yield.  

 

 

Figure 5.7 Semi preparative HPLC chromatogram (top) and diode array spectrum 

(bottom) of the developed method (60 fractionation 1,2,3-(F33-F37-phase 1)) for 

NB101030 CE. Red boxes indicate the compounds 1, 2 and 7. 

7 pure compounds were isolated from the active fraction of this plant biota. Figure 

5.8 shows the 1H NMR fingerprints of the pure compounds compared to the active 

fraction 5, which has been used as a guide for the isolation, and Figure 5.9 shows the 

isolation map of the pure compounds.  
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Figure 5.8 The proton NMR fingerprints of 7 pure compounds (compounds 1 to 7), and 

anti-TB active faction (F5). 

 

 

Figure 5.9 The isolation map of biota NB101030. 
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5.2.2 LCMS Comparison of the Active Fraction and the pure Compounds 

To make sure that all the compounds in active fraction 5 were isolated, the active 

fraction and a mixture of all the pure isolated compounds were injected to LCMS 

separately using the same method and conditions (Table 5.5). It clearly showed that all 

the components in the active fraction have been isolated (Figure 5.10). 

 

Table 5.5 LCMS methods.  

Time Flow 

mL/min 

Solvent A 

MeOH (0.1% TFA) 

Solvent B 

H2O (0.1% TFA) 

0 

1 

10 

11 

12 

12.1 

0.1 

1 

1 

1 

1 

0 

50 

50 

100 

50 

50 

50 

50 

50 

0 

50 

50 

50 

 

 

 

Figure 5.10 (A) LCMS of the active fraction 5, (B) LCMS chromatogram of the 7 pure 

isolated compounds.  
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5.2.3 Structure Elucidation of the Isolated Compounds 

5.2.3.1 Structure Elucidation of compound 1 (new) 

 

The HRESIMS positive mode data of 1 showed an aquasi molecular ion peak 

[M+Na]+ at m/z 613.1894, suggesting that the molecular mass of 590 amu, and molecular 

formula of C29H34O13.  

The 1H NMR spectrum data (Figure 5.11 and Table 5.6) indicated the exist of 34 

protons. One doublet (1H, dd, 1.7) at δH 7.42 ppm coupled at meta position to the proton 

at δH 7.45 ppm, and the proton at δH 7.42 (1H, d) coupled to δH 7.03 (1H, d, 8) at ortho 

position. One singlet (2H, s) at δH 6.09 ppm suggesting methylene group correlated to 

two oxygen. The data shows one singlet (1H, s) at δH 7.23 ppm, and one doublet (1H, d) 

at δH 7.14 ppm coupled at meta position to δH 7.43 ppm. Also, the δH 7.14 ppm coupled 

to the proton δH at 7.47ppm (ortho position). Two methylene groups (2H, m) at δH 2.74 

and (2H, m) δH 3.45 and 3.78 ppm, both coupled to one methylene group (2H, p) at δH 

1.85 ppm. Those three methylene groups are attached to benzofuran through the 

methylene group at δH 2.74 ppm, when the methylene group at δH 3.45 and 3.78 ppm 

attached to the oxygen that connected to the sugar part.  

 

Figure 5.11 1H and 13C NMR (800 MHz, in DMSO-d6) spectra of (1), (peaks at δH 2.5, 

and δC 39.5 represents DMSO-d6 solvent). 
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The 13C NMR spectrum (Figure 5.11 and Table 5.6) of 1 presented 29 different 

types of carbon signals; seven quaternary carbons, six methylene groups and sixteen 

methines were indicated by DEPT experiment. The carbon signals confirmed the exist of 

a down field methylene group attached to 2 oxygen at δC 101.9 ppm. Seven methine 

groups in the core structure, nine methine in the two pentoses (sugar), plus one methylene.  

From COSY experiment, in the sugar part, a methine group of (C1ʹʹʹ, 1H, d,7.8) at 

δH 4.12 ppm coupled showed coupling to methine group of (C2ʹʹʹ, 1H, ddd, 7.8, 8) at δH 

2.99 ppm. This has showed coupling to methine group of (C3ʹʹʹ, 1H, ddd, 8) at δH 3.15 

ppm. Methine group of (C4ʹʹʹ,1H, m) at δH 3.10 ppm showed coupling to the proton at δH 

3.15 ppm and to the proton of (C5ʹʹʹ,1H, m) at δH 3.28 ppm. The proton at δH 3.28 ppm 

also showed coupling to the methylene group of (C6ʹʹʹ,2H) at δH 3.56 ppm (dd,6.2,11) and 

at δH 3.94 ppm (1H, m). The methine group of (C1ʹʹʹʹ, 1H, d, 7.8) at δH 4.21 ppm showed 

coupling to the methine group of (C2ʹʹʹʹ, 1H, m) at δH 2.99 ppm. The proton of (C3ʹʹʹʹ, 1H, 

m) at δH 3.10 ppm showed coupling to proton δH 2.99 ppm of C2ʹʹʹʹ and coupled to the 

proton of (C4ʹʹʹʹ, 1H, m) at δH 3.28 ppm. Finally, the proton of C4ʹʹʹʹ is coupled to the proton 

of (C5ʹʹʹʹ, 2H, m) at δH 3.02 and δH 3.69 ppm.  

From HMBC it can be seen one methylene connecting the two pentoses of sugars. 

Three methylene groups between the scaffold structure and the sugar part. The methylene 

group at δC 68.2 ppm (down field) connected to the oxygen atom of the sugar. On the 

benzofuran part of the compound structure, the data shows one singlet (1H, s) at δH 7.23 

ppm, and one doublet (1H, dd, 1.6) at δH 7.14 ppm coupled at meta position to δH 7.43 

ppm. Also, the δH 7.14 ppm coupled to the proton at δH 7.47ppm (1H, d, 8) of C7 (ortho 

position) on benzofuran structure. This coupling has made compound 1 is a new 

compound and different from the known masutekaside I (4), which has methoxy group 

instead of proton at C7. Two methylene groups (2H, m) at δH 2.74 and (2H, m) δH 3.45 

and 3.78 ppm, both coupled to one methylene group (2H, p) at δH 1.85 ppm. Those three 
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Table 5.6 NMR (1D&2D) data (800 MHz, in DMSO-d6) for demethoxy masutakeside I. 

 

                                                  

5.2.3.2 Structure Elucidation of compound 2 (new) 

 

The structure elucidation of 2 was principally achieved by MS, NMR using 

deuterated DMSO (DMSO-d6). The HRESIMS positive mode data showed dimes a 

sodium adducts peak [M+Na]+ at m/z 481.1474, also, showed the molecular ion peak 

[2M+Na]+ at m/z [939.3041], suggesting that the molecular mass of 458 amu, and 

molecular formula of C24H26NaO9.  

The 1H NMR spectrum data (Figure 5.13 and Table 5.7) of compound 2 were 

recorded on an 800 MHz instrument using DMSO-d6 as solvent. The data indicated the 

 
13C type 1H, J in Hz COSY HMBC ROESY 

7 111 CH 7.47, d (8) 6 9, 5  

2ʹ 105.4 CH 7.45, d (1.7)  6ʹ, 4ʹ, 2  

4 120.7 CH 7.43, d (1.6)  1ʹʹ, 3, 7, 8 1ʹʹ,2ʹʹ,3 

6ʹ 119.2 CH 7.42, dd (8, 1.7) 5ʹ 2ʹ, 4ʹ, 2  

3 101.2 CH 7.23, s  9, 8, 2 4 

6 125.3 CH 7.14, dd (8, 1.7) 7 1ʹʹ, 4, 8 1ʹʹ 

5ʹ 109.3 CH 7.03, d (8) 6ʹ 1ʹ, 3ʹ  

 101.9CH2OO 6.09, s  4ʹ, 3ʹ  

1ʹʹʹʹ 104.4 CH 4.21, d (7.8) 2ʹʹʹʹ 6ʹʹʹ 3ʹʹʹʹ, 6ʹʹʹ 

1ʹʹʹ 103.2 CH 4.12, d (7.8) 2ʹʹʹ 3ʹʹ 5ʹʹʹ, 3ʹʹ 

6ʹʹʹ 68.8 CH2 3.94, d (6,11) 

3.56, dd (6.2,11) 
6ʹʹʹ 

5ʹʹʹ,6ʹʹʹ 

4ʹʹʹ, 1ʹʹʹʹ 

5ʹʹʹ, 1ʹʹʹʹ 

 

1ʹʹʹʹ 

3ʹʹ 68.2 CH2 3.78, dt, 

3.45, dt, 
2ʹʹ, 3ʹʹ 

2ʹʹ, 3ʹʹ 

1ʹʹ, 1ʹʹʹ 

1ʹʹ, 1ʹʹʹ 

 

1ʹʹʹ 

5ʹʹʹʹ 66.1 CH2 3.69, q, 

3.02, m 
5ʹʹʹʹ 

4ʹʹʹʹ 

3ʹʹʹʹ, 1ʹʹʹʹ 

4ʹʹʹʹ, 1ʹʹʹʹ 

4ʹʹʹʹ, H2ʹʹʹʹ 

5ʹʹʹʹ, 1ʹʹʹʹ 

4ʹʹʹʹ 70.04 CH 3.28, m 5ʹʹʹ 5ʹʹʹʹ 1ʹʹʹʹ 

5ʹʹʹ 76.1 CH 3.28, m 4ʹʹʹ 6ʹʹʹ, 4ʹʹʹ, 1ʹʹʹ 1ʹʹʹ 

3ʹʹʹ 77.0 CH 3.15, dd (8, 8) 2ʹʹʹ,4ʹʹʹ 4ʹʹʹ, 2ʹʹʹ 1ʹʹʹ, 5ʹʹʹ 

3ʹʹʹʹ 77.0 CH 3.10, m 2ʹʹʹʹ,4ʹʹʹʹ 4ʹʹʹʹ, 2ʹʹʹʹ 1ʹʹʹʹ 

4ʹʹʹʹ 70.3 CH 3.10, m 3ʹʹʹ, 5ʹʹʹ 3ʹʹʹ  

2ʹʹʹ 73.7 CH 2.99, dd (8, 8) 3ʹʹʹ 1ʹʹʹ, 3ʹʹʹ  

2ʹʹʹʹ 73.8 CH 2.99, dd (8, 8) 3ʹʹʹʹ 1ʹʹʹʹ, 3ʹʹʹʹ 1ʹʹʹʹ 

1ʹʹ 31.8 CH2 2.74, m 1ʹʹ 2ʹʹ, 6, 4, 3ʹʹ 6, 4 

2ʹʹ 32.0 CH2 1.85, m 1ʹʹ, 3ʹʹ 1ʹʹ, 5ʹʹ, 3ʹʹ 4 

2 155 C 
 

   

8 153 C 
 

   

3ʹ 148.4 C 
 

   

4ʹ 148.2 C 
 

   

5 137.2 C 
 

   

9 129.5 C 
 

   

1ʹ 124.5 C 
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exist of 26 protons. One doublet of doublet (1H, dd, J=8, 1.7) for δH 7.42 ppm coupled 

at meta position to δH 7.45 ppm (1H, d, J=1.7), and coupled to δH 7.03 (1H, d, J= 8) at 

ortho position. One singlet (2H, s) at δH 6.08 ppm suggesting the special methylene group 

correlated to two oxygen. The data also shows one singlet (1H, s) at δH 7.22 ppm, one 

doublet (1H, d) at δH 7.14 ppm coupled at meta position to the proton at δH 7.43 ppm(1H, 

d, 1.7), also, the δH 7.14 ppm coupled to the proton at δH 7.47 ppm (1H, d, 8) of C7 (ortho 

position) on benzofuran structure. Two methylene groups (2H, m) at δH 2.72 and (2H, m) 

δH 3.44 and 3.78 ppm, both coupled to one methylene group (2H, p) at δH 1.84 ppm.  

The 13C NMR spectrum (Figure 5.13 and Table 5.7) of 2 presented 24 different 

types of carbon signals; seven quaternary carbons, and five methylene groups pointing 

towards up direction in the positive mode, twelve methines pointed down direction in the 

negative mode. The carbon signals confirmed the exist of the special methylene group 

correlated to 2 oxygen at δC 101.4 ppm (down field). Seven methine groups in the core 

structure, five methine in the pentose (sugar). Three methylene groups between the 

scaffold structure and the sugar part.  The methylene group of C3ʹʹ at δC 67.8 ppm (down 

field) connected to the oxygen atom of the sugar.  

 

 
 

Figure 5.13 1H and 13C NMR (800 MHz, in DMSO-d6) spectra of 2, (peaks at δH 2.5, 

and δC 39.5 represents DMSO-d6 solvent). 
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COSY showed in the sugar part, a methine group of (C1ʹʹʹ, 1H, d,7.7) at δH 4.11 

ppm showed coupling to methine group of (C2ʹʹʹ, 1H, t, 7.8, 8) at δH 2.99 ppm, which has 

showed coupling to methine group of (C3ʹʹʹ, 1H, ddd, 8) at δH 3.06 ppm. Methine group 

of (C4ʹʹʹ,1H, t, 8, 8)  at δH 3.14 ppm showed coupling to the proton at δH 3.06 ppm of 

(C3ʹʹʹ, 1H, m) and to the proton at δH 3.06 ppm (1H, m) of C5ʹʹʹ. The proton at δH 3.06 

ppm of C5ʹʹʹ also showed coupling to the methylene group at δH 3.65 ppm (1H, dd,11, 2) 

and at δH 3.44 ppm (1H, m) of C6ʹʹʹ. Two methylene groups (2H, m) at δH 2.72 and (2H, 

m) δH 3.44 and 3.78 ppm, both coupled to one methylene group (2H, p) at δH 1.84 ppm. 

Those three methylene groups are attached to benzofuran at C5 through the methylene 

group at δH 2.72 ppm, when the methylene group at δH 3.44 and 3.78 ppm attached to 

the oxygen, which attached to the pentoses part.  

The core structure in compound 2 is exactly matched in compound 1. Both 

structures have hydrogen atom attached to C7 (R2) of core structure. However, the 

different between those two compounds is that compound 2 has one part of sugar pentoses 

connected to oxygen at R1 position (Figure 5.14). Compound 2 is missing methoxy group 

at C7 replaced by one proton at R2 in the main skeleton of the known compound 4. In 

compound 2 the proton at δH 7.47 of C7 appeared to be duplet (J =8 Hz) as it is coupled 

to the proton at δH 7.14 of C6 which shows extra duplet (J=8 Hz). The only different 

between the new compound 2 and the known compound egonol glucoside is that C7 at δC 

144.4 is quaternary carbon in the known compound egonol glucoside, as it is attached to 

methoxy group.  

Compound 2 was related to compound 1 (analogues), in compound 2 HMBC correlations 

was observed between the two protons at δH 6.09 of the methylenedioxy group and the 

two carbons at C3ʹ δ148 and C4ʹ 147.8 indicating the connection to the benzene ring. Also, 

the two protons at δH 7.45 ppm of C2ʹ δ105.03 and at δH 7.42 of C6ʹ δ118.8 with the 

quaternary C2 indicating the connection of the (methylenedioxy) benzene to the 
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benzofuran part of the core structure. The two protons at δH 7.43 of C4 δ120.2 and at δH 

7.14 of C6 δ124.9 correlated to the carbon C1ʹʹ at δC 31.8, indicating the connection of the 

benzofuran to the propanol. The proton at δH 4.11 of C1ʹʹʹ δ102.9 showed correlation with 

the methylene group at C3ʹʹ at δC 67.8 indicating the connection of the propanol to the 

glucose part.  

ROESY experiment was carried out. All 2D experiments were explained in (Figure 5.14, 

Table 5.7), and confirmed the structure of compound 2 (demethoxy egonol glucoside). 

Spectra will be presented in the supplementary data.    

 

 

Table 5.7 NMR (1D & 2D) data (800 MHz, in DMSO-d6) of 2 (demethoxy egonol 

glucoside). 
 

13C type 1H, J in Hz COSY HMBC ROESY 

7 110.5   CH 7.47, d (8) 6 9, 5,   

2ʹ 105.03 CH 7.45, d (1.7)  4’, 6’, 2  

4 120.2   CH 7.43, d (1.7)  8,1ʹʹ 1ʹʹ 

6ʹ 118.8   CH 7.42, dd (8, 1.7) 5ʹ 4ʹ, 2ʹ, 2  

3 100.7   CH 7.23, s  2, 8, 9  6ʹ 

6 124.9   CH 7.14, dd (8, 1.7) 7 8, 4, 1ʹʹ 1ʹʹ 

5ʹ 108.9   CH 7.03, d (8) 6ʹ 3ʹ, 1ʹ  

 101.4 CH2OO 6.09, s  4ʹ, 3ʹ  

1ʹʹʹ 102.9   CH 4.11, d (7.7) 2ʹʹʹ 3ʹʹ, 3ʹʹʹ 3ʹʹ, 3ʹʹʹ, 4ʹʹʹ 

3ʹʹ 67.8     CH2 3.44, m 

3.78, dt (9.5, 5.3) 

 1ʹʹ, 1ʹʹʹ 

1ʹʹ, 1ʹʹʹ 

1ʹʹʹ 

6ʹʹʹ 61.1     CH2 3.65, dd (11, 2) 

3.44, m 

 

5ʹʹʹ 

5ʹʹʹ, 4ʹʹʹ 

1ʹʹʹ, 3ʹʹʹ 

5ʹʹʹ 

1ʹʹʹ 

4ʹʹʹ 76.7     CH 3.14, t (8, 8) 5ʹʹʹ 2ʹʹʹ, 5ʹʹʹ 1ʹʹʹ 

5ʹʹʹ 76.8     CH 3.06, m 4ʹʹʹ 5ʹʹʹ 1ʹʹʹ 

3ʹʹʹ 70.1     CH 3.06, m 6ʹʹʹ,4ʹʹʹ 3ʹʹʹ  

2ʹʹʹ 73.51   CH 2.96, t (8, 8) 4.11,3.06 4ʹʹʹ, 1ʹʹʹ 4ʹʹʹ 

1ʹʹ 31.3     CH2 2.72, t (7.4, 7.4) 2ʹʹ 4, 6, 3ʹʹ 4, 6 

2ʹʹ 31.5     CH2 1.84, p (7, 7, 7, 7) 1ʹʹ,3ʹʹ 5, 3ʹʹ, 1ʹʹ 3ʹʹ 

1ʹ 124.1 C 
 

   

9 129 C 
 

   

5 136.7 C 
 

   

4ʹ 147.8 C 
 

   

3ʹ 148 C 
 

   

8 152 C 
 

   

2 155 C 
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singlet (3H, s) at δH 2.0 ppm corresponding to a methyl group of acetate at the end of the 

chain. 

The 13C Jmod NMR spectrum (Figure 5.15 and Table 5.8) of 5 presented 21 

different types of carbon signals, including one carbonyl carbon acetate, eight quaternary 

carbons, four methylene groups, six aromatic methines, one special methylene connected 

to two oxygens, and three methyl groups.  

The carbon signals confirmed the exist of carbonyl group including down field 

signal at δC 170.4 ppm as apart of acetate group. Also, the special methylene group 

correlated to 2 Oxygen at δC 101.4 ppm, 6 methine at the aromatic region (from δC 

100 to 120 ppm). Two methyl groups and 6 methine pointed down direction in the 

negative mode. When four methylene and six quaternary carbon pointing towards up 

direction in the positive mode. The assignment of the 13C NMR was confirmed with 

2D NMR experiments (HSQC, COSY, HMBC and ROESY). 

 

Figure 5.15 1H and 13C NMR (800 MHz, in DMSO-d6) spectra of 5, (peaks at δH 

2.5, and δC 39.5 represents DMSO-d6 solvent). 
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Table 5.8 NMR (1D &2D) data (800 MHz, in DMSO-d) of 5, 1H was compared to the 

published data of egonol Ac [23].  

 13C type 1H, J in Hz Reported  

1H 

COSY HMBC ROESY 

2ʹ 104.9 CH 7.42, d (1.7) 7.40, d (1.6)  6ʹ, 4ʹ, 2  

6ʹ 118 CH 7.4, dd (8, 1.7) 7.32, dd (8. 1.6) 5ʹ 2ʹ, 4ʹ, 2 
 

3 101 CH 7.2, s 6.79, s  9, 8, 2  

5ʹ 108 CH 7.0, d (8) 6.87, d (8.2) 6ʹ 1ʹ, 3ʹ 
 

4 112.1 CH 6.98, d (1.2) 6.96, d (1.1)  1ʹʹ, 3, 6, 8 1ʹʹ 
6 107.6 CH 6.76, d (1.2) 6.61, d (1.1)  1ʹʹ, 4, 8, 7 1ʹʹ, CH3O 

 101.4CH2OO 6.09, s 6.01, s, CH2OO  3ʹ, 4ʹ  

3ʹʹ 63.2 CH2 4.0, t (6.5) 4.12, t (6.5) 2ʹʹ 2ʹʹ, 1ʹʹ, CO 
 

 55.7 CH3O 3.95, s 4.01, s  7  6 

1ʹʹ 31.7 CH2 2.69, t (8, 8) 2.75, t (7.7) 2ʹʹ 2ʹʹ, 3ʹʹ, 6, 4, 5  6 

4ʹʹ 20.7 CH3AC 2.0, s 2.07, s  CO  

2ʹʹ 30.1 CH2 1.92,ddd (6.6, 8, 15) 2.00, m 1ʹʹ, 3ʹʹ 4ʹʹ, 1ʹʹ, 3ʹʹ, 5 5ʹ, 1ʹʹ 

1ʹ 124 C      

4ʹ 147.8 C      

3ʹ 147.9 C      

2 155 C      

5 137 C      

7 144.3 C      

8 141.6 C      

9 130 C      

 170.4 CO      

 

 

 

5.2.3.4 Structure Elucidation of compound 6 

 

The structure elucidation of 6 was principally achieved by MS, NMR using 

deuterated DMSO-d6. The HRESIMS positive mode data showed dimes a sodium adducts 

peak [M+Na]+ of 433.1615, also, showed the dimes a sodium adducts peak [2M+Na]+ of 

[843.3331], suggesting that the molecular mass 410 amu, and molecular formula of 

C24H26O6. The 1H NMR spectrum data (Figure 5.17 and Table 5.9) of 6 were recorded on 

800 MHz instrument using DMSO-d6 as solvent. As all pure compounds have shared core 

structure, so, the different between them will be explained. The different is in the chain 

attached to the benzofuran part at C5.  
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Figure 5.17 1H and 13C NMR (800 MHz, in DMSO-d6) spectra of 6, (peaks at δH 2.5, 

and δC 39.5 represents DMSO-d6 solvent). 

 

 

In compound 6, there is an extra butane attached to the carbonyl atom instead of 

methyl group in compound 5. The 1H NMR showing that the protons of the methyl group 

at δH 1.06 ppm and the two protons of the methylene group at (δH 1.42 and δH 1.56 ppm) 

coupled to the methine group at δH 2.35 ppm. Also, the methyl group at δH 0.85 (at the 

end of the chain) coupled to the methylene group at (δH 1.42 and δH 1.56 ppm) as was 

observed in COSY NMR (table 5.9). 

Compound 6 was related to the previous compounds (analogues). The HMBC 

spectrum (appendix 3 is presented in (Figure 5.18 and Table 5.9), shows the correlation 

of the two protons H-2ʹ (δH 7.41) and H-6ʹ (7.32) correlated to C2 (δC 155), indicating 

the connection of the methylenedioxy benzene to the benzofuran part of the core structure.  

The protons H-6 (δH 6.74) and H-4 (δH 6.96) showed correlations to C1ʹʹ δ31.7, indicating 

the connection of the benzofuran to propanol (side chain). Also, the two protons H-3ʹʹ at 

δ4.02 of the propanol showed correlations to ketone group at δC 175.6, indicating the 

connection of the propanol to methylbutanoate part.  
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5.2.3.5 Structure Elucidation of compound 3 

 

The structure elucidation of 3 was principally achieved by MS, NMR using 

deuterated DMSO-d6 solvent. The HRESIMS positive mode data showed dimes a sodium 

adducts peak [M+Na]+ of 673.2099, suggesting that the molecular mass of 650 amu, and 

molecular formula of C31H38O15. In compound 3, the 1H NMR spectrum data (Figure 5.19 

and Table 5.10) showed an extra gentiobioside part attached to the oxygen atom instead 

of acetyl group in compound 5 or methylbutanoate in compound 6.  

Compound 3 was related to the other analogues 1, 2, 5 and 6, the HMBC correlations 

were observed in 3 as follow; the two protons at δH 6.09 of the methylenedioxy group at 

δC 102.3 (CH2OO) showed correlation to the two carbons at C3ʹ δ148 and C4ʹ δ147.8, 

indicating the connection to the benzene ring. The two protons at δH 7.42 ppm of C2ʹ 

δ105 and at δH 7.40 of C6ʹ δ118.7 showed correlation with the quaternary C2 δ155 

indicating the connection of the methylenedioxy benzene to the benzofuran part of the 

core structure. The two protons at δH 7.99 of C4 δ112.2 and at δH 7.78 of C6 at δ107.8 

corelated to the carbon C1ʹʹ at δC 31.93, indicating the connection of the benzofuran to the 

propanol. The proton at δH 4.12 of C1ʹʹʹ at δ102.8 showed correlation with the methylene 

group of C3ʹʹ at δC 67.9 indicating the connection of the propanol to the CH2O-

Gentiobiosyl (sugar parts). The proton at δH 4.27 of C1ʹʹʹʹ at δ103.3 showed correlation 

with the methylene group at C6ʹʹʹ at δC 68.4, indicating the connection of the two sugar 

parts.  

All 2D NMR data were obtained, COSY, and HMBC are explained in Figure 5.20 and 

Table 5.10.  
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Table 5.10 NMR (1D & 2D) data (800 MHz, in DMSO-d6) of 3. Data was compared to 

the published data of egonol genteobioside [23]. 

 13C Reported 

13C 

1H, J in Hz Reported  

1H 

COSY HMBC ROESY 

2ʹ 105 CH 105.8 7.42, d (1.7) 7.42, d (1.5)  6ʹ, 4ʹ, 2 3, 5ʹ 

6ʹ 118.7 CH 119.6 7.4, dd (8, 1.7) 7.40, dd (8, 1.5) 5ʹ 2ʹ, 4ʹ, 2 
 

3 101.1 CH 102.0 7.2, s 7.2, s  9, 8, 2 4, 2ʹ 

5ʹ 108.9 CH 109.7 7.0, d (8) 7.03, d (8) 6ʹ 1ʹ, 3ʹ 
 

4 112.2 CH 113 6.99, d (1) 7, br s 6 1ʹʹ, 6, 8 3, 1ʹʹ, 2ʹʹ 
6 107.8 CH 108.7 6.78, d (1) 6.78, s 4 1ʹʹ, 4, 8, 7 1ʹʹ, CH3O 

 101.5 CH2OO 102.3 6.09, s 6.09, s  4ʹ, 3ʹ  

1ʹʹʹʹ 103.3 CH 104.9 4.27, d (7.8) 4.21, d (7.5) 2ʹʹʹʹ 6ʹʹʹ, 3ʹʹʹʹ 6ʹʹʹ,3ʹʹʹʹ,4ʹʹʹ 

1ʹʹʹ 102.8 CH 103.7 4.12, d (7.8) 4.12, d (7.9) 2ʹʹʹ 3ʹʹ, 5ʹʹʹ 3ʹʹ, 5ʹʹʹ,3ʹʹ 

6ʹʹʹ 68.4 CH2 

 

69.2 3.97, d (10.2) 

3.57, dd (11.7, 6.4) 

3.92, d (10.4) 

3.54, dd (10.4, 6.4) 
6ʹʹʹ 

6ʹʹʹ 

4ʹʹʹ, 1ʹʹʹʹ 

5ʹʹʹ, 1ʹʹʹʹ 

 

 55.8 OCH3 56.6 3.94, 3H, s 3.94, s  7 6 

3ʹʹ 67.9 CH2 68.7 3.81, dt (8.3, 3.2, 

3.2) 

3.43, m 

3.79, m 

3.43, m 
3ʹʹ 

3ʹʹ 

1ʹʹ, 1ʹʹʹ 

1ʹʹ 

 

1ʹʹʹ 

6ʹʹʹʹ 61.0 CH2 66.5 3.66, d (10.6) 

3.44, m 

3.68, dd (11.2,5.3) 

3.54, dd (10.4, 6.4) 
6ʹʹʹʹ 

6ʹʹʹʹ 

4ʹʹʹʹ, 3ʹʹʹʹ 

1”’, 3ʹʹʹʹ 

4ʹʹʹʹ, 5ʹʹʹʹ 

5ʹʹʹ 75.8 CH 77.5 3.31, td (1.56, 1.56) 3.43 4ʹʹʹ 6ʹʹʹ,5ʹʹʹ,3ʹʹʹ, 1ʹʹʹ 3ʹʹʹ, 1ʹʹʹ 

3ʹʹʹ 76.7 CH 77.5 3.12, m 3.14, t (8.5) 2ʹʹʹ 4ʹʹʹ, 2ʹʹʹ  

3ʹʹʹʹ 76.8 CH 77.5 3.12, m 3.14, t (8.5)  4ʹʹʹʹ, 2ʹʹʹʹ 1ʹʹʹʹ,2ʹʹʹʹ,6ʹʹʹʹ 

5ʹʹʹʹ 77.0 CH 76.6 3.08, d, 8 3.27, m  3ʹʹʹʹ 2ʹʹʹʹ 

4ʹʹʹ 70.06 CH 70.8 3.06, m 3.08, t (8.5) 5ʹʹʹ, 3ʹʹʹ 3”’  

4ʹʹʹʹ 70.02 CH 70.5 3.06, m 3.08, t (8.5) 3ʹʹʹʹ 3 ʹʹʹʹ, 4ʹʹʹʹ  

2ʹʹʹʹ 73.58 CH 74.2 2.97, t, (8, 8) 2.98, m 1ʹʹʹʹ3ʹʹʹʹ 1ʹʹʹʹ, 3ʹʹʹʹ  

2ʹʹʹ 73.49 CH 74.2 2.97, t, (8, 8) 2.98, m 1ʹʹʹ 3ʹʹʹ 1ʹʹʹ, 3ʹʹʹ  

1ʹʹ 31.93CH2 32.7 32.72, m 2.72, m 2ʹʹ 3ʹʹ, 6, 4, 5 2ʹʹ 

2ʹʹ 31.59CH2 32.3 1.86, m 1.86, m 1ʹʹ, 3ʹʹ 1ʹʹ, 3ʹʹ, 5 1ʹʹ 
2 155 C 156 

 
    

3ʹ 148 C 148 
 

    

4ʹ 147.8 C 149 
 

    

7 144.4 C 145.2 
 

    

8 141.6 C 142 
 

    

5 137.9 C 138 
 

    

9 130 C 131 
 

    

1ʹ 124 C 125 
 

    

 

 

 

5.2.3.6 Structure Elucidation of compound 4 

 

The structure elucidation of 4 was principally achieved by MS, NMR using 

deuterated DMSO-d6 solvent. The HRESIMS positive mode data showed dimes a sodium 

adducts peak [M+Na]+ of 643.1999, suggesting that the molecular mass of 620 amu, and 

molecular formula of C30H36O14. In compound 4, the 1H NMR of 800 MHz spectrum data 
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(Figure 5.21 and Table 5.11) showed an extra Xylose-Glucose molecule attached to the 

oxygen atom instead of acetyl group in compound 5 or methylbutanoate in 6. Also, 

different from compound 3 as it is missing methanol group attached to sugar part.  

Compound 4 was related to the previous analogues, the HMBC correlations were 

observed between the two protons at δH 6.08 of the methylenedioxy group and the two 

carbons at C3ʹ δ147.7 and C4ʹ δ147.8 indicating the connection of methylenedioxy to the 

benzene ring. The two protons at δH 7.41 ppm of C2ʹ δ104.9 and at δH 7.39 of C6ʹ δ118.7 

showed correlation with the quaternary C2 δ155 indicating the connection of the 

(methylenedioxy) benzene to the benzofuran part of the core structure. The two protons 

at δH 7.0 of C4 δ112.8 and at δH 6.7 of C6 δ107.8 showed correlation to the carbon C1ʹʹ at 

δC 31.8, indicating the connection of the benzofuran to propanol. The proton at δH 4.13 

of C1ʹʹʹ δ102.8 showed correlation with the methylene group at C3ʹʹ at δC 67.8 indicating 

the connection of the propanol to the Xylose-(1 to 6)-CH2O-Glucose (sugar part). The 

proton at δH 4.2 of C1ʹʹʹʹ δ104.5 showed correlation with the methylene group at C6ʹʹʹ at δC 

65.3, indicating the connection of the two sugar parts. 2D NMR data were obtained, 

COSY and HMBC are explained in Figure 5.22 and Table 5.11.  

Figure 5.21 1H and 13C NMR (800 MHz, in DMSO-d6) spectra of 4, (peaks at δH 2.5, 

and δC 39.5 represents DMSO-d6 solvent). 
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The data has assigned the structure of 4 as masutakeside I [24], and the data was compared 

to the published data in Table 5.11.   

 

Table 5.11 NMR (1D & 2D) data (800 MHz, in DMSO-d6) for 4. The data was compared 

to the data of compound masutakeside I [24]. 
 

13C Reported 

13C 
1H, J in Hz Reported 

1H 
COSY HMBC ROESY 

2ʹ 104.9 CH 105.8 7.41, d (1.7) 7.57, d (7.56, 1.6)  6ʹ, 4ʹ, 2 3 

6ʹ 118.7 CH 119.5 7.39, dd, (8.04, 1.7) 7.54 (dd,8.0,1.6) 5ʹ 2ʹ, 4ʹ, 2 2ʹ 
3 101.1 CH 101.4 7.19, 1H, s 7.16, s  9, 8, 2  

5ʹ 108.8 CH 109.1 7.02, d (8.0) 6.94 (d, 8.0) 6ʹ 1ʹ, 3ʹ 2ʹ 
4 112.8 CH 113.1 7.0, d (0.8) 7.11 (d, 1.2)  1ʹʹ, 6, 8 1ʹʹ,2ʹʹ 
6 107.8 CH 108.4 6.7, d (1.2) 6.83 (d, 1.2)  1ʹʹ, 4, 8, 7 2ʹʹ, 1ʹʹ, CH3O 

 101.4CH2OO 102 6.08, s (6)   5ʹ, 4ʹ  

1ʹʹʹʹ 104.5 CH 106.1 4.2, d (7.5) 5.02 (d, 7.4) 1ʹʹʹ  6ʹʹʹʹ 

1ʹʹʹ 102.8 CH 104.8 4.13, d (7.8) 4.82 (d, 8.0) 2ʹʹʹ  3ʹʹʹ 
 55.8 CH3O 56.1 3.95, s 3.95 s  7 5ʹʹʹʹ,6 

5ʹʹʹʹ 68.3 CH2 67.2 3.93, dd (10, 1.5) 

3.55, dd (11.4, 6.3) 

3.69 (dd, 11.3, 9.7) 

4.35 (dd, 11.3, 2.7) 
5ʹʹʹʹ 

5ʹʹʹʹ 

4ʹʹʹʹ, 1ʹʹʹʹ  

1ʹʹʹʹ 

3ʹʹ 67.8 CH2 68.9 3.8, dt (9.5, 3.2,3.2) 

3.4, dt (9.5, 3.2, 3.2) 

3.70, m 

4.25, m 
3ʹʹ, 2ʹʹ 1ʹʹ, 1ʹʹʹ  

6ʹʹʹ 65.7 CH2 70.0 3.69, dd (11.2, 5.4) 

3, d (10) 

4.31 (dd, 11.4, 5.5) 

4.86 (dd, 11.4, 1.9) 
6ʹʹʹ 

6ʹʹʹ,5ʹʹʹ 

4ʹʹʹ, 5ʹʹʹ, 1ʹʹʹ  

3ʹʹʹ 75.7 CH 79.1 3.29, m 4.22 (dd, 9.4, 8.8) 4ʹʹʹ  1ʹʹʹ 

4ʹʹʹʹ 69.6 CH 72.6 3.27, m 4.24(ddd,9.7,8.5,2.

7) 

   

3ʹʹʹʹ 76.6 CH 79.1 3.09, m 4.16 (dd, 8.7, 8.5)  4ʹʹʹʹ, 2ʹʹʹʹ 1ʹʹʹʹ, 5ʹʹʹʹ 

5ʹʹʹ 76.6 CH 77.2 3.15, t (8.9) 4.09(ddd,8.5,5.5,1.

9) 

   

4ʹʹʹ 69.9 CH 72.6 3.09, m 4.24 (dd, 9.4, 8.5) 3ʹʹʹ 2ʹʹʹ, 3ʹʹʹ, 5ʹʹʹ  

2ʹʹʹ 73.3 CH 75.3 2.9, d (7.6,7.6) 4.05 (dd, 8.8, 8) 1ʹʹʹ 1ʹʹʹ  

2ʹʹʹʹ 73.4 CH 75.3 2.9, dd (8.7, 7.8) 4.06 (dd, 8.7, 7.4)  1ʹʹʹʹ 4ʹʹʹʹ 

1ʹʹ 31.8 CH2 32.8 2.72, m 2.86 m 2ʹʹ 3ʹʹʹ, 2ʹʹ, 6, 

4, 5 

 

2ʹʹ 31.5 CH2 32.5 1.86, m 2.04 m 1ʹʹ, 2ʹʹ 1ʹʹ, 3ʹʹ, 5  

1ʹ 124 C 125.2      

9 130.4 C 131.6      

5 137.8 C 138.5      

8 141.6 C 143.0      

7 144.4 C 145.4      

4ʹ 147.8 C 148.7      

3ʹ 147.7 C 148.5      

2 155 C 156.2      
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Table 5.12 NMR (1D & 2D) data (800 MHz, in DMSO-d6) for (7). The data was 

compared to the data of egonol [23]. 
 

13C 1H, J in Hz Reportd 1H COSY HMBC ROESY 

2ʹ 105.0 CH 7.41, d (1.6) 7.40, d (1.7)  6ʹ, 4ʹ, 2 3 

6ʹ 118.7 CH 7.39, dd (8, 1.6) 7.32, dd (8, 1.7) 5ʹ 2ʹ, 4ʹ, 2  

3 101.1 CH 7.19, s 6.79, s  9, 8, 2 2ʹ 

5ʹ 108.9 CH 7.0, d (8.1) 6.87, d (8) 6ʹʹ 1ʹ, 3ʹ  

4 112.1 CH 6.96, d (1.1) 6.97, d (1.3)  6, 8  

6 107.7 CH2 6.74, d (1.1) 6.63, d (1.3)  4, 8 CH3O, 1ʹʹ 
 101.5 CH2OO 6.08, s 6.01, s  4ʹ, 3ʹ  

 55.8 CH3O 3.94, s 4.03, s  7 6 

3ʹʹ 60.1 CH2 3.43, t (6.3, 6.3) 3.71, t (6.3) 2ʹʹ 1ʹʹ  

1ʹʹ 32.0 CH2 2.66, t (8,8) 2.78, t (7.5) 2ʹʹ 6, 4, 3ʹʹ  4, 6 

2ʹʹ 34.7 CH2 1.75, m 1.94, m 1ʹʹ, 3ʹʹ 5, 3ʹʹ 
 

1ʹ 124 C 
 

    

9 130.5 C 
 

    

5 138.2 C 
 

    

8 141.6 C 
 

    

7 144.3 C 
 

    

4ʹ 147.8 C 
 

    

3ʹ 148 C 
 

    

2 155 C 
 

    

 

The fractionation and sub-fractionation have resulted of the isolation of 7 egonols (Figure 

5.25) in which two of them were new (1 and 2 ); demethoxy masutakeside I (1) 6.7 mg, 

demethoxy egonol glucoside (2) 2.6 mg, egonol gentiobioside (3) 14.5 mg, masutakeside 

I (4) 41.3 mg, egonol AC (5) 5 mg, egonol-2-methylbutanoate (6) 11.9 mg, and egonol 

(7) 2.6 mg. 
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at MIC 256 μM (Table 5.13).  Isoniazid was used as a positive control in this study at 

MIC of 0.2 µM.   

 

Table 5.13 biological activity for the isolated compounds against Mtb strain 

mc26230. 

Isolated Compounds Mtb strain mc26230 / MIC µM 

Demethoxy masutakeside I (1) >512 

Demethoxy egonol glucoside (2) >512 

Egonol gentiobioside (3) 128 

Masutakeside I (4) 128 

Egonol acetate (5) >512 

2S-Methylbutanoate (6) 256 

Egonol (7) 256 

 

 

5.2.5 Target Identification   

Retrospective analysis of native MS screening on 40 pool fractions joined with 362 

hit fractions with anti-Mtb H37Rv cellular activity against a panel of 37 purified putative 

mycobacterial drug targets was performed. A pool of nine fractions containing a “hit” 

fraction derived from species faberi perk. was identified as formulating a protein–ligand 

complex with the Mtb proteins phenylalanyl-tRNA synthetase alpha chain pheS and RNA 

polymerase sigma factor. As shown in Figure 5.26 and Table 5.14, three charge states, 

13+, 14+, and 15+ were observed for phenylalanyl-tRNA synthetase alpha chain pheS 

(Figure 5.26A), and charge states, 10+, 11+, and 12+ for RNA polymerase sigma factor 

Mtb proteins (Figure 5.26C), under the native MS conditions. As shown in Figure 5.26B, 

upon addition of the active pool fraction, the same three charged states were observed but 

all shifted to higher m/z. Using the dominant peak as an example, the molecular weight 

of the bound ligand was calculated to be 653.27 Da ((2961.4186 - 2914.75663) × 14 = 

653.27 Da), which was consistent with the non-covalent binding of the isolated compound 

egonol gentiobioside (3). Also, another molecular weight of the bound ligand was 



199 

 

 

calculated to be 590.288 Da ((2956.92008 - 2914.75663) × 14 = 590.288Da), which was 

consistent with the non-covalent binding of the isolated compound demethoxy 

masutakeside I (1). Moreover, in figure 5.26D the molecular weight of the bound ligand 

was calculated to be 619.188 Da ((2328.26291 – 2271.97130) × 11 = 619.208 Da), that 

was consistent with the non-covalent binding of the isolated compound masutakeside I 

(4). Also, another molecular weight of the bound ligand with RNA polymerase sigma 

factor was calculated to be 650.235 Da ((2331.08359 - 2271.97130) × 11 = 

650.23519Da), which was consistent with the non-covalent binding of the isolated 

compound egonol gentiobioside. Protein-ligand complex between individual compounds; 

demethoxy masutakeside I (1), Demethoxy egonol glucoside (2), egonol gentiobioside 

(3), masutakeside I (4), with Mtb proteins (phenylalanyl-tRNA synthetase alpha chain 

pheS and RNA polymerase sigma factor) were observed using native MS.  

 

Table 5.14 FTMS screening results of species faberi perk. (hit masses in bold) 

Pool (9 fractions) Mass of Hit TB Protein Panel 

NB0181164 

NB0248464 

NB0248865 

NB0249542 

NB0249543 

NB0260645 

NB1002724 

NB1005451 

NB1010305 

653.27Da 

122.14Da 

619.20Da 

675.53Da 

374.15Da 

622.31Da 

645.25Da 

  

257.09Da 

PhenylalanyltRNA synthetase alpha chain PheS 

tRNA (guanineN (1))methyltransferase 

RNA polymerase sigma factor 

PROBABLE RIBONUCLEASE III RNC (RNASE 

III) 

Rv1466 Putative uncharacterized protein 

RNA polymerase sigma factor (3) 

2amino4hydroxy

6hydroxymethyldihydropteridine pyrophosphokinase 

(Rv3606c ortholog) 

Dihydrofolate reductase (DHFR) 
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Figure 5.26 Native MS spectra of (A) Phenylalanyl-tRNA synthetase alpha chain pheS 

protein; (B) Phenylalanyl-tRNA synthetase alpha chain pheS bound with egonol 

gentiobioside (650 Da) and demethoxy masutakeside I (590 Da) in pooled fractions; and 

(C) RNA sigma factor protein;(D) RNA polymerase sigma factor bound with 

masutakeside I (620 Da) and egonol gentiobioside (650 Da) in the same pooled fractions. 

These binding affinities were confirmed with each individual compound individually. 

  

 

All isolated pure compounds including the two new compounds (demethoxy 

masutekaside I and demethoxy egonol glucoside) were tested individually against the Mtb 

proteins. The two new analogues showed weak binding affinity with phenylalanyl-tRNA 

synthetase alpha chain pheS (Figure 5.27), and RNA polymerase sigma factor (Figure 

5.28), which is directly proportional to the weak biological activity of those compounds 

against Mtb strain mc26230. The binding affinity of demethoxy egonol glucoside has not 

been observed when the active fraction was tested in the nine pooled fractions screening. 

This is because of the competition between the compounds to bound to the protein 

especially if they bound to the same pocket.  
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Figure 5.27 Seven egonols; demethoxy masutakeside I (1), demethoxy egonol glucoside 

(2), egonol gentiobioside (3), masutakeside I (4), egonol AC (5), egonol-2-

methylbutanoate (6), and egonol (7) (100 uM) were tested individually against 

phenylalanyl-tRNA synthetase alpha chain pheS Mtb protein (9.8 uM). 

 

 

Figure 5.28 Seven egonols; demethoxy masutakeside I (1), demethoxy egonol glucoside 

(2), egonol gentiobioside (3), masutakeside I (4), egonol AC (5), egonol-2-

methylbutanoate (6), and egonol (7) (100 mM) were tested individually against RNA 

polymerase sigma factor Mtb protein (9.8 uM). 
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The ESI-MS has proven to be a useful tool for specifying dissociation constants (Kd) 

for a many of biological noncovalent complexes [25, 26]. It measures solution binding 

constants for the complexes in a protein–ligand system by calculating the electrospray-

ion abundances of the free protein and the complexes [27].  

 Using the automated ESI-MS, the pseudo-Kd of egonol gentiobioside and 

phenylalanyl-tRNA synthetase alpha chain pheS was measured by the titration approach 

using a constant phenylalanyl-tRNA synthetase alpha chain pheS concentration and 

titrating of egonol gentiobioside. Increasing the amount of ligand in the mixture results 

in the increased formation of the protein-ligand complex. The changes in the ratio of free 

protein to the ratio of the bound protein could be used to calculate the pseudo-Kd. 

However, the pseudo-Kd could not be calculated because it was hard to reach the fully 

saturated point of the protein-ligand complex (Figure 5.29). The high viscosity of the 

complex has blocked the electrospray needle twice, which prevent the work to continue, 

and to avoid the risk of damaging the FTMS machine. 

In this work, two new compounds demethoxy masutekaside I (1) and demethoxy 

egonol glucoside (2) and five known compounds egonol acetate (5), 2S-Methylbutanoate 

(6), egonol gentiobioside (3), masutekaside I (4), and egonol (7), were isolated from the 

plant genus styrax species faberi perk. Previous studies have shown that egonol showed 

antibacterial and antifungal activities against Staphylococcus aureus and Candida 

albicans with MIC in the range 10 – 20 µg/mL[28]. Also, it was active in the range of 5 

- 10 µg against Cladosporium sphaerospermum [29]. Egonol was evaluated for its 

cytotoxicity by the MTT assay against three cell lines: HeLa (human cervix carcinoma), 

Hep-2 (larynx epidermoid carcinoma) and C6 (rat glioma). Moderate activities had been 

observed against C6 (10.5 µM/mL), and Hep-2 (11.8 µM/mL) [28]. 

Masutakeside I was tested for anti-complement activity of the complement 

system; the modulation of complementary activity should be useful in the treatment of 
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inflammatory diseases [28]. Masutakeside I showed inhibition to the hemolytic activity 

of the complement system at IC50 values of 166 µM [28]. Egonol gentiobioside was found 

to significantly promote 17b-estradiol biosynthesis in ovarian granulosa KGN cells by 

approximately 1.62-fold increases at 10 µM, also, increases the estrogen (17b-estradiol) 

biosynthesis in 3T3-L1 in mouse adipose tissue by approximately 1.53-fold at 10 mM, 

indicating that egonol gentiobioside directly regulate the activity of the aromatase protein 

[30]. 

 

 

Figure 5.29 Shows nine native mass spectra of samples containing 4.5 μM Phenylalanyl-

tRNA synthetase alpha chain pheS and increasing concentrations of egonol gentiobioside 

(0.06–46 μM) in mixture.  
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In the current study, egonol gentiobioside and masutakeside I were not shown to 

inhibit the fast growing non-pathogenic M. smegmatis, however, they have shown weak 

activity against pathogenic Mtb with MIC values of 128 μM. The lack of congruence 

between results obtained from the Mtb and M. smegmatis assay was observed and 

discussed extensively. While using M. smegmatis-based screens for anti-mycobacterial 

drug discovery remains well-recognized, an important limitation of M. smegmatis as a 

surrogate organism for Mtb drug discovery was sensitivity [31]. A significant number of 

molecules identified in Mtb assays did not show activity against M. smegmatis and, thus, 

would have been missed [32]. 

Retrospective analysis of a previous target screening study of a natural product 

fraction library against a panel of 37 Mycobacterium proteins by native MS identified a 

binding complex of two Mtb proteins phenylalanyl-tRNA synthetase alpha chain pheS 

and RNA polymerase sigma factor with ligands of molecular weight of 650Da, 620 Da, 

590Da 548Da. In the screening of 362 active fractions, only seven fractions bound to 

phenylalanyl-tRNA synthetase alpha chain pheS, and five fractions bound to RNA 

polymerase sigma factor, ruling out the possibility of promiscuous small molecule 

binding to these Mtb proteins. Further native MS experiments confirmed the ligand as 

egonol gentiobioside, masutakeside I, Demethoxy masutekaside I and Demethoxy egonol 

glucoside. 

While a protein–ligand complex of egonol gentiobioside and phenylalanyl-tRNA 

synthetase alpha chain pheS was identified by mass spectral assay. The observation that 

none of the other 35 proteins in our screen reacted with the active fraction, however, when 

tested individually against the pure compounds suggests the compound does not react 

promiscuously with all proteins. This study identified phenylalanyl-tRNA synthetase 

alpha chain pheS and RNA polymerase sigma factor as a potential protein target that bind 

noncovalently with egonol gentiobioside (3) and masutakeside I (4) using ESI-MS. 
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Further studies, including the use of phenylalanyl-tRNA synthetase alpha chain pheS and 

RNA polymerase sigma factor knock-out strains of Mtb are necessary to confirm if weak 

inhibition of the targets by egonol gentiobioside and masutakeside I is the mechanism of 

action. 

 

5.3 Conclusion 

Our findings support that egonol gentiobioside and masutakeside I could represent a novel 

chemotherapeutic natural agent or lead scaffold against tuberculosis. Since the 

concentration of egonol gentiobioside and masutakeside I required to inhibit 

mycobacterial species is rather high, more potent analogs of those compounds need to be 

developed for practical use in TB treatment. Log P of egonol (7), egonol gentiobioside 

(3) and masutakeside I (4) is -0.18, 0.35 and 0.7 respectively. Egonol is miscible 

compound and the water solubility of egonol gentiobioside and masutakeside I is 0.95 

g/L and 0.79 g/L respectively. In table 5.13, egonol (7), egonol gentiobioside (3) and 

masutakeside I (4) showed activity against Mtb strain mc26230 MIC 256, 128 and 128 

µM, respectively. The activity is doubled in egonol gentiobioside and masutakeside I, 

when they have sugar part attached to the end of the side chain instead of hydroxyl group 

in egonol. The belief that the sugar part in egonol gentiobioside and masutakeside I play 

no role in the activity, and it may decrease the compound permeability and solubility. As 

an example, to increase the compounds solubility, rifampicin which is a hydrazone 

derivative of rifamycin B was developed by the Sensi group 1965 [33]. For further 

investigation, it could be worth to synthesise analogues that have hydrazone derivative as 

practical use in TB treatment. Figure 5.30 represents the potential examples of those 

analogues. 
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5.4.3 Phenotypic Screening Against M. tuberculosis H37Rv  

Growth inhibition of M. tuberculosis H37Rv using the natural product fraction library 

was performed as previously reported [34]. Fractions were prepared from dried, ground 

biota, as previously described [22]. The terminology 250 μge/μL meant the fraction was 

originated from 250 μg of dried, ground biota. The fractions were prepared to the 

concentration of 250 μge/μL and growth inhibition of the M. tuberculosis strain H37Rv 

screening was monitored using 1 μL of fraction, followed by serial dilution using 384-

well plates. To this, 40 μL of M. tuberculosis ATCC 27294 H37Rv (3–5 × 105 CFU/mL 

in Middlebrook 7H9 broth with 0.05% Tween 80, 10% v/v ADC and Casamino acids) 

was added with a Multidrop dispenser. The plates were then incubated at 37 ℃ for 7 days. 

A 10 μL solution of Resazurin (20 mg/100 mL diluted 1:1 with 10% Tween 80) was 

added and incubated further for an additional 24 h at 37 °C, for color development. 

Absorbance was monitored at two wavelengths (575 and 610 nm) using Spectramax and 

the ratios were determined to calculate the percentage of inhibition. Growth controls in 

the absence of compound as well as media controls served as inhibition ~0% and −100%, 

respectively. MIC—the least concentration which gave ≥80% inhibition was considered 

as MIC (start conc. = 1 μL of fraction (250 μge/μL). 

 

5.4.4 Re-Extraction and Purification 

Freeze-dried ground seeds of faberi perk. sp. (10.0 g) was sequentially extracted with 

n-hexane (250 mL), CH2Cl2 (250 mL), and MeOH (2 × 250 mL). The CH2Cl2 and MeOH 

extracts were combined and dried under reduced pressure, to yield a brown solid (1 g). 

The plant crude extract was pre-adsorbed to a roll of cotton and then packed into a 

stainless-steel cartridge (10 × 30 mm) that was subsequently attached to a reversed-phase 

YMC-Pack ODS-AM C18 column (S-5 µm, 150 × 20 mm). Isocratic HPLC conditions of 

70% H2O (0.1% TFA)/30% MeOH (0.1% TFA) were employed for the first 10 min, and 
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then a linear gradient to 100% MeOH (0.1% TFA) was run over 60 min, followed by 

isocratic conditions of MeOH (0.1% TFA), for a further 10 min, all at a flow rate of 9 

mL/min. Sixty fractions (60 × 1 min) were collected from the start of the HPLC run. The 

1H NMR 800 MHz fingerprints of fraction 42 and 46 compared to the 1H NMR of the 

active fraction confirmed the presence of egonol acetate (5) and egonol-2-

methylbutanoate (6), dry weight 11.9 and 5 mg, respectively. Further purification was 

carried out using the same column). Isocratic HPLC conditions of 50% H2O (0.1% 

TFA)/50% MeOH (0.1% TFA) were employed for the first 10 min, and then a linear 

gradient to 100%MeOH (0.1% TFA) was run to 60 min, followed by isocratic conditions 

of 100% MeOH (0.1% TFA), for a further 10 min. Fraction 24 yield 14.5 mg of egonol 

gentiobioside (3), and fraction 27 yield 41.3 mg of masutakeside I (4). Another 

purification was carried out using the same column). Isocratic HPLC conditions of 40% 

H2O (0.1% TFA)/60% MeOH (0.1% TFA) were employed for 50 min, and then a linear 

gradient to 100%MeOH (0.1% TFA) was run to 55 min, followed by isocratic conditions 

of 100% MeOH (0.1% TFA), for a further 10 min till 65 min. Fraction 24 yield 6.7 mg 

of demethoxy masutekaside I (1) (new), and fraction 26 yield 2.6 mg of demethoxy 

egonol glucoside (2) (new), fraction 36 yield 2.6 mg of egonol (7). 

 

5.4.5 Demethoxy masutakeside I (1)  

   White amorphous powder; [α ]D
23

 23.3 (c 0.001, MeOH); UV (MeOH) λmax (log ε) 

318 (4.31) nm; IR (UATR) νmax 3256, 2925, 1677, 1468, 1236, 1036, 928, 800, 519 cm−1; 

HRMS m/z 613.1894 [M + Na]+, calcd. MW for 590.1894, molecular formula of 

(C29H34O13). 
1H NMR (DMSO-d6, 800 MHz), δH 7.47 (1H, d, J =8 Hz, H-7), 7.45 (1H, 

d, J =1.7 Hz, H-6’), 7.43 (1H, d, J =1.7 Hz, H-4), 7.43 (1H, d, J =8, 1.7 Hz, H-4), 7.42 

(1H, d, J =8, 1.7 Hz, H-2’), 7.23 (1H, s, H-3), 7.14 (1H, dd, J =8, 1.7 Hz, H-6), 7.03 (1H, 

d, J =8 Hz, H-3’), 6.09 (2H, s, OCH2O), 4.21 (1H, d, J =7.8 Hz, H-1””), 4.12 (1H, d, J 
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=7.8, H-1′′′), 3.94 (1H, t, J =10, 6 Hz, H-6”’), 3.78 (1H, dt, J =6.5, 3.2, 3.2 Hz, H-3”), 

3.56 (1H , dd, J =11.4, 6.4 Hz, H-6”’), 3.69 (1H, dd, J =11.4, 5.4 Hz, H-5””), 3.45 (1H, 

dt, J =6.5, 3.2, 3.2 Hz, H-3”), 3.28 (1H, m, H-4””, 5”’), 3.15 (1H,dd, J = 8, 8 Hz , H-3”’), 

3.10 (1H, m, H-3””, 4”’), 3.02 (1H, m, H-5””), 2.99 (1H, m, H- 2”’, 2””), 2.74 (2H, m, 

H-1”), 1.85 (2H, m, H-2”); 13C NMR (DMSO-d6, 800 MHz); δC 155 (C2), 153 (C8), 

148.4 (C5’), 148.2 (C4’), 137.2 (C5), 129.5 (C9), 125.3 (CH, C6), 124.5 (C1’), 120.7 

(CH, C4), 111 (CH, C7), 119.2 (CH, C2’), 109.3 (CH, C3’), 105.4 (CH, C6’), 104.4 (CH, 

C1””), 103.2 (CH, C1”’), 101.9 (OCH2O), 101.2 (CH, C3), 77.0 (CH, 3”’, 3””), 76.1 

(CH, C5”’), 73.8 (CH, C2””), 73.7 (CH, C2”’), 70.3 (CH, C4”’), 70.04 (CH, C4””), 68.8 

(CH2, C6”’), 68.2 (CH2, C3”), 66.1 (CH2, C5””), 32.0 (CH C2”),  31.8 (CH2, C1”). 

 

5.4.6 Demethoxy egonol glucoside (2) 

White amorphous powder; [α ]D
23 11.6 (c 0.003, MeOH); UV (MeOH) λmax (log ε) 

318 (4.54), 213 (4.62) nm; IR (UATR) νmax 3274, 2925, 1674, 1470, 1236, 1039, 931, 

798, 516 cm−1; HRMS m/z 481.1474 [M + Na]+, calcd. MW for 458. 1474, molecular 

formula of (C24H26NaO9). 
1H NMR (DMSO-d6, 800 MHz), δH 7.47 (1H, d, J =8 Hz, H-

7), 7.45 (1H, d, J =1.7 Hz, H-6’), 7.43 (1H, d, J =8, 1.7 Hz, H-4), 7.42 (1H, dd, J =8, 1.7 

Hz, H-2’), 7.23 (1H, s, H-3), 7.14 (1H, dd, J =8, 1.7 Hz, H-6), 7.03 (1H, d, J =8 Hz, H-

3’), 6.09 (2H, s, OCH2O), 4.12 (1H, d, J =7.8, H-1′′′), 3.78 (1H, dt, J =9.5, 5.2, 5.2 Hz, 

H-3”), 3.65 (1H , dd, J =11, 2 Hz, H-6”’), 3.44 (1H, m Hz, H-3”, 6”’), 3.14 (1H, t, J = 8, 

8 Hz , H-4”’), 3.06 (1H, m, H-3””, 5”’), 2.96 (1H, t, J =8, 8 Hz H-2”’), 2.72 (2H, t, J = 

7.4, 7.4 Hz , H-1”), 1.84 (2H, p, J = 7, 7, 7, 7 Hz , H-2”); 13C NMR (DMSO-d6, 800 

MHz); δC 155 (C2), 152 (C8), 148 (C5’), 147.8 (C4’), 136.7 (C5), 129 (C9), 124.9 (CH, 

C6), 124.1 (C1’), 120.2 (CH, C4), 118.8 (CH, C2’), 10.5 (CH, C7), 108.9 (CH, C3’), 

105.0 (CH, C6’), 102.9 (CH, C1”’), 101.4 (OCH2O), 100.7 (CH, C3), 76.8 (CH, C5”’), 
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76.7 (CH, C4”’), 73.5 (CH, C2”’), 70.1 (CH, 3”’), 67.8 (CH2, C3”), 61.1 (CH2, C6”’), 

31.5 (CH C2”), 31.3 (CH2, C1”). 

 

5.4.7 Egonol gentiobioside (3) 

White powder; [α ]D
23

 21.27 (c 0.000235, MeOH); HRMS m/z 673.2099 [M + Na]+, 

calcd. MW for 650.2099. 1H NMR (DMSO-d6, 800 MHz) δH 7.42 (1H, d, J =1.7, H-6′), 

7.40 (1H, dd, J = 8.0, 1.7 Hz, H-2′), 7.20 (1H, s, H-3), 7.00 (1H,d, J = 8.0 Hz, H-3’), 6.99 

(1H, d, J =1 Hz, H-4), 6.78 (1H, d, J =1 Hz, H-6), 6.09 (2H, s, OCH2O), 4.27 (1H, d, J 

=7.8 Hz, H-1′′′′), 4.12 (1H, d, J =7.8 Hz, H-1′′′), 3.97 (1Hd, J =10.2 Hz, H-6”’), 3.94 (3H, 

s, 7-OCH3), 3.81 (1H, dt, J =8.3, 3.2, 3.2 Hz, H-3”), 3.66 (1H, d, J =10.6 Hz, H-6””), 

3.57(1H, dd, J =11.7, 6.4 Hz, H-6”’), 3.44 (1H, td, J =3.26, 3.26, 9.2 Hz, H-6””), 3.43 

(1H, td, J =3.26, 3.26, 9.2 Hz, H-3”), 3.31 (1H, m, H- 5”’), 3.12 (1H, m, H-3”’), 3.12 (1H, 

m, H-3””), 3.08 (1H, d, J =8 Hz, H-5””), 3.06 (2H, m, H-4”’, 4””), 2.97 (2H, m, H-

2”’,2””), 2.72 (2H, m, H-1”), 1.86 (2H, m, H-2”); 13C NMR (DMSO-d6, 800 MHz); δC 

155 (C2), 148 (C5’), 147.8 (C4’), 144.4 (C7), 141.6 (C8), 137.9 (C5), 130 (C9), 124 

(C1’), 118.7 (CH, C2’), 112.2 (CH, C4), 108.9 (CH, C3’), 107.8 (CH2, C6), 105 (CH, 

C6’), 103.3 (CH, C1””), 102.8 (CH, C1”’), 101.5 (OCH2O), 101.1 (CH, C3), 77.0 (CH, 

C5””), 76.8 (CH, C3””), 76.7 (CH, C3”’), 75.8 (CH C5”’), 73.58 (CH, C2””), 73.49 (CH, 

C2”’), 70.06 (CH, C4”’), 70.02 (CH, C4””), 68.4 (CH2, C6”’), 67.9 (CH2, C3”), 61.0 

(CH2, C6””), 55.8 (OCH3), 31.93 (CH2, C1”), 31.59 (CH2, C2”). 

 

5.4.8 Masutakeside I (4) 

White amorphous powder; [α ]D
24

 12.8 (c 0.000156, MeOH); HRMS m/z 643.1999 

[M + Na]+, calcd. MW for 620.1999. 1H NMR (DMSO-d6, 800 MHz) δH 7.41 (1H, d, J 

=1.7 Hz, H-6′), 7.39 (1H, dd, J = 8.0, 1.7 Hz, H-2′), 7.19 (1H, s, H-3), 7.02 (1H,d, J = 8.0 

Hz, H-3’), 7.0 (1H, d, J =1 Hz, H-4), 6.7 (1H, d, J =1 Hz, H-6), 6.08 (2H, s, OCH2O), 
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4.2 (1H, d, J =7.5 Hz, H-1′′′′), 4.13 (1H, d, J =7.8, H-1′′′), 3.95 (3H, s, 7-OCH3), 3.93 

(1Hd, J =10 Hz, H-5””), 3.8 (1H, dt, J =6.5, 3.2, 3.2 Hz, H-3”), 3.69 (1H, d, J =10.6, 

5.4Hz, H-6”’), 3.55(1H , dd, J =11.4, 6.3 Hz, H-6”’), 3.4 (1H, dt, J =6.5, 3.2, 3.2 Hz, H-

3”), 3.29 (1H, m, H-3”’), 3.27 (1H, m, H-4””), 3.15 (1H, m, H-5”’), 3.09 (1H, m, H-3”’, 

4”’), 3.0 (1H, d, J =10 Hz, H-6”’), 2.9 (1H, m, H- 2”’, 5”’, 5””), 2.72 (2H, m, H-1”), 1.86 

(2H, m, H-2”); 13C NMR (DMSO-d6, 800 MHz); δC 155 (C2), 147.8 (C5’), 147.7 (C4’), 

144.4 (C7), 141.6 (C8), 137.8 (C5), 130.4 (C9), 124 (C1’), 118.7 (CH, C2’), 112.8 (CH, 

C4), 108.8 (CH, C3’), 107.8 (CH2, C6), 104.9 (CH, C6’), 104.5 (CH, C1””), 101.4 

(OCH2O), 102.8 (CH, C1”’), 101.1 (CH, C3), 76.6 (CH2, 3”’, 5”’), 75.87 (CH C3”’), 

73.4 (CH, C2””), 73.3 (CH, C2”’), 69.9 (CH, C4”’), 69.6 (CH, C4””), 68.3 (CH2, C5””), 

67.8 (CH2, C3”), 65.7 (CH2, C6”’), 55.8 (OCH3), 31.8 (CH2, C1”). 

 

5.4.9 Egonol acetate (5) 

Gold oil; HRMS m/z 391.11409 [M + Na]+, calcd. MW for 368.11409. 1H NMR 

(DMSO-d6, 800 MHz) δH 7.42 (1H, d, J =1.7, H-6′), 7.40 (1H, dd, J = 8.0, 1.7 Hz, H-2′), 

7.20 (1H, s, H-3), 7.00 (1H,d, J = 8.0 Hz, H-3’), 6.98 (1H, d, J =1.2 Hz, H-4), 6.76 (1H, 

d, J =1.2 Hz, H-6), 6.09 (2H, s, OCH2O), 4.0 (2H, t, J =6.5, 6.5 Hz, H-3”), 3.95 (3H, s, 

7-OCH3), 2.69 (2H, t, J =8 Hz, H-1”), 2.0 (3H, s, 4”-CH3AC), 1.92 (2H, ddd, J =6.6, 8, 

15 Hz, H-2”); 13C NMR (DMSO-d6, 800 MHz); δC 170.4 (CO), 155 (C2), 147.9 (C5’), 

147.8 (C4’), 144.3 (C7), 141.6 (C8), 137 (C5), 130 (C9), 124 (C1’), 118 (CH, C2’), 112.1 

(CH, C4), 108 (CH, C3’), 107.6 (CH, C6), 104.9 (CH, C6’), 101.4 (OCH2O), 101 (CH, 

C3), 63.2 (CH2, C3”), 55.7 (OCH3), 30.1 (CH2, C2”), 31.7 (CH2, C1”), 20.7 (4”-

CH3AC). 
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5.4.10 Egonol-2-Methylbutanoate (6) 

Gold oil; [α ]D
24

 35.5 (c 0.000235, MeOH); HRMS m/z 433.1615 [M + Na] +, calcd. 

MW for 410.1615. 1H NMR (DMSO-d6, 800 MHz) δH 7.41 (1H, d, J =1.7 Hz, H-6′), 

7.39 (1H, dd, J = 8.0, 1.7 Hz, H-2′), 7.18 (1H, s, H-3), 7.0 (1H,d, J = 8.0 Hz, H-3’), 6.96 

(1H, s, H-4), 6.74 (1H, d, s, H-6), 6.08 (2H, s, OCH2O), 4.02 (2H, m, H-3”), 3.94 (3H, s, 

7-OCH3), 2.69 (2H, t, J =7,4 Hz, H-1”), 2.35 (1H, m, H-5”’), 1.92 (2H, m, H-2”), 1.56 

(1H, m, H-6”), 1.42 (1H, m, H-6”), 1.06 (3H, d, J =7 Hz, H-4”), 0.85 (3H, t, J = 7.3, H-

7”); 13C NMR (DMSO-d6, 800 MHz); δC 175.6 (CO), 155 (C2), 147.9 (C5’), 147.8 (C4’), 

144.4 (C7), 141.6 (C8), 137.1 (C5), 130.5 (C9), 118.7 (CH, C2’), 123.8 (C1’), 112 (CH, 

C4), 104.9 (CH, C6’), 108.8 (CH, C3’), 107.6 (CH, C6), 101.4 (OCH2O), 101 (CH, C3), 

63 (CH2, C3”), 55.7 (OCH3), 40.23 (CH, C5”), 31.7 (CH2, C1”), 30.2 (CH2, C2”), 26.2 

(CH2, C6”), 16.4 (CH3, C4”), 11.3 (CH3, C7”). 

 

5.4.11 Egonol (7) 

White powder; HRMS m/z 349.1048 [M + Na] +, calcd. MW for 326.1048. 1H NMR 

(DMSO-d6, 800 MHz) δH 7.41 (1H, d, J=1.6 Hz, H-6′), 7.39 (1H, dd, J = 8.0, 1.6 Hz, H-

2′), 7.19 (1H, s, H-3), 7.0 (1H,d, J = 8.1 Hz, H-3’), 6.96 (1H, d, J =1.1 Hz, H-4), 6.74 

(1H, d, J =1 Hz, H-6), 6.08 (2H, s, OCH2O), 3.94 (3H, s, 7-OCH3), 3.43 (2H, t, J =6.3 

Hz, H-3”), 2.66 (2H, t, J =8, H-1”), 1.75 (2H, m, H-2”); 13C NMR (DMSO-d6, 800 MHz); 

δC 155 (C2), 148 (C5’), 147.8 (C4’), 144.3 (C7), 141.6 (C8), 138.2 (C5), 130.5 (C9), 124 

(C1’), 118.7 (CH, C2’), 112.1 (CH, C4), 108.9 (CH, C3’), 107.7 (CH2, C6), 105 (CH, 

C6’), 101.5 (OCH2O), 101.1 (CH, C3), 60.1 (CH2, C3”), 55.8 (OCH3), 34.7 (CH2, C2”), 

32.0 (CH2, C1”). 
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5.4.12. Biological Assays  

Egonol gentiobioside (3) and Masutakeside I (4) were evaluated for its anti-

mycobacterial activities against the M. smegmatis strain mc2155 (ATCC 70084) and M. 

tuberculosis mc26230. The M. smegmatis strain mc2155 was grown in Middle brook 7H9 

broth (Difco, Sparks, MD, USA) supplemented with 10% (v/v) OADC enrichment 

(Becton Dickinson) 0.05% (v/v) Tween-80 and 0.2% (v/v) glycerol. Cultures were grown 

at 37 °C, while shaking (200 rpm). In clear-bottomed 96-well plates (Nunc), two-fold 

serial dilutions (8 times) of each compound were added to volumes of 40 μL of 7H9 

medium. The last column of each plate did not contain any compound and served as a 

negative control. Previously prepared M. smegmatis strain mc2155 inocula were diluted 

with their culture medium to achieve 0.0025 OD600. Isoniazid served as a positive control 

at MIC of 0.2 µM, and DMSO as a negative control. The plate was incubated at 37 °C for 

24 h. After incubation, 30 μL of 0.02% resazurin was added to the wells, and the plates 

were incubated at 37 °C for 4 h. The minimal inhibitory concentration was determined by 

the compound concentration well that remained blue and did not change to pink. All 

experiments were performed in triplicates. 

The M. tuberculosis strain mc26230 used in this study was obtained from the Howard 

Hughes Medical Institute, Department of Microbiology and Immunology, Albert Einstein 

College of Medicine. Mycobacterial strains were grown in Middlebrook 7H9 medium 

(Difco, Sparks, MD, USA) supplemented with 10% (v/v) OADC enrichment (Difco), 

0.2% (v/v) glycerol, 0.05% (v/v) tyloxapol, and pantothenate (50 mg/L). Cultures were 

grown at 37 °C, while shaking (160 rpm). In clear-bottomed 96-well plates (Nunc), two-

fold serial dilutions (8 times) of each compound were added to volumes of 100 μL of 7H9 

medium. The last column of each plate did not contain any compound and served as a 

negative control. Previously prepared Mtb mc26230 inocula were diluted with their 

respected medium to achieve 0.05 OD600. The inocula were then added to each well and 



214 

 

 

the plates were incubated at 37 °C for five days. After incubation, 30 μL of 0.02% 

resazurin was added to the wells, and the plates were incubated at 37 °C for 24 h. The 

minimal inhibitory concentration was determined by the compound concentration well 

that remained blue and did not change to pink. All experiments were performed in 

triplicates. 

 

5.4.13. Target Screening  

phenylalanyl-tRNA synthetase alpha chain pheS and the other 36 unique proteins 

(Figure 5.31) in the target panel were supplied by the Seattle Structural Genomics Center 

for Infectious Diseases (SSGCID, Seattle, WA, USA; www.ssgcid.org). Target screening 

of the pool fraction library against the protein panel was conducted, as previously reported 

[34]. When the protein-ligand complex was found, the molecular weight of the binding 

ligand was estimated from the spectrum, using the following equation: MW ligand = ∆m/z 

× z. 

 

Figure 5.31 List of the collection of 37 TB proteins from 9 Mycobacteria species.  
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Chapter 6. Isolation and Structure Elucidation of Compounds from 3 

Biota (species mauritiana, genus Flindersia and species novoguineensis 

teschn). 

 

Abstract 

 This chapter reports the isolation and structure elucidation of hymenidin (1) 

isolated from the active anti-TB fraction of marine species mauritiana, collected by the 

QLD Museum, and γ-Fagarine (2) isolated from the plant genus Flindersia, collected 

from Papua New Guinea, and goniothalamin (3) isolated from the plant species 

novoguineensis teschn., collected from Papua New Guinea. The three species were group 

of biota samples (plant and marine products) that their fractions showed activity against 

Mtb at 2.5 µge/µL for fractions 1 and 2, and at 10 µge/µL for fraction 3 in the high-

throughput screening (HTS) of the fraction library was tested against Mtb H37Rv. The 

structure of the three compounds were determined based on proton NMR combined with 

MS information. 

 

6.1 Introduction 

Three biota were investigated in this chapter. First about the marine sponge Agelas 

mauritiana, studies were made in 1864 by Duchassaing De Fonbressin and Michelotti of 

the genus Agelas in tropical regions [1], and by Carter in1883 [2]. The genus Agelas has 

been put in the family Agelasidae and this currently remains a monotypic family as Van 

Soest has stated in 2002 [3]. The taxonomic clustering of this family has been in a debate 

for tens of years and recently, the family was put together with the Astroscleridae in its 

own order Agelasida by Van Soest and Hooper in 2002 [4]. Moreover, the majority of 

these species contain brominated pyrroles, which are known to have antibacterial, 

cytotoxic, and anticancer activity as reported by Vik et al in 2006 [5], and by Erpenbeck 
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and Van Soest in 2007 [6]. Two diterpenoid derivatives agelasine B and agelasine D were 

isolated from the sponge Agelas mauritiana, and identified for the first time as anti-tumor 

compounds, showing activity toward breast cancer cells (MCF-7 cell line) at values of 

IC50 7.84 ± 0.65 and 10.48 ± 0.84 µM, respectively [7]. Also, a diterpene alkaloid epi-

agelasine C was isolated from Agelas mauritiana as an antifouling substance active 

against macroalgae, which cause harm and serious problems to ship’s hulls, the cooling 

system of power plants, and fishing nets [8]. 

The second biota is genus Flindersia, sp. Belongs to Rutaceae family and includes 

many members of economic importance. Citrus species are the most notable of this family 

that produce the citrus fruits such as oranges, lemons, mandarins, tangerines, limes and 

kumquats, and the extracted essential oils used in perfumery. Pilocarpine (drug used to 

treat glaucoma) is sourced from pilocarpus genus. Also, some species are used as 

ornamentals like Boronia, Choisya, Poncirus, and Skimmia. They are large family 

containing around 155 genera (plural of genus) with 1600 species distributed in tropical 

and subtropical areas [9]. Flindersia genus is regionally known for it is important as 

commercial timbers [10]. This genus is existing in Australia and spread out from Mackay 

(east-central Queensland) to Kempsey (northeast New South Wales). It grows in 

rainforest and rather dry area, close to sea level to 860 m altitude [11]. This genus includes 

14 species, 12 are rain-forest trees and just two, F. dissosperma and F. maculosa are 

found in the dry western areas of New South Wales and Queensland [12]. Extracts of this 

species showed antimalarial activity [13], antiparasitic activity [14], and antibacterial 

activity [15].  

The third biota belongs to family Lauraceae, genus Cryptocarya species 

novoguineensis teschn. is a pantropical family includes 50 genera (plural of genus) and 

2500-3500 species are considerable interest to natural product chemists and taxonomists. 

Cryptocarya is the most important genus of the Lauraceae as (Rohwer, 1993) has stated. 
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It grows in South Africa, Botswana  and Zimbabwe [16]. Lauraceae is widespread in 

tropical and subtropical areas, especially South America and Eastern Asia. Australia has 

130 species around all states, mostly Qld to coastal NSW [17]. Species of this family 

showed cholinesterase inhibition [18], cyclooxygenase-2 inhibition, as an indication 

against headache [19], antifungal activity [20], and antileishmanial and cytotoxic activity 

[21]. Herath et al reported that goniothalamin compound isolated from Cryptocarya 

novoguineensis species showed anthelmintic activity at IC50 of 200 –300 μM [22]. Also 

showed anti Mtb activity (H37Rv cell line) [23]. In this study, the whole marine species 

mauritiana, the leaves of plant genus Flindersia and the whole plant species 

novoguineensis teschn. were part of the compound library (plants and marine products), 

which tested through the HTS against Mtb, activity was observed, and species were 

investigated.  

 

6.2 Results and Discussion 

A series of active fractions from plant species and marine organisms were 

identified against Mtb through the high-throughput screening (HTS). Fraction 3 derived 

from the whole marine species mauritiana, collected from QLD Museum, voucher ID 

[G320772], showed anti Mtb activity with an MIC value of 2.5 µge/µL. The LLE 

fractionation protocol led to isolation and identification of one major compound (1) from 

the active fraction 3. Fraction 4 derived from the leaves of plant genus Flindersia, 

collected from Papua New Guinea ,voucher ID [3024902P02321], showed anti Mtb 

activity with an MIC value of 2.5 μge/μL. The LLE fractionation protocol led to isolate 

one major compound (2) from the active fraction 4 of this plant. Also,  fraction 4 derived 

from whole plant species novoguineensis teschn., collected on 17 May 2000 from Papua 

New Guinea, voucher ID [401820P01373], showed anti Mtb activity with an MIC value 

of 10 μge/μL. The LLE fractionation led to isolate one major compound (3). The 
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compounds (1), (2) and (3) did not show activity against M. smegmatis even at high 

concentration. Compounds (1), (2) showed very weak activity against Mtb mc26230 at 

MIC >512 µM, while lack of compound (3) prevented further testing. Isoniazid served as 

a positive control at MIC of 0.2 µM. 

 

6.2.1 Extraction and Isolation 

Using the Lead-like Enhanced (LLE) extraction and fractionation protocol 

previously explained in detail (Figure 2.2 Chapter 2). 300 mg biota of each species were 

extracted and fractionated to 5 fractions using HPLC. The HPLC separations were 

performed on a reversed-phase Onyx Monolithic C18 HPLC column (4.6 mm × 100 mm 

size) using a linear gradient from 90% (solvent B) H2O (0.1% TFA)/10% (solvent A) 

MeOH (0.1% TFA) to 50% B/50% A in three min at a flow rate 4 mL/min, a convex 

gradient to 100% A at 6.50 min at a flow rate 3 mL/min, held at 100% A for another 0.5 

min at a flow rate 3 mL/min, held at solvent A for more one minute (8 min in total) at a 

flow rate 4 mL/min. Then a linear gradient back again to 90% B/10% A in one min (9 

mins in total) at a flow rate 4 mL/min, held for 2 min to calibrate the column to be ready 

for the next run. The total run time for each LLE extract injection was 11 min. Each 

fraction was subjected to the NMR 800 MHz to obtain the proton NMR fingerprints. 

Compound (1) was derived from fraction 3, when compound (2) and compound (3) were 

derived from fraction 4. Those three compounds are the major compounds in the active 

fractions. Figure 6.1 shows the Diode array spectrum and proton NMR spectra of the 3 

compounds. The yields for compound 1 (hymenidin) is  o.8 mg with 97 % purity, for 

compound 2 (γ-Fagarine) is 0.8 mg with 98 % purity and for compound 3 (goniothalamin) 

is 0.6 mg with 95% purity. 
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Figure 6.1 Diode array spectrum (top) and proton NMR spectra (bottom) of active 

fractions, A red box represents compound (1), B red box represents compound (2), and 

C red box represents compound (3). 

 

 

6.2.2 Structure Elucidation of Isolated Compounds 

6.2.2.1 Structure Elucidation of compound 1 

 

The structure elucidation of 1 was principally achieved by MS, NMR using 

deuterated DMSO-d6 solvent. The HRESIMS positive mode data showed a proto-

molecular ion peak 621.69 [2M + H], m/z 311.34 [M + H], suggesting that the molecular 

mass of 310 amu, and molecular formula of C11H12BrNO5. 

In compound 1, The 1H NMR of 800 MHz spectrum data (Figure 6.2 and Table 

6.1) showed five exchangeable protons at δH 12.19 (NH),11.78 (NH2), 11.73 (NH), and 

8.17 (NH). Five protons of methine groups and one of methylene group.  
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The 13C NMR spectrum (Figure 6.2 and Table 6.1) of 1 presented 11 different types of 

carbon signals, five quaternary carbons including one carbonyl group, one methylene 

group, five methines. 

Figure 6.2 1H and 13C NMR (800 MHz, in DMSO-d6) spectra of 1, (peaks at δH 2.5, 

and δC 39.5 represents DMSO-d6 solvent). 

 

 

All 2D experiments data (HSQC, COSY, HMBC and ROESY were obtained 

and will presented in the supplementary data. The data were compared to the published 

data and confirmed the structure of hymenidin compound (Figure 6.3).  

 

Table 6.1 NMR (1D &2D) data (800 MHz, in DMSO-d6) of 1. The data was compared 

to (Hymenidin) Oroidin,2-Debromo compound [24]. 
 13C 1H COSY HMBC ROESY 

14 NH 12.19, 1H, s 16, 15   

1 NH 11.78, 1H, s 2 3, 2  

16 NH2 11.78, 1H, s 

11.73, 1H, s 

14 11  

7 NH 8.17, 1H, t, (5.8) 8 6  

4 121.3 CH 6.98, 1H, dd (1.5, 1.5) 1, 2 2. 5  

2 111.5 CH 6.80, 1H, dd (2.8, 1.7) 1, 4 4, 5  

15 109.0 CH 6.60, 1H, s 14 15,13, 10 10 

8 41.0 CH2 3.42, 1H, m 

3.34, 1H, m 

7, 9 

7, 9 

9 

 

 

10 37.5 CH 2.93, 1H, d (9) 9 11, 15 8, 15 

9 42.1 CH 2.26, 1H, t, (4.8) 10, 8   

5 126.6 Q     

11 127 Q     

12 N     

13 147 Q     
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data of γ-Fagarine compound [25], (Figure 6.5). All 2D experiments data (HSQC, COSY, 

HMBC and ROESY were obtained and will presented in the supplementary data. 

 

Figure 6.4 1H and 13C NMR (800 MHz, in DMSO-d6) spectra of 2, (peaks at δH 2.5, 

and δC 39.5 represents DMSO-d6 solvent). 

 

 

Table 6.2 NMR (1D &2D) data (800 MHz, in DMSO-d6) of 2. 13C data was matched 

the reported data of γ-Fagarine compound [25]. 

 13C 13C Reported 1H COSY HMBC ROESY 

2 144. CH 143.9 CH 805 1H, d (2.7) 3 3a, 8b  

5 113.5 CH 114.1 CH 7.76 1H, d (8.5) 6 8a, 7, 4  

3 105.4 CH 104.5 CH 7.47 1H, d (2.7) 2 3a, 2, 8b  

6 123.6 CH 123.4 CH 7.39 1H, t (8.5,7.5) 7, 5 4a, 8  

7 108.4 CH 107.5 CH 7.18 1H, d (7.5) 6 5, 8a  

8b 162.6 CO 163.2 CO q    

4 156.2   C 156.9 C q    

8 154.3   C 154.6 C q    

8a 136.7   C 137.5 C q    

4a 119.0   C 119.7 C q    

3a 103.5   C 103.9 C q    

 59.4 OCH3 59 OCH3 4.44 3H, s  4 3 

 55.6 OCH3 56 OCH3 3.95 3H, s  8 7 
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Figure 6.6 1H and 13C NMR (800 MHz, in DMSO-d6) spectra of 3, (peaks at δH 2.5, 

and δC 39.5 represents DMSO-d6 solvent). 

 

 

All 2D experiments data (HSQC, COSY, HMBC and ROESY were obtained and will 

presented in the supplementary data. The data were compared to the published data and 

confirmed the structure of goniothalamin compound [26], (Figure 6.7). 

 

Table 6.3 NMR (1D &2D) data (800 MHz, in DMSO-d6) of 3. 13C data was matched 

the reported data of goniothalamin compound [26]. 

 13C 13C Reported  1H COSY HMBC 

10 126.6 CH 126.5 7.49, 1H, d (7.16) 11 12, 14  

13 128.7 CH 128.4 7.36, 1H, t (7.82, 7.51) 14, 12  

12 128.1 CH 128.1 7.29, 1H, t (7.38,7.35) 13, 12 10, 14 

4 146.7 CH 144.4 7.08, 1H, m 3, 5 6, CO 

8 132.0 CH 132.8 6.71, 1H, d (15.74) 7 6, 14 

7 126.8 CH 125.5 6.44, 1H, dd (6.35, 9.56) 8, 6 5, 9 

3 120.3 CH 121.4 6.00, 1H, ddd (1.2, 6.11) 4 5, CO 

6 77.5 CH 77.8   5.15, 1H, m 5, 7  

5 29.1 CH2 29.9 2.61, 1H, dt (5, 5, 10) 

  2.51, 1H, dt (3.5,3.5, 10) 

6, 4 

             

 

3, 7 

9 135.7 C q 135.5    

2 163.4 CO 163.5    

14 126.6 CH 126.5 7.49, 1H, d (7.16) 13 10, 12 

11 128.7 CH 128.4 7.36, 1H, t (7.82, 7.51) 10, 12 9, 13 
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study suggested that alpha-fagarine has cardiac depressant action with unpredictable toxic 

reaction [32]. From the literatures, compounds (1) and (2) have not been reported for 

activity against M. smegmatis or mycobacterium tuberculosis. However, goniothalamin 

(3) derived from plant species novoguineensis teschn. was reported for anti Mtb activity 

cell line H37Ra at IC50 25 μg/ml (125 µM), Antimalarial activity at IC50 2.65 μg/ml, anti-

cancer activity, breast cancer (cell line MCF7) at IC50 3.61 μg/ml, and lung cancer (cell 

line NCI-187) at IC50 0.538 μg/ml [33]. Also, another source reported anti-fungal and 

antibacterial activity [34]. Another source showed anti-cancer activity against breast 

cancer (MCF-7), human tumour (NCI), ovarian tumour (ADR), non-small cell lung 

cancer cell lines (NCI 460), human metastatic melanoma cell lines (UACC62), Renal 

cancer cell line (786-0), human ovarian carcinoma cell line (OVCAR03), polycystic 

ovary cell line (PCO 3), and human colon adenocarcinoma cell line (HT 29), at IC50 10.5, 

2.3, 6.4, 17.4, 6.4, 39.0, >100, and 11.2 µM respectively [35]. Also, another source 

reported the  induction of apoptosis in the human (HeLa) cell line via the induction of 

mitochondria-mediated apoptosis, associated with the endoplasmic reticulum (ER) stress-

induced activation of c-Jun NH2-terminal kinase (JNK) by goniothalamin [36], and anti-

inflammatory activity (anti colitis) [37]. In this study, an extended evaluation of 

antimycobacterial effect for these compounds against M. smegmatis mc2155, Mtb H37Rv 

and Mtb mc26230 was carried out. None of these three compounds showed activity 

against M. smegmatis. Hymenidin (1) and gamma-fagarine (2) showed week activity 

against Mtb mc26230 at MIC > 512 µM, while lack of goniothalamin (3) prevented 

further testing against Mtb mc26230 cell line. This biota could be worth for further 

investigation. 
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6.3 Materials and Method 

6.3.1 General Experimental Procedures 

NMR spectra for of the compounds were recorded in DMSO-d6 (δH 2.50 and δC 

39.5) at 25 °C on a Bruker AVANCE III HDX 800 MHz NMR spectrometer (Fallanden, 

Zurich, Switzerland) equipped with a triple resonance cryoprobe. High-resolution 

electrospray ionization mass spectra (HRESIMS) were recorded on a Bruker maXis II 

ETD ESI- QTOF (Bruker, Bremen, Germany). The HPLC system for LLE fractions for 

phenotypic screening included a Waters 600 pump (Milford, MA, USA) fitted with a 996-

photodiode array detector and Gilson FC204 fraction collector (Middleton, WI, USA). 

The HPLC system for purification of re-extracted material was a semi-preparative 

Thermo Ultimate 3000 system with a PDA detector (Waltham, MA, USA). A 

Phenomenex C18 Monolithic column size (5 μm, 4.6 × 100 mm) was used for LLE 

fractionation; a reversed-phase YMC-Pack ODS-AM C18 column size (S-5 µm, 150 × 20 

mm) was used for semi-preparative HPLC. 

 

6.3.2 Natural Product Fraction Library  

The lead-like enhanced natural product fraction library (202,983 fractions) was 

constructed as previously described in chapter two, and previously published [38].  

 

6.3.3 Hymenidin (1) 

Orange needles; HRMS m/z 621.69 [2M + H], m/z 311.34 [M + H], calcd. MW for m/z 

310.1H NMR (DMSO-d6,800 MHz): δH 12.19 (1H, s, NH), 11.78, 11.73  (2H, s, NH), 

11.73 (1H, s, NH), 8.17 (1H, t, J =6, 6 Hz, NH), 6.98 (1H, q, J =1.5, 1.5, 1.5 Hz, H-2), 

6.80 (1H, t, J =1.5, 1.5 Hz, H-4), 6.60 (1H, s, H-15), 3.42, 3.34 (2H, m, H-8), 2.93 (1H, 

d, J =9.35  Hz, H-10), 2.26 (1H, d, J =9.38 Hz, H-9); 13C NMR (DMSOd, 800 MHz): 
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δC 160 (C6), 147 (C13), 127 (C11), 126.6 (C5), 121.3 (C4), 111.5 (C2), 109.0 (C15), 95 

(C3), 42.1 (C9), 41.0 (C8), 37.5 (C10). 

 

6.3.4 Gamma-fagarine (2) 

Light yellow; HRMS m/z 459.1416 [2M + H], m/z 230.034 [M + H], calcd. MW for 

229.1H NMR (DMSO-d6,800 MHz): δH 8.05 (1H, d, J =2.7 Hz, H-2), 7.76 (1H, d, J =8.5 

Hz, H-5), 7.47 (1H, d, J =2.7 Hz, H-3), 7.39 (1H, t, J =8.5, 7.5 Hz, H-6), 7.18 (1H, d, J 

=7.5 Hz, H-7), 4.44 (3H, s, O-CH), 3.95 (3H, s, O-CH); ); 13C NMR (DMSOd, 800 

MHz): δC 162.67 (C8b), 156.2 (C4), 154.3 (C8), 144.64 (C2), 136.7 (C8a), 123.67 (C6), 

119 (C4a), 113.58 (C5), 108.44 (C7), 105.42 (C3), 103.5 (C3a), 59.46 (O-Me), 55.65 (O-

Me). 

 

6.3.5 Goniothalamin (3) 

A white amorphous; [α ]D
23

 90.0 (c 0.0001, MeOH); HRMS m/z 223.0724 [M + Na], 

calcd. MW for 200.1H NMR (DMSO-d6,800 MHz): δH 7.49 (1H, d, J =7.82 Hz, H-10, 

14), 7.36 (1H, t, J =7.82, 7.51 Hz, H-11, 13), 7.29 (1H, t, J =7.38, 7.34 Hz, H-12), 7.08 

(1H, m, H-4), 6.71 (1H, d, J =15.74 Hz, H-8), 6.44 (1H, q, J =15.71, 6.45 Hz, H-7), 6.00 

(1H, d, J =9.87 Hz, H-3), 5.15 (1H, ddd, J =8.6, 6.45, 5.15 Hz, H-6), 2.61, 2.51 (1H, m, 

H-5); 13C NMR (DMSOd, 800 MHz): δC 163.48 (CO-C2), 146.77 (C4), 132.01 (C8), 

135.76 (C9), 128.70 (C11, 13), 128.17 (C12), 126.88 (C7), 126.61 (C10,14), 120.39 (C3), 

77.57 (C6), 29.16 (C5).                
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Chapter 7 

Conclusion 

Identification of active metabolites prior to commencing isolation will avoid re-

isolation of known compounds and will save time and wasted effort in re-discovering 

known leads.  To achieve this, NMR spectra were acquired at the fraction level as there 

is less complexity compared to crude extracts. The proton NMR fingerprints were used 

to follow isolation, saving the need for bioassay during purification. As NMR reveals all 

compounds containing hydrogen and is quantitative, it can be used to guarantee that all 

compounds within a fraction are isolated.  

 

All aims were achieved through the following objectives  

• Prepared 94 extracts from biota previously identified as anti-TB active.  

• Using HPLC, each extract was fractionated to 5 fractions (470 fractions in total). 

• 1H NMR spectra for all fractions (470 fractions) were obtained using 800 MHz 

NMR. 

• Multivariate Data Analysis, Principal Component Analysis (PCA) for 

metabolomic fingerprint on all active fractions showed that fractions had a wide 

diversity of compounds and there were no common constituents that could explain 

the biological actvity. Only one fraction was discriminated in the PCA analysis of 

full spectrum (0-14 ppm) which is the active fraction of biota plant Polyalthia, 

that was published (Chapter 4). 

Extensive analysis of the NMR spectra of 94 plant and marine samples indicated a wide 

chemical diversity. The study confirmed that PCA analysis of the region delta 3 - 6 was 

predictive of chemical diversity, Figure 7.1.   
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Figure 7.1  NMR region 3 - 6 of the 30 fractions for the 6 selected biota (5 fractions foe 

each biota). 

 

 

 
 

Figure 7.1  NMR region 3 - 6 of the 30 fractions for the 6 selected biota (5 fractions foe 

each biota). 

 

 

• Taxonomic clustering for the 94-biota based on genus, species, HPLC data and 

NMR Fingerprint data indicated that one of each group of the compounds that 

were clustered together and highlighted in one colour is worthy of further study.  
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• 1H NMR spectra of the anti-TB active fractions (Figure 7.2) were used as 

reference or control for isolating pure compounds to make sure all the compounds 

in the active fractions were isolated.  

 
 

Figure 7.2 NMR region 3 - 6 of the 6 (or more) active fractions for the 6 selected 

samples. 

 

 

Isolation of 6 selected samples gave 16 compounds (Table 7.1), two of which are new 

compounds, demethoxy masutakeside I and demethoxy egonol glucoside. 

 

Table 7.1 Isolated compounds and their biota source. 

Compound Name Used part Biota Source 

Melicopidine  

Normelicopidine  

Melicopine  

Kokusaginine  

Evoxanthine  

Roots family Rutaceae, genus Euodia 

  

Altholactone  leaves family Annonaceae, genus Polyalthia 

Demethoxy 

masutakeside I (new) 

Demethoxy egonol 

glucoside (new) 

Egonol gentiobioside  

Masutakeside I  

Egonol acetate  

2S-Methylbutanoate  

Egonol  

Seeds family Styracaceae, genus Styrax, 

species faberi perk. 

 

   

Hymenidin Whole organism family Agelasidae, genus Agelas, 

species mauritiana 

γ-Fagarine Leaves family Rutaceae, genus Flindersia 

Goniothalamin Whole plant family Lauraceae, genus Cryptocarya, 

species novoguineensis teschn. 
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• LCMS was used to confirm the isolation of all compounds by comparing each 

component in the active fraction to the pure isolated compounds.  

• The biological activity of the isolated compounds was screened against 

M.smegmatis and M.tuberculosis. Altholactone showed activity towards M. 

tuberculosis strains mc26230, M. smegmatis mc2155, Mtb H37Ra and Mtb H37Rv 

at a minimum inhibitory concentration (MIC) of 64, 500, 26.9 and  137.9 μM 

respectively. Two new compounds demethoxy masutakeside I, demethoxy egonol 

glucoside, and two known compounds egonol gentiobioside and masutakeside I 

showed activity towards M. tuberculosis strain mc26230 with minimum inhibitory 

concentrations (MIC) of 256 μM, 256 μM, 128 μM and 128 μM, respectively. 

The binding affinity (protein-ligand complex) of Mtb proteins, using the database of 

protein-ligand complexes, found that altholactone was bound to the Rv1466 protein with 

an estimated pseudo Kd of 42.0 ± 6.1 µM. Also, two new compounds demethoxy 

masutakeside I and demethoxy egonol glucoside, and two known compounds egonol 

gentiobioside and masutakeside I have showed weak binding to phenylalanyl-tRNA 

synthetase alpha chain pheS and RNA polymerase sigma factor Mtb proteins. 

The results indicate that NMR fingerprints are a powerful tool to identify chemical 

diversity, to identify metabolites within fractions and to isolate novel compounds within 

closely related species. 

NMR fingerprints and PCA analysis revealed a diversity in structures, however, did not 

detect any common constituents through the fractions that account for the TB activity. As 

such there were no specific outliers, accept one sample was discriminated in the first PCA 

test of the full spectra 0-14 ppm.  

Taxonomic clustering and HPLC data, also, confirmed the diversity within the active 

fractions. This confirms that different genera and even species within genera produce a 

large number of different compounds.  
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Following the NMR of the fraction mainly allowed isolation of analogues of the major 

compounds. In one case, two structural classes were apparent in the NMR spectra.   

Targeting minor compounds requires larger collection of the biota. This study was 

restricted by availability of only 10 g. 

Larger quantities need to be collected. Analysis by NMR to find minor compounds needs 

to be used. Fractions not corresponding to major compounds for each biota need to be 

collected and form a new NMR fingerprint to allow minor compounds to be detected and 

isolated. In effect, our recommendation is that initial NMR fingerprint can be used to find 

any compound present at the NMR detection limit and a second round of NMR 

fingerprints on the combined fractions is necessary, Figure 7.3.  

 

 

 

Figure 7.3 Recommended plane for targeting minor compounds. 
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An overall discussion of the research concept  

It can be stated that it is unrealistic to find one method or one approach that could serves 

all purposes at the same time. Figure 7.4 presenting the applied methods and related 

samples in the research study.  

 

 

 

Figure 7.4 Applied methods and related samples in the research study  

 

Sample 1 (chapter 3) was an example of a unique samples in the taxonomy clustering. 

Sample 2 (chapter 4, published) showed positive results in all 3 methods. It was an outlier 

in the PCA test (full 1H NMR spectrum), it showed positive binding affinity in the protein-

ligand interaction test and was clustered with another sample from the same genus in the 

taxonomy clustering. Sample 3 (chapter 5) showed positive binding affinity in the 

protein-ligand interaction and was one of the unique samples of the taxonomy clustering. 

Samples 4, 5 and 6 were chosen according to the diversity of the genus and species and 

were considered positive to the PCA test according to the 1H NMR region  3 to 6 ppm. 

To conclude, the 1H NMR based isolation is a very good technique and realistic in terms 

of isolation of all the compounds in the active fraction.  
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The PCA did not show sufficient outcome as just one outlier from the 94 samples was 

discriminated when the test was applied for the full 1H NMR spectrum. However, by 

looking to the other PCA regions tests (specially 3-6 ppm) the chemical diversity was 

clearly obvious. PCA could be applicable and may show better results if was applied on 

samples from the same genus. PCA, although showing an outlier, does not necessarily 

mean chemical novelty.  

The protein-ligand interaction test is highly recommended, it was successfully 

demonstrated in this study and has confirmed the results of the phenotypic assay when 

the target was identified.  

The taxonomy clustering showed the diversity between the samples by cluster according 

to the genus and species and comparing the 1H NMR data and the diode array spectrum 

of each biota.  

The techniques that were applied in this study were very successful to identify new or 

active metabolites prior to commencing the isolation. The study has contributed to the 

research area and has provided a recommendation for future work. 
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Appendix 1 : Supporting Information of Chapter 3 

 

 

 

 
 

S.1 1H NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 

 

 

 
 

 

S.2 13C NMR (800 MHz, DMSO-d6) spectrum of compound 1 
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S.3 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 

 

S.4 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 1 
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S.5 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 

 

 
S.6 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 1 
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S.7 1H NMR (800 MHz, DMSO-d6) spectrum of compound 2 

 

 

 

 
S.8 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 2 
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S.9 ROESY NMR (1H -13C) (800 MHz, DMSO-d6) spectrum of compound 2 

 

 

 

 

S.10 1H NMR (800 MHz, DMSO-d6) spectrum of compound 3 
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S.11 13C NMR (800 MHz, DMSO-d6) spectrum of compound 3 

 

 

 

 
S.12 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 3 
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S.13 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 3 

 

 

 
 

S.14 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 3 
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S.15 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 3 

 

 

 

S.16 1H NMR (800 MHz, DMSO-d6) spectrum of compound 4 
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S.17 13C NMR (800 MHz, DMSO-d6) spectrum of compound 4 

 

 
 

S.18 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 4 
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S.19 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 4 

 
 

S.20 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 4 
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S.21 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 4 

 

 

 

 

S.22 1H NMR (800 MHz, DMSO-d6) spectrum of compound 5 
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S.23 13C NMR (800 MHz, DMSO-d6) spectrum of compound 5 

 

 

 

 
S.24 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 5 
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S.25 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 5 

 
 

S.26 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 5 
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S.27 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 5 

 

Appendix 2 : Supporting Information of Chapter 4 

 

 
S.1 1H NMR (800 MHz, DMSO-d6) spectrum of compound 1 
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S.2 13C NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 

 

 

 
 

S.3 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 1 
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S.4 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 
 

S.5 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 1 
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S.6 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 

 

 

 

Appendix 3 : Supporting Information of Chapter 5 

 

 

 
S.1 1H NMR (800 MHz, DMSO-d6) spectrum of compound 1 
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S.2 13C NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 

 

 
 

S.3 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 



262 

 

 

 
S.4 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 
S.5 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 1 
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S.6 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 

 

 

S.7 1H NMR (800 MHz, DMSO-d6) spectrum of compound 2 
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S.8 13C NMR (800 MHz, DMSO-d6) spectrum of compound 2 

 

 

 
S.9 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 2 
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S.10 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 2 

 

 
S.11 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 2 
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S.12 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 2 

 

 

 

S.13 1H NMR (800 MHz, DMSO-d6) spectrum of compound 3 

 



267 

 

 

 
S.14 13C NMR (800 MHz, DMSO-d6) spectrum of compound 3 

 

 

 
S.15 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 3 

 

 



268 

 

 

 
S.16 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 3 

 
S.17 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 3 
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S.18 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 3 

 

 

 

S.19 1H NMR (800 MHz, DMSO-d6) spectrum of compound 4 
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S.20 13C NMR (800 MHz, DMSO-d6) spectrum of compound 4 

 

 

 

 

S.21 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 4 
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S.22 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 4 

 
 

S.23 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 4 
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S.24 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 4 

 

 

 

S.25 1H NMR (800 MHz, DMSO-d6) spectrum of compound 5 
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S.26 13C NMR (800 MHz, DMSO-d6) spectrum of compound 5 

 

 

 

 

 
S.27 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 5 
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S.28 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 5. 

 

 

S.29 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 5 
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S.30 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 5 

 

 

 

 

S.31 1H NMR (800 MHz, DMSO-d6) spectrum of compound 6 
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S.32 13C NMR (800 MHz, DMSO-d6) spectrum of compound 6 

 

 

S.33 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 6 



277 

 

 

 
S.34 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 6 

 
S.35 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 6 
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S.36 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 6 

 

 

 

 

S.37 1H NMR (800 MHz, DMSO-d6) spectrum of compound 7 
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S.38 13C NMR (800 MHz, DMSO-d6) spectrum of compound 7 

 

 

 

 

S.39 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 7 
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S.40 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 7 

 

 

 
S.41 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 7 
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S.42 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 7 

 

 

 

 

Appendix 4 : Supporting Information of Chapter 6 

 

 

 

 
 

S.1 1H NMR (800 MHz, DMSO-d6) spectrum of compound 1 
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S.2 13C NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 

 

 

 

 
 

S.3 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 1 
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S.4 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 

 

 

 

S.5 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 1 
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S.6 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 1 

 

 

 

 

S.7 1H NMR (800 MHz, DMSO-d6) spectrum of compound 2 
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S.8 13C NMR (800 MHz, DMSO-d6) spectrum of compound 2 

 

 

 

 

 

 
S.9 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 2 
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S.10 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 2 

 

 

 

S.11 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 2 
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S.12 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 2 

 

 

 

 

S.13 1H NMR (800 MHz, DMSO-d6) spectrum of compound 3 
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S.14 3C NMR (800 MHz, DMSO-d6) spectrum of compound 3 

 

 

 

 

 

 

 
S.15 HSQC NMR (800 MHz, DMSO-d6) spectrum of compound 3 
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S.16 COSY NMR (800 MHz, DMSO-d6) spectrum of compound 3 

 

 
S.17 HMBC NMR (800 MHz, DMSO-d6) spectrum of compound 3 
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S.18 ROESY NMR (800 MHz, DMSO-d6) spectrum of compound 3 




