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Abstract 

 

Tuberculosis (TB) is the number one cause of human death from infectious disease 

in the world. Current treatments are challenged by the high levels of drug-resistant Mtb 

infection, which including rifampicin-resistant TB (RR-TB), multidrug-resistant TB 

(MDR-TB), and extensively drug resistant TB (XDR-TB). New drugs with mechanism 

of action (MOA) are required for more effective treatments.  

The literature review covered TB disease, the discovery of current treatments and 

clinic candidates, natural products in TB drugs, two drug discovery strategies 

phenotypic based drug discovery (PDD) and target based drug discovery (TDD), and a 

platform to directly observe protein-ligand complexes. 

A combination of phenotypic screening with NMR fingerprints led to the isolation 

kokusaginine (2.1) from Flindersia maculosa Lindl. , a mixture of flindersiamine (2.2) 

and maculine (2.3) from Flindersia maculosa Lindl., fascaplysin (2.4) from 

Fascaplysinopsis sp., and agelasine D (2.5) from Agelas axifera. Fascaplysin (2.4) and 

agelasine D (2.5) showed strong inhibitory activities against M. smegmatis.  

Data analysis of phenotypic screening and molecular target screening prioritised 

four PFs fractions for identification of the active constituents. 

Polycarpine (4.1) from the marine organism, Polycarpa aurata, formed a covalent 

bond with Rv1466. Polycarpine (4.1) had a pseudo-KD as 5.3 ± 0.4 μM with Rv1466. 

Rv1466 (5IRD) has a single cysteine that is exposed on the surface of the protein 

Polycarpaurine C (4.2) was also identified as a covalent ligand bound to Rv1466.  
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Isogoyazensolide (5.1) and goyazensolide (5.3), and one new compound (5.2) 

were isolated from Centratherum sp.. Both isogoyazensolide (5.1) and goyazensolide 

(5.3) formed protein-ligand complexes with Rv1466 but the binding affinities were 

weak. Given the reported anti-TB activity of isogoyazensolide (5.1) and goyazensolide 

(5.3) against Mtb H37Ra, Rv1466 is likely NOT the target.  

Five compounds, dibromophakellin (6.1), (10Z)-debromohymenialdisine (6.2), 

aldisin (6.3), 2-bromoaldisin (6.4), and stylisine A (6.5) were isolated from Stylissa 

flabellate Dibromophakellin (6.1) interacted with Rv3606c while the other four 

compounds did not. The similar binding affinities of dibromophakellin (6.1) with 

Rv3606c from M. fortuitum and M. abscessus. indicated that Rv3606c as a drug target 

in M. fortuitum and M. abscessus.  

Analysis of the chemical constituents and biological activities of an ethnic 

medicine, Ardisia japonica, used to treat TB in China gave a PhenoTarget correlation 

map of isolated compounds, the traditional application, cell-based phenotypes and 

molecular targets.  

The advantages and disadvantages of the novel PhenoTarget approach are 

discussed relative to the overall aim to combine PDD and TDD to identify the 

compounds with anti-TB activities. 
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Chapter 1 Introduction 

 

1.1 Tuberculosis  

Tuberculosis (TB) is the number one cause of human death from infectious disease 

in the world[1]. It is estimated that one-third of the world’s population is infected with 

latent infection and 10 % will develop active disease in their lifetime. The agent 

responsible for TB is the pathogen Mycobacterium tuberculosis (Mtb)[2]. The bacteria 

are spread through the air by active TB patients and most commonly affect the lungs[2]. 

Although, it is currently not possible to completely and accurately predict who will 

develop the disease, HIV and diabetes mellitus have been identified as a significant 

comorbidity[3,4].  

Typically, 80 - 90 % of patients with drug-sensitive TB are cured after receiving 

6-8 months of intensive antibiotic treatment. However, the side effects from the cocktail 

of antibiotic drugs have led to adherence issues and high levels of drug-resistant Mtb 

strains in the infected population[5]. In 2018, there were approximately half a million 

(range, 417 000-556 000) new cases of rifampicin-resistant TB (RR-TB), of which 78 % 

had multidrug-resistant TB (MDR-TB: resistant to isoniazid and rifampin with or 

without resistance to other first-line TB drugs)[1]. Globally, 3.4 % of new TB cases and 

18 % of previously treated cases had MDR/RR-TB[1]. Treatment of MDR-TB is more 

complex and takes up to two years of combination chemotherapy. These drugs are less 

effective and often associate with serious side effects and thus lead to high rates of 
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recurrence, appearance of extensively drug resistant (XDR-TB: resistant to isoniazid 

and rifampicin as well as any fluoroquinolone and any of the second-line anti-TB 

injectable drugs including amikacin, kanamycin or capreomycin ) and mortality. By the 

end of 2018, at least one case of XDR-TB had been reported by 131 WHO Member 

States. The average proportion of MDR-TB cases with XDR-TB was 6.2 %[1]. 

All these data highlight the importance for the discovery of alternative therapies 

that could improve TB treatment. Treatment of the high levels of drug-resistant Mtb 

infection, which including RR-TB, MDR-TB, and XDR-TB requires new drugs with 

new mechanisms of action (MOA) to limit crossover resistance. Thus, more effective 

treatments to eliminate this reservoir of future disease are required.  

 

1.2 Current Treatment Therapies 

The current drug regimen for drug sensitive TB treatment comprises four drugs, 

isoniazid, rifampicin, ethambutol, and pyrazinamide, for 6 months of treatment. 

Treatment of drug-resistant or MDR-TB is much more complex. MDR-TB requires 

treatment for two years with combination of at least five drugs. These second-line drugs 

tend to be more expensive. All of the MDR-TB treatment regimens include daily 

injectables for up to 6 months, and some have toxicity issues including cardiotoxicity 

and ototoxicity. 

1.2.1 First-Line Drugs 

The four first-line antimicrobials are isoniazid, rifampicin, pyrazinamide and 

ethambutol (Figure 1.1). All four drugs are typically used for the first two months of 
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treatment, followed by four months of isoniazid and rifampicin treatment. All four 

drugs were discovery by phenotypic activity in vivo in the 1950 and 1960s.  

 

 

Figure 1.1 Chemical structures of four first-line drugs for TB treatment. 

 

1.2.1.1 Rifampicin 

Rifampicin was developed from rifamycin B, the natural metabolite of 

fermentation broths of Nocardia mediterranei[6]. In 1957, rifamycin B, one of a new 

class from the rifamycin complex, was found to be the least active component but with 

an extremely low level of toxicity and a moderate level of therapeutic activity in 

infections in animals. Chemical modification from rifamycin B led to the discovery of 

rifampicin in 1965. Rifampicin is an inhibitor of RNA polymerase[7]. Thus, its 

antimycobacterial activity is through blocking of protein synthesis. 

1.2.1.2 Isoniazid 

Isoniazid was identified by pursuing derivatives of nicotinamide, an earlier anti-

TB lead. Isoniazid was actually synthesized in 1912[8]. However, it was until early 1951 

that the investigation of three companies independently over thiosemicarbazone 

analogues discovered isoniazid with anti-TB activity that far exceeded streptomycin, 

pyrazinamide and any other analog synthesized at that time[9]. The primary target of 
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isoniazid is enyol-ACP-reductase, InhA[5].  

1.2.1.3 Pyrazinamide  

Pyrazinamide was discovered from extensive research motivated by the finding 

that large doses of nicotinamide were effective to prolong survival of Mtb-infected 

guinea pigs. Pyrazinamide, an analogue of nicotinamide, emerged as the most active 

agent of the synthetic nicotinamide analogues tested in experimental tuberculosis in 

mice[10]. Due to the unique susceptibility of Mtb to pyrazinamide and a different 

mechanism of action from other TB drugs, pyrazinamide plays a unique role in 

shortening the therapy from a period of 9 to 6 months[2]. Pyrazinamide activity requires 

acidic conditions and acts as a prodrug requiring bioactivation to the active form 

pyrazinoic acid. The mechanism of pyrazinamide hasn’t been fully defined. 

1.2.1.4 Ethambutol  

Ethambutol was a synthetic compound discovered in 1961. In the course of 

screening randomly selected synthetic compounds, N, N'-diisopropylethylene diamine 

was found to protect mice from an otherwise lethal infection with the Mtb strain 

H37Rv[11].The introduction of hydroxyl functions to the discovery of ethambutol as the 

most promising compound with an efficacy index (tolerance/potency) similar to that of 

isoniazid when administered orally. Ethambutol inhibits the biosynthesis of 

arabinogalactan, a component of the bacterial cell wall[12]. 

1.2.2 Second-Line Drugs 

To treat MDR-TB, WHO recommends the use of second-line drugs which include 

aminoglycosides (streptomycin, kanamycin, amikacin), capreomycin, p-amino 
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salicylic acid, fluoroquinolones (moxifloxacin, ofloxacin, levofloxacin), isonicotinic 

acid derivatives (ethionamide, prothionamide), and cycloserine (Figure 1.2).  
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Figure 1.2 Chemical structures of second-line drugs for TB treatment. 
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1.2.2.1 Aminoglycosides 

Currently, three agents in the class of aminoglycosides including streptomycin, 

kanamycin, and amikacin, are important components of second-line drug combination 

regimens that are used in the treatment of MDR-TB. Among all the aminoglycosides, 

amikacin is slightly more potent against Mtb than streptomycin and kanamycin[13].  

Streptomycin was the first drug to be used for TB treatment. It was also the first 

agent in the class isolated from Streptomyces griseus in the 1940s[14]. The search for 

antagonistic organisms that were active against a wide range of gram-negative bacteria 

and simultaneously active against pathogenic acid-fast organisms found Streptomyces 

griseus[14]. The isolated metabolite, from Streptomyces griseus, streptomycin showed 

strong bactericidal activities against Mtb organism, with low toxicity to animals and 

good in vivo activity[14]. Streptomycin inhibits protein synthesis by targeting the 16S 

rRNA subunit[15]. It is bactericidal against replicating Mtb[16].However, it is less active 

against latent and intracellular bacilli[17].  

Kanamycin was discovered from a culture filtrate of Streptomyces kanamyceticus 

from a soil sample which inhibited Mycobactevium 607 in vitro[18]. Apart from in vitro 

activity, a crude powder obtained from the filtrate did not show any delayed toxicity 

when injected in mice intravenously[18]. Isolation efforts led to the production of the 

water-soluble basic antibiotics kanamycin from the filtrate[18]. The details of 

production and isolation of kanamycin was recorded in a paper published in 1957[19]. 

Kanamycin should be regarded as a remarkable antibiotic as it took only 2 years from 

its discovery to its clinical use in 1958[20]. Kanamycin inhibits protein synthesis by 
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targeting the 30S rRNA subunit[5]. 

Given that the major inactivation mechanisms of aminoglycoside resistant 

organisms were well established[21,22], specific structural modification of 

aminoglycoside antibiotics was investigated. Amikacin is one successful example, a 

semisynthetic derivative of kanamycin. The consideration of synthesis of amikacin 

from kanamycin originated with the discovery that selective acylation of a particular 

amino group of an aminoglycoside antibiotic with a specific amino acid might improve 

its activity and broaden its spectrum[23]. Taking into consideration the postulated 

structural requirements for activity against resistant organisms, chemical modification 

from kanamycin led to the discovery of amikacin[23]. The detail report was published 

in 1976. Amikacin also targets the 30S rRNA subunit leading to the inhibition of protein 

synthesis. 

1.2.2.2 Capreomycin 

Capreomycin was isolated from the fermentation of Streptomyces capreolus in 

1961[24]. Capreomycin is an inhibitor of protein synthesis. In vitro transcription-

translation assays, ribosomes from tlyA mutant but not tlyA+ strains resist capreomycin 

inhibition of transcription-translation. Therefore, tlyA appears to affect the ribosome, 

and mutation of tlyA confers capreomycin resistance[25]. Previous data indicate that 

capreomycin binds across the ribosome interface involving the 23S and 16S rRNAs[26]. 

Capreomycin is also demonstrated to inhibits protein synthesis by disrupting interaction 

between ribosomal proteins L12 and L10. The mechanism of capreomycin hasn’t been 

fully defined. 
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1.2.2.3 p-amino salicylic acid 

The discovery of p-amino salicylic acid was activated by Bernheim’s work in the 

early 1940s[27]. Bernheim observed that the rate of oxygen consumption by tubercle 

bacilli was more than doubled when adding small amount of sodium salicylate to a 

phosphate buffer solution of pH 6.7 containing a suspension of the organisms. It was 

further confirmed and extended by Lehman in 1946[27]. A series of compounds with 

similar chemical configuration to salicylic acid was devised on the theoretical basis of 

its entering into substrate competition with salicylic acid or substances of similar 

configuration and p-amino salicylic acid was found to be the most active. Jorgen 

Lehmann published the discovery of the antimycobacterial activity of p-amino salicylic 

acid in vitro, in guinea pigs, in rats and in TB patients in 1946[27]. The p-amino salicylic 

acid is a prodrug targeting dihydrofolate reductase (DHFR) in the folate pathway[28]. It 

is incorporated into the folate pathway by dihydropteroate synthase (DHPS) and 

dihydrofolate synthase (DHFS) to generate a hydroxyl dihydrofolate antimetabolite, 

which in turn inhibits DHFR enzymatic activity[28]. 

1.2.2.4 Fluoroquinolones 

Fluoroquinolones specifically target the mycobacterial topoisomerase II DNA 

gyrase, resulting in the inhibition of DNA replication and transcription. Currently, three 

fluoroquinolones are used in the MDR-TB treatment. 

Moxifloxacin is a synthetic fluoroquinolone antibiotic. In 1962, Lesher 

investigated the antibacterial activities of a series of 1-alkyl-1, 8-naphthyridin-4-one-3-

carboxylic acid derivatives for new agents[29]. An outstanding compound, nalidixic 



10 
 

acid, demonstrated significant activity against Gram-negative bacteria causing disease 

in vivo and acute experimental infections in mice[29]. The appearance of nalidixic acid  

triggered the chemical evolution of the quinolonecarboxylic acids leading to the 

discovery of moxifloxacin which is the most effective fluoroquinolone against Mtb 

infection[30]. Its bactericidal and its early bactericidal activity profile is close to that of 

isoniazid[30]. Moxifloxacin inhibits DNA gyrase[31] and has broad spectrum 

antimicrobial activity. It was marketed in 1999 for the treatment of respiratory tract 

infections. 

Since nalidixic acid was introduced into practical use for treatment of bacterial 

infections, many analogs have been developed. Ofloxacin showed inhibition against the 

growth of Mtb and there were no cross-resistance relationships between this agent and 

other antituberculosis agents [32].Ofloxacin was approved in 1985[33]. Levofloxacin is 

the S-(-)-isomer of ofloxacin. In vitro it is generally twice as potent as ofloxacin. It was 

approved in 1993[33]. The mechanism of action of levofloxacin, like that of other 

fluoroquinolones, involves inhibition of bacterial DNA gyrase, a type II 

topoisomerase[34]. 

1.2.2.5 Isonicotinic acid derivatives 

Ethionamide (and a related analog prothionamide) are derivatives of isonicotinic 

acid. MOA of ethionamide is similar to that of isoniazid. Ethionamide acts as a prodrug 

which, when activated, form adducts with NAD, and the resulting ethionamide-NAD 

adducts inactivate InhA, a enoyl-ACP reductase in the mycolic acid biosynthesis 

pathway[35,36]. 
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1.2.2.6 Cycloserine 

Cycloserine is a natural product, initially isolated from Streptomyces orchidaceus 

in the 1950s[37]. The primary target of cycloserine is D-alanine racemase, an enzyme 

responsible for the interconversion of alanine enantiomers, and essential for the 

synthesis of the bacterial cell wall[38]. Cycloserine is believed to act as a structural 

analog of D-alanine, and covalently binds to the reactive center of the enzyme[39]. The 

application of cycloserine is limited due to its high toxicity[5]. 

1.2.2.7 Bedaquiline 

Bedaquiline is the first novel FDA approved anti-TB drug for the treatment of 

MDR-TB cases in nearly 50 years[5]. It was approved in 2012 as part of combination 

therapy to treat adults with MDR pulmonary TB when other alternatives are not 

available. It was identified and developed in the early 2000s[5]. Bedaquiline is 

bactericidal against Mtb under both replicating condition and nonreplicating hypoxic 

conditions. Bedaquiline's unique and specific antimycobacterial activity derives from 

inhibition of the proton pump of mycobacterial ATP synthase. The c subunit of ATP 

synthase has ion-binding sites which transport ions across the membrane and generate 

power for ATP synthesis. Bedaquiline blocks these ion-binding sites thereby interfering 

with the proton pump which results in decreased intracellular ATP levels[40]. 

1.2.2.8 Metronidazole derivatives 

Pretomanid was identified through a whole cell screen of metronidazole 

derivatives and displays high bactericidal activity against both replicating and 

nonreplicating Mtb[41]. It was synthesized on the basis of nitroimidazopyrans. MOA of 
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pretomanid is not fully understood. Comparable inhibitory activity of pretomanid 

against poly- and multidrug resistant Mtb strains indicated that there was no cross-

resistance with current MTB drugs[41]. Pretomanid requires bacterial activation by a 

different F420-dependant mechanism from isoniazid[41]. It is activated by a 

nitroreductase and the corresponding des-nitroimidazole can generate reactive nitrogen 

species that kill bacilli[42,43]. Pretomanid may inhibit an enzyme or deplete a cofactor 

responsible for the oxidation of hydroxymycolate to ketomycolate, resulting in the 

inhibition of cell wall synthesis[41]. Another MOA paper used transcriptional profiling 

to show that pretomanid inhibited cell wall synthesis and interferes with cell 

respiration[44]. It was approved in 2019[33]. 

Delamanid is a synthetic nitro-dihydroimidazooxazole. It originated from the 

search for a compound of nitro-dihydroimidazooxazole derivatives that could inhibit 

mycolic acid synthesis and demonstrate potent anti-TB activity in vitro[45]. Chemical 

modification led to the identification of delamanid with both inhibitory activity on 

mycolic acid biosynthesis and potent in vitro activity against Mtb. The inhibitory 

activity of delamanid against mycolic acid synthesis was at least as potently as isoniazid 

[45]. Similar to pretomanid, delamanid also requires metabolic activation by Mtb. In 

addition, delamanid was able to kill intracellular TB in vitro even at short exposure 

times[45]. Delamanid has also been shown to enhance the treatment of MDR-TB[46]. 

Delamanid was approved by the European Medicines Agency in 2014[5]. 
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1.3 Current Status of Drug Discovery 

According to the WHO 2019 global report , 23 drugs for the treatment of drug-

susceptible TB, MDR-TB or latent TB infection were in Phase I, II or III trials. Amongst 

these drugs, three drugs (bedaquiline, delamanid and pretomanid) that have already 

received regulatory approval for the treatment of MDR-TB in combinations with other 

TB drugs under varying conditions, and seven are new class drugs (Figure 1.3)[1].  

 

 

Figure 1.3 Chemical structures of seven new classes of clinic candidates for TB treatment. 
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1.3.1 Phase I trial 

1.3.1.1 BTZ-043 

While screening a series of synthesized sulfur-containing heterocycles in vitro for 

antibacterial candidates in 2006, BTZ-043 was found to display potent and specific 

activity against all clinical isolates of Mtb including multidrug-resistant and extensively 

drug-resistant strains, indicating that it targets a previously unknown biological 

function[47]. Using genetics and biochemistry, the enzyme decaprenylphosphoryl-β- D-

ribose 2′-epimerase (DprE1) was identified as a major BTZ-043 target in 2009[47]. A 

Phase I trial was completed in 2019. 

1.3.1.2 Macozinone 

Macozinone was optimized from BTZ-043 due to the ineffective translation of 

extremely low MIC of BTZ-043 to high efficiencies in animal studies. To improve 

pharmacological properties, SAR was performed and alkyl piperazine-

benzothiazinones displayed most active in vitro for Mtb [48]. PBTZ169 was selected 

from five of these derivatives as the most promising candidate. Cross-resistance 

between BTZ-043 and PBTZ169 was confirmed for BTZ-resistant strains of Mtb, M. 

bovis BCG and M. smegmatis, indicating a common mechanism of action but PBTZ169 

is more efficient inhibitor of its DprE1 target than BTZ-043[48]. In October 2018, the 

international non-proprietary name macozinone was given to PBTZ169. 

1.3.1.3 GSK-3036656 

The screen of 20 benzoxaboroles against Mtb H37Rv yielded two promising 

compounds, with MIC values of 1 μg/ml and 1.8 μg/ml and LeuRS IC50 of 3.5 μM and 
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0.64 μM, respectively. SAR from two promising compounds identified three most 

potent compounds with the 3-aminomethyl 4-halogen benzoxaborole scaffold[49]. In a 

further investigation of a new series of compounds with the identical scaffold, a number 

of Mtb LeuRS inhibitors exhibited improved selectivity over human cytoplasmic 

LeuRS as well as protein synthesis inhibition in intact human cells over the initial leads. 

GSK-3036656 was identified as having the best overall profiles with excellent in vivo 

efficacy at low doses in acute and chronic mouse TB infection models[50]. 

1.3.1.4 OPC-167832 

The discovery of OPC-167832 was inspired by the BTZ043 scaffold activity 

against DpRE1.The screening of 3,4-dihydrocarostyril derivatives against strains of 

Mtb H37Rv and strains with monoresistance to current drugs in vitro led to the 

identification of OPC-167832 (MICs ranged from 0.00024 to 0.002 μg / ml)[51]. Using 

whole-genome and targeting sequencing of isolates resistant, OPC-167832 was found 

to targets DprE1, an essential enzyme for cell wall biosynthesis[51]. OPC-167832 shows 

bactericidal activity against replicating and intracellular Mtb bacilli, especially good 

synergism in combination with delamanid[5]. OPC-167832 is currently in a phase 1/2 

clinical trial[52]. 

1.3.1.5 SPR720 

SPR720 originated from the exploitation of potential dual inhibitors against the 

ATPase subunits of the topoisomerases GyrB and ParE[53]. A series of 

aminobenzimidazoles were synthesized using structure-guided drug design and a 

number were identified as potential inhibitors with antibacterial activities [53-55]. An 
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optimized lead candidate, VXc-486, was found to be highly active in vitro against both 

drug-susceptible and drug-resistant Mtb (MICs 0.03 to 5.48 μg/mL)[56]. In comparison 

with VXc-486, the phosphate prodrug, pVXc-486 demonstrated improved oral 

absorption and more potent killing of Mtb in vivo[56]. The pVXc-486 is now designated 

SPR720. SPR720 has completed a first-in-human Phase 1 study in 2019[57]. 

1.3.1.6 TBA-7371 

TBA-7371 is a member of an 1,4-azaindole series that was identified through a 

scaffold morphing strategy followed by a MIC-based SAR guided lead optimization 

program from an anti-TB, non-DprE1 imidazo-pyridine scaffold[58]. The validity of 

DprE1 as target for novel TB drugs discovery has been confirmed by the identification 

of covalent bound BTZ-043. TBA-7371 was demonstrated noncovalently inhibiting 

DprE1[58]. It is bactericidal and is active in both acute and chronic Mtb infection murine 

models, confirming the effective translation of non-covalent interaction to in vivo 

activity[5] [58]. TBA-7371 is in a phase I clinical trial. 

1.3.2 Phase II trial 

Q203 is an imidazopyridine amide compound and was identified from phenotypic 

HCS technology inside infected macrophages[59]. Q203 is a novel first-in-class 

antituberculosis drug that targets Mtb cellular energy production through inhibition of 

the mycobacterial cytochrome bc1 complex[60]. Q203 is in phase 2 trial. 

     

A summary of the current drugs and clinic candidates are presented in Table 1.1. 

All the first line and second line drugs were discovered from phenotypic activities 
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observed in vitro or in vivo. Even most the current clinic candidates were also 

discovered based on phenotypic screening except for macozinone and OPC-167832, 

and SPR720. They were involved in the inhibition of protein synthesis, cell wall 

synthesis, mycolic acid biosynthesis, folate pathway, DNA replication and transcription 

and energy metabolism. 

Table 1.1 A summary of current therapies and clinic candidates with targets and mechanisms 

 

drug name drug origin primary target mechanism

rifampicin Nocardia mediterranei RNA polymerase inhibits protein synthesis

isoniazid synthesis InhA inhibits mycolic acid biosynthesis

pyrazinamide synthesis not fully understood not fully understood

ethambutol synthesis
arabinogalactan

biosynthesis
inhibits bacterial cell wall synthesis

streptomycin Streptomyces griseus 16S rRNA subunit inhibits protein synthesis

kanamycin
Streptomyces

kanamyceticus
inhibits protein synthesis

amikacin
semisynthetic derivative

of kanamycin
inhibits protein synthesis

capreomycin Streptomyces capreolus not fully understood inhibits protein synthesis

p -amino salicylic

acid
synthesis DHFR inhibits folate pathway

moxifloxacin synthesis

ofloxacin synthesis

levofloxacin synthesis

ethionamide synthesis InhA inhibits mycolic acid biosynthesis

cycloserine
Streptomyces

orchidaceus
D-alanine racemase inhibits bacterial cell wall synthesis

bedaquiline synthesis c subunit of ATP synthase inhibits the energy metabolism

pretomanid synthesis unknown
inhibits cell wall synthesis and interferes

with cell respiration

delamanid synthesis unknown inhibits mycolic acid synthesis

BTZ-043 synthesis

TBA-7371 synthesis

GSK-3036656 synthesis LeuRS inhibits protein synthesis

Q203 synthesis cytochrome bc1 complex inhibits cellular energy production

macozinone synthesis

OPC-167832 synthesis

SPR720 synthesis gyrase B subunit (GyrB) inhibits DNA replication

clinic candidates
target based screening

approved drugs in 2010s

DprE1 inhibits bacterial cell wall synthesis

DprE1 inhibits bacterial cell wall synthesis

drug classification
phenotypic based screening

30S rRNA subunit

topoisomerase II DNA

gyrase
inhibits DNA replication and transcription

first line drugs

second line drugs
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1.4 Natural Product as Leads For TB Treatment 

Natural product or their direct derivatives makes great contribution to modern 

chemotherapy for antibacterial treatment including TB. In a review covering 39 year 

time frame from January 1981 to September 2019, the number of new compounds with 

antibacterial treatment approved was 162, of which 89 were natural products or natural 

product derivatives[33].In the current therapy for TB, the most active front-line 

treatment regime includes rifampicin generated from a natural product while second-

line drugs include the aminoglycosides (streptomycin, kanamycin, amikacin and 

capreomycin) and cycloserine.  

Accompanying the development of synthetic chemistry, the focus shifted to the 

generation of diverse chemical libraries for high throughput screening to discover active 

inhibitors. The concentration on searching for lead drugs from synthetic compounds is 

reflected in that all the candidates in current clinic phases are synthetic compounds. 

However, despite the great efforts, it was not until 2012 that a synthetic compound, 

bedaquiline, was approved, after nearly 50 years, for TB treatment under specific 

conditions. In 2019 another two synthetic metronidazole derivatives were approved for 

market license. 

The disproportionate outcome of input from synthetic compound libraries 

indicates rethinking the value of natural products be considered. Comparing 

synthesized compounds, natural products can provide a wide range of chemical 

diversity and good pharmacological properties. There are increasing literature on 

natural products or their direct derivatives that exhibit growth inhibitory activity 
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towards mycobacteria, and in particular the causative pathogen, Mtb. Several 

systematic reviews covering aspects of antimycobacterial natural product discovery in 

different timeframes have been published[61-64].  

Currently, there is no natural product derived candidate entering in the clinic trial 

stage. This is partly due to the previous concentration on synthetic compounds while a 

lack of deeply systematic research for potential lead compound is another major factor. 

A review published in 2012 summarized 278 natural product inhibitors of Mtb from 

2006 to 2011 (inclusive)[62]. A diverse classes of compounds were presented including 

terpenes(sesquiterpenes, diterpenes, sesterterpenes, triterpenes), steroids (sterols), 

alkaloids (indole, quinoline, pyridoacridone, and manzamine alkaloids, etc), aromatics 

(flavonoids, chalcones, coumarins, lignans, xanthones, anthracenes, anthraquinones, 

naphthalenes, chromones, etc), polyketides (acetylenic fatty acids, polycyclic esters, 

quinones, etc), and peptides[62]. While all of the natural products presented in this 

review have been isolated with the aim of discovering new classes of human 

antituberculosis agents, the majority remain in the early stage of assessment of 

biological activity in vitro. Very few will progress to systematic research including 

chemical optimization, selective activity, cytotoxic selectivity, target confirmation even 

in vivo evaluation. One possibility for the lack of systematic research is the difficulties 

in accessing natural products such as isolation, resupply and complexity for synthesis. 

The lack of follow-up of promising development may partly explain the unsuccessful 

natural product in current clinic trial. 

Retrospective analysis of the development of current chemotherapy, chemical 
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modification occurred in all the developing process of first line drugs and over 50 % of 

second line drugs such as moxifloxacin, ethionamide and delamanid. It is undoubted 

that chemical modification is a necessary step for developing a potent new drug as it 

could provide improved inhibitory activity and selective activity. To fully exert the 

power of natural products, supplementary structure-activity studies for potential parent 

natural compounds is essential. Standard NP modifications include the design, 

synthesis, and evaluation of analogues of NPs to clarify the structure activity 

relationship (SAR) and improve the pharmacokinetic (PK)/pharmacodynamic (PD) 

properties and reduce side effects. With further optimization of lead compound in vitro, 

the chance of developing parent compound to new drugs will be enhanced.  

  

1.5 Phenotypic Based Screening and Target Based Screening in TB Drug Discovery 

Drug discovery research and development have experienced two periods with 

different centric strategies - phenotypic-based drug discovery (PDD) and target-based 

drug discovery (TDD) (Figure 1.4). Commonly PDD refers to an approach without the 

prior knowledge of target. In PDD, compounds that modify a phenotype to generate a 

positive outcome in cell culture or whole organism are identified. Different from PDD, 

TDD examines a specific drug target which is hypothesized to play an important role 

in disease. 
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Figure 1.4 The evolution of technologies and screening strategies in drug discovery from 

1910 to 2020. Adapted from Zheng et al. Drug Discov. Today 2013, 18, 1067–1073[65] 

and Eder et al, Nat. Rev. Drug Discov. 2014, 13, 577–587[66]. 

 

Before the 1980s, the era without recombinant DNA technology, PDD was the 

primary approach in drug discovery. Most drugs at that time were discovered accidently 

by phenotypic assays in live animals or isolated tissues[67]. From 1990s, tremendous 

development of genomics has been achieved to generate and identify target proteins. 

After the complete TB genome was available in 1998[68], the search for novel 

targets through the entire Mtb genome for new drug discovery had become available. It 

is assumed that the chemical inhibition of novel target that is essential for Mtb 

replication or survival could lead to attenuated growth or cell death, eventually 

circumvent the increasing drug resistance and improve current treatment. Great efforts 

have been made on purification and crystallization of protein targets to identify binding 

sites. Chemical libraries have been designed to search the inhibitors to block protein 

activity[69,70]. The level of inhibition of target protein in vitro assay are generally 

reflected by binding affinity. After a hit is found in TDD, a rational optimization of hit 

based on the protein structure and protein-ligand complex is desired to provide a lead 
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compound. It is assumed that rational design of inhibitors using protein-compound 

cocrystal structures and SAR in combination with biochemical target-based enzymatic 

screening would have yielded inhibitors with tight binding of and high specificity of 

their targets. However, disappointingly, after more than a decade’s worth of attempts at 

biochemical screening against enzymatic Mtb targets, target based enzymatic screens 

have not yielded a successful anti-TB drug. 

Multiple factors were suggested to contribute to the disappointed outcome. 

Inhibitors of important target proteins that were largely selected based on gene 

essentiality may not represent the activity in whole biological system. Quite a large 

number of compounds with strong activity against protein did not show inhibition in 

whole cell assay. It is mainly because of the lack of reliable translation from target based 

assay into whole-cell assay. As an organism is a complex biological system, a simplified 

single protein assay may not efficiently represent the environment of intact animal or 

humans. Another important factor is that target screening assays neglect essential 

factors such as properties of the molecule like cell wall permeability, metabolic stability, 

drug target validation, and molecule properties for target binding. These properties can 

be difficult to design into a compound structure while maintaining inhibition potency. 

In recent several years, there is a revival of interest in PDD[65,71]. This was 

especially spurred by Swinney’s analysis which demonstrated that the majority of 

small-molecule first-in-class NMEs approved by the FDA during the 10 year period 

between 1999 and 2008 were discovered first using phenotypic assays, 28 came from 

phenotypic screening approaches while 17 from target-based approaches[72]. Referring 
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to TB current therapy, most of the drugs which composed the arsenal of the first-line 

TB treatment were discovered during the 1950s and the 60s by PDD.  

In the period without recombinant technologies, most current drugs originated 

from the screening by in vitro or in vivo model. Without the knowledge of target protein, 

most drugs were approved for clinic use. Phenotypic screening seems to be the essential 

for lead compounds to be developed to successful drugs. Even in the period with mature 

gene and protein purification techniques, the application of phenotypic screening also 

guaranteed the potential for developing new drugs that is indicated by the present clinic 

candidates. As described in clinic candidates, more than half of seven new class 

compounds started from the observation of activity in assay, accounting for 57 %. Three 

are originated from the search of inhibitors against target. 

Whether in the period with or without recombinant technologies, the important 

role of phenotypic screening is undoubted. However, it does not mean the target 

identification is not important. The challenge of current drugs is the increasing multi-

drug resistance resulting in combination therapy consisting drugs with adverse effects. 

There is unmet new compounds for TB treatment. A strategy to combat the emerging 

resistance is to search inhibitors with novel targets different from drugs in the market. 

By inhibiting the function of reliable novel target essential to TB, a compound is 

potentially capable to exert the activity in whole cell level. Different from target based 

screening, phenotypic screening usually detects the compound active in whole system 

level without providing the target information in high throughput screening. To confirm 

the target of active compound, sophisticated phenotypic screening involving different 
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strains assay, mutant isolates assay and gene expression are required to reveal the 

mechanism. While target based screening provides quick and simple procedure, that is 

particularly useful in the early HTS stage. It is demonstrated that the time for approving 

the candidates with known target is less that that without known target[73]. With the 

advancement of techniques for exploring the mechanism of action, the speed for target 

identification is relatively faster than previous time. Referring to present clinic TB 

candidates, it is clearly that the major target have been identified. Given the published 

time of target identification, it was found the cost time from active compound 

identification to target confirmation for the majority of clinic drugs is less than 5 years 

and even at the same time. 

Considering the advantages and disadvantages of phenotypic based screening and 

target based screening, these two approaches should not be treated lonely but as 

complementary methods. Two clinic entities are two examples from the combination of 

target based screening and phenotypic screening. GSK-3036656 was optimized from 

the lead compound with potent activity against Mtb H37Rv strain and LeuRS in vitro. 

TBA-7371 targeted DprE1 and also showed activity against Mtb H37Rv. 

 

1.6 Protein-Ligand Complex in Drug Discovery 

The assay for evaluating the activity in vivo or in vitro has been successfully 

established and validated by current drugs. To develop a novel approach combining the 

advantages of PDD and TDD for TB drug discovery, we focused on the selection of 

method for unveiling the protein target. Methods for identifying the target protein of 
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small molecules by phenotypic screening have been reported, for example mutant 

isolate assay and gene expression difference analysis, but these methods involve 

sophisticated processes. The complexity does not meet the requirement of HTS in early 

stage drug discovery. 

With increasing recombinant proteins available, the investigation of the interaction 

of protein and small molecules in vitro emerges as an attractive approach capable of 

discovering protein inhibitors and confirming the protein target at the same time. As 

proteins are regarded as the core of most essential biological process, small molecules 

that bind specially to target proteins are assumed either to induce a conformation change 

or ‘outcompete’ the active site of natural ligand, inducing the interruption of key 

pathways with disease[74].  

Although a variety of techniques have been employed to explore the interaction of 

protein-ligand complex, notably NMR[75] and crystallography[76], isothermal titration 

calorimetry[77], surface plasmon resonance[78], circular dichroism[79], fluorescence 

quenching assay[80], these methods are associated with at least one of the following 

drawbacks: pre-requirement of protein structure, low throughput, labeled materials, 

dynamic range limitations, or the need to immobilized one of the binding partners.  

Due to multiple factors, among all the above methods, mass spectrometry (MS) 

has emerged as an effective technique for identifying lead compounds and compound 

optimization for specific interactions with targets of interest from the first report at the 

beginning of the 1990s[74]. An increasing literature have been reported about different 

types of applications, such as target molecule-ligand screening[81], probing 3D 
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structure (protein dynamics)[82] and competitive binding[83]. Most importantly, 

electrospray ionization (ESI) used in MS is a gentle ionization method, allowing intact 

protein complexes transferring from solution to gas environment[84]. This soft 

technique can produce multiply charged ions from large molecules with little or no 

fragmentation and promote them into the gas phase for direct analysis by mass 

spectrometry. Therefore, ESI-MS also referred as nondenaturing or native mass 

spectrometry as the protein structure remain intact or near its native 3D structure (at 

least in solution)[85].  

Different protein-ligand complexes, even weakly bound complexes, are able to 

be detected and distinguished directly. ESI-MS can distinguish unspecific non-covalent 

ligands based on observation of the multiple protein-ligand complexes. Molecular 

interactions with dissociation constants ranging from nM to mM have been 

characterized using ESI-MS. A direct approach means that whether a small compound 

interacts with protein and what the order of binding affinities in the mixture are capable 

to be determined from the combined information of ‘x axis’  and ‘y axis’ instantly in 

one mass spectrum. In mass spectrum, the ‘x axis’ means the mass-to charge ratio (m/z) 

serving as the intrinsic detection ‘label’ for distinguishing different protein-ligand 

complexes. The parent or adducted ions of molecules with different MW have different 

m/z in the MS. The ‘y axis’ of the mass spectrum (that is, abundance/intensity) provides 

important information about affinity and specificity. As shown in Figure 1.5, the MS 

spectra of free PF3D7_1457200 and its complexes with three compounds including 

trans-parthenolide, (+)-reynosin and citrinin. With the additional compounds, the 
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resulting mass shifted from free PF3D7_1457200. The relative intensity of protein-

ligand complex for trans-parthenolide were the highest, indicating the higher binding 

affinity of trans-parthenolide than (+)-reynosin and citrinin.   

 

 

Figure 1.5 MS spectra of native proteins and protein-ligand complexes. (a) PF3D7_1457200 

thioredoxin and its strong signal complex with compound trans-parthenolide. (b) PF3D7_1457200 

thioredoxin I and its medium signal complex with compound (+)-reynosin. (c) PF3D7_1457200 

thioredoxin I and its weak complex with compound citrinin. Adapted from Vu Hoan et al. ACS Infect. 

Dis. 2018, 4, 431-444[86]. 

 

In addition, the instinct high sensitivity and resolving power of MS facilitate the 

analysis of trace level of complex mixture, therefore less consumption of proteins and 

ligands are required different from NMR and crystallography-based methods typically 

requiring the knowledge of protein structure. Sometimes the difficult techniques and 

high expense to accumulate large quantities of target proteins make the screen of 

hundreds of samples unfeasible. 

With all the above advantages, MS equipped with the appropriate robotic 
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interfaces means the analysis can be implemented in a fully automated high-through 

model required for screening increasingly large compound collections. Usually each 

sample takes about 1 min from sample introduction to MS analysis to spectral 

interpretation. MS has been successfully applied in searching for protein inhibitors in 

chemical libraries [81,87]. Not only providing direct determination of target inhibitor in 

pure compound libraries, MS is also capable for selectively confirming the interactive 

compounds from mixtures [88].  

In addition to direct observation of the formation of protein-ligand complex, MS 

has developed as an alternative technique for quantitative determination of equilibrium 

constants for protein-ligand association (Ka) or dissociation (KD=1/Ka) in solution[89]. 

The establishment of the association constant (KD) for protein-ligand binding in the 

assay is based on the direct detection and quantification of the gas phase ions of ligand 

bound and unbound protein, e.g., PL and P, respectively. It is assumed that the ratio (R) 

of the abundance (Ab) of ligand-bound and free protein ions measured by ESI-MS is 

equivalent to the equilibrium concentration ratio in solution (eq 1)[90]. From the 

measured R value and initial concentrations of protein and ligand ([P]o and [L]o, 

respectively), the association constant (Ka) can be calculated (eq 2)[90]. Using MS to 

determine the association constant of protein-ligand complex, ESI-MS spectra are 

usually acquired at fixed target protein concentration and variable ligand concentrations. 

The ratio between non-covalent complexes and free target intensities is calculated at 

different ligand concentrations. 
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[P − L]

[P]
=

Ab[P − L]

Ab[P]
= 𝑅    eq 1 

𝐾a =
𝑅

[L]o −
𝑅

1 + 𝑅
[P]o 

      eq 2 

 

There is a growing body of literatures about the application of MS in quantitative 

characterization of protein-ligand interaction in solution[90-92]. The determined values 

by MS have been proved to agree reasonably well with reference constants determined 

by other different approaches such as ITC and FQ [90, 91]. 

 

1.7 Project rational and objective 

TB is among the ten leading causes of death worldwide and the leading cause from 

a single infectious bacterium. The increasing emergence of multi-drug resistant and the 

concomitant interaction with HIV epidemic challenge TB control and treatment. To 

improve the treatment outcome, the most promising approaches remain the discovery 

of novel compounds and compounds with MOA different from current drugs.  

Natural products are a rich resource for drug discovery. Its important role has been 

demonstrated by the application to current TB therapy. Nature Bank is reservoir of 

diverse plants and marine biota samples, suggesting the potential of diverse scaffolds 

required for lead compounds. 

Small molecules identified by phenotypic based screening usually lack the 

knowledge of specific target proteins while compounds from target based screening 

may fail in the whole biological system. Each has their own advantages, so it is more 

effective if they work as a complimentary approach. In addition, to avoid the great effort 
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and replication of constituents from natural source under classical activity guidance, 

techniques are needed to help specific isolation. 

The aim of this project is to develop a PhenoTarget approach - a cellular assay 

against Mtb followed by protein screening against a protein panel using mass 

spectrometry (1) to identify the bioactive compounds in whole cell system from natural 

resource (2) to facilitate the isolation process of compounds.  

 

1.8 Project Outline 

The aims of the thesis are to: 

isolate anti-TB compounds based on the combination of phenotypic activity 

against Mtb H37Rv and 1H NMR fingerprints. 

develop a PhenoTarget approach based on phenotypic activity against Mtb H37Rv 

and target ID by native Mass Spectrometry. 

identify constituents from species identified from the PhenoTarget analysis. 

Develop a PhenoTarget correlation map of Ardisia japonica used to treat TB in 

China.  
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Chapter 2 A Combination of Phenotypic Screening with NMR 

Fingerprints for Anti-TB Compound Discovery 

 

2.1 Introduction 

A molecule as a lead compound is generally dependent upon the compound being 

able to permeate cells in order to modulate cellular signaling pathways or to have wider 

systems biology effects. The examination of a compound’s capability of cell 

permeability based on the physicochemical properties of biologically active small 

molecules are considered early in the current drug discovery paradigm. 

Lead-like enhanced fractions (LLEFs), referring to fractions containing 

compounds with drug-like properties[1], are generated from lead-like enhanced extracts 

(LLE extract) (Figure 2.1) using analytical HPLC method as previous reported[1]. 

These fractions were generated from initial tuning of the LLE extract within a desirable 

log P range and subsequent fractionation. 
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Figure 2.1 The procedure of lead-like enhanced extract (LLE extract) from marine/plant biota 

 

In comparison with the complex LLE extract, LLEFs contain a small number of 

compounds. Clear proton signals of LLEFs can be observed in the 1H NMR and the 

differences of 1H NMR between each fraction are obvious (Figure 2.2). Due to the high 

sensitivity of NMR, not only the major components in the fractions are visible but the 

minor components are able to be observed. 
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Figure 2.2 1H NMR comparison of crude extract and LLE fraction 1 to 5  

 

LLEFs from Nature Bank were previous examined against Mtb H37Rv and 452 

fractions were identified with MIC less than 6.1 µge / µL. Usually classical bioassay 

guided isolation is applied for bioactive compound isolation. However, classical 

bioassay guided isolation involves steps of evaluation of the biological activity 

continuously during the isolation process.  

The 1H NMR of fractions, namely NMR fingerprints, is a unique profile of all the 

constituents. Following the proton signals in the mixture, compounds in the mixture 

can be targeted and isolated achieved with less effort. Dashti et al have successfully 

applied NMR fingerprinting to identify three known compounds and isolate one novel 

compound kororamide B from the bryozoan Amathia tortuosa [2]. 
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LLEFs from three biota samples including Flindersia maculosa Lindl., 

Fascaplysinopsis sp. and Agelas axifera showed inhibitory activities against Mtb 

H37Rv with MIC values at 2.5, 0.625 and 5.0 µge / µL, respectively (Table 2.1). 

Corresponding fractions were regenerated from DCM and MeOH extraction using the 

analytical HPLC procedure[1] for LLEF and these fractions were renamed as in Table 

2.1. The 1H NMR of each regenerated fraction was acquired on 800 MHz NMR 

instrument. The 1H NMR of each intermediate fraction and each compound was aligned 

with that of original fraction using MestReNova and visual inspection.  

 

Table 2.1 Selected biota samples for 1H NMR guided isolation 

 

LLEF No. Genus and Species 
Activity against Mtb H37Rv 

(MIC µge/µL) 

Regenerated 

Fraction  

4 Flindersia maculosa Lindl. 2.5 FM 4 

2 Fascaplysinopsis sp. 0.625 FS 2 

5 Agelas axifera 5 AA 5 

 

This chapter presents 1H NMR fingerprint guided isolation from active fractions 

of these biota samples and activity evaluation of the isolated compounds.  

 

2.2 NMR Fingerprinting Guided Isolation 

2.2.1 NMR Guided Isolation from Flindersia maculosa Lindl.  

NMR guided isolation for Flindersia maculosa Lindl. was conducted as per the 

flowchart in Figure 2.3.  
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Figure 2.3 The flowchart of 1H NMR guided isolation from Flindersia maculosa Lindl. 

 

The ground and dried Flindersia maculosa Lindl. (6.3120 g) was extracted with 

95 % ethanol to afford the ethanolic crude extract (704.9 mg). A portion of ethanolic 

extract (20 mg) was fractionated using analytical HPLC to give five fractions (FME 1~ 

5). The 1H NMR of fraction FME 3 agreed with that of FM 4. For clarity FME is the 

fraction of ethanolic extract and FM is the fraction of DCM and MeOH extract . Then 

the remaining ethanol extract was subjected on Sephadex LH-20 chromatography with 

MeOH as solvent. Fraction 18 (FMEP 18) was identified to contain target compounds 

by 1H NMR comparison with fraction FM 4 (Figure 2.4). A further purification of 

FMEP 18 by semi-preparative HPLC gave compound 2.1 and a mixture of compound 

2.2 and 2.3.   
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Figure 2.4 1H NMR guided isolation of compound 2.1, 2.2 and 2.3 from FMEP 18 by Sephadex 

LH-20. All the samples were dissolved in 200 µL DMSO for 1H NMR. Fraction FMEP 18 contained 

the same protons as in fraction FME 3 from ethanolic extract and fraction FM 4 from DCM and 

MeOH extract. 

 

2.2.2 NMR Guided Isolation from Fascaplysinopsis sp.  

The ground and freeze-dried Fascaplysinopsis sp. (28.9001 g) was extracted with 

95 % ethanol to afford the crude extract (1.4712 g). A portion of the ethanolic extract 

(10.4 mg) was subjected to analytical HPLC column to afford five fractions (FSE1 ~ 

5). For clarity FSE is the fraction of ethanolic extract and FS is the fraction of DCM 

and MeOH extract . By comparing of the 1H NMR fingerprints of FS2 from DCM and 

MeOH extract, FSE2 from the ethanolic extract was found to be the target fraction that 
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contained the same signals from active fraction (Figure 2.5). FSE2 was identified as a 

pure compound 2.4. The flowchart of 1H NMR guided isolation for Fascaplysinopsis 

sp.is presented in Figure 2.6. 

 

 

Figure 2.5 1H NMR comparison of ethanolic FSE 2 and FS 2 from DCM and MeOH extract of 

Fascaplysinopsis sp. All the samples were dissolved in 200 µL DMSO for 1H NMR. The inset was 

the expansion of 1H NMR between 7.5 and 8.2 ppm. 
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Figure 2.6 The flowchart of 1H NMR guided isolation from Fascaplysinopsis sp. 

 

2.2.3 NMR Guided Isolation from Agelas axifera 

1H NMR guided isolation was conducted from the ethanolic extract of Agelas 

axifera (Figure 2.7).  

 

 

Figure 2.7 The flowchart of 1H NMR guided isolation from Agelas axifera 
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The ground and freeze-dried Agelas axifera (15.2012 g) was extracted with 95 % 

ethanol to afford the crude extract (1.2301 g). A portion of the ethanolic extract (20 mg) 

was fractionated by analytical HPLC to afford five fractions (AAE 1 ~ 5). For clarity 

AAE is the fraction of ethanolic extract and AA is the fraction of DCM and MeOH 

extract . A portion of ethanol extract was subjected to semi-preparative HPLC column 

to give 60 fractions (AAEP 1 ~ 60). Following the 1H NMR of fraction AA 5 , fractions 

collected between 40 ~ 42 min ( namely AAEP 40 ~ 42) were identified to contain 

target compounds. The mixture of fractions (AAEP 40 ~ 42) was further purified by 

semi-preparative HPLC column to afford compound 2.5. 

 

  

 

Figure 2.8 1H NMR guided isolation of compound 2.5 from AAEP 40 and 42 from ethanolic extract 

of Agelas axifera. All the samples were dissolved in 200 µL DMSO for 1H NMR. AAE 5 was 
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constituent with AA 5. AAEP 40 and 42 from ethanolic extract was identified as target fraction 

following 1H NMR fingerprint of AA 5. 

 

2.3 Structure Elucidation 

Three pure compounds and a mixture of two compounds (Figure 2.9) were 

isolated following the 1H NMR fingerprints of regenerated fractions corresponding to 

active fraction identified by Mtb H37Rv. Their structures were elucidated based on 1H 

NMR, 13C NMR, 2D NMR, and a comparison with literature reported data. 

  

 

Figure 2.9 Chemical structures of isolated compounds 
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Compound 2.1 was acquired as a white powder. (+)-HRESIMS of compound 2.1 

showed a [M+H]+ ion peak at m/z 260.0908 and the molecular formula was deduced as 

C14H13NO4, showing 9 degrees of unsaturation.  

The 1H NMR spectrum of 2.1 gave two aromatic doublet protons at δH 7.95 and 

7.42, two aromatic singlet protons at δH 7.44 and 7.28, three methoxy singlets at δH 4.43, 

3.92 and 3.90. The 13C NMR spectrum indicated the molecule contained three methoxy 

group carbons (δC 59.74, 56.10 and 55.95), eleven aromatic carbons (δC 163.02, 155.56, 

152.84, 148.03, 143.61, 142.26, 112.65, 107.00, 105.79,102.43, 100.45). Dereplication 

against the Dictionary of Natural Products (DNP) gave one hit compound kokusaginine 

(comparison of 1H NMR and 13C NMR shown in Table 2.2). The structure was 

identified as kokusaginine (2.1) by comparing experimental data with the literature data 

[3], the alkaloid has been isolated from this species before and reported with moderate 

activities against Mtb (MIC 256 μg/mL) [4].  

 

Table 2.2 Comparison of experimental 1H NMR and 13C NMR data of compound 2.1 (800MHz; 

DMSO-d6) and literature data of kokusaginine (400MHz; CDCl3) 

 

Position 
compound 2.1 (800MHz; DMSO-d6)  kokusaginine (400MHz; CDCl3) 

δH (J in Hz) δC  δH (J in Hz) δC 

2 7.95 (d, J = 2.5 Hz) 142.26  7.56 (d, J = 3 Hz) 142.40 

3 7.42 (d, J = 2.5 Hz) 105.79  7.03 (d, J = 3 Hz) 104.55 

3a  112.65   112.94 

4  155.56   155.56 

4a  102.43   102.20 
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 (+)-HRESIMS of the mixture showed a major [M+H]+ ion peak at m/z 274.0700 

and the molecular formula was deduced as C14H11NO5, showing 10 degrees of 

unsaturation. The 1H NMR spectrum of major compound gave two aromatic doublet 

protons at δH 7.98 and 7.40, one aromatic singlet at δH 7.22 , two methoxy singlets at 

δH 4.39 and 4.07, and one methylene group at δH 6.16 . The 13C NMR spectrum 

indicated the molecule contained two methoxy group carbons (δC 60.41 and 59.39), one 

methylene group carbon (δC 102.00) and eleven aromatic carbons (δC 162.07, 155.69, 

146.46, 143.77, 139.12, 137.29, 135.48, 114.17, 105.15,102.60, 92.20). Literature 

search of compounds isolated from this species indicated one alkaloid compound 

flindersiamine showing similar characteristics with compound 2.2 (comparison of 1H 

NMR and 13C NMR shown in Table 2.3)[3].  

 

Table 2.3 Comparison of experimental 1H NMR and 13C NMR data of compound 2.2 (800MHz; 

DMSO-d6) and literature data of flindersiamine (400MHz; CDCl3) 

 

Position 
compound 2.2 (800MHz; DMSO-d6)  flindersiamine (400MHz; CDCl3) 

δH (J in Hz) δC  δH (J in Hz) δC 

2 7.98 (d, J = 2.4 Hz) 143.77  7.57 (d, J = 3 Hz) 142.97 

3 7.40 (d, J = 2.4 Hz) 105.15  7.01 (d, J = 3 Hz) 104.29 

3a  114.17   114.97 

4  155.69   156.07 

4a  102.60   102.90 

5 7.22 (s) 92.20  7.25 (s) 93.39 

6  146.46   146.71 
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7  139.12   138.03 

8  137.29   137.70 

8a  135.48   135.97 

8b  162.07   162.56 

4-OCH3 4.39 (s) 59.39  4.38 (s) 58.92 

8-OCH3 4.07 (s) 60.41  4.25 (s) 60.58 

-OCH2O- 6.16 (s) 102.00  6.05 (s) 101.48 

 

Structure of compound 2.2 was identified as flindersiamine as the experimental 

data agreed with literature data. 

 

UPLC-QTOF of the mixture gave a [M+H]+  ion peak at m/z 244.0601 for the 

minor compound, compound 2.3, and the molecular formula was deduced as C13H9NO4. 

The 1H NMR spectrum of compound 2.3 displayed two aromatic doublet protons at δH 

7.96 and 7.40, two aromatic singlets at δH 7.44 and 7.25, one methoxy singlet at δH 4.39, 

and one methylene group at δH 6.07. The 13C NMR spectrum indicated the molecule 

contained one methoxy group carbons (δC 59.35), one methylene group carbon (δC 

97.32) and eleven aromatic carbons (δC 162.66,155.52, 150.55, 145.89, 143.43, 142.98, 

113.46, 105.21, 103.84,102.37, 101.93). 1H NMR and 13C NMR data of compound 2.3 

was similar with compound 2.2 except one methoxy group missing in compound 2.3. 

Literature search indicated masculine, an alkaloid that has been isolated from this 

species previously, showing the same characteristics with compound 2.3[3]. The 

comparison of 1H NMR and 13C NMR are  shown in Table 2.4. 
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Table 2.4 Comparison of 1H NMR and 13C NMR data of compound 2.3 (800MHz ; DMSO-d6) and 

literature data of maculine (400MHz; CDCl3) 

 

Position 
compound 2.3 (800MHz; DMSO-d6)  maculine (400MHz; CDCl3) 

δH (J in Hz) δC  δH (J in Hz) δC 

2 7.96 (d, J = 2.7 Hz) 142.98  7.57 (d, J = 3 Hz) 142.63 

3 7.40 (d, J = 2.7 Hz) 103.84  7.02 (d, J = 3 Hz) 104.52 

3a  113.46   114.37 

4  155.52   156.02 

4a  102.37   102.55 

5 7.44 (s) 101.93  7.25 (d, J = 0.5 Hz) 101.59 

6  145.89   146.12 

7  150.55   150.78 

8 7.25 (s) 105.21  7.30 (d, J = 0.5 Hz) 104.49 

8a  143.43   143.87 

8b  162.66   163.14 

4-OCH3 4.39 (s) 59.35  4.40 (s) 58.93 

-OCH2O- 6.07 (s) 97.32  6.08 (s) 98.03 

 

By comparing reported NMR data of masculine, compound 2.3 was identified as 

masculine.  

 

Compound 2.4 was obtained as a red oil. UPLC-QTOF showed a [M]+ ion peak 

at m/z 271.0859 and a molecular formula C18H11N2O (m/z 271.09) was indicated. 1H 

NMR spectrum revealed ten aromatic protons and one exchangeable proton (δH 13.53). 
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According to chemical constituents of Fascaplysinopsis sp. from DNP, a pentacyclic 

quaternary alkaloid was indicated. The 1H NMR data of compound 2.4 was the same 

as fascaplysin which was isolated from this species previously, confirming compound 

2.4 as fascaplysin [5,6]. The comparison of 1H NMR and 13C NMR are shown in Table 

2.5. 

 

Table 2.5 Comparison of experimental 1H NMR data (800MHz; DMSO-d6) and 13C NMR data 

(201MHz; CD3OD) of compound 2.4 and literature data of fascaplysin (400MHz; CD3OD) 

 

Position 

compound 2.4  fascaplysin (400MHz; CD3OD) 

δH (J in Hz) (800MHz;  

DMSO-d6) 

δC (201MHz; 

CD3OD) 
δH (J in Hz) 

δC 

1a  125.5  126.2 

1 8.08 (d, J = 7.6 Hz) 126.9 8.11 (dd, J = 1.3, 7.5 Hz) 127.6 

2 7.75 (dd, J = 7.4, 7.6 Hz) 132.8 7.80 (dd, J = 0.9, 7.5 Hz) 133.5 

3 8.03 (ddd, J = 1.1, 7.3, 8.0 Hz) 138.4 8.03 (dd, J = 1.3, 8.0 Hz) 139.2 

4 8.48 (d, J = 8.0 Hz) 116.5 8.37 (d, J = 8.0 Hz) 117.3 

4a  148.7  149.4 

6 9.63 (d, J = 6.5 Hz) 127.6 9.41 (d, J = 6.2 Hz) 128.4 

7 9.17 (d, J = 6.5 Hz) 121.2 9.00 (d, J = 6.2 Hz) 121.9 

7a  142.9  143.6 

7b  121.2  121.9 

8 8.58 (d, J = 8.0 Hz) 125.2 8.53 (d, J = 8.0 Hz) 125.9 

9 7.55 (dd, J = 7.4, 8.0 Hz) 124.7 7.59 (ddd, J = 0.9, 7.1, 8.0 Hz) 125.4 

10 7.90 (ddd, J = 1.0, 7.6, 8.3 Hz) 135.9 7.94 (ddd, J = 1.3, 7.1, 8.4 Hz) 136.7 

11 7.83 (d, J = 8.3 Hz) 114.7 7.86 (dd, J = 0.9, 8.4 Hz) 115.4 
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11a  148.9  149.6 

12a  133.1  133.7 

12b  123.5  124.1 

13  183.2  183.9 

NH 13.53 (s)    

 

Compound 2.5 was obtained as white amorphous powder. The 1H NMR spectrum 

displayed two deshielded aromatic siglets (δH 8.48 and 9.53), one olefin methylene 

group (δH 4.84 and 4.52), one olefin methine group (δH 5.40), five methyl siglets (δH 

0.64, 0.77, 0.86, 1.78, and 3.83). The 13C NMR and HSQC revealed 26 carbon signals 

corresponding to five methyls (including one nitrogen bearing carbon at δC 31.9), eight 

methylenes, two methines, and seven quaternary carbons, four aromatic carbons 

(including two deshielded carbons at δC 141.4 and 156.0 ).  

The above-mentioned NMR data exhibited close resemblance to the scaffold of 

agelasine type compounds have been isolated from Agelas sp.. Detailed analysis of the 

1D and 2D NMR spectral data (Table 2.6) revealed that the planar structure of 

compound 2.5 was the same as agelasine D.  

 

Table 2.6 1H NMR data (800MHz) and 13C NMR (201MHz) data of compound 2.5 (DMSO-d6) 

 

position δC δH COSY HMBC 

1a  0.89 (1H, m) 1b 2, 10, 20 

1b 38.9 1.70 (1H, d, J = 12.5 Hz) 1a 3, 9, 10 

2a  1.43 (1H, m)  3, 4, 10 

2b 19.3 1.51 (1H, m) 1a 1 
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3a  1.12 (1H, td, J = 13.4, 3.9 Hz) 2b 2, 18, 19 

3b 42.1 1.36 (1H, J = 13.3 Hz) 

 

1, 5, 18 

4 33.7 

   

5 55.2 0.99 (1H, dd, J = 12.6, 2.6 Hz ) 

 

4, 6, 9, 10, 19, 20 

6a 24.4 1.67 (1H, tdd, J = 8.5, 5.7, 2.9 Hz ) 6b 8 

6b 

 

1.24 (1H, dd, J = 12.9, 4.2 Hz) 7a 5, 7 

7a  1.86 (1H, td, J =13.0, 5.4 Hz) 6b, 7b 6, 8, 17 

7b 38.1 2.33 (1H, ddd, J =12.6, 4.3, 2.4 Hz) 6b, 7a 6, 8, 9, 17 

8 148.5 

   

9 55.6 1.52 (1H, m) 

 

5, 7, 8, 10, 11, 

17, 20 

10 40.4 

   

11a 21.3 1.60 (1H, m) 12a, 

12b 

8, 9, 12 

11b 

 

1.44(1H, m) 

 

8, 9, 12 

12a 38.3 2.19 (1H, ddd, J = 14.0, 9.3, 4.4 Hz) 11a, 

12b 

13, 14 

12b 

 

1.92 (1H, dt, J = 14.3, 8.1 Hz) 12a 11, 13, 14, 16 

13 146.3 

   

14 115.8 5.40 (1H, tq, J = 7.0, 1.3 Hz) 15 12, 15, 16 

15 47.3 5.17 (2H, t, J = 7.0 Hz) 14 5', 8', 13, 14 

16 17.1 1.78 (3H, s, J = 1.3 Hz) 

 

12,13,14 

17a 106.9 4.84 (1H, d, J = 1.6 Hz) 

 

7, 9 

17b 

 

4.52 (1H, d, J = 1.5 Hz) 

 

7, 9 

18 33.8 0.86 (3H, s) 

 

3, 4, 5, 19 

19 22.0 0.77 (3H, s) 

 

3, 4, 5, 18 

20 14.8 0.64 (3H, s) 

 

9, 10 

1' 

    

2' 156.0  8.48 (1H, s) 

 

4', 5', 6' 
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3' 

    

4' 149.5 

   

5' 109.6 

   

6' 152.8 

   

7' 

    

8' 141.4 9.53 (1H, s) 

 

4', 5', 15, 21 

9' 

    

21(9'-CH3) 31.9 3.83 (3H, s) 

 

4', 8' 

 

 

The relative configuration was deduced from ROESY spectroscopic data. The 

ROESY correlations between H2-15 (δH 5.17) / H3-16 (δH 1.78) and the chemical shift 

of C-16 (δC 17.1) indicated the E-orientation of the double bond at C-13. Cross-peaks 

of H-5 (δH 0.99) / H-7a (δH 1.86), H-7a (δH 1.86) / H-9 (δH 1.52), H-5 (δH 0.99) / H3-18 

(δH 0.86), H3-18 (δH 0.86) / H-6a (δH 1.67) , and H3-20 (δH 0.64) / H-6b (δH 1.24), H3-

19 (δH 0.77) / H3-20 (δH 0.64),H3-20 (δH 0.64) / H-1b (δH 1.70), H3-20 (δH 0.64) / H-2b 

(δH 1.51), H3-19 (δH 0.77) / H-3b (δH 1.36), indicated that H-5, H-6a, H-7a, H-9, and 

H3-18 were α-orientation while H-1b, H-2b, H-3b, H-6b, H3-19, and H3-20 were β-

orientation. Therefore, compound 2.5 was identified as agelasine D. 

 

2.4 Bioactivity 

All isolated compounds were examined against M. smegmatis (Table 2.7). The 

MIC values of fascaplysin (2.4) and agelasine D (2.5) were 3.13 μg/mL and 12.5 μg/mL, 

respectively. Kokusaginine (2.1) , the mixture of flindersiamine (2.2) and masculine 

(2.3) were not active at the concentration of 100 μg/mL.  
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Table 2.7 Biological activity of compound 2.1 ~ 2.5 and the corresponding fractions against M. 

smegmatis 

 

Compound MIC (μg/mL)   Fraction MIC (μg/mL) 

Isoniazid (positive 

control) 
4.0 

  

kokusaginine (2.1)  > 100 FME 3 > 100 

flindersiamine (2.2) 

and masculine (2.3)  
> 100 

fascaplysin (2.4) 3.13 FSE 2 3.13 

agelasine D (2.5) 12.5 AAE 5 50 

 

2.5 Conclusion 

LLEFs from three biota samples, one plant (Flindersia maculosa Lindl ) and two 

marine organisms (Fascaplysinopsis sp. and Agelas axifera), were identified as active 

fractions inhibiting Mtb H37Rv with MIC value less than 6.1 µge/µL. These active 

fractions were regenerated from DCM and MeOH extract using the same HPLC method 

as LLEFs for 1H NMR fingerprinting. 

Following the 1H NMR of active fractions, kokusaginine (2.1) and a mixture of 

flindersiamine (2.2) and maculine (2.3) from Flindersia maculosa Lindl., fascaplysin 

(2.4) from Fascaplysinopsis sp., and agelasine D (2.5) from Agelas axifera were 

isolated. 

As presented above, the 1H NMR of regenerated fraction from ethanolic extract 

was in accordance with that from DCM and MeOH (FM 4 and FME 3, FS 2 and FSE 
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2, AA 5 and AAE 5). It was found that ethanol extraction could be used for compound 

isolation. The simple procedure for ethanolic extracts avoided the complex extract 

procedure containing different solvents used previously. 

All the isolated compounds were examined against M. smegmatis in vitro as M. 

smegmatis is one of the most common surrogates for the pathogenic Mtb. Mtb must be 

handled at biosafety level 3, while M. smegmatis has low pathogenicity and shorter 

generation time. Most of current drug with activity against Mtb showed inhibitory 

activity in M. smegmatis (Table 2.8)[7].  

 

Table 2.8 Comparison of MIC values of representative TB drugs against M. smegmatis and Mtb 

H37Rv 

Drugs M. smegmatis MIC (μg /mL) Mtb H37Rv MIC (μg /mL) 

Isoniazid 0.012 - 0.78 0.02 - 0.2 

Rifampicin 0.97 - 1.6 0.05 - 0.1 

Ethambutol 0.3 - 0.5 1.0 - 5.0 

Pyrazinamide 0.012 - 0.78 (pH 6.6) 500-400 (pH dependent) 

Streptomycin 1.56 - 6.3 0.50 - 2.0 

Kanamycin 0.39 - 1.6 0.04 - 0.10 

Amikacin 1.0 - 1.6 2.0 - 4.0 

Capreomycin 0.78 - 1.6 2.0 - 4.0 

Moxifloxacin 0.048 - 0.39 0.25 - 2.0 

Ethionamide 3.1-6.3 0.5 - 2.0 

Cycloserine 6.3 - 13 16 - 25 

Bedaquiline 0.024 - 0.048 0.03 - 0.10 
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Fascaplysin (2.4) and agelasine D (2.5) showed strong inhibitory activity with 

MIC 3.13 µg/mL and 12.5 µg/mL, respectively. The ethanol AAE 5 was re-examined 

against M. smegmatis and the activity was determined at 50 µg/mL, suggesting 

agelasine D (2.5) was the major active compound. The compounds isolated from 

Flindersia maculosa Lindl were not active at the concentration of 100 µg/mL. The re-

examination of FME 3 fraction against M. smegmatis showed FME 3 was not active at 

the concentration of 100 µg/mL, which was not consistent with the activity against Mtb 

H37Rv. Minor compounds from Flindersia maculosa Lindl may be the active 

components. 

Following the 1H NMR fingerprints of active fractions, it was easy to target the 

fraction for semi-preparative HPLC isolation. As demonstrated above, usually two 

steps of fractionation were capable for isolating pure compounds with the proton profile 

shown in the active fraction. Also the process did not require any biological evaluation 

during isolation.1H NMR fingerprints ensure that compounds responsible for any peak 

in a fraction can be isolated. The caveat is that minor compounds below the 1H-NMR 

detection limit will not be detected. As the method is applied to partially purified 

fractions rather than extracts there is increased detection limits. 

In summary, phenotypic screening in combination with 1H NMR fingerprints was 

used for rapid identification of anti-TB compounds.  

 

2.6 Experimental Section 

2.6.1 Instruments and Materials 
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NMR spectra were recorded in DMSO-d6 (δH 2.50 and δC 39.5) and MeOH-d4 (δH 

3.31 and δC 49.1) at 25 °C on a Bruker Avance HDX 800 MHz spectrometer equipped 

with a TCI cryoprobe. High-resolution mass spectra (HRESIMS) were recorded on a 

Bruker maXis II ETD ESI- qTOF (Bremen, Germany). The HPLC system was the 

Thermo Ultimate 3000 system (Waltham, MA, USA) with a PDA detector. A 

Phenomenex C18 Monolithic column (5 μm, 4.6 × 100 mm) was used for analytical 

HPLC; a Thermo Electron Betasil C18 column (5 μm, 21.2 × 150 mm) and a 

Phenomenex Luna C18 (5 μm, 10.0 × 250 mm) were used for semi-preparative HPLC. 

LLEFs and three biota samples were purchased from Nature Bank (Griffith 

Institute for Drug Discovery, Australia). Three biota samples were deposited with the 

code NB009023, NB6005216 and NB015408, respectively.  

All the solvents used for extraction, chromatography and MS were Lab-Scan 

HPLC grade, and the H2O was Millipore Milli-Q PF filtered. 

2.6.2 Extraction and Isolation 

    DCM and MeOH of three biota samples were prepared as previously described[1].  

Dried plant and marine invertebrate biota (300 mg) were extracted with a range of 

organic solvents to afford the crude extract.  

Marine invertebrates were extracted with n-hexane (7 mL). The n-hexane extract 

was discarded, and each sample then extracted with 80 % DCM / 20 % MeOH (7 mL) 

and dried. A second extract using MeOH (13 mL) was collected in the same glass test 

tube and dried. The combined DCM / MeOH dried residue was dissolved in 4 mL 

solvent (80% MeOH / 20 % H2O with 0.1 % TFA ), subjected to HLB SPE cartridge 
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and then eluted with 8 mL solution (80% MeOH / 20 % H2O with 0.1 % TFA ). The 

elution was dried to afford marine DCM and MeOH extract. 

Plant biota were extracted in a similar manner using n-hexane (7 mL), DCM (7 

mL), and MeOH (13 mL). In a slight variation for marine invertebrates, the combined 

and dried DCM and MeOH residues were firstly reconstituted in MeOH (4mL) and then 

loaded onto a cartridge of polyamide gel (900 mg). The cartridge was washed with 

MeOH (8 mL), and the combined MeOH washes were dried. The combined MeOH 

dried residue was dissolved in 4 mL solvent (80 % MeOH / 20 % H2O with 0.1 % TFA ), 

subjected to HLB SPE cartridge and then eluted with 8 mL solution (80% MeOH / 20 % 

H2O with 0.1 % TFA ). The elution was dried to afford plant DCM and MeOH extract. 

The ground and dried Flindersia maculosa Lindl. (6.3120 g) was extracted with 

95 % ethanol to afford the ethanol crude extract (704.9 mg). The ethanol extract (600 

mg) was subjected to Sephadex LH 20 eluting with 100 % MeOH to afford 24 fractions. 

Fraction 18 (FMEP 18, 30 mg) was separated by semi-preparative HPLC (Phenomenex 

Luna C18, 4 mL / min) eluting with step gradient solvent (10 % MeOH with 0.1 % TFA 

/ 90 % H2O with 0.1 % TFA to 100 % MeOH with 0.1 % TFA in 50 min, 100 % MeOH 

with 0.1 % TFA for 10 min) to give compound 2.1 (1.5 mg) and a mixture of compound 

2.2 and 2.3 (2.3mg).   

The dried powder of Fascaplysinopsis sp. (28.9001 g) was extracted with 95% 

ethanol to afford the crude extract (1.4712 g). A portion of ethanol extract (10.4 mg, 

eluted in 200 μL DMSO) was separated into five fractions by analytical HPLC 

following the condition in subsection 2.6.3. Repeated analytical HPLC procedure afford 
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compound 2.4 (2 mg).  

The powder sponge Agelas axifera (15.2012 g) was extracted three times with 

ethanol. The ethanol extract was evaporated to give ethanol extract (1.2301 g).A portion 

of residue (200 mg) was separated into 60 fraction by preparative HPLC (Thermo 

Betasil C18, 9 mL / min) eluting with step gradient solvent (10 % MeOH with 0.1 % 

TFA / 90 % H2O with 0.1 % TFA to 100 % MeOH with 0.1 % TFA in 50 min, 100 % 

MeOH with 0.1 % TFA for 10 min). Fractions 40 ~ 42 (AAEP 40 ~ 42, 20.4 mg) was 

subjected to preparative HPLC (Thermo Betasil C18, 30 % MeOH with 0.1 % TFA / 

70 % H2O with 0.1 % TFA) to afford compound 2.5 (5 mg).  

2.6.3 Analytical HPLC Conditions 

A portion of the crude extract was dissolved in DMSO-d6 (600 μL). Twice 

injection (2 × 100 μL) was performed for each sample. HPLC separations were 

performed on a Phenomenex C18 Monolithic HPLC column (4.6 × 100 mm) using 

conditions that consisted of a linear gradient (curve 6) from 10 % MeOH (0.1% TFA)/ 

90 % H2O (0.1 % TFA) to 50 % MeOH (0.1 % TFA) / 50 % H2O (0.1 % TFA) in 3 min 

at a flow rate of 4 mL/min; A convex gradient (curve 6) to 50 % MeOH (0.1 % TFA) / 

50 % H2O (0.1 % TFA) at a flow rate of 3 mL/min in 0.01 min, then a linear gradient 

(curve 5) to 100 % MeOH (0.1% TFA) in 3.50 min; A held at 100 % MeOH (0.1 % 

TFA) (curve 6) for 1.50 min at a flow rate of 3 mL/min, then held at 100 % MeOH (0.1 % 

TFA) (curve 6) with a flow rate increasing to 4 mL/min in 0.01 min; A held at 100 % 

MeOH (0.1 % TFA) (curve 6) at a flow rate of 4 mL/min for a further 1 min; A linear 

gradient (curve 6) back to 10 % MeOH (0.1 % TFA) / 90 % H2O (0.1 % TFA) in 1 min 
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at a flow rate of 4 mL/min, then held at 10 % MeOH (0.1 % TFA) / 90 % H2O (0.1 % 

TFA) (curve 6) for 2 min at a flow rate of 4 mL/min. The total run time for each injection 

was 11 min, and 5 fractions were collected between 2.0 and 7.0 min, i.e., Fraction 1 

(time = 2.01 ~ 3.00 min), Fraction 2 (time = 3.01 ~ 4.00 min), Fraction 3 (time = 4.01 

~ 5.00 min), Fraction 4 (time = 5.01 ~ 6.00 min) and Fraction 4 (time = 6.01 ~ 7.00 

min). 

Fraction 4 (FM 4), fraction 2 (FS 2), fraction 5 (AA 5) were fractionated from 

DCM and MeOH extract of corresponding biota sample following the above HPLC 

procedure while fraction 3 (FME 3), fraction 2 (FSE 2), and fraction 5(AAE 5) were 

fractionated from ethanolic extract following the above HPLC procedure. 

2.6.4 Assay against M. smegmatis 

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 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 
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the compound concentration well that remained blue and did not change to pink. All 

experiments were performed in triplicates. 
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Chapter 3 A Novel Lead Compound Discovery Approach 

PhenoTarget Approach 

 

3.1 Introduction 

As described in the Introduction, natural product diversity was investigated to 

discover anti-TB compounds. Nature Bank consists of over 63,000 biota samples of 

plants, and marine invertebrates sourced from tropical and temperature Australia, China 

and Papua New Guinea. It is a unique resource of nature’s chemical diversity. LLE 

fractions from Nature Bank were prepared for anti-TB lead compound discovery. 

Two different strategies, phenotypic screening and target based screening, have 

been applied for drug discovery. Each has its own advantages. Phenotypic screening 

ensures hit activity in whole biological systems while target based screening provides 

target information. These methods are complementary and this Chapter explores a 

combined approach. Taking advantages of each screening strategy, ensures that 

phenotypic and target ID are identified. 

The anti-TB activities of LLE fractions from Nature Bank were previously 

evaluated using Mtb H37Rv strain. 795 LLE fractions were identified as active fractions 

out of 202,983 LLE fractions and 452 fractions have the inhibitory activity with MIC 

less than 6.1 μge / μL. The process of identified active fractions by phenotypic 

screening is shown in Figure 3.1. 
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Figure 3.1 Phenotypic screening of Nature Bank (NB) LLE fraction library against Mtb H37Rv 

strain. 

 

This chapter explains the development of an approach to use both phenotypic 

screening and target-based screening. Phenotypic screening in a cellular assay against 

Mtb H37Rv identified active fractions that were screened against a panel of TB proteins. 

This Chapter reports the approach to prioritise fractions for isolation. 

 

3.2 Automated Protein Screening Platform 

Following the identification of Nature Bank LLE fractions by phenotypic activity 

against Mtb H37Rv strain, the active biota samples were re-extracted to provide similar 

fractions for protein screening. The fractions were pooled with every nine active 

fractions (MIC ≤ 6.1 μge / μL) as Pool Fractions (PFs) and 40 PFs were prepared for 

protein assay screening. 

Proteins were supplied by the Seattle Structural Genomics Center for Infectious 

Diseases (SSGCID). They were all individually expressed and purified from 

mycobacterial species. The protein targets are solicited from the infectious disease 

research community with essential enzymes and virulence factors given high priority, 
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and the structures for most of these proteins have been solved. The selection of 

mycobacterial targets from the 200+ targets solved by SSGCID has the advantages as 

(1) a major criterion for the selection of SSGCID structure targets is their potential to 

be druggable, (2) the availability of a structure in the PDB that would accelerate drug 

design with any hits, (3) after structure solution, SSGCID stores excess protein and 

distributes it freely to the scientific community if requested 

(https://ssgcid.org/available-materials/ssgcid-proteins/), and (4) if the SSGCID protein 

stocks are exhausted (or if more protein is required) the original clones are freely 

available to the scientific community by SSGCID (https://ssgcid.org/available-

materials/expression-clones/). Totally 37 mycobacterial proteins were screened by 

MRMS (Table 3.1).  

 

Table 3.1 Selected proteins for MRMS screening 

No. Genus Species Annotation 

1 Mycobacterium Abscessus Phenylalanyl-tRNA synthetase alpha chain PheS 

2 Mycobacterium Abscessus tRNA (guanine-N(1)-)-methyltransferase 

3 Mycobacterium Fortuitum RNA polymerase sigma factor 

4 Mycobacterium Tuberculosis TB31C_RV0577 

5 Mycobacterium Leprae PROBABLE RIBONUCLEASE III RNC (RNASE III) 

6 Mycobacterium Leprae PROBABLE METHIONYL-TRNA SYNTHETASE METS (MetRS) 

(Methionine--tRNA ligase) 

7 Mycobacterium Marinum Phenylalanyl-tRNA synthetase, alpha chain PheS 

8 Mycobacterium Leprae Aspartyl-tRNA synthetase 

9 Mycobacterium thermoresistibile DNA-directed RNA polymerase subunit alpha RpoA 

10 Mycobacterium Tuberculosis Leucine--tRNA ligase 

11 Mycobacterium Tuberculosis aspartyl-tRNA synthetase 

12 Mycobacterium Tuberculosis Rv1466- Putative uncharacterized protein 

13 Mycobacterium Tuberculosis 50S ribosomal protein L3 

14 Mycobacterium Tuberculosis ECF RNA polymerase sigma factor SigH 
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15 Mycobacterium Tuberculosis Putative Holliday junction resolvase (EC 3.1.-.-) 

16 Mycobacterium Ulcerans RNA polymerase sigma factor 

17 Mycobacterium Marinum RNA polymerase sigma factor 

18 Mycobacterium paratuberculosis tRNA (guanine-N(1)-)-methyltransferase 

19 Mycobacterium paratuberculosis RNA polymerase sigma factor 

20 Mycobacterium Smegmatis tRNA (guanine-N(1)-)-methyltransferase 

21 Mycobacterium Tuberculosis 50S ribosomal protein L1 

22 Mycobacterium Tuberculosis 30S ribosomal protein S10 

23 Mycobacterium Abscessus Ribosomal RNA small subunit methyltransferase G 

(Rv3919c ortholog) 

24 Mycobacterium Smegmatis 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase 

(IspD) 

25 Mycobacterium Tuberculosis MYCOBACTERIAL PERSISTENCE REGULATOR MRPA (TWO 

COMPONENT RESPONSE TRANSCRIPTIONAL REGULATORY 

PROTEIN) 

26 Mycobacterium Abscessus Probable 4-diphosphocytidyl-2-C-methyl-D-erythritol 

kinase (IspE) 

27 Mycobacterium Fortuitum 2-amino-4-hydroxy-6-hydroxymethyldihydropteridine 

pyrophosphokinase (Rv3606c ortholog) 

28 Mycobacterium Ulcerans Lysine--tRNA ligase LysS (EC 6.1.1.6) (Lysyl-tRNA 

synthetase) 

29 Mycobacterium thermoresistibile Lysine--tRNA ligase LysS (EC 6.1.1.6) (Lysyl-tRNA 

synthetase) 

30 Mycobacterium Smegmatis Lysine--tRNA ligase LysS (EC 6.1.1.6) (Lysyl-tRNA 

synthetase) 

31 Mycobacterium Abscessus Beta-lactamase-like 

32 Mycobacterium Avium Hydrolase (putative beta-lactamase) 

33 Mycobacterium Avium 2-amino-4-hydroxy-6-hydroxymethyldihydropteridine 

pyrophosphokinase (Rv3606c ortholog) 

34 Mycobacterium Fortuitum RNA polymerase sigma factor SigF (Fragment) (Rv3286c 

ortholog) 

35 Mycobacterium Ulcerans Dihydrofolate reductase (DHFR) 

36 Mycobacterium Marinum Bifunctional penicillin-binding protein 1A/1B PonA1 

(Rv0050 ortholog) 

37 Mycobacterium Tuberculosis Transcription termination factor Rho (Rv1297) 
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Three different ammonium acetate concentrations 225 mM, 320 mM and 525 mM 

were used for preparing 37 different protein concentrations. Protein concentration after 

buffer exchange was 10 μM for all 37 proteins. Each prepared protein (9 μL ,10 μM) 

was individually incubated with each PF (1 μL) in a 384-well plate in room temperature 

for 1 h.  

The electrospray ionization magnetic resonance mass spectrometry (MRMS) 

equipped with nanomate automated injection system was used for detecting protein-

ligand complex. The nanomate was programmed to aspirate 3 μL solution of protein 

and PF from each well, and then sprayed into the mass spectrometer for 30 s. 

Subsequent automated deconvolution of the raw data was performed using Data 

Analysis software.  

 

3.3 Identification of Target Fraction 

MRMS screen of 40 PFs against 37 protein panel showed there were 90 protein-

ligand interactions involved in 21 PFs while did not provide information about which 

fraction interacted with protein. This was because in each PF, 9 fractions were mixed 

together. Given the MW of protein bound compound was identified, a QTOF analysis 

of all the constituent in all the fractions was firstly conducted to identify possible 

fractions interacting with specific protein. According to the QTOF analysis, an analysis 
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of protein-ligand complex further targeted possible fractions interacting with protein. 

Figure 3.2 demonstrated the process of identifying protein interactive fraction from PF. 

 

Figure 3.2 The flowchart of the process of identifying protein interactive fraction from PF. 

 

3.3.1 Exclusion of Impossible Fractions Interacting with Proteins 

The benefit of protein-ligand complex observed by MRMS is that it provides the 

MW of bound compound. HRMS analysis is able to provide the mass of all the 

constituents even trace constituents in the mixture. Therefore, a HRMS analysis 
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conducted by QTOF is able to identify fractions with target mass and exclude fractions 

without required mass. QTOF analysis method is useful as the cost is only a little 

amount of fraction and it avoids the highly expensive cost for protein and nanomate 

material. Figure 3.3 is an example of identification of potential fractions in 7 PFs. 

Totally there were 39 hits found in these 7 PFs. Each hit was identified from 1 PF 

involving 9 fractions, indicating the number of second MRMS protein screening 

reached 351 (39 × 9) times for distinguishing target fraction from other 8 fractions in 

a single PF. The application of QTOF has successfully cut down total 351 fractions to 

104 fractions (equivalent 70 % fractions), and only less than 50 % fractions were needed 

for further MRMS protein screening when searching fractions for each target protein. 

 

Figure 3.3 Comparison of the sum of fractions in hit PFs with the number of potential target 

fractions identified by QTOF for each target protein found in seven PFs. Blue column represents the 
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number of fractions involved in hit PFs. Orange column means the number of fractions identified 

with required mass by QTOF in hit PFs. For each target protein, the number of a second round 

MRMS for identifying protein bound fraction decreased down to over 50 %.  

3.3.2 Analysis of MRMS Data 

Following the QTOF investigation, pre-analysis of initial hit masses was used to 

facilitate the search of target fractions and help to select PF for bound compound 

isolation. This is because, in some cases, MRMS data not only reveals the protein-

ligand complex but also provides additional information. 

3.3.2.1 Possible Multiple Protein Targets of Identical Compound 

Different proteins were identified as targets of one PF and the calculated MW of 

the ligands interacting with all the proteins were identical. It was possible that the 

formation of protein-ligand complex was induced by the same compound in one PF. 

The compound targeting a limited number of targets may potentially be selective. 

Figure 3.4 shows the spectra of the mixture of PF # 2 with three different proteins 

including DHFR, RNA polymerase sigma factor and Rv1466. The calculated MW of 

bound compounds interacting with the three proteins were in the range between 297 

and 299 Da. QTOF analysis identified four possible fractions with the ion at the m/z 

between 294 and 302 Da. When the bound compound interacting with any of the three 

proteins was identified, the compound should also be examined for the interaction with 

the other two proteins. If the compound also interacts with the other two proteins, 
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individual MRMS screen for the other three possible fractions with another two proteins 

(another 8 times screen) will be avoided.  

 

 

 

Figure 3.4 MRMS spectra of three free proteins and the mixture of PF # 2 with the three different 

proteins ((a) free DHFR and the mixture of PF # 2 with DHFR. (b) free RNA polymerase sigma 

factor and the mixture of PF # 2 with RNA polymerase sigma factor. (c) free Rv1466 and the mixture 
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of PF # 2 with Rv1466.). Protein-ligand complexes were observed in all the mixture of PF # 2 with 

individual protein and the calculated MW of bound compounds were 297, 299 and 298 Da, 

respectively.  

 

3.3.2.2 Possible Target Compound from Same Genus  

Two different PFs interacted with identical protein and the MW of the bound 

ligands from different PFs were identical.  

The ratio of the relative mass response of protein-ligand complex to the sum of 

protein peak and protein-ligand complex peak, represents the binding affinity of ligand 

to protein. When the ratios were similar for two PFs, it is possible that bound 

compounds were same and from the identical HPLC fractions generated from same 

genus. An example is demonstrated in Figure 3.5. Both PF # 1 and # 8 interacted with 

beta-lactamase-like. The calculated MW of two hits in PF # 1 and # 8 were similar, 

between 574 ~ 575 Da. Genus search of every fraction in PF # 1 and # 8 found that 

there were fractions from Garcinia sp. and Polyalthia sp. in both PF # 1 and # 8. 

Regenerated No. 2 and No.5 HPLC fraction from Polyalthia sp. were found in PF # 1 

and # 8, respectively. While same No.3 HPLC fraction from Garcinia sp. existed in PF 

# 1 and # 8. Thus, No.3 fraction from Garcinia sp. is the potential fraction contributed 

to the interaction with beta-lactamase-like. The assumption is consistent with QTOF 

analysis that both No.3 fraction from Garcinia sp. contained ions with m/z at 575 . The 

1H NMR (Figure 3.6) of No.3 fraction from Garcinia sp. in PF # 1 and # 8 were same, 
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indicating the existence of same compound. Therefore, No.3 fraction from Garcinia sp. 

should be first examined in MRMS protein screening.   

 

Figure 3.5 MRMS spectra of free beta-lactamase-like and the mixture of beta-lactamase-like with 

PF # 1 and PF # 8. MRMS spectra of the mixtures showed similar mass shifts from free protein and 

the calculated MW of bound compound were 574 ~ 575 Da. The ratios representing the binding 

affinity of ligand in MRMS were also similar in both PFs.  
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Figure 3.6 1H NMR comparison of No. 3 fraction of Garcinia sp. from PF # 1 and # 8. The 

majority of signals demonstrated identical peak type at the identical chemical shift, suggesting that 

compounds target beta-lactamase-like were likely same. 

 

When identical MW of ligands were observed from different PFs, but the ratios of 

relative mass response of protein-ligand complex to the sum of protein peak and 

protein-ligand complex were different as presented in Figure 3.7. If consecutive 

fractions from same genus are found in different PLs, distinct ratio could potentially 

induced by the different concentration of same target compound in different PFs.  
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Figure 3.7 MRMS spectra of free phenylalanyl-tRNA synthetase, alpha chain PheS and the products 

of phenylalanyl-tRNA synthetase, alpha chain PheS with PF # 4 and PF # 5. Molecular weight of 

binding compound in PF # 4: MW = 18.01298 × 13 = 234 Da; PF # 5: MW = 17.70926 × 13 = 230 

Da. The ratios of relative intensity of protein-ligand complex to total protein observed in the mixture 

containing PF # 4 and PF # 5 were different , 50 % and 100 % respectively. Different fractions from 

Polycarpa aurata were found in PF # 4 and PF # 5. 

 

Amongst 90 protein-ligand interactions, the genus search in combination with 

QTOF suggested that four biota samples were possibly responsible for 18 protein-

ligand interactions (Table 3.2). 
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Table 3.2 Possible biota samples for 18 hits in PFs based on genus search with QTOF analysis 

Target Protein Hit 1 (Da) Hit 2 (Da) Possible Biota 

aspartyl-tRNA synthetase 203.83 207.11 Stelletta sp. 

aspartyl-tRNA synthetase 234.08 236.94  

 

Polycarpa aurata 
phenylalanyl-tRNA synthetase, alpha 

chain PheS 

230.22 234.17 

Rv1466 233.08 233.08 

RNA polymerase sigma factor SigF 

(Fragment) (Rv3286c ortholog) 

233.08 232.85 

2-C-methyl-D-erythritol 4-phosphate 

cytidylyltransferase (IspD) 

462.13 465.13 Myrica sp. 

beta-lactamase-like 463.09 463.82 

DHFR 571.10 573.12  

Garcinia sp. 
beta-lactamase-like 575.09 574.11 

 

3.3.2.3 Targeting on Single Protein 

Some PFs interacted with only one protein from the 37 protein panel and MW of 

bound compound was different from that of the other protein interactive ligands. In 

some MRMS screens of PLs with target proteins, two mass shifts from same protein 

were observed in one MS spectrum, indicating hits on different sites of target protein. 

The ratios of the relative mass response of protein-ligand complex to the sum of protein 

peak and protein-ligand complex peak may give the order of binding affinities of bound 

compounds. 

As shown in Figure 3.8, the red spectrum represents the signal of Rv1466 and the 

purple spectrum showed two additional mass shifts from free protein signal after adding 

PF # 9 to Rv1466. The existence of two protein-ligand complexes suggested that two 

bound compounds targeted on different sites of Rv1466. Assuming the concentrations 
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of bound compounds were similar, binding affinity of bound compound with MW at 

478 Da was similar as that of bound compound with MW at 296 Da. 

 

 

Figure 3.8 MRMS spectra of free Rv1466 and the incubation of Rv1466 with PF # 9. Two different 

mass shifts were observed from free Rv1466. 

 

The application of HRMS of constituents in each fraction and analysis of protein-

ligand complex help to narrow the scale for identifying target fraction, but the target 

fraction is not sure before MRMS screening of protein assay again. Based on the above 

analysis, four PFs were selected for bound compound isolation. The process of 

identifying compounds from these four PFs interacting with protein are presented in 

Chapters 4, 5 and 6.  

Chapter 4: PF # 4 and # 5, both targeted four different proteins including Rv1466 

and MW of four protein hits were same, indicating same compound contributed to 

interaction with four proteins. Each contained a fraction from Polycarpa aurata. 

Chapter 5: PF # 3, MW of bound compound interacted with Rv1466 was 360 Da 
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which was not found in other PFs . PF # 3 did not interact with the other proteins.  

Chapter 6: PF # 6, the PF only interacted with Rv3606c in the 37 protein panel.     

 

3.4 PhenoTarget approach 

Based on the above analysis, a PhenoTarget approach was developed, referring to 

a combination approach of phenotypic screening and protein screening. This 

PhenoTarget approach was used to identify lead compounds against Mtb from natural 

resources, in the product Nature Bank samples. The PhenoTarget approach starts from 

phenotypic screening of drug-like fraction library to identify bioactive fractions. 

Following phenotypic screening, native mass spectrometry was used for identifying the 

protein target and the presence of ligands in the active fraction. A summary of 

PhenoTarget approach is described in Figure 3.9. 
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Figure 3.9 The cascade of PhenoTarget screening for identifying lead compounds and target 

protein. Nature Bank LLE fraction library was established following the procedure described. 

Five LLE fractions( 2 -7 min) from each biota were collected by analytical HPLC. A high 

through put phenotypic screening of NB LLE fraction library against Mtb H37Rv was used as 

an initial screening. Active fractions with MIC value less than 6.1 µge / µl (purple round) were 

identified and the corresponding samples were chosen for regenerating similar active fractions 

following the analytical HPLC procedure for protein screening. To lower sample consumption 

especially protein, each nine active fractions were pooled as a PF and then was added to protein 

assay to individually incubate with target protein. Native mass spectrometry was used for 

identifying target protein of active compound in PF. When the complex of protein and binding 

ligand formed (the attachment of blue protein symbol with purple round), ion of protein-ligand 

complex shifts from ion responding to protein. The mass shift provides the information about 

the molecular weight of binding compound to facilitate the isolation of active compound.  
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A large window was used in the QTOF experiments, e.g. in predicting an active 

fraction between m/z 297-299, a qTOF m/z over a wider range of 294-302 was used. 

While these were the initial conditions, a comparison of the MRMS and QTOF data is 

shown in Table 3.3. 

 

Table 3.3 The MW of ligand from MRMS and the possible corresponding m/z from QTOF 

MRMS ({[P-L] - P} x charge) QTOF ([M+H]+) 

297.1271 (DHFR),  

299.1940 (RNA polymerase sigma factor), 

and 298.1276 (Rv1466) 

294.9379 

298.1483 

300.1586 

 301.2722 

 

Following the QTOF analysis and analysis of protein-ligand complexes, identified 

fractions were screened against putative protein targets to identify interactive biota 

samples. Detail identification process will be illustrated in Chapters 4, 5, and 6. Given 

the MW of the bound compound, LCMS is useful for tracing target compound. Except 

LCMS, NMR fingerprint of active fraction interacting with protein, also helps facilitate 

the isolation process as demonstrated in Chapter 2. Analysis of 1H NMR of fractions 

from ethanolic crude extract and DCM and MeOH showed that the majority of the 

signals existed in both extracts. Comparing with the complex three-step Nature Bank 

extraction procedure, ethanol extraction was much more efficient and can extract most 

constituents. Thus, in the following work, ethanol extraction followed by HPLC was 

used.  
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3.5 Experimental Section  

3.5.1 Instruments and Materials 

Protein-ligand complexes were observed using Bruker Daltonics SolariX 12 T 

Magnetic Resonance Mass Spectrometry (Bruker Daltonics Inc., Billerica, MA, USA) 

equipped with automatic Nanoelectrospray system (TriVersa NanoMate, Advion 

Biosciences, Ithaca, NY, USA). 

LLEFs and NB sample for regenerated fractions were purchased from Nature Bank 

(Griffith Institute for Drug Discovery, Australia). Ammonium acetate was purchased 

from Sigma-Aldrich (St Louis, O.M., USA). All 37 unique proteins in the target panel 

were supplied by the Seattle Structural Genomics Center for Infectious Diseases 

(SSGCID, Seattle, WA, USA). These were “well behaved” proteins whose structures 

have been solved by SSGCID and are publicly available in the PDB. All proteins 

contained a non-natural, N-terminal tag for purification 

(MAHHHHHHMGTLEAQTQGPGS-). For protein buffer exchange, Nalgene NAP-5 

size G25, from GE Healthcare (Parramatta, NSW, Australia) was used (purchased 

through Thermo Fisher Scientific Australia Pty Ltd., Scoresby, VIC, Australia).  

The other instruments and materials are same as Chapter 2 subsection 2.6.1. 

3.5.2 Phenotypic Screening of LLEFs against Replicating Mtb H37Rv 

Growth inhibition of Mtb was monitored using a 1 μL of fraction (250 μge/μL) 

dispensed into each well of a 384-well plate. To this, 40 µL of Mtb ATCC 27294 H37Rv 

(3–5 x 105/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 °C 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 
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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. 

Single point screen: samples (1 μL) which gave >80% inhibition were considered 

positive. MIC: the least concentration which gave >80% inhibition was considered as 

MIC (start conc. = 1 μL of fraction (250 μge/μL). 

3.5.3 Regenerated Fractions of PFs 

DCM and MeOH extracts were prepared following the procedures in Chapter 2 

subsection 2.6.2. The DCM and MeOH extracts were dissolved in 600 μL DMSO-d6. 

Fractions of PFs were afforded by analytical HPLC using the condition as Chapter 2 

subsection 2.6.3.  

3.5.4 Sample Preparation for MRMS Screening 

Proteins were buffer-exchanged into a suitable volatile buffer (ammonium acetate) 

under near physiological conditions using size exclusion chromatography prior to 

MRMS analysis. Final protein concentration was 10 μM in ammonium acetate after 

buffer change. 

Each 9 regenerated fractions (9 × 1 μL) were combined as a PF. As DMSO 

interferes with the native MS, methanol was used for dissolving sample. Every PF was 

dried, re-suspended in 9 μL MeOH. A 1 μL MeOH solution of PF was mixed with 9 μL 

protein (10 µM) in a 384-well plate. The mixture incubated for 1 h at room temperature 

before being analyzed by MRMS. 

All screening samples were prepared fresh on the day for analyzing to avoid the 

precipitation or decomposition in the sample.  
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3.5.5 Automatic chip-Based MRMS Screening 

The ESI mass spectra were recorded in positive mode with a mass range from 294 

to 10,000 m/z. Each spectrum was composed of 1M data points. All the aspects of 

instrument parameter tuning and data acquisition were controlled by Solarix control 

software under Windows operating system.  

All sample solutions were injected by fully automated chip based nanoelectrospray 

which was mounted to the mass spectrometer. A nanomate 100 incorporating ESI chip 

technology was used as automatic chip system. The automated chip system consists of 

a 384-well plate, a rack of 96 disposable, conductive pipette tips, and the chip, which 

was positioned a few millimeters from the sampling cone. The system was programmed 

by ChipSoft software (Version 8.3.6, Advion BioSciences), sequentially picked up a 

new pipette tip, aspirated 3 μL of sample from the 384-well plate followed by 1.5 µL 

of air and then delivered to the inlet side of ESI chip. Nanoelectrospray was carried out 

by applying a 1.60 kV spray voltage and a 1.0 psi nitrogen head pressure to the sample 

in the pipette tip. For every sample, a fresh tip and nozzle were used, thus preventing 

cross-contamination of sample. Following sample infusion and MS analysis, the pipet 

tip was disposed.  

Instrument parameters were tuned as follows: scan 16, accumulation time 0.5 s; 

API source: capillary 1000 V and end plate offset 0 V; Source gas tune: nebulizer gas 

(N2) pressure 3.0 bar, drying gas (N2) flow rate 1.5 L/min and drying gas temperature 

100˚C; Source optics: capillary exit 220 V, deflector plate 200 V, funnel 1 140 V, 

skimmer 1 60 V and funnel RF amplitude 250 Vpp; Octopole: frequency 5 MHz and 

RF amplitude 350 Vpp; Quadrupole: Q1 mass 600.00 m/z; Collision cell: collision 

voltage -5.0 V, DC extract bias 0.5 V, RF frequency 2 MHz and collision RF amplitude 
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2000.00 Vpp; Transfer optics: time of flight 1.5 ms, frequency 2 MHz and RF amplitude 

450.00 Vpp; Gas control: flow 30 %. 

When the protein-ligand complex was found, the MW of the binding ligand was 

estimated from the spectrum using the following equation: MW ligand = Δ m/z × z. 
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Chapter 4 Alkaloids from Polycarpa aurata Interacting  

with Multiple TB Targets 

 

4.1 Introduction  

Two PFs, PF # 4 and PF # 5, were particularly interesting as both interacted with 

four proteins including Rv1466 (uniport O53157), RNA polymerase sigma factor SigF 

(uniport K0V206), phenylalanyl-tRNA synthetase, alpha chain PheRS (uniport 

B2HR20) and aspartyl-tRNA synthetase (uniport P9WFW3). Furthermore, the MW of 

bound compounds in PF # 4 interacting with all four proteins were around 230 ~ 236 

Da, as that in PF # 5.  

Four proteins are potential targets for drug discovery and until recently there have 

been no ligands reported to interact with these four proteins. 

Iron is essential for mycobacterial virulence, thus failure to produce mycobactin 

siderophores results in defective bacilli multiplication [1]. Accordingly, it can be 

expected that metabolism of [Fe-S] cluster is of major importance for mycobacterial 

survival. Rv1466 is a protein involved in assembly and repair the [Fe-S] clusters in Mtb.  

Presumably as its critical role in protein synthesis and the lack of an alternative 

aspartyl-tRNA synthetase in the Mtb genome, aspartyl-tRNA synthetase has been 

identified as a promising TB drug target for inhibitors development[2].  

RNA polymerase alternate sigma factors have been shown to mediate in vivo-

triggered responses necessary for conditional expression of virulence factors in diverse 
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bacterial species [3,4] including Mtb [5]. SigF might be involved in the adaptation of the 

organism during latent infection[6]. Although SigF is not an essential factor, it has been 

reported that the sigF mutant Mtb is less virulent than its wild-type counterpart by time-

to-death analysis in infection of mice[7,8]. 

Aminoacyl-tRNA synthetases (aaRSs) are potential drug targets because 

inhibition of bacterial aaRS blocks the translation and ultimately shuts down protein 

synthesis, which is crucial for pathogens to survive in host or inside host cells[9]. 

Bacterial phenylalanyl-tRNA synthetase is a member of class II aaRS based on the 

active site topology. Due to the large differences between bacterial and human 

phenylalanyl-tRNA synthetase counterparts, the essential enzyme phenylalanyl-tRNA 

synthetase has been regarded as an TB drug target for inhibitor search[10]. 

Amongst four proteins, the structures of two proteins including Rv1466 and 

aspartyl-tRNA synthetase have been resolved and deposited in PDB (Figure 4.1). PDB 

codes for two proteins were 5IRD and 5ZX2, respectively. 

 

Figure 4.1 Cartoon representation of structures of (a) the Rv1466 (5IRD) and (b) aspartyl-tRNA 

synthetase (5ZX2) 
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4.2 The Interaction of PFs with Proteins 

Both PF # 4 and PF # 5 contained ligands with similar MW (230 ~ 236 Da) that 

bound to four different proteins. The binding affinities of ligands with interacted 

proteins were suggested by the ratio of relative intensity of protein-ligand complex to 

total protein in MRMS. The interactions of PF # 4 with each Rv1466 and RNA 

polymerase sigma factor SigF were same, as that of PF # 5 (Figure 4.2 ~ 4.3). 

 

 

Figure 4.2 MRMS spectra of free Rv1466 and the products of Rv1466 with PF # 4 and PF # 5. 

Additional peaks from free proteins were observed after adding PF # 4 and PF # 5 to Rv1466. MW 

of bound compound in PF # 4: MW = 33.29655 × 7 = 233 Da; PF # 5: MW = 33.29667 × 7 = 233 

Da. The ratios of relative intensity of protein-ligand complex to total protein observed in the mixture 

containing PF # 4 and PF # 5 were similar, at round 75 %, indicating strong binding affinities. 
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Figure 4.3 MRMS spectra of free RNA polymerase sigma factor SigF (Fragment) (Rv3286c 

ortholog) and the products of Rv3286c with PF # 4 and PF # 5. Additional peaks from free proteins 

were observed after adding PF # 4 and PF # 5 to Rv3286c. MW of bound compound in PF # 4: MW 

= 33.26479 × 7 = 233 Da; PF # 5: MW = 33.29663 × 7 = 233 Da. The ratios of relative intensity of 

protein-ligand complex to total protein observed in the mixture containing PF # 4 and PF # 5 were 

similar, at round 100 % , demonstrating strong binding affinities. 

 

While the interactions of PF # 4 with and aspartyl-tRNA synthetase, were weaker 

than that of PF # 5 (Figure 4.4), same as the interaction of both PFs with phenylalanyl-

tRNA synthetase, alpha chain PheS described in previous Chapter 3 Figure 3.7. 

Figure 4.4 MRMS spectra of free aspartyl-tRNA synthetase and the products of aspartyl-tRNA 
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synthetase with PF # 4 and PF # 5. Similar mass shifts from free protein were observed in the 

incubation of protein with PF # 4 and PF # 5. Molecular weight of bound compound in PF # 4: MW 

= 13.16316 × 18 = 236 Da; PF # 5: MW = 13.00457 × 7 = 234 Da. The ratios of relative intensity 

of protein-ligand complex to total protein observed in the mixture containing PF # 4 and PF # 5 

were different, 50 % and 100 % respectively. 

 

Due to the observation of ligands with similar MW interacting with four proteins, 

an assumption that same species possibly existed in these two PFs was concluded. 

There was an overlapping biota sample, Polycarpa aurata, between PF # 4 and PF # 5 

(Table 4.1).No. 2 and No. 3 fractions from P. aurata were found in PF # 4 and PF # 5, 

respectively. 

 

Table 4.1 Genus and species of all biota samples in PF # 4 and PF # 5 

 

 

HRMS analysis of constituents in each fraction from PF # 4 and PF # 5 found that 

No. 2 fraction and No. 3 fraction from P. aurata contained ions with m/z at around 236 

in positive mode (Figure 4.5 ~ 4.6). Differently, the intensity of ion at m/z 236 from 

HPLC Fraction No. Genus Species HPLC Fraction No. Genus Species

2 3 polycarpa aurata

3 5 agelas sp.

4 3 agelas mauritiana

2 5 xestospongia sp.

3 2 stylissa flabellata

2 4

3 5

4 callyspongia (euplacella) sp. 2

2 polycarpa aurata 3

hyrtios sp. polysyncraton millepore

lissoclinum badium

PF # 4 PF # 5

stylissa carteri

xestospongia sp.
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No. 3 fraction was much higher than that of No. 2 fraction. In addition, No. 3 fraction 

showed obvious ions with m/z at 469+ and 2362+. 

 

 

Figure 4.5 HRMS spectrum of No. 3 fraction from P. aurata in positive mode. Two obvious signals 

were observed with m/z at 236 and 469. Ion with m/z at 236 showed intensity at 8 × 106. 

 

 

 

Figure 4.6 HRMS spectrum of No. 2 fraction from P. aurata in positive mode. There was no obvious 

signal observed with m/z at 236 in full version of spectrum. In the zoom area there was a clear ion 
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(in blue rectangle) with m/z at 236 and the intensity was 5 × 105. 

 

4.3 Identification of P. aurata  

As described in Chapter 2, ethanolic extract contains constituents in DCM and 

MeOH extract. As No.2 and No.3 fractions from the DCM and MeOH extract of P. 

aurata were not enough for conducting MRMS screening of fractions with individual 

protein, the powder of P. aurata was re-extracted with ethanol. Before fractionated by 

analytical HPLC, a portion of ethanolic extract was firstly individually incubated with 

three proteins (phenylalanyl-tRNA synthetase, alpha chain PheS, Rv1466 and aspartyl-

tRNA synthetase) except RNA polymerase sigma factor SigF which was out of stock. 

All the incubations and free proteins were examined in direct injection mode of MRMS.  

Mass shifts from free proteins were observed in both the mixture of ethanolic 

extract with phenylalanyl-tRNA synthetase, alpha chain PheS and Rv1466 (Figure 4.7a 

and b). It was unable to observe the clear protein-ligand complex shifted from aspartyl-

tRNA synthetase (Figure 4.7c). Ethanolic extract suppressed the signal of protein-

ligand complex significantly and the S / N was not good as that previously observed in 

PF. It was possibly due to that fractions mixture contained less constituents than crude 

extract. 

The MW of bound compound in the ethanolic extract was in accordance with that 

of bound compound in PF # 4 and PF # 5, at about 230 Da (Figure 4.7). For the 

complicated ethanolic extract, MRMS was still able to detect the strong protein-ligand 

complex, indicating that crude extract can be used for strong binder search in MRMS.  
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Although protein-ligand complex could be clearly seen from ethanolic extract, 

fractions provided better MRMS spectra, which was better used for guiding the bound 

compound isolation. Amongst two proteins with reported structures, protein signal for 

Rv1466 was better than that of aspartyl-tRNA synthetase. It would be a good starting 

point using Rv1466 for investigating the interacted compound and then predicting the 

binding site. 

 

 

Figure 4.7 MRMS spectra of free proteins and the products of ethanolic extract with three proteins 

((a) phenylalanyl-tRNA synthetase, alpha chain PheS; (b) Rv1466; (c) aspartyl-tRNA synthetase). 

Each 1 μL of ethanolic extract solution was mixed individually with 9 μL protein and then the 
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Figure 4.9 LCMS spectra of LLF-3 and LLF-2 acquired using the same HPLC condition. Both 

fractions had a peak in the retention time between 7.18 and 7.22 min (red rectangle). The same 

peak had an ion at m/z 236 in positive mode. It was clear observed that the peak intensity was 

stronger in LLF-3 than that in LLF-2. 

  

MRMS screening confirmed that there was a compound in both fractions LLF-2 

and LLF-3 interacted with Rv1466 and the deduced MW of bound compounds were 

same, 233 Da (Figure 4.10). In comparison with LLF-2, the ratio of relative intensity 

of protein-ligand complex to total protein was higher found in the mixture of LLF-3 

with Rv1466, same as the intensity of protein-ligand complex. The higher protein-
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ligand interaction may be due to the higher concentration of bound compound in LLF-

3, which was demonstrated by LCMS spectra (Figure 4.9). 

 

 

Figure 4.10 MRMS spectra of the products of individual LLF-2 and LLF-3 with Rv1466. 

There were additional peaks corresponding to protein-ligand complex found in both spectra. 

The absolute intensity of protein -ligand complex induced by LLF-3 was much higher than that 

by LLF-2 . Molecular weight of protein bound compounds in LLF-2 and LLF-3 were same : 

(2461.03144 – 2422.19180 )×6 = 233 Da. 

 

4.4 Isolation  

Bound compound isolation was conducted with the combination of MW and 1H 

NMR fingerprint of fraction LLF-3. Ethanolic extract was fractionated by semi - 

preparative HPLC using gradient solvent from 10 % MeOH to 100 % MeOH to afford 

60 fractions (Figure 4.11, fractions named SEF 1 ~ 60).  
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Figure 4.11 Semi-preparative HPLC trace of ethanolic extract of P.aurata. Fractions were collected 

by minute and totally 60 fractions were afforded.  

 

Targeting MW at around 233 Da, SEF-33 was idenfied (Figure 4.12) and further 

purified using semi-preparative HPLC to give compounds 4.1 and compound 4.2. 

Proton signals of compound 4.1 were found in LLF-3, for example characteristic two 

doublet peaks between 6.9 and 7.5 ppm in 1H NMR fingerprint of LLF-3 (Figure 

4.13a). In addition, LCMS data of compound 4.1 was constitent with target peak in 

LLF-3 (Figure 4.13b).  

 

Figure 4.12 LCMS spectra of LLF-3 and SEF-33 acquired using same HPLC condition. In the 
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retention time between 7.18 and 7.22 min, SEF-33 had a peak as LLF-3 (red rectangle). MS analysis 

of the peak in positive mode showed ion with m/z at 236. SEF-33 was selected for further 

purification. 

 

  

 

Figure 4.13 (a) 1H NMR (recorded in DMSO-d6) of target fraction LLF-3 (above) and compound 
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4.1 (bottom). (b) LCMS analysis of LLF-3 (above) and compound 4.1 (bottom), both the peaks in 

blue rectangle from LLF-3 and compound 4.1 showed obvious ion at 234 Da. 

 

4.5 Structure Elucidation  

Compound 4.1 was isolated as a yellow powder. (+)-HRESIMS showed a [M+H]+ 

ion at m/z 469.1455, which gave a molecular formula of C22H24N6O2S2 with 14 degrees 

of unsaturation. The 1H NMR spectrum gave two aromatic protons doublet at δH 7.49 

and 7.03, two singlet methyl at δH 3.91 and 3.25. Analysis of HSQC and HMBC spectra 

indicated that the molecule contained seven aromatic carbons (δC 161.4, 148.1, 137.6, 

127.7, 117.6, 113.7, 109.8) including five quaternary carbons (δC 161.4, 148.1, 137.6, 

117.6, 109.8), one methoxy carbon (δC 54.4) and one methyl carbons (δC 27.8).  

The coupling (J = 8.98 Hz) between the aromatic protons doublet (δH 7.49 and 

7.03) and two protons (δH 7.49 and 7.03) related to aromatic carbons (δC 127.7 and 

113.7, respectively) indicated their assignment on a p-substituted benzene ring A. 

HMBC from δH 7.49 to δC 127.7 and 137.6; from δH 7.03 to δC 113.7 and 117.6 

confirmed δH 7.49 and 7.03 assignment on p-substituted benzene ring. HMBC 

correlations from δH 3.91 to δC 161.4 suggested that a methoxy was attached to δC 161.4, 

indicating a methoxy group (δH 3.91) attached to p-substituted benzene ring. HMBC 

correlations from δH 3.25 to aromatic carbon δC 148.1 and 109.8 indicated that N-CH3 

was attached to a -C=N carbon and a –C=C carbon to form ring B. HMBC correlation 

from δH 7.49 to δC 137.6 suggested that ring B was connected to ring A by connecting 

δC 137.6 and 117.6. Since only 11 carbon signals were observed in the HMBC spectrum, 
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5 137.6    

6 117.6    

7(11) 127.7 7.49 (d, J = 8.98Hz) 7, 8 5, 9,11 (7) 

8(10) 113.7 7.03 (d, J = 8.98Hz) 7, 8 6, 9, 10 (8) 

9 161.4    

12 54.4 3.91 (s)  9 

13 27.8 3.25 (s)  1, 3 

 

Compound 4.2 was isolated as a white powder. (+)-HRESIMS data showed a 

[M+Na]+ ion peak at m/z 338.0225 and the molecular formula was deduced as 

C11H14N3O4S2 (m/z 316.04), which showed 9 degrees of unsaturation. The 1H NMR and 

HSQC spectra gave two aromatic protons doublet at δH 7.88 and 7.04, two 

exchangeable singlet at δH 12.91 and 7.72, a methoxy singlet at δH 3.80 and a methyl 

singlet at δH 3.50. Analysis of HSQC and HMBC spectra indicated that the molecule 

contained seven aromatic carbons (δC 160.5, 147.4, 132.2, 129.8, 120.2, 115.5, 114.3), 

one methoxy carbon (δC 56.0) and one methyl carbons (δC 30.2).  

The coupling (J = 8.91 Hz) between the aromatic protons doublet (δH 7.88 and 

7.04), and HMBC from δH 7.88 to δC 129.6, 160.5 and 132.2; from δH 7.04 to δC 114.3, 

160.5 and 120.2; from δH 3.50 to δC 147.4 and 115.5, indicated a same scaffold 

C11H12N3O1 as compound 4.1. Subtraction of deducing C11H12N3O1 (202 Da) from the 

ion m/z 316 indicated one -S-SO3
- (112Da). With all the atoms accounted for and the 

degrees of unsaturation satisfied, the structure of compound 4.2 was established and 

identified as polycarpaurine C (Figure 4.15), an alkaloid isolated from this species 
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Interestingly, MW of target compound polycarpine (4.1) was 469 Da which 

did not match target MW 234 Da in LLF-3. Polycarpine (4.1) was a symmetric 

compound and half of polycarpine (4.1) weighted the target MW in LLF-3. It was 

assumed that polycarpine (4.1) might form a covalent bond with Rv1466, resulting 

in a leaving group (half polycarpine). Structural comparison showed that 

polycarpine (4.1) and polycarpaurine C (4.2) shared the same skeleton as half 

polycarpine. Therefore, both polycarpine (4.1) and polycarpaurine C (4.2) may 

covalently bind with Rv1466 and the group forming protein-ligand complex with 

Rv1466 may be the shared skeleton. To confirm the assumption, each polycarpine 

(4.1) and polycarpaurine C (4.2) was individually incubated with Rv1466 in room 

temperature for 30 mins and then the mixtures were subjected to MRMS for 

analysis. Either the mixture of polycarpine (4.1) or polycarpaurine C(4.2) with 

Rv1466, there was a clear and same mass shift from free Rv1466 in charge state 

6+ and the calculated MW was 230 Da, indicating the covalent interactions of two 

compounds with Rv1466 (Figure 4.16).  
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Figure 4.16 MRMS spectra of free Rv1466 and the incubation of Rv1466 with individual 

compound 4.1 and 4.2 acquired in direct injection mode. Although MW of compound 4.1 and 

4.2 were different, calculated MW from MRMS were same and consistent with that of 

compound in LLF-3 interacting with Rv1466. Calculated MW of bound ligand from the 

mixtures of each compound 4.1 and 4.2 with Rv1466: (2461. 02448 - 2422.68553 ) × 6 = 230 

Da. 

 

Tracing back 1H NMR of LLF-3, signals of polycarpaurine C (4.2) were also 

found in the LLF-3 (Figure 4.17), suggesting its potential contribution to the 

activity in whole strain system. 
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Figure 4.17 1H NMR (recorded in DMSO-d6) of target fraction LLF-3 (above black spectrum) 

and compound 4.2 (bottom red spectrum). Proton signals of compound 4.2 were also found in 

target fraction LLF-3. 

 

4.6.2 Optimization of MRMS Conditions for Polycarpine with Rv1466  

In comparison with direct injection mode in MRMS, nanomate mode provided 

better resolution and intensity of peak signals of protein and protein-ligand complex. It 

has been proved that KD from nanomate was consistent the KD in solution[14]. Thus, 

nanomate equipped with MRMS was chosen for delivering samples for KD calculation.  

Before the KD calculation, MRMS parameters were investigated for optimizing 

Rv1466 signal. The importance of skimmer voltage and collision voltage have been 

highlighted in previous investigation[15,16]. In the project, these two parameters were 

examined with the other parameters including time of flight (TOF) and collision cell 
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RF frequency. The other parameters kept unchanged when each above parameter was  

examined the effect on Rv1466 signal. The values for each parameter were shown in 

Table 4.4. 

 

Table 4.4 Investigated MRMS parameters and examined vales for each parameter 

MRMS parameters Setting values 

skimmer voltage (V) 30, 60, 90, 120, 130, 140 

TOF (ms) 1, 1.5, 1.8, 2.1, 2.5, 3 

collsion voltage (V) -1, -3, -5, -8, -10 

collision cell RF frequency (MHz) 1.4, 2 

 

Previous MRMS screening of PFs against 37 protein panel applied skimmer 

voltage 60 V. The skimmer voltage was set in the range from 30 to 140 V for examining 

its effect on Rv1466 signal (Figure 4.18). The increase of skimmer voltage from 30 to 

60 V had a significant impact on protein intensity. In comparison with skimmer voltage 

at 60 V, skimmer voltage at 90 V did not provide much stronger protein signal , but the 

resolution of Rv1466 signal had been greatly improved. The intensity and resolution of 

Rv1466 peak kept almost constant when skimmer voltage changed from 90 to 120 V. 

When skimmer voltage increased after 120 V, the intensity of Rv1466 signal started to 

fall slightly. Thus, amongst the setting values, skimmer voltage at 90 V gave the highest 

intenstiy and resolution of protein peak. Skimmer voltage was set at 90 V for examining 

the influence of the other parameters.  
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Figure 4.18 The influence of skimmer voltage on Rv1466 peak in MRMS. It was clearly seen that 

the intensity of free protein peak was increasing with inreased skimmer voltage before skimmer 

voltage reached 90 V. When skimmer voltage was higher than 90 V, although the resolution kept 

constant, the intensity of Rv1466 signal intended to slightly decrease from 120 V.  

 

The effect of TOF on Rv1466 signal was examined when skimmer voltage kept 

constant at 90 V. The influence of different TOF on Rv1466 signal is shown in Figure 

4.19. When TOF was 1 ms, the intensity of protein peak was almost as background 

noise at 3×106. When TOF increased from 1 ms to 1.5 ms, clear protein peak was 

observed and both the intensity and resolution of protein signal improved greatly. The 

intensity and resolution of protein peak did not change obviously when TOF increased 

from 1.5 ms to 2.1 ms. Both the intensity and resolution of protein peak decreased 

significantly when TOF reached 2.5 ms. Due to that TOF at 1.8 ms gave better spectrum 
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than 1.5 ms at different charge state, TOF was set at 1.8 ms for examining the influence 

of other parameters . 

 

 

Figure 4.19 The influence of TOF on Rv1466 signal in MRMS. TOF was set in the range from 1 

to 3 ms. The intensity of Rv1466 signal increased significantly and the resolution improved greatly 

when TOF changed from 1 ms to 1.5 ms.The intensity and resolution of Rv1466 peak were almost 

same when TOF changed from 1.5 ms to 2.1 ms. The resolution and intensity of free Rv1466 peak 

decreased greatly when TOF reached 2.5 ms and continued to fall to almost background noise when 

TOF reached 3 ms.  

 

 Collision voltage did not have significant influence on the intensity of protein 

peak while had an obvious effect on peak resolution (Figure 4.20). The intensities of 
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Rv1466 peak were between 1 × 107 and 2.2 × 107. The resolution of Rv1466 peak 

improved obviously when collision voltage changed from - 3V to - 5 V. Although FID 

spectra did not suggest the enhanced quality of free protein spectra when decreasing 

collision voltage from -5 V to -10 V, it was clearly observed that the adduct ions adhere 

to protein peak in different charge was not strong as previous. Therefore, collision 

voltage was set at -10 V for the following parameters optimization. 

 

 

Figure 4.20 The effect of collision voltage on Rv1466 signal in MRMS. Five values from -1 V to -

10 V were employed for selecting the optimal value for Rv1466. Peak resolution was not sufficient 

when collision voltage were -1 V and -3 V. Improved peak resolution was observed when collision 

voltage decreased to -5 V. Although there was no clear difference between FID spectra with 

collision voltage at -5 V, -8 V and -10 V, obvious signs of reduction of adduct ions presented in the 

spectrum under collision voltage -10 v. 
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Collision cell RF frequency was examined with skimmer voltage ( 90 V ), TOF 

(1.8 ms) and collision voltage ( -10 V ) unchanged. Two values 2.0 MHz and 1.4 MHz 

were optional. The modification of collision cell RF frequency did not make any 

obvious difference for neither the intensity nor resolution of Rv1466 peak (Figure 

4.21). 

 

 

Figure 4.21 The effect of collision cell RF frequency on Rv1466 signal in MRMS. The intensity 

and resolution of Rv1466 signal, and FID spectra did not improve when collision cell RF frequency 

changed from 2.0 MHz to 1.4 MHz . Collision cell RF frequency was kept as previous PFs 

screening, at 2.0 MHz. 
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It is well known that increasing accumulated time and scans can enhance the 

intensity of protein peak and give clear S/N. The disadvantage of increasing 

accumulated time and scans is that the time for data acquirement of each sample 

increases greatly which is not suitable for HTS screening in early phase drug discovery. 

In PFs screening against 37 protein panel, each sample took 1 min with 1.5 s 

accumulated time and 8 scans. It will take around 5 min for each sample with 2 s 

accumulated time and 32 scans, which is acceptable for KD experiment.  

Keeping skimmer voltage (90 V), TOF (1.8 ms), collsion voltage (-10 V), and 

collision cell RF frequency (2.0 MHz) unchanged, increased accumulated time 2 s and 

32 scans were applied. Mass spectra of Rv1466 was acquired under above conditions 

and the spectra was compared with previous mass spectra of Rv1466 without 

optimization. It is shown in Figure 4.22 that the optimized parameters greatly improved 

the protein spectrum with the intensity of protein peak four times higher than that in 

previous spectrum. 
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Figure 4.22 MRMS spectra of free Rv 1466 before (above) and after MRMS optimization (bottom). 

Optimized parameters included skimmer voltage, TOF , collision voltage and accumulated time and 

scans. They were set at 90 V, 1.8 ms, -10 V, 2 s, and 32, respectively.In comparison with Rv1466 

peak in the spectrum under MRMS condition of previous PFs screening, the intensity and resolution 

of Rv1466 peak greatly improved. 

 

Although MRMS conditions for Rv1466 have been optimized, these optimized 

parameters may not be the best choice for protein-ligand complex. Preliminary 

experiments found that the ratio of relative intensity of Rv1466-polycarpine (4.1) 

complex to total Rv1466 decreased half when increasing skimmer voltage from 60 V 

to 90 V. Differently, the change of collision voltage did not affect the ratio of relative 

intensity of Rv1466-polycarpine (4.1) complex to total Rv1466.  

A following examination of skimmer voltage from 30 ~ 60 V was conducted to 

evaluate their influence on the quality of mass spectra and the ratio of relative intensity 
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of Rv1466-polycarpine (4.1) complex to total Rv1466.Keeping the other intrumental 

parameters unchanged, the spectra of Rv1466 were acquired with different skimmer 

voltage from 30 ~ 60 V. Different from Figure 4.18, the intensity and resolution of 

protein peak did not change much when skimmer voltage increased from 30 to 60 V 

(Figure 4.23). This may mainly contribute to the collsion voltage. The collision voltage 

-10 V was enough to give spectra with good quality when skimmer voltage decreased 

to 30 V.  

 

 

Figure 4.23 The influence of skimmer voltage (30 ~ 60 V) on Rv1466 signal in MRMS. Skimmer 

voltage was set from 30 V to 60 V with the other optimized parameters unchanged. It was shown 

that skimmer voltage did not affect the intensity and resolution of free protein. 

 

The polycarpine (4.1) solution was then mixed with Rv1466 and the mixture was 

incubated in room temperature for 30 mins before MRMS analysis. As shown in Figure 
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4.24, although skimmer voltage did not influence the quality of mass spectra (indicated 

by FID spectra), the ratio of relative intensity of protein-ligand complex to total protein 

with skimmer voltage at 30 V was much higher than that with skimmer voltage at 60 

V. Considering the ratio of relative intensity of protein-ligand complex to total protein 

and the quality of mass spectra, skimmer 30 V was an optimal choice for both pure 

protein and protein-ligand complex. 

 

 

Figure 4.24 The influence of skimmer voltage on Rv1466-polycarpine (4.1) complex in MRMS. 

Skimmer voltage was set from 30 V to 60 V with the other optimized parameters unchanged. Clear 

mass shifts were observed from free protein in the mass spetra under different skimmer voltages. 

Although the intentisy and resolution of protein-ligand complex decreased slightly when skimmer 

voltage decreased from 60 V to 30 V, the ratio of relative intensity of protein-ligand complex to 

total protein continued to increase.   

 

4.6.3 Dose Response Experiment  
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As the ratio of relative mass response of protein-ligand complex to the sum of 

protein peak and protein-ligand complex peak indicated the binding affinity of ligand 

with protein, dose-response experiment in MRMS can be used as the estimation of KD 

value of protein-ligand interaction in solution condition. For direct KD detemination, 

the protein concentration was held at constant and the amount of bound compound was 

varied.  

Polycarpine (4.1) and polycarpaurine C (4.2) solution at different concentrations 

were prepared. Each solution was mixed with Rv1466 and incubated in room 

temperature for 30 mins. The incubations were analyzed by MRMS using the above 

optimized parameters for Rv1466-polycarpine complex. As polycarpaurine C (4.2) was 

unable to be fully saturated with Rv1466 at the highest concentration 3000 μM (Figure 

4.25), its KD can not be concluded from the equation.  
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Figure 4.25 MRMS spectra of the products of Rv1466 incubated with varying concentration of 

polycarpaurine C (4.2) . Each polycarpaurine C solution (1 μL) was mixed with Rv1466 (9 μL) , 

and the mixture was incubated in room temperature for 30 mins before MRMS analysis. The 

mixtures contained 9 μM Rv1466 and increasing amounts of polycarpaurine C (10 - 3000 μM). The 

ratio of relative mass response of protein-ligand complex to the sum of protein peak and protein-

ligand complex peak did not increase when the final concentration increased from 600 μM to 3000 

μM, at 50 %.  

 

Target compound polycarpine (4.1) was fully saturated with Rv1466 when the 

final concentration of polycarpine (4.1) reached 300 μM. Therefore, a diluted solution 

of polycarpine (4.1) was incubated with Rv1466 for MRMS analysis. Figure 4.26a 

displays twelve mass spectra of samples containing 9 μM Rv1466 and increasing 

amounts of polycarpine (0.1 - 300 μM). A ligand concentration was reached where the 
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intensity of the protein-ligand complex reached a plateau. The ratios of the relative mass 

response of protein-ligand peak and sum of protein peak and protein-ligand peak were 

plotted against the concentration of polycarpine (4.1) (Figure 4.26b). Using these ratios 

and Equations 1 and 2, a pseudo-KD of 5.3 ± 0.4 μΜ was calculated for polycarpine 

(4.1) binding to Rv1466. A real KD cannot be calculated because after binding a 

covalent bond forms between the ligand and Rv1466 in a time-dependent manner, 

pushing the equilibrium to the product. 

 

 

Figure 4.26 Direct determination of pseudo-KD for polycarpine using a dose-response curve. 

(a) Overlay of twelve mass spectra of samples containing Rv1466 (9 μM) incubated with 

varying concentrations of polycarpine (0.1–300 μM); (b) The relative mass responses of 

protein-ligand complex with protein, [P-L]/([P-L]+[P]), plotted against the concentration of 

polycarpine. The pseudo-KD was determined to be 5.3 ± 0.4 μM. 

 

4.6.4 Prediction of Binding Site of Polycarpine on Rv1466  
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As demonstrated above, it was suggested that polycarpine (4.1) formed covalent 

bond with Rv1466. Literature review showed that disulfide covalent bond formed 

between ligand and protein is usually induced by cysteine of protein. The mechanism 

of covalent bond was suggested as in Figure 4.27. Cysteine is a nucleophile as the 

existence of group -SH with unshared the electron pair on sulfur. The attack of -SH 

group on disulfide bond of polycarpine (4.1) led to the break of disulfide bond and the 

leaving of half polycarpine. The remaining half group formed a new disulfide bond 

with cysteine and subsequently a proton departed from the forming complex. 

 

 

Figure 4.27 Predicted mechanism of covalent bond formation between polycarpine (4.1)  
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and Rv1466. 

 

4.7 Interaction of Isolated Compounds with Phenylalanyl-tRNA synthetase, 

alpha chain PheS 

It is shown in Figure 4.7 that ethanolic extract contained compound interacting 

with phenylalanyl-tRNA synthetase, alpha chain PheS (Uniprot:B2HR20). Thus, the 

interactions of polycarpine (4.1) and polycarpaurine C (4.2) with phenylalanyl-tRNA 

synthetase, alpha chain PheS (Uniprot:B2HR20) were investigated. The examination 

was first conducted by MRMS direct injection mode. As demonstrated in Figure 4.28, 

both compounds formed covalent bond with phenylalanyl-tRNA synthetase, alpha 

chain PheS (Uniprot:B2HR20) according to the deduced MW. As the relative mass 

response of the complex formed by polycarpine (4.1) with protein to the sum of protein 

peak and protein-ligand complex peak was clearly higher than that related to 

polycarpaurine C (4.2), the interaction of polycarpine (4.1) with the protein was 

stronger.  
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Figure 4.28 MRMS spectra of free protein and the products of isolated two compounds with 

phenylalanyl-tRNA synthetase, alpha chain PheS (Uniprot:B2HR20) acquired in direct injection 

mode. Additional shifts from protein peak were observed after adding either of isolated compounds 

and the calculated MWs were similar at 233 Da. It was assumed that both compounds formed 

covalent bond with phenylalanyl-tRNA synthetase, alpha chain PheS (Uniprot:B2HR20) as 

Rv1466. 

 

When applying nanomate mode for determining the KD, the adduct ions adhere to 

major protein signal did not disappear after the modification of MRMS parameters 

including skimmer voltage, collision voltage, accumulation time and scans (Figure 

4.29). It was concluded that phenylalanyl-tRNA synthetase, alpha chain PheS 

(Uniprot:B2HR20) decomposed.  
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Figure 4.29 MRMS spectra of phenylalanyl-tRNA synthetase, alpha chain PheS (Uniprot:B2HR20) 

in standard condition (above) and optimized condition (bottom) in nanomate mode. With the 

adjustment of MRMS parameters, the spectrum improved while the adduct ions interfereing the 

observation of weak protein-ligand binding did not vanish. It was suggested that the protein had 

degenerated and was not useful for protein-ligand investigation.  

 

Another phenylalanyl-tRNA synthetase, alpha chain PheS (Uniprot:B1MAZ4) 

was chosen for further research. B1MAZ4 was recombinated from M.abscessus 

different from B2HR20 which was from M.marinum. Interestingly, two phenylalanyl-

tRNA synthetase, alpha chain PheS showed different interaction patterns with two 

compounds (Figure 4.30).  
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Figure 4.30 MRMS spectra of free phenylalanyl-tRNA synthetase, alpha chain 

PheS(Uniprot:B1MAZ4) and the products of polycarpine (4.1) and polycarpaurine C (4.2) with the 

protein acquired in nanomate mode. Only polycarpaurine C (3000 μM ) interacted with the protein. 

Bound compound: calculated MW = 26.17321 × 12 = 314 Da. Calculated MW matched MW of 

polycarpaurine C, indicating that the interation was non- covalent different from the interaction with 

protein (Uniprot:B2HR20); In the contrast, the protein-ligand complex in the incubation containing 

polycarpine (300 μM ) did not show and the S / N was not enough for observing bound compound 

when increasing the polycarpine concentration.  

 

MRMS spectra of the products of different concentration of polycarpaurine C with 

the protein (Uniprot:B1MAZ4) indicated that the interaction was rather weak as the 

ratio representing the binding affinities only reached 20 % at the highest concentration 

3000 μM (Figure 4.31). 
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Figure 4.31 MRMS spectra of free phenylalanyl-tRNA synthetase, alpha chain 

PheS(Uniprot:B1MAZ4) and the products of varying concentrations of polycarpaurine C with the 

protein in nanomate mode. Dose response experiment showed that the non-covalent interaction was 

weak as the ratio of relative mass response of protein-ligand complex to the sum of protein peak 

and protein-ligand complex peak was merely 20% at the concentration of 3000 μM.  

 

4.8 Bioactivity of Isolated Compounds in vitro 

The bioactivities of polycarpine (4.1) and polycarpaurine C (4.2) were assessed by 

two assays including M. smegmatis and Mtb H37Rv. Both compounds did not show 

inhibitory activities against M. smegmatis below the concentration of 1.5 mM. As the 

amount of polycarpaurine C was not enough for evaluating the activity against Mtb 
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H37Rv, only polycarpine was examined in the Mtb H37Rv assay and MIC value was 

determined as 64 μM.  

 

4.9 Conclusion 

Using the PhenoTarget approach, target ligand from a natural product fraction 

library was easily and quickly identified bound to the Mtb protein Rv1466. The ligand 

MW from the native MS spectrum was 233 Da. The compound was shown to be 

polycarpine with a molecular mass of 468 Da. The ligand MW of 233 Da was half the 

molecular weight of polycarpine less one proton, indicating that polycarpine formed a 

covalent bond with Rv1466. Under mild silica chromatography, the polycarpine 

disulfide bond has been shown to be cleaved [12,17]. Rv1466 has a single cysteine and 

the structure of Rv1466 (5IRD) indicates this residue is exposed on the surface of the 

protein so that it could attack the disulfide bond of polycarpine to form a covalent 

disulfide linked complex. The polycarpine-Rv1466 pseudo-KD was determined to be 

5.3 ± 0.4 μM.  

P. aurata, a species of tunicate in the family Styelidae, is rich in alkaloids 

containing sulfur such as polycarpine, polycarpaurine A, polycarpaurine B and 

polycarpaurine C [12,13,17,18]. Another isolated compound polycarpaurine C was also 

identified as covalent ligand bound to Rv1466 and its binding activity was weaker than 

that of polycarpine. The non-covalent interaction of polycarpaurine C with 

phenylalanyl-tRNA synthetase, alpha chain PheS (Uniprot:B1MAZ4) was identified by 

MRMS while the ratio of relative mass response of protein-ligand complex to the sum 

of protein peak and protein-ligand complex peak representing the binding affinity was 

relatively low even at the highest concentration 3000 μM.  
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Due to the out stock of RNA polymerase sigma factor SigF, denatured aspartyl-

tRNA synthetase and phenylalanyl-tRNA synthetase, alpha chain PheS 

(Uniprot:B2HR20), the interaction of these three proteins with two isolated compounds 

haven’t been conducted in MRMS yet. However, MRMS screening of ethanolic extract 

confirmed that there was a ligand interacting with RNA polymerase sigma factor SigF 

and phenylalanyl-tRNA synthetase, alpha chain PheS (Uniprot:B2HR20). The resulting 

mass indicated the compound was polycarpine. An alternative phenylalanyl-tRNA 

synthetase, alpha chain PheS (Uniprot:B1MAZ4) for phenylalanyl-tRNA synthetase, 

alpha chain PheS (Uniprot:B2HR20) was tried in MRMS. Interestingly, polycarpine did 

not interact with phenylalanyl-tRNA synthetase, alpha chain PheS (Uniprot:B1MAZ4) 

while polycarpaurine C formed non-covalent bond with the protein. Further research 

about the difference of two proteins need to be conducted. 

In comparison of bioactivity of polycarpine in whole cell based assay (MIC 64 μM), 

the polycarpine-Rv1466 pseudo-KD was far less at 5.3 ± 0.4 μM. This may contribute 

to a number of factors which have been well described in target based screening such 

as reliable translation of target to whole cell assay, cell wall penetrability and poor 

pharmacokinetic profiles. The PhenoTarget approach starts with phenotypic screening 

for enhancing the effective biological activity of compounds identified by target based 

approach. NMR fingerprints of polycarpine and active fraction showed that polycarpine 

was one minor compound in the active fraction. Therefore, fraction activity may be the 

synergic effect of polycarpine with other compounds in the fraction or other compound 

targeting other protein (functionally) or cell organeles (e.g. membrane, ROS, etc). 

Amongst the 37 proteins in the panel, only four proteins including Rv1466, 

phenylalanyl-tRNA synthetase, aspartyl-tRNA synthetase, and Rv3286c, were 

observed to interact with PF # 4 or PF # 5. This indicates a degree of selectivity. 
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Polycarpine displayed cellular activity indicating acceptable cell wall permeability and 

pharmacokinetics. Combination of polycarpine with current drugs against Mtb showed 

that polycarpine could reduce the dose of current drugs (unpublished results).  

Here is an example of the powerful potential of the PhenoTarget approach in 

identifying compounds even trace compounds, from a natural product fraction library, 

as well as the target protein of the lead compound. In this case, the formation of covalent 

bond was assumed based on the difference of deduced MW by MRMS and MW of 

isolated compound. Further confirmation of the existence of covalent bond is needed in 

the future. The difficulty for acquiring enough marine sample hampered deep research 

of identifying multiple targets of polycarpine and polycarpaurine C. The full procedures 

for synthesizing compounds have been reported by different academic groups[19,20].  

Therefore, alternative approach through synthesis is capable to solve the problem of 

compound in the future.  

 

4.10 Experimental Section 

4.10.1 Instruments and Materials 

The powder of P.aurata was purchased from Nature Bank and the sample was 

deposited in Nature Bank with code NB032626. 

The low-resolution LC-MS was recorded on a Thermo LCMS system equipped 

with a Luna C18 column (3 μm, 100 Å, 50 × 4.6 mm), a PDA detector, and a ZQ ESI 

mass spectrometer.  

Instrument and materials for MRMS are same as Chapter 3 subsection 3.5.1. The 

other instruments and materials are same as Chapter 2 subsection 2.6.1. 

4.10.2 Extraction and Isolation 
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The powder of P.aurata (1.8 g) was extracted with 95% ethanol (3 × 150 mL) to 

afford ethanolic extract (1.48 g). Five LLFs were regenerated from ethanolic extract 

following the procedure described in Chapter 2 subsection 2.6.3. Ethanolic extract (200 

mg) was dissolved in MeOH and loaded to semi-preparation HPLC. HPLC separation 

was conducted on a Thermo Electron Betasil C18 column (5 μm, 21.2 × 150 mm) using 

gradient solvent system (10 - 100 % MeOH in 50%min, 100 % MeOH from 50-60min) 

and 60 fractions were collected by minutes. Fraction 33 was further purified on the 

same column using gradient solvent from 30-80 % MeOH to afford polycarpine (3 mg) 

and polycarpaurine C (2 mg).  

Polycapine was obtained as yellow powder. (+)-HRMS: m/z 469.1455 [M+H] +, 

235 [M+2H] 2+ (calcd for C22H24N6O2S2, 469.15). 1H NMR (CD3OD, 800MHz) δ 7.49 

(2H, d, J = 8.98 Hz, H-7/11), 7.03 (2H, d, J = 8.98 Hz, H-8/10), 3.91 (3H, s, 12-CH3), 

3.25 (3H, s, 13-CH3). Carbon chemical shifts were deduced from 2D NMR, δ 109.8 (C-

1), 148.1 (C-3), 137.6 (C-5), 117.6(C-6), 127.7 (C-7/11), 113.7 (C-8/10), 161.4 (C-9), 

54.4 (C-12), 27.8 (C-13). 

Polycarpaurine C was obtained an amorphous white powder. (+)-HRMS m/z 

338.0225 [M+Na] + (calcd for C11H13N3NaO4S2, 338.0240). 1H NMR (DMSO-d6, 

800MHz) δ 12.91 (4-NH, br, s), 7.88 (2H, d, J = 8.91 Hz, H-7/11), 7.04 (2H, d, J = 8.91 

Hz, H-8/10), 3.81 (3H, s, 12-CH3), 3.50 (3H, s, 13-CH3), 7.72 (NH2, s). Carbon 

chemical shifts were deduced from 2D NMR, δ 115.5 (C-1),147.3 (C-3), 132.2 (C-5), 

120.2 (C-6), 129.8 (C-7/11), 114.3 (C-8/10), 160.5 (C-9), 56.0 (C-12), 30.2 (C-13). 

4.10.3 Sample Preparation for MRMS Screening 

The concentration for Rv1466, phenylalanyl-tRNA synthetase, alpha chain PheS 

and aspartyl-tRNA synthetase after buffer exchange were 10 μM in 525 mM , 525 mM 

and 225 mM ammonium acetate, respectively. 
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For identification of P. aurata containing protein bound compound, ethanolic 

extract (20 mg) was dissolved in 200 μL MeOH. 1 μL dilution was mixed with 9 μL 

protein and then the mixture incubated in room temperature for 30 mins; Each LLF-2 

and LLF-3 solution (10 μL) was diluted in 100 μL MeOH. 1 μL dilution was mixed 

with 9 μL protein and the mixture incubated in room temperature for 30 mins. 

Investigating the interactions of isolated compounds with Rv1466 in direct 

injection mode, polycarpine and polycarpaurine C were individually diluted in 1000 μL 

MeOH. 1 μL dilution was also mixed with 9 μL Rv1466 and the mixture incubated in 

room temperature for 30 mins.  

In the experiment of KD determination, the stock solution of polycarpine, 3000 μM 

dissolved in DMSO, was further diluted to additional varied concentration between 1-

1000 μM for dose-response measurement. Polycarpine solution in DMSO was dried 

and then dissolved in MeOH. A 1μL aliquot of polycarpine solution at varied 

concentration was incubated with 9 μL of protein (10 µM) for 15min at room 

temperature. 

In the investigation of the interactions of single polycarpaurine C and polycarpine 

with phenylalanyl-tRNA synthetase, alpha chain PheS, the stock solution of each 

compound, 30000 μM dissolved in DMSO, was further diluted to additional varied 

concentration between 300-30000 μM for dose-response measurement. The solution in 

DMSO was dried and then dissolved in MeOH. A 1 μL aliquot of compound solution 

at varied concentration was incubated with 9 μL of protein (10 µM) for 15min at room 

temperature. 

4.10.4 Direct Injection Mode in MRMS Screening 
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Experiments were performed on a Bruker SolariX XR 12T MRMS (Bruker 

Daltonics Inc., Billerica, MA) equipped with a Syringe needle. The ESI mass spectra 

were recorded in positive mode with a mass range from 491.41 to 10,000 m/z. Each 

spectrum was composed of 1M data points. All the aspects of instrument parameter 

tuning and data acquisition were controlled by Solarix control software under Windows 

operating system. Instrument parameters were tuned as follows: Scan 16 and 

accumulation time 0.5 s; Syringe pump flow rate 120 µL / h; API source: capillary 4000 

V and end plate offset -500 V; Source gas tune: nebulizer gas (N2) pressure 2.0 bar, 

drying gas (N2) flow rate 4.0 L/min and drying gas temperature 180˚C; Source optics: 

capillary exit 220 V, deflector plate 250 V, funnel 1 150 V, skimmer 1 30 V and funnel 

RF amplitude 300 Vpp; Octopole: frequency 2 MHz and RF amplitude 450 Vpp; 

Quadrupole: Q1 mass 100.00 m/z; Collision cell: collision voltage -4.0 V, DC extract 

bias 0.5 V, RF frequency 2 MHz and collision RF amplitude 2000.00 Vpp; Transfer 

optics: time of flight 2.000 ms, frequency 2 MHz and RF amplitude 450.00 Vpp; Gas 

control: flow 30 %. 

4.10.5 Nanomate Mode in MRMS 

MRMS parameters were tuned as Chapter 3 subsection 3.5.5 except the below 

paramters. 

When optimizing parameters including skimmer voltage, TOF, collision voltage 

and RF frequency for Rv1466 signal in MRMS, the investigated parameter changed 

while other parameters kept constant : (1) skimmer voltage (30 ~ 140 V), scan 8, 

accumulation time 2 s, collision voltage -5 V, RF frequency 2 MHz and TOF 1.5 ms; 
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(2) TOF (1 ~ 3 ms ), skimmer voltage 90 V, scan 8, accumulation time 2 s, collision 

voltage -5 V and RF frequency 2 MHz; (3) Collision voltage (-1 ~ -10 V), skimmer 

voltage 90 V, scan 16, accumulation time 1 s, TOF 1.8 ms and RF frequency 2 MHz; 

(4) RF frequency (1.4 and 2 MHz), skimmer 1 90 V, scan 8, accumulation time 2 s, TOF 

1.8 ms and collision voltage -10.0 V. 

In the dose-response experiment of Rv1466 with increasing concentration of 

polycarpine or polycarpaurine C, modified parameters included scan 32, accumulation 

time 2 s; skimmer 1 30 V, collision voltage -10.0 V and TOF 1.8 ms. 

Searching optimal parameters for Rv1466 and polycarpine complex, all the 

parameters were same as above mentioned dose-response experiment except skimmer 

voltage. Different skimmer voltages (30 to 60 V) were examined. 

Nanomate conditions for phenylalanyl-tRNA synthetase, alpha chain PheS and the 

complex formed between the protein and either of polycarpine and polycarpaurine C 

were same as that in dose experiment involving Rv1466.  

4.10.6 Dose-Response Data Analysis 

The KD of polycarpine with Rv1466 was determined using the equations as 

follows[21]:  

1 

2 
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Experimental relative ratios of protein-ligand complex and total protein ion 

abundances were plotted against total concentration of ligand. KD could be obtained as 

a parameter of a nonlinear least squares curve fitting. 

4.10.7 Bioactive Assay 

Bioactivity of isolated compounds against M. smegmatis assay was evaluated as 

procedures in Chapter 2 subsection 2.6.4. 

The Mtb 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. 
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Chapter 5 Non-covalent Interaction of Sesquiterpene Lactones from 

Centratherum sp. with Rv1466  

 

5.1 Introduction 

Several PFs showed binding to Rv1466 as PF # 4 and # 5 discussed in Chapter 4. 

PF # 3 was selected due to its unique interaction with only Rv1466 amongst the 37 

protein panel. Different from description in Chapter 4, no similar bound ligand, based 

on ligand MW, was identified in other PFs. HRMS of each nine fractions within PF # 3 

was first conducted to exclude fractions that do not contain a corresponding molecular 

ion. The MW information of the bound compound, provided by MRMS, in combination 

with the 1H NMR fingerprint was used to guide the isolation of compounds interacting 

with Rv1466. Herein, the detailed process for identifying the biota as a Centratherum 

sp. and isolation and characterization of the bound compound is presented. 

 

5.2 Results and Discussions 

5.2.1 Identification of Centratherum sp. Fraction Interacting with Rv1466 Protein 

PhenoTarget approach revealed that PF # 3 only interacted with Rv1466 and the 

m/z of bound compound was calculated as 360 Da (Figure 5.1).  

 



141 
 

 

Figure 5.1 MRMS spectra of free Rv1466 and the incubation of PF # 3 with Rv1466. MW of bound 

compound in PF # 3: 51.44920 × 7 = 360.1444 Da. 

 

Different from PF # 4 and PF # 5 in Chapter 4, there was no identical MW found 

in other PFs interacting with Rv1466. Therefore, analysis of each fraction of PF # 3 by 

QTOF was undertaken to target potential fraction contributed to the interaction with 

Rv1466. QTOF analysis of constituents in each fraction from PF # 3 demonstrated that 

six fractions had mass ions with m/z at the target range ([M + H]+ with m/z around 360 

and [M + Na]+ 383) (Table 5.1).  

Table 5.1 The origin and HRMS analysis of nine fractions of PF # 3 

HPLC Fraction No. Genus and Species Mass Ions Rename for MS Screening 

4 Pseudoceratina sp. 364.4614 F1 

4 Alstonia sp. 367.2007 F2 

2 Alangium sp. no not available 

5 Geijera sp. 367.0931 F3 

3 Centratherum sp. 383.1093 / 362.2407 F4 

3 Cliona sp. no not available 

4 Allamanda sp. 367.0812 F5 

4 Agelas sp. no not available 

5 Agelas sp. 369.3255 F6 



142 
 

 

Further MRMS screening of Rv1466 with individual fraction confirmed that F4, 

No.3 fraction from Centratherum sp., contained a compound bound to Rv1466 and the 

MW was around 360 Da (Figure 5.2).  

 

 

 

Figure 5.2 MRMS spectra of free Rv1466 and the incubation of Rv1466 with each fraction from 

PF # 3 with mass ion in the target range. Mass shift from free Rv1466 was observed in the incubation 

of F4 with Rv1466. F4 was No.3 fraction from Centratherum sp.. The calculated MW of bound 

compound: (2128.89385-2077.73289) × 7 = 358.13 Da. 
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The 1H NMR of No.3 fraction was acquired for guiding isolation. A summary of 

the identification scheme is shown in Figure 5.3. No.3 fraction was prepared from 

Centratherum sp. following same procedure as LLEF 3 which showed inhibitory 

activity against Mtb H37Rv with MIC value at 2.5 µge/µL. 

 

 

Figure 5.3 The flowchart of identifying Centratherum sp. interacting with Rv1466 

 

5.2.2 Extraction and Isolation from Centratherum sp. 

The 1H NMR of No.3 fraction and m/z information at around 360 Da, were used 

to guide the isolation. A flowchart of the isolation process is shown in Figure 5.4. 



144 
 

 

Figure 5.4 The flowchart of isolation from Centratherum sp.. First ethanol extract was confirmed 

containing bound ligand by comparing 1H NMR of CEF 2 of ethanol extract with No.3 fraction of 

DCM and MeOH extract. Following the m/z 360 , two fractions CSF 33 and CSF 34 were identified 

and further isolation yielded three compounds compound 5.1, 5.2 and 5.3. 

 

The powdered plant, Centratherum sp.(5.0 g), was extracted three times with 95 % 

ethanol to afford the crude extract (0.52 g). A portion of ethanol crude extract (20 mg) 

was separated into five fractions (CEF 1 ~ 5) by analytical HPLC. 1H NMR fingerprint 

of CEF2 was consistent with that of No.3 fraction from Centratherum sp. (Figure 5.5), 

indicating bound compound also existed in the fraction of ethanol extract as in previous 

No.3 fraction. 
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Figure 5.5 Comparison of 1H NMR of No.3 fraction and CEF2 

 

The residue of crude extract (160 mg × 3) was subjected to semi-preparative HPLC 

(Betasil column, 21.2 × 100 mm) to provide sixty fractions (CSF 1 ~ 60). A gradient of 

solvent system from 10 % A / 90 % B to 100 % A in 50 mins and then 100 % A for 10 

mins (A : MeOH with 0.01 % TFA ; B: H2O with 0.01 % TFA) was used and the flow 

rate was 9 mL / min. Under the guidance of LCMS to trace compound with MW around 

360, CSF 33 and 34 were identified as target fractions (Figure 5.6). 
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Figure 5.6 LCMS trace and mass spectra of the peak of CEF2, CSF33 and CSF34. The peak of 

CSF33 and CSF34 at the retention time between 7.0 and 8.0 min showed clear mass ions at 361 

[M+H]+ and 721 [2M+H]+, same as CEF2. Therefore, CSF33 and CSF34 were selected for further 

purification. 

  

CSF33 and CSF34 were further purified by repeated semi-preparative HPLC to 

yield compound 5.1 (2 mg), 5.2 (2 mg) and 5.3 (3 mg).  

HPLC gradient for CSF33 purification was constant 30 % A / 70 % B for 110min 

followed by 10 min 100 % A. HPLC flow rate was 9 mL / min. Compound 5.1 was 

afforded from fraction collected from 66 to 67 min. Compound 5.1 was analyzed by 

LCMS using the same condition as CEF2. It had a mass ion with m/z at 361 (the inset 

in Figure 5.7).  
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Figure 5.7 Semi-preparative HPLC trace of CSF33. Compound 5.1 was afforded from fraction 

collected from 66 to 67 min. Compound 5.1 was analyzed in LCMS using the same condition as 

CSF2. The inset was the mass spectrum of compound 5.1 in positive mode and obvious mass ion 

with m/z at 361 was observed. Additional compound 5.2 was also isolated with m/z at 378. 

 

CSF34 was fractionated by semi-preparative HPLC using constant 30 % A / 70 % 

B for 80 min followed by 10 min 100 % A to afford 91 fractions (CSF34_1 ~ 91). The 

combined fractions(CSF34_79 ~ 87 ) were further purified by semi-preparative HPLC 

using the same condition as CSF33 to yield compound 5.3 (fraction collected from 81 

to 82 min from CSF34_79 ~ 87 ). Compound 5.3 was analyzed by LCMS using the 

same condition as CEF2. It also had a mass ion with m/z at 361 (the inset in Figure 5.8).  
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Figure 5.8 Semi-preparative HPLC trace of CSF34_79 ~ 87. Compound 5.3 was afforded from 

fraction collected from 81 to 82 min. Compound 5.3 was analyzed in LCMS using the same 

condition as CSF2. The inset was the mass spectrum of compound 5.3 in positive mode and there 

was obvious mass ion with m/z at 361. 

 

Additional one compound, compound 5.2 (fraction collected at 45 min from 

CSF33) was also isolated. However, compound 5.2 had different mass ion with m/z at 

378. Therefore, compound 5.1 and 5.3 were potential bound compounds interacting 

with Rv1466. 

Comparing 1H NMR of isolated compound with previous active No.3 fraction 

(Figure 5.9), compound 5.1 and 5.3 were confirmed in No.3 fraction while compound 

5.2 was not a constituent from No.3 fraction. Interestingly, compound 5.1 and 5.3 were 

observed with the same mass ion pattern under identical HPLC condition in LCMS.  
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Figure 5.9 1H NMR comparison of No.3 fraction and isolated three compounds 

 

5.2.3 Structure Elucidation 

Compound 5.1 was obtained as an amorphous white powder. The molecular 

formula C19H20O7, was deduced based on HRESIMS data ( m/z 383.1095 [M+Na]+, 

calculated for C19H20NaO7, 383.1101). The 1H NMR with HSQC spectra revealed two 

methyls ( δH 1.77, 1.43), four methines (δH 4.67, 4.53, 4.23, 4.19), a methylene (δH 2.81 

/ 2.06), three pairs of olefinic methylene groups (δH 6.04 / 5.64, 5.93 / 5.91, 5.97 / 5.65), 

and a single olefinic methine (δH 6.03) (Table 5.2). The 13C NMR and HSQC spectra 

revealed four methine carbons (δC 85.8, 73.9, 72.4, 43.5), one methylene carbon (δC 

43.1), eight quaternary carbons (δC 204.2, 186.2, 168.7, 166.3, 135.2, 138.4, 134.2, 

89.7), two methyl carbons (δC 20.5, 17.6), and four olefin carbons (δC 126.6, 126.4, 
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123.9, 106.2) (Table 5.2). Three methine carbons (δC 85.8, 73.9, 72.4) was suggested 

to connect to oxygen. The carbon chemical shifts δC 204.2, 168.7, and 166.3 indicated 

three carbonyl carbons. Three carbonyl groups with four olefin groups accounted for 7 

of the 10 degrees of unsaturation. Three rings account for the remaining three degrees 

of unsaturation. 

 

Table 5.2 NMR spectroscopic data (800 MHz for 1H and 201 MHz for 13C, DMSO-d6) for 

isogoyazensolide (5.1) 

Position δc δH COSY HMBC 

1 204.2    

2 106.2 6.03 (s, 1H)  1, 3, 10 

3 186.2    

4 138.4    

5 73.9 4.67 (s, 1H)  3, 4, 6, 7, 15 

6 85.8 4.53 (d, J = 5.1 Hz, 1H) 7 5, 7, 8, 12 

7 43.5 4.23 (dq, J = 5.4, 2.8 Hz, 1H) 
7, 13a, 

13b 
8, 9, 11, 13 

8 72.4 4.19 (dt, J = 11.8, 2.0 Hz, 1H) 9α, 9β 6, 7, 9, 10, 11, 1' 

9α 43.1 2.81 (dd, J =13.6, 11.9 Hz, 1H) 8, 9β 1, 7, 8, 10, 14 

9β  2.06 (dd, J = 13.7, 1.7 Hz, 1H) 8, 9α 1, 7, 8, 10 

10 89.7    

11 134.2    

12 168.7    

13a 123.9 5.64 (d, J = 2.8 Hz, 1H) 7 7, 11, 12 

13b  6.04 (d, J = 5.4 Hz, 1H) 7 7, 11, 12 

14 17.6 1.43 (s, 3H)  1, 9, 10 

15a 126.4 5.93 (d, J = 0.74 Hz, 1H) no 2, 3, 4, 5 
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15b  5.91 (s, 1H)   

1' 166.3    

2' 135.2    

3'a 126.6 5.97 (t, J = 1.3 Hz, 1H) 3'b, 4’ 1’, 2’, 4' 

3'b  5.65 (p, J = 1.3 Hz, 1H) 3'a, 4’ 1’, 2’, 4' 

4' 20.5 1.77 (m, 3H) 3'a, 3'b 1', 2', 3' 

5-OH  Not observed   

 

Analysis of routinely employed 2D NMR experiments COSY, HSQC and HMBC 

identified four partial structures.  

HMBC correlation from δH 6.03 to δC 89.7, 186.2 and 204.5 indicated the presence 

of a ring with a conjugated ketone (ring A). The carbon chemical shift of quaternary 

carbons δC 186.2 and δC 89.7 suggested their connection with oxygen.  

Spin coupling system δH 2.06 / 2.81 with δH 4.19 and HMBC from δH 4.19 to 43.5 

indicated a -CH2-CH-CH- unit. HMBC from δH 4.67 to 43.5 and 85.8 suggested an 

additional -CH-CH- unit attached to -CH-CH-CH2 unit to form -CH-CH-CH-CH-CH2- 

unit. Further HMBC from δH 2.06 / 2.81 to δC 89.7 and δH 4.67 to δC 138.4 and 186.2 

indicated an eight-membered ring (ring B) fused to ring A. Additional HMBC from δH 

5.91 / 5.93 to δC 73.9, 138.4 and 186.2 suggested an olefinic methylene group attached 

to δC 138.4. 

1H-1H COSY revealed the spin coupling system δH 4.53 with δH 4.23. HMBC 

correlation from δH 4.53 to δC 43.5; 168.7; δH 4.23 to δC 123.9, 134.2; δH 5.64 / 6.04 to 

δC 43.5, 134.2 and 168.7, suggested a γ-lactone with a conjugated exocyclic olefinic 

methylene group (ring C). Ring C was fused to ring B through common carbons δC 43.5 
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formula of 5.2 was determined as C19H22O8 from HRESIQTOF data ( m/z 401.1193 

[M+Na]+, calcd. for C19H22O8, 401.1207). A thorough analysis of the 1H NMR, 13C 

NMR and 2D NMR data (Table 5.3) of compound 5.2 presented similar skeleton as 

compound 5.1.  

 

Table 5.3 NMR spectroscopic data (800 MHz for 1H and 201 MHz for 13C, DMSO-d6) for 

compound 5.2 

Position δc δH COSY HMBC 

1 204.8 
   

2 104.6 5.82 (s, 1H) 
 

1, 3, 10 

3 191.1 
   

4 49.6 2.82 (t, J = 6.1Hz, 1H) 15a, 15b 3, 5, 6, 15 

5 72.1 4.20 (s, 1H) 
 

3, 4, 6, 7, 15 

6 85.6 4.51 (d, J = 3.7Hz, 1H) 7 8, 12 

7 43.5 4.03 (m, 1H) 6, 13a, 13b 11 

8 73.0 4.21 (m, 1H) 9a 6 

9a 

43.8 

2.75 (dd, J = 13.6, 12.0Hz, 1H) 8, 9b 1, 7, 8, 10 

9b 2.03 (dt, J = 13.6, 1.8Hz, 1H) 9a 7, 8 

10 88.7 
   

11 135.2 
   

12 169.4 
   

13a 

124.2 

5.98 (d, J = 2.8Hz, 1H) 7 7, 11, 12 

13b 5.60 (d, J = 2.2Hz, 1H) 7 7, 12 

14 18.0 1.39 (s, 3H) 
 

1, 9, 10 

15a 

59.8 

3.82 (dd, J = 11.6, 6.0Hz, 1H) 4 3 

15b 3.74 (dd, J = 11.1, 6.2Hz, 1H) 4 5 

1' 166.7 
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Figure 5.12 Two possible structures of compound 5.2 

 

Compound 5.3 was obtained as an amorphous white powder. The molecular 

formula of 5.3 C19H20O7 was also deduced based on HRESI-QTOF data ( m/z 383.1096 

[M+Na]+, calcd. for C19H20NaO7, 383.1101). The is no difference between the 

molecular formulas of 3 and 1, therefore, compound 5.3 was presumed to be an isomer 

of 5.1.The 1H and 13C NMR spectra and NMR data (Table 5.4) of compound 5.3 

indicated similar skeleton as compound 5.1.  

 

Table 5.4 NMR spectroscopic data (800 MHz for 1H and 201 MHz for 13C, DMSO-d6) for 

goyazensolide(5.3) 

Position δc δH COSY HMBC 

1 204.7 
 

 

 

2 105.9 6.02 (s, 1H) 

 

1, 3, 10 

3 184.8 
 

 

 

4 136.0 
 

 

 

5 132.7 6.14 (dt, J = 3.4, 1.8Hz,1H) 6, 15 3, 4, 15 

6 81.1 5.24 (dq, J = 5.2, 2.4Hz, 1H) 5, 7, 15 7 

7 50.2 3.76 (dp, J = 5.7, 2.8Hz, 1H) 6, 8, 13a, 13b 11 

8 73.6 4.44 (m, 1H) 7, 9α, 9β 1' , 6, 9, 10 

9α 

42.2 

2.76 (dd, J = 14.0, 11.4Hz, 1H) 8, 9β 1, 7, 8, 10, 14 

9β 2.13 (dd, J = 14.0, 2.0Hz, 1H) 8, 9α 1, 7, 8 
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10 89.3 
 

 

 

11 133.2 
 

 

 

12 168.4 
 

 

 

13a 

125.1 

6.09 (d, J = 3.0Hz, 1H) 7 7, 11, 12 

13b 5.69 (m, 1H) 7 11 

14 17.6 1.43 (s, 3H) 

 

1, 9, 10 

15 61.2 4.20 (dt, J = 4.0, 2.1Hz, 2H) 5, 6 3, 4, 5 

1' 166.3 
 

 

 

2' 135.1 
 

 

 

3'a 

126.7 

6.00 (dt, J = 2.9, 1.4Hz, 1H) 3'b, 4' 1', 2', 4' 

3'b 5.68 (m, 1H) 3'a, 4' 1', 4' 

4' 20.1 1.79 (dt, J = 4.0, 1.3Hz, 3H) 3'a, 3'b 1', 2', 3' 

 

An obvious difference in 1H NMR spectrum was an additional methylene signal 

at δH 4.20 and olefinic proton at δH 6.14 ppm. HMBC spectrum revealed that methylene 

signal (δH 4.20) had correlation with C-3, C-4 and C-5; Olefinic methine at δH 6.14 ppm 

correlated to C-3, C-4 and C-15. The planar structure of 5.3 was suggested as (Figure 

5.13) by an analysis of the COSY and HMBC spectra. By the values of J5,6 less than 

1Hz, 5-OH was assigned as α-oriented. The ROESY correlations of H-6 / H-8 , H-6 / 

H-9β, H-7 / H-9α and H-9α / H-14 confirmed the relative configurations of compound 

5.3. Compound 5.3 was identified as known compound goyazensolide[3].  
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compounds  

 

As described in Chapter 4, for covalent interaction, skimmer voltage had an impact 

on the ratio of the relative intensity of protein-ligand complex to free protein while 

collision voltage did not. The modification of collision voltage can increase the S/N 

intensity. Therefore, different collision voltages were investigated for the non-covalent 

complex formed by Rv1466 with isogoyazensolide (5.1). When collision voltage 

increased from -10 V to -6 V, the ratio of relative intensity of non-covalent protein-

ligand complex to free protein increased in MRMS spectra (Figure 5.15). However, 

FID spectrum acquired with collision voltage at -6 V indicated that S/N was not good 

as others. The ratios of relative intensity of non-covalent protein-ligand complex to free 

protein , at collision voltage -10 V and -8 V, were similar. FID spectrum acquired with 

collision voltage -10 V demonstrated sufficient S/N even in high concentration of 

isogoyazensolide (5.1). Thus, MRMS conditions for covalent interaction with Rv1466 

in Chapter 4 were also applied here.  

 



159 
 

 

Figure 5.15 MRMS spectra of the incubation of Rv1466 with isogoyazensolide (5.1) under three 

different collision voltages. The final concentration of isogoyazensolide (5.1) for MRMS analysis 

was 3000 μM. 

 

MRMS analysis found that the interaction of goyazensolide (5.3) with Rv1466 

was stronger than that of isogoyazensolide (5.1) . When the concentration reached 3000 

μM (Figure 5.16), goyazensolide (5.3) fully saturated with Rv1466 and the ratio of 

relative intensity of protein-ligand complex to free protein was 100 % while the ratio 

related to isogoyazensolide (5.1) was only 50 %. 
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Figure 5.16 MRMS spectra of the incubation of Rv1466 with isogoyazensolide (5.1) and 

goyazensolide (5.3) at 3000 μM. 

 

5.2.5 Biological Activity 

Three isolated sesquiterpene lactones showed no inhibitory activity against M. 

smegmatis at the concentration 1.5 mM. Due to limited amount of isolated compounds, 

three haven’t been evaluated the activities against Mtb H37Rv. Both isogoyazensolide 

(5.1) and goyazensolide (5.3) have been reported with antimycobacterial activity 

against Mtb H37Ra with MIC values of 4.2 and 8.3 μM, respectively[4]. 

 

5.3 Conclusion 

The plant biota Centratherum sp. was identified to contain compound interacting 

with Rv1466 by HRMS analysis in combination with target screening of No.3 fraction 

from Centratherum sp. with Rv1466.  

Previous chemical investigation of Centratherum genus has been limited to the 
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widely distributed Centratherum punctatum and characteristic constituents were 

sesquiterpene lactones of the goyazensolides and isogoyazensolides[5]. 1H NMR 

fingerprint of CEF2 fraction from ethanol extract was similar as that of No.3 fraction. 

No.3 fraction was generated from DCM and methanol extract previous described[6]. 

Therefore, we confirmed that ethanol extract also contained protein bound compound. 

Following the mass ion with m/z at 361 in CEF2, three compounds including two known 

compounds isogoyazensolide (5.1) and goyazensolide (5.3), and one new compound 

(5.2) were isolated. However, the relative configuration of new compound (5.2) cannot 

be determined due to the decomposition. 

 Both isogoyazensolide (5.1) and goyazensolide (5.3) were confirmed interacting 

with Rv1466 but the binding affinities were not strong according to the ratio of relative 

intensity of protein-ligand complex to total protein (50 % and 100 % at 3000 μΜ for 

isogoyazensolide (5.1) and goyazensolide (5.3), respectively). Both compounds were 

shown to bind weakly to Rv1466 while in vitro the activities were strong. 

Isogoyazensolide (5.1) and goyazensolide (5.3) have been previously reported to have 

anti-TB activity against Mtb H37Ra with MIC values of 4.2 and 8.3 μM, respectively. 

The reported activities of isogoyazensolide and goyazensolide suggested that both were 

the main active compounds in the active fraction. The original phenotypic screening 

(2.5 μge/μL) and the reported activities of isogoyazensolide and goyazensolide (4.2 and 

8.3 μM) against Mtb H37Ra appear consistent.  

The activity of isogoyazensolide (3000 μΜ, 50 % ), goyazensolide (3000 μΜ, 

100 % ) against Rv1466, was low. Therefore, Rv1466 cannot be the target of 
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isogoyazensolide and goyazensolide considering both were reported with strong 

inhibitory activities against Mtb H37Ra .  

Their true target cannot be identified from the 37 protein panel. This is mainly due 

to the limited number of proteins included in protein panel. Previous reports indicated 

that the inhibitory action of goyazensolide type sesquiterpene lactones results from the 

presence of highly electrophilic functional groups. These selectively alkylate by 

Michael-type addition to sulphydryl proteins, specifically thiol groups in preference to 

other nucleophiles. 

 

5.4 Experimental Section 

5.4.1 Instruments and Materials 

Centratherum sp. was purchased from Nature Bank and the sample was deposited 

with the code as NB024846. 

The other instruments and materials were as that in Chapter 2 subsection 2.6.1 and 

Chapter 3 subsection 3.5.1. 

5.4.2 Direct Injection Mode in MRMS  

Ammonium acetate (525 mM) was used for Rv1466 buffer exchange. Final protein 

concentration after buffer exchange was 10 μM in 525 mM ammonium acetate. 

Each possible bound fraction of PL #3 was dissolved in 200 μL and then a portion 

of the solution (1 μL) was mixed with Rv1466 (9 μL, 10 μM) for incubation in room 

temperature for 30 min.  
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Samples were injected to MRMS instrument by Hamilton syringe with a flow rate 

at 120.0 μL / h. Instrument parameters were tuned as Chapter 4 subsection 4.10.4 for 

the screening of the products of each possible fraction from PF # 3 with Rv1466 except 

accumulation time 2 s, skimmer voltage 60 V.  

For the products of compound 5.1 ~ 5.3 with Rv 1466, three parameters were 

modified including scan 32, accumulation time 1 s, and skimmer 1 90 v. The other 

parameters were kept constant as above. 

5.4.3 Automatic chip-Based MRMS Screening 

The DMSO stock solution of isogoyazensolide (5.1) and goyazensolide (5.3) 

(30000 μM) were prepared and then diluted to give 10000 μM solution. Each stock and 

diluted solution was incubated with prepared Rv1466 protein in 384-well plate in room 

temperature for 30 min before MRMS analysis. 

Instrument parameters were tuned as Chapter 4 subsection 4.10.5 for KD 

determination of polycarpine with Rv1466. While keeping the other parameters 

unchanged, three collision voltage -6.0, -8.0 and -10.0 V, were applied for investigating 

the impact of collision voltage on non-covalent interaction. 

5.4.4 Structure Elucidation 

isogoyazensolide (5.1): transparent oil substance; HRMS m/z 383.1095 [M+Na]+ ; 

1H NMR (800 MHz, DMSO-d6) δ 6.04 (1H, d, J = 5.4 Hz, H-13b), 6.03 (1H, s, H-2), 

5.97 (1H, t, J = 1.3 Hz, H-3’a), 5.93 (1H, d, J = 0.74 Hz, H-15a), 5.91 (1H, s, H-15b), 

5.65 (1H, p, J = 1.3 Hz, H-3’b), 5.64 (1H, d, J = 2.8 Hz, H-13a), 4.67 (1H, s, H-5), 4.53 

(1H, d, J = 5.1 Hz, H-6), 4.23 (1H, dq, J = 5.4, 2.8 Hz, H-7), 4.19 (1H, dt, J = 11.8, 2.0 
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Hz, H-8), 2.81 (1H, dd, J = 13.6, 11.9 Hz, H-9α), 2.06 (1H, dd, J = 13.7, 1.7 Hz, H-9β), 

1.77 (3H, m, H-4’), 1.43 (3H, s, H-14); 13C NMR (201 MHz, DMSO-d6) δ 204.2 (C-1), 

186.2 (C-3), 168.7 (C-12), 166.3 (C-1’), 138.4 (C-4), 135.2 (C-2’), 134.2 (C-11), 126.6 

(C-3’), 126.4 (C-15), 123.9 (C-13), 106.2 (C-2), 89.7 (C-10), 85.8 (C-6), 73.9 (C-5), 

72.4 (C-8), 43.1 (C-9), 43.5 (C-7), 20.5 (C-4’), 17.6 (C-14). 

Compound 5.2: transparent oil substance; HRMS m/z 401.1193 [M+Na]+ ; 1H 

NMR (800 MHz, DMSO-d6) δ 5.98 (1H, d, J = 2.8Hz, H-13a), 5.95 (1H, dd, J = 1.6, 

1.5Hz, H-3’a), 5.82 (1H, s, H-2), 5.65 (1H, dd, J = 1.8, 1.6 Hz, H-3’b), 5.60 (1H, d, J 

= 2.2Hz, H-13b), 4.51 (1H, d, J = 3.7Hz, H-6), 4.21 (1H, m, H-8), 4.20 (1H, s, H-5), 

4.03 (1H, m, H-7), 3.82 (1H, dd, J = 11.6, 6.0 Hz, H-15a), 3.74 (1H, dd, J = 11.1, 6.2 

Hz, H-15b), 2.82 (1H, t, J = 6.1Hz, H-4), 2.75 (1H, dd, J = 13.6, 12.0 Hz, H-9a), 2.03 

(1H, dt, J = 13.6, 1.8 Hz, H-9b), 1.77 (3H, s, H-4’), 1.39 (3H, s, H-14); 13C NMR (201 

MHz, DMSO-d6) δ 204.8 (C-1), 191.1 (C-3), 169.4 (C-12), 166.7 (C-1’), 135.7 (C-2’), 

135.2 (C-11), 126.8 (C-3’), 124.2 (C-13), 104.6 (C-2), 88.7 (C-10), 85.6 (C-6), 73.0 (C-

8), 72.1 (C-5), 59.8 (C-15), 49.6 (C-4), 43.8 (C-9), 43.5 (C-7), 21.0 (C-4’), 18.1 (C-14). 

goyazensolide ( 5.3): transparent oil substance; HRMS m/z 383.1096 [M+Na]+; 

1H NMR (800 MHz, DMSO-d6) δ 6.14 (1H, dt, J = 3.4, 1.8Hz, H-5), 6.09 (1H, d, J = 

3.0Hz, H-13a), 6.02 (1H, s, H-2), 6.00 (1H, dt, J = 2.9, 1.4Hz, H-3’a), 5.69 (1H, m, H-

13b), 5.68 (1H, m, H-3’b), 5.24 (1H, dq, J = 5.2, 2.4 Hz, H-6), 4.44 (1H, m, H-8), 4.20 

(2H, dt, J = 4.0, 2.1 Hz, H-15), 3.76 (1H, dp, J = 5.7, 2.8 Hz, H-7), 2.76 (1H, dd, J = 

14.0, 11.4Hz, H-9α), 2.13 (1H, dd, J = 14.0, 2.0Hz, H-9β), 1.79 (3H, dt, J = 4.0, 1.3 Hz, 

H-4’), 1.43 (3H, s, H-14); 13C NMR (201 MHz, DMSO-d6) δ 204.7 (C-1), 184.8 (C-3), 
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168.4 (C-12), 166.3 (C-1’), 136.0 (C-4), 135.1 (C-2’), 133.2 (C-11), 132.7 (C-5), 126.7 

(C-3’), 125.1 (C-13), 105.9 (C-2), 89.3 (C-10), 81.1 (C-6), 73.6 (C-8), 61.2 (C-15), 50.2 

(C-7), 42.2 (C-9), 20.1 (C-4’), 17.6 (C-14).  
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Chapter 6  A Brominated Alkaloid from Stylissa flabellate 

Interacting with 2-amino-4-hydroxy-6-

hydroxymethyldihydropteridine pyrophosphokinase 

 (Rv3606c ortholog) 

 

6.1 Introduction 

Facing the challenge of TB drug resistance, one strategy is to focus on the potential 

protein targets involved in essential biosynthetic pathways[1]. Folate biosynthesis is one 

such pathway[2]. Folate and its derivatives are essential factors in the biosynthesis of 

purines, pyrimidines and amino acids, and therefore folate is essential across all three 

domains of life. Unlike Mammalian cells microbes such as Mycobacterium must 

synthesize folate. Hence, enzymes that are involved in the biosynthesis of folate are 

essential in bacteria and therefore make excellent drug targets against TB[1]. The 2-

amino-4-hydroxy-6-hydroxymethyldihydropteridine pyrophosphokinase (Rv3606c) is 

a protein involved in folate biosynthesis, synthesizing 2-amino-4-hydroxy-6-

hydroxymethyl-7,8-dihydropteridine diphosphate from 7,8-dihydroneopterin 

triphosphate (https://www.uniprot.org/uniprot/K0UD01#function). 

 

6.2 Identification of Stylissa flabellate Interacting with Rv3606c  

PF # 6 interacted with Rv3606c in the 37 protein panel screen and the m/z of the 

bound compound was 336 Da (Figure 6.1). Three fractions of PF # 6 including No.2 

fraction from Stylissa flabellate were found with ions with m/z similar to 336.  
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Figure 6.1 MRMS spectra of free Rv3606c (above) and the products of Rv3606c with PF # 6 

(bottom). Protein peaks were observed in charge 9 +, 8 + and 7 +. The strongest protein peak was 

observed in charge 8 +. With the addition of PF # 6, there was a mass shift from free protein. MW 

of bound compound: 42.00349 × 8 = 336.02792 Da.  

 

A second MRMS screening of these three possible fractions identified an 

additional ligand binding to Rv3606c in the No.2 fraction of Stylissa flabellate (Figure 

6.2). The m/z of the bound compound was determined at around 389 Da. 
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Figure 6.2 MRMS spectra of free Rv3606c (above) and the products of Rv3606c with No.2 fraction 

of Stylissa flabellate (bottom). MW of ligand from No. 2 fraction: (2575.27 – 2526.53) × 8 = 389.92 

Da. 

 

HRMS of No.2 fraction of Stylissa flabellate had an ion with m/z 389 (Figure 6.3). 

The isotope peaks of 387+, 389+ and 391+ suggested the existence of two bromine atoms. 

The 1H NMR of No.2 fraction was acquired for guiding isolation. A summary of the 

identification scheme is shown in Figure 6.4. 

 

 

Figure 6.3 HRMS spectrum of No.2 fraction of Stylissa flabellate by QTOF. Significant isotope 

signals have been observed with m/z at 387, 389 and 391. These signals were characteristic for 
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bromine, suggesting the existence of two bromine atoms. 

 

 

Figure 6.4 The flowchart of identifying Stylissa flabellate interacting with Rv3606c 

 

6.3 Isolation of Alkaloids Including Compound Interacting with Rv3606c  

The 1H NMR of No.2 fraction and m/z information at around 389 Da, was used to 

guide the isolation. A flowchart of the isolation process is shown in Figure 6.5. 



170 
 

 

Figure 6.5 The flowchart of isolation from Stylissa flabellate. First ethanol extract was confirmed 

containing bound ligand by comparing 1H NMR of SFEF 1 of ethanol extract with No.2 fraction of 

DCM and MeOH extract. Following 1H NMR of SFEF 1, a fraction SFEP 11 was identified and 

further isolation yielded two compounds including compound 6.1 which interacted with Rv3606c. 

 

The dry, powdered marine organism , Stylissa flabellata (28.2600 g), was extracted 

three times with 95% ethanol to give a crude extract (2.6056 g). A portion of ethanol 

crude extract (20mg) was fractionated to afford five fractions by analytical HPLC 

(SFEF1 ~ 5). The 1H NMR profile of SFEF1 was consistent with that of the previous 

No.2 fraction (Figure 6.6), indicating the presence of the bound compound. 
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Figure 6.6 Comparison of 1H NMR profile of No.2 fraction and SFEF 1 (recorded in DMSO-d6). 

The majority of proton signals in SFEF 1 were consistent with that in No.2 fraction. 

 

Ethanol extract (1g) was dissolved in MeOH and then subjected on Sephadex LH-

20 in 100% MeOH to afford 26 fractions (SFEP 1 ~ 26). 1H NMR identified SFEP 11 

with the majority of the signals in SFEF1, but slight difference in downfield region 

(Figure 6.7). The solvent used in the fractionation process for SFEF1 contained TFA 

while in SFEP 11 did not. Therefore, the difference in 1H NMR profile between SFEF1 

and SFEP 11 may be due to TFA. SFEP 11 was fractionated to afford five 

fractions(SFEP 11-F1 ~ 5) following the analytical HPLC procedure to afford SFEF1 

and then the collected F1 (SFEP 11-F1) was analyzed by 1H NMR. Both fractions SFEP 

11-F1 and SFEF1 showed the same 1H NMR profile (Figure 6.8). 
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Figure 6.7 The comparison of 1H NMR profile of SFEF 1 and SFEP 11. Slight difference was 

observed for exchangeable signals in the downfield region between 9.5 ~ 10.5 ppm. 

 

 

Figure 6.8 1H NMR comparison of SFEF 1 and SFEP 11-F1(recorded in DMSO-d6). With TFA in 
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Compound 6.1 was isolated as a transparent oil. HRMS spectrum 387+, 389+ and 

391+ with the ratio 1:2:1 indicated the existence of two bromine atoms. Molecular 

formula was deduced as C11H11Br2N5O ([M]+ 389.5401).  

1H NMR signals at δH 2.07 (2H) , δH 3.67/3.49 (2H) and δH 2.49/2.29 (2H) were 

assigned to methylene groups and δH 6.32 (1H) to a methine proton. Signal at δH 7.03 

(1H) belonged to an aromatic signal. Two exchange signals δH 9.89 and δH 10.39 were 

assigned to -NH due to the absence of hydrogen attached carbon signals in HSQC. 

HSQC with 13C spectra indicated one aromatic carbon (δC 114.9), three methylene 

carbons (δC 44.7, 38.6, and 19.0), one methine carbon (δC 68.3), six quaternary carbons 

(δC 156.5, 153.7, 125.0, 106.2, 102.1, and 82.5). 

The multiplet (δH 2.07) is coupled to the multiplet (δH 3.67, 3.49) and (δH 2.41, 

2.29) indicated a -CH2-CH2-CH2 unit. HMBC correlation of δH 2.07 to δC 82.5 and δH 

3.67 / 3.49 to δC 153.7 indicated the existence of the pyrrolidine ring C with a 

substitution of -C=O on the nitrogen atom. The signal of δC 156.5 required the presence 

of a guanidine moiety. HMBC correlation from both δH 10.39 and δH 9.89 to δC 82.5, 

68.3 and 156.5 inferred a five membered ring D containing a guanidine moiety and a 

methine carbon. The ring D shared δC 82.5 with the pyrrolidine ring C. HSQC signals 

at δC 102.1 and δC 106.2 provided the information of the substitution of two bromine 

atoms on each aromatic carbon. HMBC correlation from singlet (δH 7.03) to δC 125.0 

and 106.2 further indicated a -C=CH-C=C- moiety in the pyrrole ring A. The correlation 

from δH 7.03 to δC 153.7 suggested the connection of ring A and C was through the 
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group -CO. The remaining methine carbon (δC 68.3) and unsaturated nitrogen atom in 

ring A was suggested to connect directly. The 1H and 13C assignment are presented in 

Table 6.1. 

 

Table 6.1 NMR spectroscopic data (800 MHz for 1H and 201 MHz for 13C, DMSO-d6) for 

dibromophakellin (6.1) 

Position δC δH (J = Hz) COSY HMBC 

1     

2 125.0    

3 114.9 7.03 (s, 1H)  2, 5, 6, 12 

4 102.1    

5 106.2    

6 153.7    

7     

8a 
44.7 

3.67 (m, 1H) 9 9, 10, 11 

8b 3.49 (dt, J = 11.0, 8.8 Hz, 1H) 9 2, 6, 9, 10, 11 

9 19.0 2.07 (m, 2H) 8a, 8b, 10a 8, 10, 11 

10a 
38.6 

2.41 (m, 1H) 9 8, 9, 11, 12 

10b 2.29 (m, 1H) 9 8, 9, 11 

11 82.5    

12 68.3 6.32 (d, J = 1.7 Hz, 1H) 13 2, 5, 10, 11, 14 

13  9.89 (s, 1H) 12, 15 11, 12, 14 

14 156.5    

15  10.39 (s, 1H) 13 11, 12, 14 

16     

 

Given all the information, compound 6.1 was assigned as dibromophakellin 
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(Figure 6.12). Experimental 1H-NMR and 13C-NMR data were in agreement with that 

reported in the literature[3]. 

 

Compound 6.2 was isolated as a pale yellow powder. ESIMS spectrum showed 

ion peaks at 246[M+H]+ and 244[M-H]-.  

1H NMR spectrum gave two aromatic protons (δH 6.49 and 7.15), two methylene 

protons (δH 3.31 and 3.29) and two exchangeable protons NH (δH 12.16 and 8.06). In 

the 1H and COSY-NMR spectra, the multiplet at δ 3.29 (2H) was coupled to the 

multiplet at δH 3.31 (2H) and the triplet at δH 8.06 (NH) indicated a -CH2-CH2-NH- unit; 

Three coupled protons at δH 6.49, 7.15 and 12.16 indicated -CH=CH-NH-unit. HMBC 

correlations from δH 6.49 to δC 120.3 and 126.7; δH 12.16 to δC 109.5 and 120.3; δH 

7.15 to δC 120.3 and 126.7 suggested a -CH=CH-NH-unit attached to two aromatic 

carbons to form a pyrrole ring A. HMBC correlations from δH 3.29 to δC 163.1 and 

130.1, δH 8.06 to δC 126.7, and δH 3.31 to δC 120.4, 130.1 and 163.0, indicated a -CO-

NH-CH2-CH2-C= C-CO-unit attached to ring A by connecting δC 126.7 to δC 163.1. The 

carbon chemical shift at δC 154.5 indicated the -C=N- connection. The above fragments 

gave a formula C11H8N3O2 (214 Da), thus the remaining fragments were suggested to 

be a -N2H3 (31 Da). The – N2H3 groups were assignment to a -NH and -NH2 and two 

quaternary carbons (δC 120.3 and 130.1 ) were suggested to connect to give the structure 

of (10Z)-debromohymenialdisine (Figure 6.12). The assignment of 1H and 13C is 

shown in Table 6.2. Its experimental data agreed with the reported data in the 

literature[4]. 
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Table 6.2 NMR spectroscopic data (800 MHz for 1H and 201 MHz for 13C, DMSO-d6) for (10Z)-

debromohymenialdisine (6.2) 

Position δC δH (J = Hz) COSY HMBC 

1  12.16 (s, 1H) 2, 3 3, 4 

2 122.7 7.15 (t, J = 2.8 Hz, 1H) 1, 3 3, 4, 5 

3 109.5 6.49 (t, J = 2.6 Hz, 1H) 1, 2 2, 4, 5 

4 120.3    

5 126.7    

6 163.1    

7  8.06 (t, J = 4.7 Hz, 1H) 8 5, 8 

8 40.0 3.29 (m, 2H) 7, 9 6, 10 

9 31.6 3.31 (m, 2H) 8 8, 10, 11, 12 

10 130.1    

11 120.4    

12 163.0    

13     

14 154.5    

15     

 

Compound 6.3 was isolated as amorphous white powder. LCMS spectra gave ion 

at m/z 165 in positive mode and ion at m/z 163 in negative mode. In the 1H-NMR 

spectrum, two isolated spin systems were identified. One corresponded to a -CH=CH-

group, δH 6.98 and δH 6.55, two doublets with J = 2.7 Hz. The second spin system was 

the aliphatic system -NH-CH2-CH2-; δH 8.30, a triplet indicated the existence of a 

vicinal methylene(δH 3.35, 2H) that was also confirmed by COSY; Two methylene (δH 

3.35 and 2.70) were adjacent by evidence from COSY.  
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The 13C-NMR spectrum showed two carbonyl signals (δC 194.4, 162.2), four 

aromatic carbons(δC 127.9, 123.6, 122.3, 109.5) and two aliphatic carbons(δC 43.5, 

36.5). HSQC correlation of δH 6.98 to δC 122.3 and δH 6.55 to δC 109.5, combined with 

the long term HMBC relationship from δH 12.14 to δC 123.6; δH 6.98 to δC 123.6 and 

127.9; δH 6.55 to δC 123.6 and 127.9 inferred the presence of a pyrrole moiety. HMBC 

correlation from δH 8.30 to δC 127.9, δH 3.35 to δC 162.2 and δH 2.70 to δC 123.6 and 

194.4 confirmed an unit -CO-NH-CH2-CH2-CO- and the ketone group in the unit was 

attached to the pyrrole moiety. The assignment of 1H and 13C is shown in Table 6.3. 

 

Table 6.3 NMR spectroscopic data (800 MHz for 1H and 201 MHz for 13C, DMSO-d6) for aldisin 

(6.3)  

Position δC δH (J = Hz) COSY HMBC 

1  12.14 (s, 1H) 2,3 3, 4 

2 122.3 6.98 (t, J = 2.7 Hz, 1H) 1,3 3, 4, 5 

3 109.5 6.55 (t, J = 2.6 Hz, 1H) 1,2 2, 4, 5, 10 

4 123.6    

5 127.9    

6 162.2    

7  8.30 (t, J = 4.8 Hz, 1H) 8 5, 8, 9 

8 36.5 3.35 (m, 2H) 7,9 6, 9, 10 

9 43.5 2.70 (m, 2H) 8 4, 8, 10 

10 194.4    
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Compound 6.3 was identified as aldisin (Figure 6.12). Experimental 1H-NMR and 

13C-NMR data were consistent with that reported in literature[5]. 

 

Compound 6.4 was isolated as amorphous white powder. LCMS spectra gave ions 

at m/z 244 in positive mode and ion at m/z 242 in negative mode. The 1H and 13C data 

were similar as that of compound 6.3 except the lack of an aromatic signal (Table 6.4).  

 

Table 6.4 NMR spectroscopic data (800 MHz for 1H and 201 MHz for 13C, DMSO-d6) for 2-

bromoaldisin (6.4) 

Position δC δH (J = Hz) COSY HMBC 

1  12.96 (s, 1H)   

2 105.2    

3 111.2 6.57 (d, J = 2.6 Hz, 1H)  2, 4, 5 , 10 

4 124.6    

5 129.5    

6 161.3    

7  8.39 (t, J = 5.1 Hz, 1H) 8 5, 8 

8 36.3 3.35(m, 2H) 7,9 6, 9, 10 

9 43.4 2.71 (m, 2H) 8 4, 8, 10 

10 193.6    
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The difference of molecular weight of compound 6.4 and 6.3 based on LCMS 

information indicated an additional bromine atom, accounting for the loss of a proton 

at position 2. Thus compound 6.4 was determined as 2-bromoaldisin (Figure 6.12). 

Experimental 1H and 13C data agreed with that reported in literature[5].  

 

Compound 6.5 was obtained as a light yellow amorphous solid. ESIMS supported 

one bromine atom in the molecule and showed ion with m/z 310+ in positive mode and 

309- in negative mode.  

1H NMR in association with HSQC suggested four exchangeable protons (δH 

12.55, 8.98, 7.32), one aromatic proton (δH 7.47) and protons from three methylenes 

(δH 3.00 / 2.87, 2.15, 4.12 / 3.99).  

A tetrahydropyrroloindolizinone nucleus was established based on COSY and 

HMBC correlations, as the COSY relationships for an alkyl spin system from δH 2.87 / 

3.00 to δH 2.15 , and from δH 2.15 to δH 3.99 / 4.12, in addition to the HMBC correlations 

from δH 7.47 to δC 86.8, 123.2, 126.4 and 152.6, δH 12.55 to δC 86.8, 123.2 and 126.4 

suggesting a pyrrole ring with a substitution -CO; from δH 8.98 to δC 102.8 and 142.3, 

and between δH 2.87/δC 102.8 and 142.3 indicating a -NH-C=C- attached to the alkyl 

spin system. In addition, the significantly shielded carbon δC 86.8 was attributed to a 

bromine atom substitution. A quaternary carbon at δC 157.4, was connected to nitrogen 

atom due to HMBC correlation from δH 8.98 to δC 157.4. The deshielded double bond 

carbon δC 157.4 indicated a nitrogen atom connection. The above fragments gave a 

formula C11H9BrN3O, the left fragments were suggested to be -N2H3 (31 Da). One 
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nitrogen was assigned to connect δC 152.6, 142.3 and 48.3 and one hydrogen was 

assigned to -N=C. The remaining NH2 was suggested to attach the unsaturated δC 157.4 

of the -C=NH unit. The assignment of 1H and 13C is shown in Table 6.5. 

 

Table 6.5 NMR spectroscopic data (800 MHz for 1H and 201 MHz for 13C, DMSO-d6) for stylisine 

A (6.5) 

Position δC δH (J = Hz) COSY HMBC 

1 127.5 7.47 (d, J = 2.9 Hz, 1H) 1, NH 2, 3, 9, 10 

2 86.8    

3 123.2    

4 102.8    

5 142.3    

6a 28.5 3.00 (m, 1H) 6b, 7 4, 5, 7, 8 

6b  2.87 (dt, J = 16.0, 7.9 Hz, 1H) 6a, 7 4, 5, 7, 8 

7 21.6 2.15 (m, 2H) 6a, 6b, 7, 8a, 8b 5, 6, 8 

8a 48.3 4.12 (ddd, J = 13.7, 7.9, 5.9 Hz, 1H) 7, 8b 6, 7 

8b  3.99 (dt, J = 11.7, 7.5 Hz, 1H) 7, 8a 6, 7 

9 152.6    

10 126.4    

11 157.4    

NH  12.55 (d, J = 2.0 Hz, 1H) NH,1 2, 3, 10 

NH(CN3H4)  8.98 (s, 1H)  4, 5, 11 

NH2(CN3H4)  7.32 (s, 2H)   
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Compound 6.5 was identified as stylisine A (6.5) (Figure 6.12).The experimental 

data was in accordance with that reported in literature[6].  

 

6.5 The Interaction of Dibromophakellin with Rv3606c 

All five isolated compounds were examined by MRMS for their interaction with 

Rv3606. Only dibromophakellin (6.1) formed a protein-ligand complex. To further 

investigate the interaction of dibromophakellin (6.1) with Rv3606c, protein 

optimisation and dose response were conducted. 

6.5.1 Optimization of Free Rv3606c Signals in MRMS 

The skimmer voltage was set at 30 v based on previous experience. Protein signal 

could be improved with lower collision voltage and higher scan times when applying 

skimmer voltage at -30 V. The value of 2 s for scan time was chosen for balancing the 

signal intensity and the acquisition time of MRMS data. Three different collision 

voltages including -6 V, -8 V and -10 V were investigated. The value at -10 V could 

provide better resolution of free Rv3606c with less adductive signals (Figure 6.13). 

The modification of collision voltage effectively decreased the noise and provide better 

resolution of free protein. The improved spectrum acquired under optimal parameters 

including collision voltage, scans and scan time, gave a higher ten times intensity than 

original spectrum (Figure 6.14).  
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Figure 6.13 MRMS spectra of free protein acquired under different collision voltage with the other 

parameters constant. The lower collision voltage provided better resolution of free protein which 

was also indicated from FID spectra. Among three collision voltages from -6 V to -10 V, the value 

at -10 V for collision voltage gave the best spectrum of free protein. 

 

 

Figure 6.14 MRMS spectra of free protein acquired under optimized parameters and original 

parameters. The original spectrum was acquired with skimmer voltage 60 V, collision voltage -5 V, 

scan 8 and scan time 0.5 s. While for the optimized spectrum, the values for corresponding 

parameters were 30 V, -10 V, 32 and 2 s. 
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6.5.2 Dose Response of Dibromophakellin with Rv3606c  

Dose response experiment was conducted from the highest concentration 12000 

μM. Three solutions with the concentration at 12000 μM, 6000 μM and 4000 μM were 

prepared. The incubation of the mixture including 1 μL dibromophakellin (6.1)solution 

and 9 μL Rv3606c was subjected for MRMS analysis. It was clearly observed in Figure 

6.15 that there were two shifts from free protein signal and the distance between two 

shifting signals was same as the first shift from free protein after adding three different 

concentration of dibromophakellin. It indicated that one molecule of dibromophakellin 

and a dimer interacted with protein. Both are selective binding, because when the 

concentration increased, there are still only two mass shifts from Rv3606c. The ratio of 

protein-ligand complex formed by one dibromophakellin and two dibromophakellins 

was around 2:1. Even at the final concentration 1200 μM the ratio of relative intensity 

of single dibromophakellin protein complex to total protein only reached 50%, 

suggesting full saturation of dibromophakellin with Rv3606c could not be achieved. 

The ratio decreased to around 23% when the concentration changed to 400 μM. 

Interesting, the additional noisy groups adjacent to major Rv3606c signal decreased 

significantly although the resolution of protein-ligand complex was not as good as free 

Rv3606c based on FID spectra. 
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Figure 6.15 MRMS spectra of the products of Rv3606c and varying concentrations of 

dibromophakellin. The addition of dibromophakellin made a significant influence on the resolution 

of protein ligand complex and the S/N dropped quickly. In addition the complex of single 

dibromophakellin with free protein, there was also the complex of dimer dibromophakellin with 

protein and the corresponding ratio of protein ligand complex to total protein was 2:1 in the 

condition of dibromophakellin at three different concentrations. 

 

6.5.3 The Interaction of Dibromophakellin with Rv3606c from Different 

Organisms 

The existence of a bound compound in Stylissa flabellate was found by the 

incubation of fraction with Rv3606c from M .smegmatis. Due to the out of stock of this 

protein, Rv3606c from other organisms were possible alternatives. Herein, we chose 

two Rv3606c from M. fortuitum and M. abscessus for investigating the effect of 

dibromophakellin. The final concentration of dibromophakellin was 400 μM. Figure 
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6.16 displayed that the ratios of the relative intensity of protein- dibromophakellin 

complex to total protein were almost the same, representing the similar binding 

affinities of dibromophakellin to these two proteins. Also, the complex formed by a 

dimer of dibromophakellin with Rv3606c from both organisms existed.  

 

 

Figure 6.16 MRMS spectra of the products of dibromophakellin (400 μM) and Rv3606c from two 

different organisms. Two protein ligand complexes were observed in the incubation including 

proteins from different organisms. The ratio of the relative intensity of the complex of single 

dibromophakellin with either protein to total protein was around 23%, indicating similar binding 

affinities of dibromophakellin to both proteins.  

 

Both Rv3606c from M. fortuitum and M. abscessus are involved in folic acid and 

tetrahydrofolate biosynthetic processes. Amino acid sequence alignment demonstrated 
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both proteins had a shared domain (WGPRTLDVD).(Figure 6.17). The similarity of 

protein function and shared domain may explain the similar binding activity observed 

in MRMS. 

 

 

Figure 6.17 Amino acid sequence alignment of Rv 3606c from M. fortuitum (K0UD01) and M. 

abscessus (B1MGV2) by BLAST. 

 

6.6 Interaction of Isolated Compound Analogues Interacting with Rv3606c  

Dibromophakellin (6.1) has been confirmed as compound found in No.2 fraction. 

To explore the moiety important for the interaction with Rv3606c, a number of 

analogues of isolated compounds 6.1 and 6.2 (compound 6.6 ~6.11 in Figure 6.18) 

were investigated Compound 6.6 ~ 6.8 are analogues of dibromophakellin (6.1). 

Compound 6.9 ~ 6.11 are analogues of (10Z)-debromohymenialdisine (6.2). These 

analogues were incubated individually with Rv3606c for MRMS screening. 
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Figure 6.18 Analogues of dibromophakellin (6.1) and (10Z)-debromohymenialdisine (6.2) found in 

Compound Library. 

 

Figure 6.19 demonstrated the MRMS spectra of the products of dibromophakellin 

(6.1) and the analogues (6.6 ~ 6.8) with Rv3606c. Two compounds (6.1 and 6.7) 

interacted with Rv3606c and the MW calculated based on mass shifts agreed with that 

of compound 6.1 and 6.7. The similarity of compound 6.1 and 6.7 was bromine 

substitution on pyrrole ring while compound 6.6 and 6.8 did not.  
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Figure 6.19 MRMS spectra of free Rv3606c and the incubation of Rv3606c with dibromophakellin 

(6.1) and analogues (6.6 ~ 6.8) found in Compound Library. The concentration for all examined 

compounds was 100 μΜ. 

 

The interaction of (10Z)-debromohymenialdisine (6.2) and the analogues (6.9 ~ 

6.11) with Rv3606c in MRMS were shown in Figure 6.20. Only compound 6.10 

formed protein-ligand complex with Rv3606c protein while others did not. The 

difference amongst (10Z )-debromohymenialdisine (6.2), compound 6.9 and 6.10 was 

bromine substitution on pyrrole ring. Although same substitution of bromine atoms on 

pyrrole ring was observed in compound 6.11 as 6.10, compound 6.11 did not interact 

with Rv3606c possibly due to the lack of carbonyl. 
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Figure 6.20 MRMS spectra of free Rv3606c and the incubation of Rv3606c with (10Z)-

debromohymenialdisine (6.2) and analogues (6.9 ~ 6.11) found in Compound Library. The 

concentration for all examined compounds was 100 μΜ. 

 

However, either the interaction of dibromophakellin (6.1) with Rv3606c nor 

(10Z)-debromohymenialdisine analogues (6.10) with Rv3606c was rather weak.  

 

6.7 Bioactivity  

All isolated compounds have been examined against M. smegmatis, but none were 

active at the concentration 100 μg/mL. The antimicrobial activitity of  

dibromophakellin (6.1) against Mtb H37Rv was determined with MIC more than 512 
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μM , suggesting dibromophakellin (6.1) as the major compound is not the most active 

compound responsible the activity of LLEF 2 (MIC 5 µge/µL) found in HTS.  

 

6.8 Conclusion 

Dibromophakellin(6.1) was isolated based on the combination of 1H NMR and 

MS information. In addition, the other four compounds including (10Z)-

debromohymenialdisine (6.2), aldisin (6.3), 2-bromoaldisin (6.4) and stylisine A (6.5) 

were isolated and three of four compounds contained at least one bromine atom. None 

of four compounds interacted with Rv3606c in MRMS. 

The Rv3606c used for identifying Stylissa flabellate was generated from M. 

smegmatis. Similar binding affinities of dibromophakellin (6.1) were confirmed with 

Rv3606c from M. fortuitum and M. abscessus. It indicated that Rv3606c could be a 

drug target in M. smegmatis M. fortuitum and M. abscessus .  

Other analogues of dibromophakellin (6.1) and (10Z)-debromohymenialdisine 

(6.2), namely phakelline, (3aS,12aR)-2-Amino-6-bromo-1,3a,11,12-tetrahydro-5-

phenyl-8H,10H-imidazo[4,5-b]dipyrrolo[1,2-a:1',2'-d]pyrazin-8-one, (3aS,12aR)-2-

Amino-1,3a,11,12-tetrahydro-5,6-diphenyl-8H,10H-imidazo[4,5-b]dipyrrolo[1,2-

a:1',2'-d]pyrazin-8-one, 10Z-hymenialdisine, (Z)-3-bromohymenialdisine and 

hymenine, were screened against Rv3606c. However, the interaction of analogue with 

Rv3606c was rather weak. 

All the isolated compounds were examined against M. smegmatis using the paper 

dish method and none were active at 100 μg/mL. Dibromophakellin (6.1) has been 
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examined against M. smegmatis NBRC 3207 using the paper disk method and reported 

as not active at 50μg/disk [7]. Dibromophakelline (6.1) was examined against Mtb 

H37Rv but MIC value was determined more than 512 μΜ. According to the proton 

NMR profile of the fraction, dibromophakelline (6.1) is the major compound. However, 

the phenotypic activity of LLEF 2 from Stylissa flabellate identified by HTS suggested 

that main compound dibromophakellin might not be the main active compound in the 

bioactive fraction. The activity of fraction may be a synergic effect of all the 

constituents in the fraction or other minor compound not pursued during NMR guided 

isolation.  

According to the ratio of relative intensity of Rv3606c and dibromophakellin 

(6.1)complex to total protein, Rv3606c is not the major target for dibromophakellin 

(6.1). Presumably, the true target of the active component from Stylissa flabellate is not 

included in 37 protein panel, so that the active component cannot be identified by 

MRMS screening.  

 

6.9 Experimental Section 

6.9.1 Instruments and Materials 

The biota sample of Stylissa flabellate and its LLEFs were purchased from Nature 

Bank (Griffith Institute for Drug Discovery, Australia) with the code NB6003362.  

The other instruments and materials were as that in Chapter 2 subsection 2.6.1 and 

Chapter 3 subsection 3.5.1. 

6.9.2 Fractions from DCM and MeOH Extract and Ethanol Extract  
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Both DCM and MeOH extract and the ethanol crude extract were fractionated by 

analytical HPLC column following the procedure in Chapter 2 subsection 2.6.3 to give 

No.2 fraction and SFEF 1, respectively. 

6.9.3 Automatic Chip-Based MRMS Screening 

Protein preparation were presented in Chapter 3 subsection 3.5.4.  

No.2 fraction (10 μL) was dried and re-dissolved in 200 μL MeOH. Pure 

dibromophakellin was dissolved in MeOH and diluted to give three different 

concentration solution 12000 μM, 6000 μM and 4000 μM. All the analogues found in 

Compound Library were dissolved in MeOH and diluted to give the solution with 

concentration at 1000 μM.  

Each 1 μL prepared solution was mixed with 9 μL Rv3606c and then the mixture 

was incubated in room temperature for 30 mins before MRMS analysis. The final 

concentrations of dibromophakellin for MRMS analysis were 1200 μM, 600 μM and 

400 μM. The final concentration of the analogues from Compound Library was 100 μM 

for MRMS analysis 

The majority of parameters for MRMS screening were kept as in Chapter 3 

subsection 3.5.5 except skimmer voltage, collision voltage, scan and scan time as 

follow: 

1) MRMS screening of the product of No.2 fraction with protein Rv3606c from 

M. fortuitum: skimmer voltage 60 V, collision voltage -5 V, scan 8, scan time 0.5 s. 

2) Investigation for optimized parameters for free Rv3606c from M. fortuitum: 

skimmer voltage, scan and scan time were kept at 30 V, 32 and 2 respectively while 
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collision voltage was decreased from -5 V to -10 V. 

3) Dose response experiment of dibromophakellin with Rv3606c from M. 

fortuitum, the interaction of dibromophakellin with two Rv 3606c from M. fortuitum 

and M. abscessus, and the interactions of analogues with Rv3606c from M. fortuitum: 

Skimmer voltage 30 V, collision voltage -10 V, scan 32, scan time 2 s. 

6.9.4 Biological Assay 

All the isolated compounds were examined against M. smegmatis using the 

previously described procedures in Chapter 2 subsection 2.6.4.The anti-mycobacterial 

activity of compound dibromophakellin was also examined against Mtb strain as 

Chapter 4 subsection 4.10.7.  

6.9.5 Isolation 

The ethanol crude extract (1 g) was chromatographed on Sephadex LH 20 eluting 

with 100 % MeOH to give 26 fractions (SFEP 1 ~ 26). SFEP 11 was further purified 

using reversed-phase HPLC column, employing a step gradient from 10 % MeOH / 90 % 

H2O to 55 % MeOH/ 45 % H2O in 40 mins followed by an increase to 100 % MeOH 

in 10 mins and then 10 mins with constant 100 % MeOH to give dibromophakellin (6.1) 

(5 mg). The other collected fractions from 30 min to 37 min were combined and 

fractionated using reversed-phase HPLC column. A step gradient system from 15% 

MeOH/ 85% H2O to 36 % MeOH / 64 % H2O in 50 mins followed by an increase to 

100 % MeOH in 1 mins and then 9 mins with constant 100 % MeOH was employed to 

give stylisine A (6.5) (3 mg). 

SFEP 13 was further purified using reversed-phase HPLC column, employing a 



197 
 

step gradient from 10 % MeOH / H2O to 45 % MeOH / 55 % H2O in 45 mins followed 

by an increase to 100 % MeOH in 5 mins and then 10 mins with constant 100 % MeOH 

to give (10Z)-debromohymenialdisine (6.2) (2 mg), aldisin (6.3) (2 mg) and 2-

bromoaldisin (6.4) (2 mg). 

6.9.6 Structure Elucidation 

dibromophakellin (6.1): transparent oil substance; HRMS m/z 389.5401 [M]+ ; 

1H NMR (800 MHz, DMSO-d6) δ 10.39 (1H, s, H-15), 9.89 (1H, s, H-13), 7.03 (1H, s, 

H-3), 6.32 (1H , d, J = 1.7 Hz, H-12), 3.67 (1H, m, H-8a), 3.49 (1H, dt, J = 11.0, 8.8 

Hz, H-8b), 2.41 (1H , m, H-10a), 2.29 (1H, m, H-10a), 2.07 (2H, m, H-9); 13C NMR 

(201 MHz, DMSO-d6) δ 156.5 (C-14), 153.7 (C-6), 125.0 (C-2), 114.9 (C-3), 106.2 (C-

5), 102.1 (C-4), 82.5 (C-11), 68.3 (C-12), 44.7 (C-8), 38.6 (C-10), 19.0 (C-9).. 

(10Z)-debromohymenialdisine (6.2): pale yellow powder; ESIMS m/z 246 

[M+H]+, 244[M-H]-; 1H NMR (800 MHz, DMSO-d6) δ 12.16 (1H, s, H-1), 8.06 (1H, t, 

J = 4.7 Hz, H-7), 7.15 (1H, t, J = 2.8 Hz, H-2), 6.49 (1H, t, J = 2.6 Hz, H-3), 3.31 (2H, 

m, H-9), 3.29 (2H, m, H-8); 13C NMR (201 MHz, DMSO-d6) δ 163.1 (C-6), 163.0 (C-

12), 154.5 (C-14), 130.1 (C-10), 126.7 (C-5), 122.7 (C-2), 120.4 (C-11), 120.3 (C-4), 

109.5 (C-3), 40.0 (C-8), 31.6 (C-9). 

Aldisin ( 6.3): amorphous white powder; ESIMS m/z 165 [M+H]+, 164[M-H]-; 1H 

NMR (800 MHz, DMSO-d6) δ 12.14 (1H, s, H-1), 8.30 (1H, t, J = 4.8 Hz, H-7), 6.98 

(1H, t, J = 2.7 Hz, H-2), 6.55 (1H, t, J = 2.6 Hz, H-3), 3.35 (2H, m, H-8 ), 2.70 (2H, m, 

H-9). 13C NMR (201 MHz, DMSO-d6) δ 194.4 (C-10), 162.2 (C-6), 127.9 (C-5), 123.6 

(C-4), 122.3 (C-2), 109.5 (C-3), 43.5 (C-9), 36.5 (C-8). 
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2-bromoaldisin (6.4) : amorphous white powder; ESIMS m/z 245 [M+H]+, 

243[M-H]-; 1H NMR (800 MHz, DMSO-d6) δ 12.96 (1H, s, H-1), 8.39 (1H, t, J = 5.1 

Hz, H-7), 6.57 (1H, d, J = 2.6 Hz, H-3), 3.35(2H, m, H-8), 2.71 (2H, m, H-9).13C NMR 

(201 MHz, DMSO-d6) δ 193.6(C-10), 161.3(C-6), 129.5(C-5), 124.6(C-4), 111.2 (C-3), 

105.2(C-2), 43.4(C-9), 36.3(C-8). 

Stylisine A (6.5): a light yellow amorphous solid ; ESIMS m/z 310 [M+H]+, 

308[M-H]-. 1H NMR (800 MHz, DMSO-d6) δ 12.55 (1H, d, J = 2.0 Hz, NH), 8.98 

(1H, s, NH(CN3H4)), 7.47 (1H, d, J = 2.9 Hz, H-1), 7.32 (2H, s, NH2(CN3H4)), 4.12 

(1H, ddd, J = 13.7, 7.9, 5.9 Hz, H-8a), 3.99 (1H, dt, J = 11.7, 7.5 Hz, H-8b), 3.00 (1H, 

m, H-6a), 2.87 (1H, dt, J = 16.0, 7.9 Hz, H-6b), 2.15 (2H, m, H-7).13C NMR (201 

MHz, DMSO-d6) δ 157.4 (C-11), 152.6 (C-9), 142.3 (C-5), 127.5 (C-1), 126.4 (C-10), 

123.2 (C-3), 102.8 (C-4), 86.8 (C-2), 48.3 (C-8), 28.5 (C-6), 21.6 (C-7). 
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Chapter 7  Literature review of PhenoTarget correlation  

of Ardisia japonica 

 

7.1 Introduction 

The previous Chapters have discussed the complementarity of phenotypic activity 

and molecular target activity, a PhenoTarget approach combined cellular data and 

molecular target data prior to isolation of constituents of fractions. An ethnic medicine, 

Ardisia japonica (Thunb.) Blume (A. japonica), has been used to treat TB in China. An 

analysis of the chemical constituents and their biological activities was undertaken to 

document any such PhenoTarget correlation. 

A. japonica has been approved by the China FDA in 1977 for dissipating phlegm 

and stopping cough, clearing away dampness and dampness heat and promoting blood 

circulation to remove blood stasis. A. japonica mainly contains isocoumarins, 

triterpenoids and triterpenoid saponins, quinones, phenols, flavonoids and volatile oils. 

Modern studies show that it has a wide range of pharmacological effects such as 

alleviating cough, anti-inflammatory, anti-virus, liver protection, anti-oxidation, and 

antitumor activity. We summarize the chemical composition, pharmacological activity 

and molecular targets of A. japonica. Three types of constituents including 

isocoumarins, 1,4-benzoquinones and phenols are related to its traditional 

pharmacological effects. We present an analysis of traditional therapy and cell-based 

phenotype/target (PhenoTarget) relationships. This review also highlights potential 
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Quality Markers (Q-markers) to monitor quality control of the plant. Control of the 

quality of TCM should start with traditional knowledge and combine with modern 

methods. 

Traditional Chinese medicine typically has a phenotypic activity in humans. 

Ardisia japonica (Thunb.) Blume, also named Pingdimu and Buchulin, was first 

recorded in an ancient book named Lishi Cao Mi [1]. In traditional Chinese medicinal 

theory, A. japonica is defined as a medicine with pungent and slight bitter flavor and 

plain nature that goes to the lung and liver channel and has the effect of clearing phlegm 

to alleviate cough, eliminating dampness and heat, and promoting blood circulation to 

remove blood stasis [2]. Traditionally, A. japonica has been used for the treatment of 

new and long-term cough, rheumatism and bruises in China. It is the major component 

of many Chinese patent medicine such as A. japonica tablets and Zichagranule. A. 

japonica contains isocoumarins, triterpenoids and triterpenoid saponins, quinones, 

phenols, flavonoids and volatile oils. The extract and isolated compounds have been 

demonstrated to exhibit a wide range of activities such as antitussive activity, anti-

inflammatory activity, antiviral activity and liver protection activity. A significant 

revival in phenotypic-based drug discovery (PDD)[3-8] together with the drug 

development need to identify the molecular target prompted us to propose a 

PhenoTarget screening approach [9,10]. This review explores the relationship between 

traditional therapy and the cell-based phenotype/target relationships of A. japonica 

constituents. We analyze the traditional use / cell-based phenotypic activity / molecular 

targets with a view to evaluate the complementarity of the approaches. The predicted 
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Table 7.1 Isocoumarins in A. japonica 

No. Compounds References 

1 bergenin [12-16] 

2 methylbergenin [15] 

3 demethoxybergenin [15] 

4 norbergenin [13,14] 

5 tri-O-methylnorbergenin [14] 

 

7.2.2 Triterpenoids and Triterpenoid Saponins  

A. japonica is rich in triterpenoids and triterpenoid saponins. Most of the isolated 

triterpenoids and triterpenoid saponins belong to the oleanane class, of which 13,28-

epoxy oleanane is the main type. So far 36 triterpenoids (6-41) have been found in this 

species and 23 triterpenoids (6-28) are classified as 13,28-epoxy oleanane type. All 

triterpenoids and triterpenoid saponins found in A. japonica are shown in Figure 7.2 

and Table 7.2. 
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Table 7.2 Triterpenoids and triterpenoid saponins in A. japonica 

No. Compounds References 

6 

cyclamiretin A 3β-O-α-L--rhamnopyranosyl-(1→4)-β-D-glucopyranosyl- 

(1→2)-[β-D-glucopyranosyl-(1→4)]-α-L-arabinopyranoside 

[13,17] 

7 

3β-O-{α-L--rhamnopyranosyl-(1→4)-β-D-glucopyranosyl- 

(1→2)-[β-D-glucopyranosyl-(1→4)]α-L-arabinopyranoside} 

-16α-hydroxy-13,28-epoxy-30,30-dimethoxyolean 

[17] 

8 

3β-O-{α-L--rhamnopyranosyl-(1→4)-β-D-glucopyranosyl-(1→2)- 

[β-D-glucopyranosyl-(1→4)]α-L-arabinopyranoside} 

-16α-hydroxy-13,28-epoxyolean-29-oic acid 

[17] 

9 

cyclamiretin A 3β-O-[-L-rhamnopyranosyl-( 

1→4)- β-D-glucopyranosyl-(1→2)-[ β-D-xylopyranosyl-( 

1→4)- β-D-glucopyranosyl-(1→4)]-α-L-arabinopyranoside] 

[14] 

10 Cyclamin [18] 

11 ardisianoside A [19] 

12 ardisianoside B [19] 

13 

3β-O-β-D-glucopyranosyl-( 

1→2)-[α-L-rhamnopyranosyl-(1→2)-β-D-glucopyranosyl-(1→4)]- 

α-L-arabinopyranosyl-13β,28-epoxy-16α-hydroxyoleanane 

[19] 

14 ardisianoside C [19] 

15 ardisianoside D [19] 

16 ardisianoside E [19] 
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17 ardisianoside F [19] 

18 ardisicrenoside A [19] 

19 cyclamen [19] 

20 ardisiacrispin B [19] 

21 

3β-O-(α-L-rhamnopyranosyl-(1→2)-β-D-glucopyranosyl- 

(1→4)-α-L-arabinopynanosyl)cyclamiretin A 

[19] 

22 primulanin [19] 

23 ardisiamamilloside H [19] 

24 ardisiamamilloside F [19] 

25 ardisianoside G [19] 

26 ardisianoside H [19] 

27 ardisianoside I [19] 

28 ardisianoside J [19] 

29 ardisianoside K [19] 

30 ardisiamamillosede C [19] 

31 ardisicrenoside G [19] 

32 oleanolic acid [13] 

33 friedelin [20] 

34 epifriedelinol [20] 

35 bauerenyl acetate [20] 

36 bauerenol/ilexol [12,15,20] 

37 bauerenone [15] 
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Table 7.3 Quinones in A. japonica 

No. Compounds References 

42 embelin [12] 

43 ardisianone A [21] 

44 ardisianone B [21] 

45 maesanin [21,22] 

46 2,5-dihydroxy-3-[(10Z)-pentadec-10-en-1-

yl][1,4]benzoquinone) 

[22] 

47 5-ethoxy-2-hydroxy-3-[(10Z)-pentadec-10-en-1-

yl][1,4]benzoquinone 

[22] 

48 5-ethoxy-2-hydroxy-3-[(8Z)-tridec-8-en-1-

yl][1,4]benzoquinone 

[22] 

49 chrysophanol [13,22] 

50 physcion [13] 

 

7.2.4 Flavonoids 

Seven flavonoids including six flavonoids and their glycosides (51-56) and one 

dihydroflavonol component (57) have been isolated from A. japonica. All the 

flavonoids found in A. japonica are shown in Figure 7.4 and Table 7.4. 
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Although there are differences in the composition of volatile oil of A. japonica 

collected from different places, the main components are mostly caryophyllene or α-

caryophyllene. Ni et al. analyzed the volatile oil in the above ground and underground 

parts of A. japonica collected in Longjing Mountain. The main component of the 

volatile oil in the above ground parts was 3,7,11-trimethyl-1,6,10-dodecatriene-3-ol 

while in roots are α-caryophyllene and caryophyllene [23]. Lu et al. found that 

caryophyllene, hexadecanoic acid and α-selinene were major constituents in the volatile 

oil of A. japonicain of Enshi [24]. The compositions of volatile oils in different parts of 

A. japonica collected from Jiangxi were significantly different. The contents of main 

components α-caryophyllene and caryophyllen in different parts were significantly 

different and both were found mostly in stem [25]. 

 

7.2.6 Other Constituents 

Two resorcinol phenolic compounds, Ardisinol I (58) and Ardisinol II (59), were 

found in the whole plant of A. japonica and had anti-tuberculosis activity [26,27]. Li et 

al. isolated (7E)-9-hydroxymegastigma-4,7-dien-3-on-9-O-β-D-glucopyranoside from 

A.japonica collected in Chongqing (60) [13]. Nguyen et al. found two dimeric lactones, 

ardimerindigallate (61) and ardimerin (62), in the whole plant of A. japonica [20]. All 

the structures are shown in Figure 7.5. 
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incubation period and reduce the frequency of cough induced by spraying citric acid in 

guinea pigs. Bergenin also significantly increased the secretion of sputum in rats in a 

dose-dependent manner, suggesting that bergenin dissipated phlegm by increasing the 

amount of sputum[30]. 

 

7.3.2 Effects on the respiratory system and immune system-Clearing damp heat 

for the treatment of jaundice caused by damp heat 

7.3.2.1 Anti-inflammatory activity 

Water and ethanol extracts of A. japonica have obvious inhibitory effects on ear 

swelling in xylene induced mouse model [31]. Dichakechuanlu prescription, of which 

A. japonica is the major component, has a good effect for the treatment of chronic 

bronchitis. Qi et al. found that Dichakechuan prescription can significantly increase the 

levels of SOD and GSH-PX and inhibit MDA of serum and lung tissue in tobacco 

smoke caused chronic bronchitis model, indicating that its inflammatory mechanism 

may be the improvement of imbalance between oxidation and anti-oxidation [32]. 

Numerous studies have demonstrated the anti-inflammatory activity of bergenin and its 

analogues, suggesting them as active components for the anti-inflammatory effect of A. 

japonica[33,34]. In the LPS-induced acute lung injury model of mice, bergenin 

significantly reduced inflammatory cells, inhibited the production of IL-1β and IL-6, 

and the production of IL-1β, TNF-α and IL-6 in serum [35]. Lee et al. used IL-1β-

treated A549 cells and human asthmatic airway epithelial tissue to investigate the anti-

inflammatory effect of embelin, a quinone found in A. japonica. Embelin significantly 
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decreased NF-κB activation and COX-2 expression in both cells and human asthmatic 

airway epithelial tissues. The secretion of pro-inflammatory cytokines, including IL-4, 

IL-6 and eotaxin were also reduced in human asthma airway epithelial tissues by 

inhibiting NF-κB activity [36]. Ren et al. used 1H NMR based metabolomics to explore 

therapeutic mechanisms of bergenin on chronic bronchitis in tobacco smoke induced 

rats. The result suggested that bergenin might be associated with the alteration of 

BCAA metabolism, glycine, serine, threonine metabolism and glycolysis [37]. LC/MS 

metabolomics analysis identified 13 potential biomarkers associated with chronic 

bronchitis and bergenin treatment. Bergenin may act by regulating dysfunctions in 

glycerophospholipid, tryptophan, arginine and proline metabolism induced by chronic 

bronchitis, and changes in arachidonic acid metabolism [38]. In addition, two 

triterpenoids bauerenone and chondrillasterone, and two flavonoids afzelin and 

quercitrin isolated from A. japonica showed anti-inflammatory activity in LPS-

stimulated RAW264.7 cells. Baerenone and chondrillasterone significantly inhibited 

NO production. Both bauerenone and afzelin inhibited the expression of pro-

inflammatory cytokines (TNF-α and IL-6) and iNOS protein [15]. 

 

7.3.2.2 Liver protection 

A. japonica has a protective effect on CCl4 induced acute liver injury in rats. In 

CCl4 induced rats, high dose (36 g/kg) and low doses (18 g/kg) of A. japonica decoction 

markedly reduced the level of AST, ALT, HA, LN, PCIII, Hyp and TNF-α in the serum. 

High and low doses also decreased the levels of GSH-Px and MDA while increasing 
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the SOD in liver tissues. The result indicated the liver protection may be related to down 

regulation of HA and TNF-α, and inhibition of hepatic lipid peroxidation and 

alleviation of inflammation [39]. Total flavonoids extracted from A. japonica 

significantly reduced ALT, AST, TNF-α, IL-1β and IL-6 in the serum of acute liver 

injury mice induced by CCl4 with a dose-effect relationship. It was suggested that total 

flavonoids could effectively improve acute liver injury in mice, and its hepatoprotective 

effect may be associated with the inhibition of the inflammatory response[40]. The 

protective activity of A. japonicaon liver may be related to bergenin. Kim et al. found 

that bergenin exerted anti-hepatotoxicity by glutathione mediated detoxification and 

free radical suppressing activity. It was found that bergenin markedly decreased the 

levels of glutamic pyruvic transaminase (GPT) and sorbitol dehydrogenase (SDH) in 

primary cultured rat hepatocytes injured with CCl4 compared to normal group. The 

inhibition of bergenin against GPT and SDH were 62.1 and 49.9 % respectively at 100 

µM concentration [41].  

 

7.3.2.3 Antiviral activity 

Liu et al. reported the direct killing effect of different solvent extracts of A. japonica 

on RSV, HSV-1 and COX-B5. The 75% ethanol extract by sonication was more 

effective against RSV with inhibition at 86 % and TI at 10.924 while for COX-B5 it 

was the water extract with inhibition at 87 % and TI at 16.282 compared to the positive 

control, ribavirin. Methanol extract inhibited 87 % of HSV-1 with TI at 10.955 

compared to the positive control, acyclovir [42]. Piacente et al. demonstrated the 
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antiviral activity of bergenin and norbergenin in C8166 cells infected with HIV-1MN. 

Compared to bergenin, norbergenin was more effective and exhibited an EC50 value of 

20 µg/mL and a TC50 value of over 500 µg/mL with a selectivity index above 25. A 

detailed mechanism of action study suggested that norbergenin inhibited at the early 

stage of virus infection [14]. Dat et al. found that a dimeric lactone-ardimerindigallate 

isolated from A. japonica showed selective inhibition of the retroviral enzyme. It 

inhibited both HIV-1 and HIV-2 RNase H in vitro with the IC50 values at 1.5 and 1.1 

µM, respectively, while it did not show inhibitory activity against either human or E. 

coli RNase H at 200 µM [20]. Currently there is no ongoing studies to improve lactone-

ardimerin digallate potency for HIV RNase. 

 

7.3.2.4 Anti-tuberculosis activity 

A. japonica is the major component of the Chinese Patent Medicine Kanglao 

Granules which are widely used in China for the treatment of tuberculosis. Li et al. 

found that the inhibitory activity of an ethanol extract of Kanglao Granules against 

H37Rv was more effective compared with a water extract. The minimum inhibitory 

concentration of the ethanol extract against H37Rv was 21.3 g/L which was similar to 

positive control, isoniazid. It also showed antibacterial effect on MDR-TB with the 

minimum concentration of 21.3 g/L, while the control drug isoniazid had no 

antibacterial effect[43]. A number of compounds from A. japonica have been 

demonstrated with anti-tuberculosis activity. Two phenolic compounds ardisinol I and 

ardisinol II from A. japonica showed inhibitory activity against the growth of 
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Mycobacterium tuberculosis [26]. Hu et al. induced an experimental model by injecting 

H37Rv to tuberculin-negative guinea pigs to investigate the anti-tuberculosis activity 

of isolated compounds. The study revealed that quercetin and bergenin showed 

significant difference of macroscopic examination and microscopic examination of 

various organs compared with the model group (P < 0.001), suggesting significant anti-

tuberculosis efficacy [44]. The doses of quercetin and bergenin were 0.5 g and 0.4 g per 

day for 60 days for each model. 

 

7.3.3 Promoting blood circulation and removing blood stasis-application in 

menstrual obstruction, rheumatism, bruises and pain 

Liu et al. reported the analgesic effect of A. japonica on an acetic acid induced 

model. Different doses of a water extract and an ethanol extract of A. japonica showed 

over 50% inhibition against writhing with a dose-effect relationship [31]. While a 

literature search indicated that there was no direct pharmacological study related to the 

effect of A. japonica on activating blood circulation to remove blood stasis, a number 

of studies have reported the anti-rheumatic activity of bergenin and its analogues, which 

belong to the major type of compounds found in A. japonica. El-Hawary et al. found 

that physical parameters including paw volume and weight gain were improved in CFA 

induced arthritis model after administration of 11-O-(4’-O-methylgalloyl)-bergenin. 

Further investigation revealed that 11-O-(4’-O-methylgalloyl)-bergenin exerted anti-

arthritic activity by markedly lowering circulating autoantibodies (RF and anti-CCP) 

and CRP, inhibiting inflammatory enzymes (COX-II and NO) and pro-inflammatory 
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cytokines (TNF-α, IL1 β, IL-6), diminishing of the release of lysosomal enzymes 

(hyaluronidase, collagenase, β-GLU, β-NAG and cathepsins D) and restoring the redox 

state through elevation of TAC and depletion of MPO and MDA [45]. Cristiane et al. 

demonstrated that bergenin had consistent antinociceptive activity through inhibiting 

TNF-a and IL1 β[46]. Nazir et al. found that the anti-arthritic activity of bergenin and 

norbergenin potentially correlated to the modulation of Th1/Th2 cytokine balance. Both 

bergenin and norbergenin inhibited Th1 cytokine (IL-2，IFN-α and TNF-α) with the 

maximum value at oral dose level of 40 mg/kg (IL-2 75 pg/ml; IFN-α 150 pg/ml; TNF-

α 112 pg/ml) and 80 mg/kg (IL-2 71 pg/ml; IFN-α 110 pg/ml; TNF-α 95 pg/ml) 

respectively. The maximum up-regulation of Th2 cytokines (IL-4 and IL-5) by bergenin 

and norbergenin were reached at dose level of 40 mg/kg (IL-4 390 pg/ml; IL-5 1211 

pg/ml) and 80 mg/kg (IL-4 460 pg/ml; IL-5 1362 pg/ml) respectively [47]. 

 

7.4 Cellular Phenotypic and Target Activity Irrelated to Traditional Application 

7.4.1 Anti 5-lipoxygenase activity 

5-Lipoxygenase is rarely expressed in normal tissues or organs of the human body 

while increased overexpression occurs when tissues or organs are abnormal, suggesting 

that it is related to the occurrence of diseases such as inflammation, asthma, 

atherosclerosis and tumors [48]. Fukuyama et al. reported that three 5-lipoxygenase 

inhibitors were isolated from the n-hexane extract of A. japonica and all three 

compounds ardisianone A, ardisianone B and maesanin were 1,4-benzoquinones. Their 

strongest inhibitory activity against 5-lipoxygenase in the cytoplasm of guinea pig 
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polymorphonuclear leukocytes were shown at the concentration of 10 µM with 

inhibition at 81 %, 87 % and 80 %, respectively [21]. The concentration of 10 µM is 

not strong. The inhibition of 5-lipoxygenase might be derived from an unspecific 

mechanism derived from the quinone motif (e.g. ROS production). 

 

7.4.2 Antidiabetic activity 

Protein tyrosine phosphatase 1B (PTP1B) plays an important role as a negative 

regulator of the leptin and insulin signaling pathways. Inhibition of PTP1B has been 

validated as an attractive therapeutic target for improving insulin sensitivity in different 

cell types, indicating a promising application for the treatment of diabetes [49]. Li et al. 

reported that three fractions (chloroform eluted fraction, 30 % ethanol eluted fraction 

and 50 % ethanol eluted fraction) from A. japonica showed strong inhibition against 

PTP1B enzymes with IC50 values of 1.57, 1.73 and 1.37 μg/mL, respectively. Following 

the PTP1B inhibitory activity of fractions, four compounds including physcion, 

oleanolic acid, quercetin and bergenin were identified with IC50 at 121.50, 23.90, 28.12 

and 157 μM, respectively [13]. Four benzoquinones from A. japonica showed 

significant inhibitory activity against PTP1B enzymes with IC50 values at 4.56, 19.15, 

3.55 and 3.01 μM, respectively [22]. These are not strong IC50 values. PTP-1B is a 

cysteine protease, in which the catalytic cysteine residue is very prone to oxidation. The 

IC50 values observed for quinone, flavonoid and other compounds prone to generate 

ROS under the assay conditions might mostly be derived from the pro-oxidant property 
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of these compounds (ROS generation by phosphatase “inhibitors” is well documented 

and is expected to result in apparent IC50 values for the enzyme in the 1-10 µM range). 

 

7.4.3 Antioxidant activity 

FRAP is used to determine the ability of reducing iron (III) ions to ferrous (II) ions, 

while TEAC analysis is used for estimating the ability to remove ABTS•+ free radicals. 

These two tests reflect the antioxidant capacity of different mechanisms. Li et al. used 

FRAP and TEAC to investigate the antioxidant activities of 223 commonly used herbs, 

of which A. japonica showed antioxidant activity. The FRAP and TEAC values of A. 

japonica aqueous extracts were 204.17 ± 7.16 μmol Fe(II)/g and 162.33 ± 1.72 μmol 

Trolox/g, respectively [50]. The antioxidant may be the main mechanism of action of 

A. japonica compounds. The inhibitory effects observed in vitro for isolated protein 

might be a consequence of pro and anti-oxidant activity of the previous mentioned 

compounds. 

 

7.4.4 Antitumor activity 

Zhao et al. showed that a triterpenoid saponin TSP02 in A. japonica significantly 

inhibited the proliferation of human hepatoma HepG2 cells with time and concentration 

dependence. The mechanism of TSP02 antitumor activity is related to the alteration of 

cycle and apoptosis proteins and the regulation of the expression of related invasiveness 

proteins TGF-β1 and E-cadherin [51]. Qin L et al. found that a 13,28-epoxytrisaponin 

cyclamin isolated from A. japonica can synergistically increase anti-proliferative effect 
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of chemotherapeutic drugs, such as 5-Fu, DDP and EPI on human liver cancer cells 

without affecting non-neoplastic liver cells [18]. Eight triterpenoid saponins from A. 

japonica selectively inhibited the growth of liver cancer Bel-7402 and HepG-2 cells 

but showed no effect on the survival of normal liver HL-7702 cells. The activity of 

these eight triterpenoid saponins were suggested to be related to the 13,28-epoxy, 16α-

hydroxy and C-30 methyl groups in the sapogenin moiety and the glycosyl moiety 

consisting from tetra- to hepta-saccharide units in the structure [52]. The selectivity for 

cancer cells over non-cancer cells might indicate a specific mode of action for the 

saponins isolated from A. japonica. The effects on primary cancer cells pathways as 

apoptosis and a strong SAR for the saponin series are other indications of a specific 

mode of action that can be translated to the clinic. Further investigation of this 

triterpenoid saponins should be recommended.  

 

7.5 PhenoTarget Correlations 

The chemical composition and cell-based phenotypic activity of A. japonica have 

been well studied while identification of molecular targets is less well explored. The 

active compounds together with the cell-based phenotype and molecular target are 

shown in Figure 7.6. Significant correlation with the three traditional applications,  

reducing phlegm and relieving cough (blue background color in Figure 7.6), clearing 

damp heat (green background color in Figure 7.6) and promoting blood circulation and 

removing blood stasis (yellow background color in Figure 7.6) and the cellular 

phenotype and molecular targets was confirmed. Activities in Gray background color 
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do not relate to traditional use. It is clear that most of the research about traditional 

application are mainly on the cell-based phenotype level and little has been conducted 

for identifying the target of the isolated compounds except HIV-1 and HIV-2 RNase H 

related to antiviral activity. The effect of A. japonica compounds on the colored 

phenotypes might mostly be related to redox mechanisms. 

 

 

Figure 7.6 PhenoTarget correlation of chemical constituents of A. japonica 

 

7.6 Prediction of Q-Markers for A. japonica 

It is well known that traditional Chinese medicine is a complex system comprising 

of numerous compounds. For comprehensive evaluation of the quality of these 

medicinal materials, using only one component index is not enough. Furthermore, the 

majority of traditional Chinese medicines are applied as a part of formula in the clinic 

for the treatment of different diseases. Current control system which focuses on the 

single component is unable to reflect different clinical application which are related to 

the essential characteristics of traditional Chinese medicine theory. The 2015 edition of 

the Chinese Pharmacopoeia recorded that the content of bergenin (C14H16O9) from A. 

japonica has to be more than 0.50%. Up to now some 16 prescriptions in clinic, with A. 



223 
 

japonica as the main component, have no quality control related to A. japonica or some 

require only the content of bergenin for quality control of prescriptions. This single 

index cannot distinguish the traditional applications, for example, the efficacy of 

clearing phlegm and relieving cough, and the treatment for clearing damp heat effects. 

In 2016, Academician Liu Changxiao proposed to apply Q-markers to build a 

comprehensive and scientific control system for evaluating the safety and effectiveness 

of traditional Chinese medicines. Q-markers are defined as secondary metabolites 

inherent in Chinese herbal materials and traditional Chinese medicines, and chemical 

substances formed during processing and preparation. Q-markers should be the specific 

and characteristic constituents in materials and should be the substances that in 

accordance with the composition of traditional Chinese medicine such as “Jun”, “Chen”, 

“Zuo”, “Shi” [53]. According to the definition of Q-markers, the following sections 

focus on the characteristic constituents from same origin and component efficacy to 

explore the potential components that could be regarded as Q- Markers. 

 

7.6.1. Prediction of Q-Markers based on specific and common constituents in the 

same genus 

According to “Flora of China”, there were 65 species of Ardisia distributed in 

China [54], among which, 39 species and two varieties are found in Guangxi province, 

accounting for 60 % of the total [55]. In Guangxi, Ardisia species are mostly used as 

folk medicine such as A. japonica, Ardisia gigantifolia, Ardisia crenata and Ardisia 

maclurei used by Yao ethnic doctors to treat bruises, rheumatism, cough and various 
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inflammations [56]. Phytochemical investigation of Ardisia species indicated the 

existence of four common types of compounds including isocoumarins, saponins, 

benzoquinones and phenols. Among the isocoumarins, bergenin is the most widely 

studied compound [57-63]. Li et al. reviewed the content of bergenin in different genera, 

of which 23 were Ardisia species. The content of bergenin in these 23 species were 

quite different. For example, bergenin in Ardisia jingyenensis was only 0.0150 % while 

1.02 % to 3.256 % in A. japonica and 4.036 % in A. crenata var. bicolor. Although 

there are differences in the content of bergenin in various Ardisia species, bergenin is 

regarded as one of the characteristic components of this genus)[64]. A. japonica is also 

rich in triterpenoid saponins. Hai et al. reported that 66 saponin compounds had been 

isolated and identified from the genus Ardisia and the majority were pentacyclic 

triterpenoid oleanane derivatives[65]. In addition, 1,4-benzoquinones which are 

substituted by a saturated or unsaturated long fatty side-chain and hydroxyl or methoxy 

groups are also a characteristic type of components in this genus [66]. Based on specific 

and common constituents found in Ardisia species, it is suggested that isocoumarins, 

triterpenoid saponins and 1,4-benzoquinones could be potential Q-markers for A. 

japonica. 

 

7.6.2 Q-Markers for A. japonica 

In the clinic, all sixteen traditional prescriptions containing A. japonica recorded 

(https://db.yaozh.com/chufang/) [67] mainly correlated to two application including 

reducing phlegm and relieving cough and clearing damp heat. In these prescriptions, 
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reducing phlegm and relieving cough and clearing damp heat cooperate with each other 

to achieve the efficacy. For example, Chinese Patent Medicine such as A. japonica 

prescription tablets, ShuangyangHoubitong granules, QingkePingchuan granules with 

A. japonica as major medicine has significant anti-inflammatory effects on bronchitis. 

It is observed from Figure 7.6 that bergenin and its analogues were one types of 

constituents linking to both reducing phlegm and relieving cough and clearing damp 

heat. A range of studies have demonstrated that bergenin and its derivatives have 

significant anti-inflammatory activity. Different bergenin derivatives have been found 

in different Ardisia species. For example, Yu et al. isolated a new compound, methyl 

bergenin, from A. japonica, while Gu et al. identified 4-O-p-hydroxybenzoyl bergenin 

from Ardisia maclurei [59]. As a specific combination of bergenin and its derivatives 

as Q-markers may be better for quality control, further research about the bergenin 

derivatives is needed. Except bergenin and its derivatives, another types of constituents, 

1,4-benzoquinone may also act as active compounds in these two applications. For 

example, embelin, the first 1,4-benzoquinone derivatives isolated from A. japonica was 

used for the treatment of allergic asthma due to its anti-inflammatory effects. Therefore, 

two types of constituents-bergenin and its analogues and 1,4-benzoquinone are possible 

Q-markers for the traditional application of reducing phlegm and relieving cough and 

clearing damp heat. 

Another major application of A. japonica prescription is the treatment for 

infiltrating pulmonary tuberculosis. A. japonica prescriptions such as Kanglao capsules, 

granules and pills, show anti-viral activity against infiltrating pulmonary tuberculosis. 
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Although two resorcinol phenolic compounds-ardisinol I and ardisinol II  and 

bergenin from A. japonica, were demonstrated with activity against Mycobacterium 

tuberculosis. These results were published in 1979 and 1985. There is not much further 

research about the active compounds from A. japonica for infiltrating pulmonary 

tuberculosis until now. Further biological activities of isolated compounds are needed 

to select the Q-markers for the anti-tuberculosis activity of A. japonica. 

Although triterpenoid saponins are characteristic components of the genus Ardisia, 

except two triterpenoids bauerenone and chondrillasterone, there was no research about 

the relationship of traditional application and triterpenoid saponins [68]. Some 

flavonoids and dimeric lactones have anti-inflammatory activity, liver protection or 

antiviral activity, but none of these compounds were specific and common constituents 

from Ardisia species.  

1,4-benzoquinones in A. japonica could significantly inhibit PTP1B activity. This 

suggests they may be treated as potential Q-markers of A. japonica application in type 

2 diabetes. The reliable translatability from PTP1B inhibitory activity to cellular 

activity for type 2 diabetes still needs further investigation. As mentioned, it would be 

important to decipher the mechanism of inhibition of these quinones to PTP-1B as the 

mechanism can simply rely on the oxidation of the catalytic cysteine residue. 

Triterpenoid saponins are constituents that have been studied most in Ardisia species 

in recent years. A number of new triterpenoid saponins have been found and most of 

them have anti-tumor effects. The effect of triterpenoid saponins is promising. When 
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considering the anti-tumor effect of A. japonica, triterpenoid saponins could be selected 

as Q-markers [69-73]. Further investigation on their molecular target is necessary. 

In summary, single or combination of isocoumarins, 1,4-benzoquinones, phenol 

and triterpenoid saponins could be used as Q-Markers of A. japonica. 

 

7.7 Discussion and conclusion 

A. japonica has the effects of relieving phlegm and cough, clearing away 

dampness and heat, promoting blood circulation and removing blood stasis. Modern 

studies have shown that A. japonica has additional cell-based phenotypic and target 

effects, such as anti-diabetic activity and antitumor activity. Chemical investigation of 

A. japonica has revealed different characteristic constituents including isocoumarins, 

triterpenoids, triterpenoid saponins and phenols, flavonoids and volatile oils.  

However, A. japonica prescriptions have no validation by characteristic 

compounds and recent studies about quality standards for prescriptions still remain at 

the determination of the content of bergenin for standard control [74-78].  

A PhenoTarget correlation map of isolated compounds, the traditional application 

and cell-based phenotypes and target activities of A. japonica confirmed showed that 

not only bergenin but also its derivatives linked to traditional applications. 1,4-

benzoquinones linked to the traditional application for the treatment of bronchitis. A. 

japonica is effective in the treatment of invasive pulmonary tuberculosis in clinic, but 

the corresponding active constituents have not been systematically studied. The latest 

study about the active ingredients of A. japonica against invasive pulmonary 
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tuberculosis was in the 1980s. Therefore, there is a need to conduct the research about 

compounds with anti-tuberculosis activity. 

PhenoTarget analysis of the traditional use / cell-based phenotypic activity / 

molecular targets established a high correlation and indicates complementarity of the 

approaches. The summary of PhenoTarget effects of A. japonica constituents, suggests 

that isocoumarin compounds such as bergenin and its derivatives, 1,4-benzoquinones 

and phenolic compounds could be used as potential Q-Markers of traditional efficacy. 

Currently there is no a quality control for A. japonica based on pro/anti-oxidant 

potential. The main classes of compounds retrieved from A. japonica, such as quinones, 

polyphenols and coumarins, are well known REDOX modulator. There is a clear 

correlation of the REDOX potential of the major compounds in A. japonica with 

inflammation and REDOX is a key player in inflammation. The REDOX is also 

potential for anti-TB activity of A. japonica. A future study correlating the REDOX 

potential of A. japonica with the main compounds could be conducted. From the 

PhenoTarget correlation map it is concluded that other constituents, e.g. triterpenoid 

saponins, could be Q-markers for different traditional application. The constituents of 

A. japonica have been evaluated in a range of cell-based phenotypic assays. The 

molecular mechanism of many of these compounds are still not clear. Compounds for 

a specific application not only require clinical effectiveness as demonstrated in 

traditional use but also a knowledge of the cellular phenotype and the molecular target. 

In most cases, it is still difficult to determine the mechanism of action through 

phenotypic based screening even with the most advanced phenotype screens.  
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More research for confirming the molecular targets of these compounds is still 

needed. In the future, compounds responsible for traditional use with a known target 

and a promising bioactivity in a cellular phenotype, will develop both a complete 

quality control system and a more informed use of A. japonica and its constituents. The 

control of the quality of TCM should start with traditional knowledge and combine with 

modern methods. 
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Chapter 8 Conclusion 

 

Chapter 1 provides general background on TB disease, the discovery of current 

treatments and clinic candidates, natural products in TB drugs, two drug discovery 

strategies PDD and TDD, and a platform to directly observe protein-ligand complexes. 

PDD was the prior approach for all current treatments and most of the clinic candidates. 

The importance of natural products are exemplified by the most active front-line drug 

rifampicin and second-line drugs including the aminoglycosides and cycloserine while 

the inefficient application of natural products was demonstrated by the fact that not a 

natural product derived candidate in the clinic trial despite the increasing review of 

diverse classes of natural products with anti-TB activity, suggesting the rich natural 

products as a source for TB drug discovery. Given the advantages and disadvantages of 

PDD and TDD, both should work as a complementary approach. In TB case, with 

phenotypic screening assay successfully established for PDD, exploring the protein-

ligand interaction has emerged as an efficient way for TDD. Comparing with other 

approaches, ESIMS as a native mass technique has its own advantages including less 

sample consumption and direct observation of protein-ligand complex and quantitative 

determination of equilibrium constants for protein-ligand dissociation. The combined 

approach of PDD with TDD using ESIMS will enhance the discovery of hits, with 

known target and phenotypic activity, from natural products. 
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Chapter 2 used a combination of phenotypic screening with NMR fingerprints to 

isolate active compounds from, Flindersia maculosa Lindl., Fascaplysinopsis sp. and 

Agelas axifera. The characteristic signals in the 1H NMR of active fractions allowed 

isolation of kokusaginine (2.1) and a mixture of flindersiamine (2.2) and maculine (2.3) 

from Flindersia maculosa Lindl., fascaplysin (2.4) from Fascaplysinopsis sp. and 

agelasine D (2.5) from Agelas axifera. Fascaplysin (2.4) and agelasine D (2.5) showed 

strong inhibitory activities against M. smegmatis, which was in accordance with that of 

the active fractions. The consistency of the activities of the isolated compounds with 

the active fractions supported using NMR fingerprints to isolate compounds while 

avoiding repeated bioassay during isolation.  

Chapter 3 combined phenotypic screening and molecular target screening using 

native mass spectrometry to identify compounds in the active fraction. Previously 

identified fractions identified in a Mtb H37Rv assay followed by a screen against a 

panel of 37 TB proteins were analysed. Analysis identified protein-ligand interactions 

in four Pool Fractions (PFs), namely PF # 4 and PF # 5 with the same ligand, PF # 3 

and PF # 6. These four PFs were selected for identification of the active constituents. 

Chapter 4 discusses the isolation of polycarpine (4.1) from the marine organism, 

Polycarpa aurata, as the common constituent in fractions within both PF # 4 and # 5. 

The protein-ligand complex indicated a ligand of m/z 233 corresponding to half the 

molecular weight of polycarpine (4.1) less one proton, indicating that polycarpine (4.1) 

formed a covalent bond with Rv1466. Rv1466 (5IRD) has a single cysteine that is 

exposed on the surface of the protein so that it could attack the disulfide bond of 

polycarpine (4.1) to form a covalent complex. Polycarpaurine C (4.2) was also 
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identified as a covalent ligand bound to Rv1466. The binding affinity of polycarpine 

(4.1) was stronger than that of polycarpaurine C (4.2). Polycarpine (4.1) had a pseudo-

KD as 5.3 ± 0.4 μM with Rv1466. In comparison, polycarpine (4.1) had a whole cell 

MIC of 64 μM. Polycarpaurine C also formed weak non-covalent bond with 

phenylalanyl-tRNA synthetase, alpha chain PheS (Uniprot:B1MAZ4) while 

polycarpine did not bind. The crude extract of Polycarpa aurata showed a ligand of m/z 

230 Da binding to phenylalanyl-tRNA synthetase, alpha chain PheS (Uniprot:B2HR20). 

The difference between the two proteins needs to be further investigated. 

Chapter 5 discusses the isolation of isogoyazensolide (5.1) and goyazensolide 

(5.3), and one new compound (5.2) from Centratherum sp.. Compound isolation 

involved screening each fraction in the PF against Rv1466. The relative configuration 

of the new compound (5.2) was not able to be determined due to decomposition. Both 

isogoyazensolide (5.1) and goyazensolide (5.3) formed protein-ligand complexes with 

Rv1466 but the binding affinities were weak. Given the reported anti-TB activity of 

isogoyazensolide (5.1) and goyazensolide (5.3) against Mtb H37Ra, Rv1466 is likely 

NOT the target. The panel of 37 proteins did not contain the target protein of 

isogoyazensolide (5.1) and goyazensolide (5.3). 

Chapter 6 discussed an additional ligand found in the marine organism, Stylissa 

flabellate different to the ligand found in the original screening of PF # 6 interacting 

with Rv3606c. MRMS identified a fraction from Stylissa flabellate that contained a 

ligand with m/z 389. Five compounds, dibromophakellin (6.1), (10Z)-

debromohymenialdisine (6.2), aldisin (6.3), 2-bromoaldisin (6.4), and stylisine A (6.5) 

were isolated. Dibromophakellin (6.1) interacted with Rv3606c while the other four 
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compounds did not. The similar binding affinities of dibromophakellin (6.1) with 

Rv3606c from M. fortuitum and M. abscessus. indicated that Rv3606c as a drug target 

in M. fortuitum and M. abscessus. A number of dibromophakellin (6.1) and (10Z)-

debromohymenialdisine (6.2) analogues were explored for their interactions with 

Rv3606c by MRMS. Although it was observed that dibromophakellin (6.1) and (10Z)-

debromohymenialdisine (6.2) analogues with bromine atom on pyrrole ring interacting 

with Rv3606c , it was hard to suggest the key structural component for binding due to 

their weak binding affinities. The MIC value of dibromophakelline against Mtb H37Rv 

was more than 512 μΜ. In comparison to the activity of the active fraction, 

dibromophakelline, a major compound in the fraction, was not the most active 

constituents. The weak interaction of dibromophakellin(6.1) with Rv3606c indicated 

that Rv3606c was NOT the major target.  

Chapter 7 presented an analysis of the chemical constituents and biological 

activities of an ethnic medicine, Ardisia japonica (Thunb.) Blume (A. japonica), used 

to treat TB in China. A PhenoTarget correlation map of isolated compounds, the 

traditional application, cell-based phenotypes and target activities of A. japonica 

showed that not only bergenin but also its derivatives linked to traditional applications. 

The 1,4-benzoquinones linked to the traditional application for the treatment of 

bronchitis. A. japonica is effective in the treatment of invasive pulmonary tuberculosis 

in the clinic, but the corresponding active constituents have not been systematically 

studied. The latest study about the active ingredients of A. japonica against invasive 

pulmonary tuberculosis was in the 1980s. PhenoTarget analysis of the traditional use / 
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cell-based phenotypic activity / molecular targets established a high correlation and 

indicates complementarity of the approaches. 

In summary, five ligands were identified from bioactive LLE fractions against Mtb 

H37Rv assay by the PhenoTarget approach. The MIC value of polycarpine was 64 μM. 

Isogoyazensolide and goyazensolide have been reported as active compounds against 

Mtb H37Ra in vitro previously with MIC values at 4.2 μM and 8.3 μM, respectively. 

The reported strong anti-mycobacterial activities of isogoyazensolide and 

goyazensolide indicated that they were the components contributed to the fraction 

activity. The differences of the activities between dibromophakellin and their 

corresponding fractions suggested that the target of the most active compounds in the 

active fractions were not present in the protein panel. 

The sulfur alkaloids, polycarpine and polycarpaurine C, have not been reported 

with anti- mycobacterial activity, representing a new class of compounds interacting 

with TB proteins. There are no current drugs and leads targeting protein Rv1466 and 

Rv3606c. 

 

Advantages / Disadvantages of PhenoTarget Approach (Pros / Cons) 

The PhenoTarget approach starts from fractions that have cellular activity followed 

by target screening. Molecular target screening alone may result in identification of hits 

lacking activity in whole biological systems [1]. The combination of cellular activity 

with target identification strategies enhances the possibility of discovering validated 

hits. It is capable of identifying covalent and non-covalent inhibitors.  
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Initial phenotypic screening reduces the number of samples for MS analysis 

allowing MS, against a protein panel of putative targets, to have sufficient throughput 

to analyze the phenotypic hits. Native mass spectrometry offers the further advantage 

that it can be used for cloned, expressed and purified proteins that lack structural 

information.  

In the pipeline of nature product discovery, classical bioassay guided isolation 

often takes great efforts to result in re-isolation of known compounds. The PhenoTarget 

approach provides the MW information of hits prior to isolation and opens the option 

to discover inhibitors of the proteome of many species, in our case, the Mycobacterium 

proteome. The prior knowledge of hit MW, in combination with NMR fingerprints, 

saves the effort for following isolation. 

In PhenoTarget approach, foremost is the procurement of pure protein panels for 

target identification. The genome of Mtb contains over 4000 genes [3] while our 

exploratory panel contained only 37 different proteins. It only identifies the hits 

interacting with proteins in the panel which may not contain identify the true target. 

This bottleneck can be partly circumvented by using orthologous proteins from related 

species [4]. In addition to Mtb (12 proteins), our mycobacterial panel contained proteins 

from M.smegmatis (5), Mycobacterium abscessus (4), Mycobacterium laprae (3), 

Mycobacterium marinum (3), Mycobacterium ulcerans (3), Mycobacterium fotuitum 

(3), Mycobacterium avium (2), and Mycobacterium paratuberculosis (2). However, the 

proteins in the panel in our case were still limited. 

If there are more than one compound in the same Pool Fraction interacting with 
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protein at the same site, only strong binding ligand is observed not the weaker 

competitive ligands.  

As presented in Chapter 5, the activity of isogoyazensolide (3000 μΜ, 50 % ), 

goyazensolide (3000 μΜ, 100 % ) against Rv1466, was low. Therefore, Rv1466 cannot 

be the target of isogoyazensolide and goyazensolide considering both were reported 

with strong inhibitory activities against Mtb H37Ra . The mismatch of assay activity 

and protein binding affinity was due to the limited number of proteins in the panel and 

the true target was not included in the panel. 

It is easy to determine non-specific interaction between protein and non-covalent 

ligands using the MRMS approach. There are multiple protein-ligand complexes (P+L, 

P+2L, P+3L, etc.). Similarly, the MRMS approach is able to distinguish specific and 

non-specific covalent ligands. In Chapter 4, Rv1466 was identified as one target protein 

of the covalent ligand polycarpine with a pseudo-KD of 5.3 ± 0.4 μΜ. Polycarpine 

bound to four proteins out of the 37 proteins in the panel indicating specific interaction. 

The PhenoTarget approach led to the isolation of a brominated alkaloid, 

dibromophakellin, as presented in Chapter 6. Even at the final concentration 1200 μM 

the ratio of relative intensity of dibromophakellin protein complex to total protein only 

reached 50%, suggesting full saturation of Rv3606c with dibromophakellin could not 

be achieved. The sensitivity of the MRMS identified a weak binder that did not possess 

cellular activity.  

The results of the thesis clearly indicate that the MRMS approach is able to detect 

weak binders. Future work needs to concentrate on isolating compounds with low 
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8.1). The PhenoTarget approach was useful for selecting and guiding the isolation of 

protein ligands. However, not all the protein ligands in fact modulate protein function 

or are active in phenotypic screening (for many reasons, such as cell permeability and 

synergism). Even if the ligand does not display a phenotypic effect, it is interesting if it 

is capable of modulating protein function as this would allow modification to improve 

cell permeability. Despite the disadvantages, the PhenoTarget approach is useful for 

identifying protein interactive ligands and the identified ligand could serve as the 

scaffold for modification of active compounds with protein function and assay function. 

The PhenoTarget approach should be very useful for deciphering the mode of action of 

natural products, whose bioactivity have been previously confirmed. 

The PhenoTarget approach offers a novel option for exploring the protein 

interacting compounds directly from a mixture, thus saving the effort for isolating the 

compounds first before target identification. 

 

 

Figure 8.1 The pros and cons of PhenoTarget approach 
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Figure S63  HSQC spectrum of stylisine A (6.5) in DMSO-d6 

Figure S64  HMBC spectrum of stylisine A (6.5) in DMSO-d6 
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Figure S1  1H NMR spectrum of kokusaginine (2.1) in DMSO-d6 
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Figure S2  13C NMR spectrum of kokusaginine (2.1) in DMSO-d6 
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Figure S3  1H NMR spectrum of the mixture of flindersiamine (2.2) and maculine (2.3) in DMSO-d6 
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Figure S4  The assignment of major compound flindersiamine (2.2) in the 13C NMR spectrum in DMSO-d6 
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Figure S5  The assignment of minor compound maculine (2.3) in the 13C NMR spectrum in DMSO-d6 
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Figure S6  1H NMR spectrum of fascaplysin (2.4) in DMSO-d6 
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 Figure S7  13C NMR spectrum of fascaplysin (2.4) in DMSO-d6 
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Figure S8  1H NMR spectrum of agelasine D (2.5) in DMSO-d6 



260 
 

 

Figure S9  13C spectrum of agelasine D (2.5) in DMSO-d6 
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Figure S10  1H-1H COSY spectrum of agelasine D (2.5) in DMSO-d6  



262 
 

 

Figure S11  HSQC spectrum of agelasine D (2.5) in DMSO-d6 
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Figure S12  HMBC spectrum of agelasine D (2.5) in DMSO-d6 
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Figure S13  ROESY spectrum of agelasine D (2.5) in DMSO-d6 
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Figure S14  1H spectrum of polycarpine (4.1) in CH3OD 
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Figure S15  1H-1H COSY spectrum of polycarpine (4.1) in CH3OD 
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Figure S16  HSQC spectrum of polycarpine (4.1) in CH3OD 
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Figure S17  HMBC spectrum of polycarpine (4.1) in CH3OD 
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Figure S18  1H spectrum of polycarpaurine C (4.2) in DMSO-d6 
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Figure S19  1H-1H COSY spectrum of polycarpaurine C (4.2) in DMSO-d6 
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Figure S20  HSQC spectrum of polycarpaurine C (4.2) in DMSO-d6 
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Figure S21  HMBC spectrum of polycarpaurine C (4.2) in DMSO-d6 
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Figure S22  1H spectrum of isogoyazensolide (5.1) in DMSO-d6 
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Figure S23  13C spectrum of isogoyazensolide (5.1) in DMSO-d6 
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Figure S24  1H-1H COSY spectrum of isogoyazensolide (5.1) in DMSO-d6 
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Figure S25  HSQC spectrum of isogoyazensolide (5.1) in DMSO-d6 
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Figure S26  HMBC spectrum of isogoyazensolide (5.1) in DMSO-d6 
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Figure S27  ROESY spectrum of isogoyazensolide (5.1) in DMSO-d6 
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Figure S28  1H spectrum of compound 5.2 in DMSO-d6 
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Figure S29  13C spectrum of compound 5.2 in DMSO-d6 
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Figure S30  1H-1H COSY spectrum of compound 5.2 in DMSO-d6 
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Figure S31  HSQC spectrum of compound 5.2 in DMSO-d6 
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 Figure S32  HMBC spectrum of compound 5.2 in DMSO-d6 
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Figure S33  1H spectrum of goyazensolide (5.3) in DMSO-d6 
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Figure S34  13C spectrum of goyazensolide (5.3) in DMSO-d6 
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Figure S35  1H-1H COSY spectrum of goyazensolide (5.3) in DMSO-d6 
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Figure S36  HSQC spectrum of goyazensolide (5.3) in DMSO-d6 
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Figure S37  HMBC spectrum of goyazensolide (5.3) in DMSO-d6 
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Figure S38  ROESY spectrum of goyazensolide (5.3) in DMSO-d6 
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 Figure S39  1H spectrum of dibromophakellin (6.1) in DMSO-d6 
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Figure S40  13C spectrum of dibromophakellin (6.1) in DMSO-d6 
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Figure S41  1H-1H COSY spectrum of dibromophakellin (6.1) in DMSO-d6 
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Figure S42  HSQC spectrum of dibromophakellin (6.1) in DMSO-d6 
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Figure S43  HMBC spectrum of dibromophakellin (6.1) in DMSO-d6 
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Figure S44  ROESY spectrum of dibromophakellin (6.1) in DMSO-d6 



296 
 

 

 Figure S45  1H spectrum of (10Z)-debromohymenialdisine (6.2) in DMSO-d6 
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Figure S46  13C spectrum of (10Z)-debromohymenialdisine (6.2) in DMSO-d6 
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Figure S47  1H-1H COSY spectrum of (10Z)-debromohymenialdisine (6.2) in DMSO-d6 
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Figure S48  HSQC spectrum of (10Z)-debromohymenialdisine (6.2) in DMSO-d6 
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Figure S49  HMBC spectrum of (10Z)-debromohymenialdisine (6.2) in DMSO-d6 
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Figure S50  1H spectrum of aldisin (6.3) in DMSO-d6 
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Figure S51  13C spectrum of aldisin (6.3) in DMSO-d6 
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Figure S52  1H-1H COSY spectrum of aldisin (6.3) in DMSO-d6 
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Figure S53  HSQC spectrum of aldisin (6.3) in DMSO-d6 
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Figure S54  HMBC spectrum of aldisin (6.3) in DMSO-d6 
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Figure S55  1H spectrum of 2-bromoaldisin (6.4) in DMSO-d6 
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Figure S56  13C spectrum of 2-bromoaldisin (6.4) in DMSO-d6 
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Figure S57  1H-1H COSY spectrum of 2-bromoaldisin (6.4) in DMSO-d6 
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Figure S58  HSQC spectrum of 2-bromoaldisin (6.4) in DMSO-d6 
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Figure S59  HMBC spectrum of 2-bromoaldisin (6.4) in DMSO-d6 
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Figure S60  1H spectrum of stylisine A (6.5) in DMSO-d6 
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Figure S61  13C spectrum of stylisine A (6.5) in DMSO-d6 
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Figure S62  1H-1H COSY spectrum of stylisine A (6.5) in DMSO-d6 
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Figure S63  HSQC spectrum of stylisine A (6.5) in DMSO-d6 
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Figure S64  HMBC spectrum of stylisine A (6.5) in DMSO-d6 




